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CHIRAL STATIONARY PHASES FOR HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHIC SEPARATION O F  ENANTIOMERS: 

A MINI-REVIEW 

Daniel W .  Armstrong 

Lubbock, TX 79409 
Department o f  Chemistry, Texas Tech Universi ty ,  

ABSTRACT 

There has been a p r o l i f e r a t i o n  of papers on t h e  use of 
c h i r a l  s t a t i o n a r y  phases (CSP's) t o  s epa ra t e  o p t i c a l  isomers i n  
h igh pe r fo rmance  1 i q u i d  c h r o m a t o g r a p h y .  The c h e m i s t r y ,  
mechanism and s t a b i l i t y  o f  t h e s e  CSP's can v a r y  w i d e l y .  
Furthermore, t h e  appl i c a b i l  i t y ,  a v a i l a b i l i t y  and c o s t  of a CSP 
can mean t h e  d i f f e r e n c e  between i t s  be ing  of p a s s i n g  academic 
i n t e r e s t  a s  opposed t o  a technique t h a t  could have a s i g n i f i c a n t  
impact  on s c i e n c e  and t e c h n o l o g y .  S i x  d i f f e r e n t  c l a s s e s  o f  
c h i r a l  s t a t i o n a r y  phases a r e  examined and d i s c u s s e d  i n c l u d i n g  
t h e  new c h i r a l  c y c l  o d e x t r i n  bonded phases .  The s e p a r a t i o n  
mechanism, s t r e n g t h s  and l i m i t a t i o n s  o f  t h e  CSP ' s  a r e  a l s o  
considered whenever such information i s  a v a i l a b l e .  

INTRODUCTION 

In t h e  l a s t  d e c a d e  t h e r e  has  been a t remendous impe tus  t o  

d e v e l o p  e f f i c i e n t  1 i q u i d  c h r o m a t o g r a p h i c  t e c h n i q u e s  f o r  t h e  

s e p a r a t i o n  of  r acemates .  The re  a r e  s e v e r a l  r e a s o n s  f o r  th i s .  

For example, an e f f i c i e n t  method f o r  determining o p t i c a l  p u r i t y  

would be h igh ly  b e n e f i c i a l  i n  many s c i e n t i f i c  d i s c i p l i n e s  i n -  
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354 ARMSTRONG 

c l  u d i n g :  o r g a n i c  and i n o r g a n i c  s y n t h e s i s ,  k i n e t i c s ,  pharma- 

c o l o g y ,  g e o c h r o n o l o g y  (i.e., u s i n g  t h e  d e g r e e  o f  amino a c i d  

r a c e m i z a t i o n  t o  d a t e  o r g a n i c  a r t i c l e s  o f  a r c h a e o l  o g i c a l  

importance) and so f o r t h .  The pharmaceut ica l  i n d u s t r y  obv ious1  y 

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

v a r i e t y  o f  enan t iomer i c  compounds which a r e  known t o  have d i f -  

f e r e n t  p h y s i o l o g i c a l  a c t i v i t i e s  (1 -4 ) .  The f a c t  t h a t  t h e  

t r a d i t i o n a l  m e t h o d  o f  r e s o l  v i n g  r a c e m i c  m i x t u r e s  (i.e., 

f r a c t i o n a l  r e c r y s t a l  1 i z a t i o n  o f  d i a s t e r e o m e r i c  s a l t s )  i s  

r e l a t i v e l y  d i f f i c u l t ,  i n e f f i c i e n t  and 1 i m i t e d  i n  app l  i c a b i l  i t y  

(5,6) has g r e a t l y  i n c r e a s e d  t h e  i n t e r e s t  i n  a1 t e r n a t i v e  t e c h -  

n i q u e s .  The e f f i c i e n c y ,  speed, w i d e  a p p l  i c a b i l  i t y  and r e p r o -  

d u c i b i l i t y  o f  t h e  modern l i q u i d  chromatograph have made i t  t h e  

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

e n a n t i o m e r i c  s e p a r a t i o n s .  Be t h i s  a s  i t  may, i t  i s  c l e a r  t h a t  

r e c e n t  HPLC techn iques  have e v o l v e d  and/or  b e n e f i t e d  f rom c l a s -  

s i c  c o l u m n  c h r o m a t o g r a p h i c  methods  (6). I t  a1 s o  a p p e a r s  t h a t  

t h e  most i n t e r e s t i n g  research  i n  t h i s  a rea  i n v o l v e s  t h e  d e v e l o p -  

ment o f  new h i g h l y  s e l e c t i v e  s t a t i o n a r y  phases. I n  t h i s  r e v i e w  

the  chemis t ry ,  app l  i c a b i l  i t y  and 1 i m i t a t i o n s  o f  s i x  c l a s s e s  o f  

c h i r a l  s t a t i o n a r y  phases  w i l l  be  examined. T h i s  work  i s  n o t  

i n t e n d e d  t o  be  a c o m p r e h e n s i v e  r e v i e w  o f  e n a n t i o m e r i c  sepa- 

r a t i o n s .  F o r  example ,  work  on t h e  u s e  o f  c h i r a l  m o b i l e  phase 

a d d i t i v e s  and l i g a n d  exchange LC w i l l  n o t  be covered. Readers 

i n t e r e s t e d  i n  t h e s e  p a r t i c u l a r  a r e a s  a r e  r e f e r e d  t o  t h e  
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HPLC SEPARATION OF ENANTIOMERS 355 

t h e  many f i n e  reviews and papers t h a t  have r e c e n t l y  been 

p u b l i s h e d  (7-16) .  The six c l a s s e s  o f  c h i r a l  s t a t i o n a r y  t o  b e  

considered i n  th is  work a re :  c y c l o d e x t r i n  bonded phases, 

n-compl exlhydrogen bonding s t a t i o n a r y  phades, polymeric s t a t i o n -  

a r y  phases,  charge t r a n s f e r  s t a t i o n a r y  phases, p r o t e i n  bonded 

phases, and crown e t h e r  bonded phases. 

I .  Chiral  Cyclodextrin Bonded Phases 

Cycl odex t r in s  a r e  c h i r a l  , t o r o i d a l  shaped mol ecul es formed 

by t h e  a c t i o n  of B a c i l l u s  macerans amylase on s t a r c h  ( s e e  Figure 

1 ) (17 -19) .  These  macrocyc l  i c  p o l y m e r s  c o n t a i n  from six t o  

t w e l v e  g l u c o s e  u n i t s  bonded t h r o u g h  a - ( 1 , 4 ) l i n k a g e s .  The 

t h r e e  s m a l l e s t  homol ogs, a-cycl odex t r in  (cyclohexaamyl ose) ,  B- 

c y c l  o d e x t r i n  ( c y c l  o h e p t a a m y l  o s e )  and v - c y c l  o d e x t r i n  

( c y c l o o c t a a m y l a s e )  a r e  a v a i l a b l e  c o m m e r c i a l l y  w h i l e  l a r g e r  

homol o g u e s  must b e  i n d i v i d u a l  1 y p r o d u c e d  and i s o l a t e d .  

Cycl odex t r in s  have s e v e r a l  s t r u c t u r a l  f e a t u r e s  t h a t  make them 

h i g h l y  u s e f u l  i n  s e p a r a t i o n s  ( F i g u r e  1). F i r s t  o f  a1 1 , t h e  

i n t e r i o r  of the  cycl  odex t r in  c a v i t y  c o n t a i n s  no hydroxyl groups 

and i s  r e l a t i v e l y  hydrophobic. Consequently they a r e  a b l e  t o  

complex a v a r i e t y  o f  w a t e r  i n s o l u b l e  o r  s p a r i n g l y  s o l u b l e  

m o l e c u l e s ,  see F i g u r e  2. This  p r o p e r t y  l e d  t o  t h e i r  use a s  

m o b i l e  phase  m o d i f i e r s  i n  t h e  T L C  s e p a r a t i o n  o f  a v a r i e t y  o f  

s t r u c t u r a l  i s o m e r s  (20-22) .  T r a d i t i o n a l  column chromatography 

on polymerized c y c l o d e x t r i n  was i n v e s t i g a t e d  as  we1 7 (23-25).  
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356 ARMSTRONG 

H 

Figure 1. A schematic showing t h e  s t r u c t u r e  o f  B - cyc lodex t r in .  
T h e  c a v i t y  i s  h y d r o p h o b i c  and i s  7 t o  8 a deep.  Note t h a t  a1 1 
g l u c o s e  units a r e  locked i n  a c h a i r  conformation and joined b y  a 
s t a b 1  e a - (1 ,4 )91  y c o s i d i c  1 inkage.  A1 1 hydroxyl groups a r e  on 
t h e  o u t e r  e d g e s  o f  t h e  m o l e c u l e  w i t h  t h e  p r imary  6 -hydroxy l  s 
r e s t r i c t i n g  t h e  "bottom s ide"  o f  t h e  molecule. 

Most impor t an t ly ,  each g lucose  u n i t  con ta ins  f i v e  c h i r a l  atoms 

and t h e  2 - h y d r o x y l  g r o u p s  a t  t h e  e n t r a n c e  o f  t h e  c y c l  o d e x t r i n  

c a v i t y  p r o j e c t  i n  a c l o c k w i s e  d i r e c t i o n  ( F i g u r e  1). C h i r a l  

r e c o g n i t i o n  h a s  been shown t o  be o p t i m a l  on a B - c y c l o d e x t r i n  

column f o r  compounds t h e  s i z e  o f  b i p h e n y l  or a l i t t l e  l a r g e r  

(26,27).  I f ,  i n  a d d i t i o n ,  t h e  c h i r a l  s o l u t e  a l s o  c o n t a i n s  a 

s u b s t i t u e n t  t h a t  can hydrogen bond w i t h  t h e  2 -hydroxy l  
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358 ARMSTRONG 

g r o u p s  a t  t h e  mouth o f  c y c l o d e x t r i n  c a v i t y ,  t h e n  e n a n t i o m e r i c  

s e p a r a t i o n s  a r e  p a r t i c u l a r l y  e f f i c i e n t  and p r e d i c t a b l e  ( s e e  

F i g u r e  3). For  example ,  t he  L - e n a n t i o m e r  o f  a l l  d a n s y l  o r  

n a p h t h y l  amino a c i d s  i s  e l u t e d  f i r s t .  T a b l e  I l i s t s  t y p i c a l  

enantiomeric compounds t h a t  have been r e s o l v e d  on c h i r a l  cyc lo -  

d e x t r i n  bonded phases. 

I t  i s  i n t e r e s t i n g  t o  cons ide r  whether o r  not c h i r a l  cyclo-  

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

r e c o g n i t i o n  model ( 2 9 ) .  C o n s i d e r i n g  the simp1 i f i e d  model 

shown i n  Figure 2 ,  one could argue t h a t  t h e r e  i s  a t h r e e  po in t  

attachment v i a  t h e  hydrophobic group i n  t h e  c a v i t y  and a t  l e a s t  

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

c y c l o d e x t r i n  c a v i t y .  T h i s  seems t o  be l i k e l y  f o r  many o f  t h e  

compounds s t u d i e d  ( T a b l e  I ) .  One migh t  a l s o  a r g u e  t h a t  t h e r e  

c o u l d  be more t h a n  t h r e e  p o i n t s  o f  i n t e r a c t i o n  i f  t h e  e n t i r e  

molecule  i s  w i t h i n  the  cyc lodex t r in .  However small  mo lecu le s  

t h a t  a r e  comple t e ly  enveloped by t h e  cycl  odex t r in  tend not 

t o  show e n a n t i o s e l e c t i v i t y  (a N-benzoyl amino acid i n  

B - c y c l  o d e x t r i n  f o r  example ) .  I n  t h e s e  c a s e s  one  must g o  t o  a 

s m a l l e r  c y c l o d e x t r i n  ( s u c h  a s  a-CD). A " t i g h t  f i t "  w i t h  p a r t  

of an enantiomer extending out  of t h e  c y c l o d e x t r i n  c a v i t y  seems 

t o  produce t he  des i r ed  o p t i c a l  r e s o l u t i o n  i n  many cases.  I t  may 

be p o s s i b l e  t h a t  a o n e  o r  two p o i n t  a t t a c h m e n t  accompanied b y  

s t e r i c  r e s t r a i n t s  ( a s  f i r s t  s u g g e s t e d  by LochmDl l e r  (30,  31)) 

c o u l d  i n  some c a s e s  b e  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  
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L-Thr D-Thr 

I I I 

3 6 3 
RETENTION TIME, Min. 

F i  ure 3. A chromatogram showing t h e  s e p a r a t i o n  o f  r a c e m i c  
t h r e o n i n e  and l e u c i n e .  Note t h a t  t h e  L-enantiomer i s  

a1 ways e l  uted f i r s t .  Cromatographic condi t ions:  co l  umn = 0.46 
x 1 0  cm B-CD, s o l v e n t  = 5 0 %  methanol  + 5 0 %  w a t e r ,  f l o w  = 1.0 
ml/min, d e t e c t i o n  v=254 nm. 

-+ dansy  

e n a n t i o s e l e c t i v i t y  ( s e e  s e c t i o n  IV). Because o f  i t s  s t r i c t  

s t e r e o c h e m i c a l  r e q u i r e m e n t s  and t h e  intimacy of the i n c l u s i o n  

complex, cyc lodex t r in  bonded phases may be a more use fu l  means 

t o  ass ign abso lu te  conf igu ra t ion  than o the r  CSP’s. C e r t a i n l y  a 

good dea l  more work must be done i n  th i s  area. 

The re  a r e  s e v e r a l  a d v a n t a g e s  t o  c h i r a l  c y c l  o d e x t r i n  

packings. They a r e ,  fo r  example, commercially a v a i l a b l e *  and 

t h e r e  a r e  s e v e r a l  d i f f e r e n t  s i z e  c y c l o d e x t r i n s  which a1 lows one 

t o  s e p a r a t e  a v a r i e t y  o f  d i f f e r e n t  s i z e  enan t iomers .  T h i s  

pack ing  i s  wa te r  s t a b l e  and i s  most o f t e n  used w i t h  aqueous-  

methanol  m o b i l e  p h a s e s  (26-28) .  T h i s  i s  i m p o r t a n t  s i n c e  t h e  

p r e s e n c e  o f  wate r  i s  known t o  ruin most of  t h e  o t h e r  c h i r a l  

*Advanced Separat ion Techno1 ogies ,  Inc. 37 Lesl i e  C t .  
P.O. Box 297,  Whippany, NJ 07981. 
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Table I :  A L i s t  o f  T y p i c a l  E n a n t i o m e r s  R e s o l v e d  o n  B -  
C y c l o d e x t r i n  Columns U s i n g  Aqueous -Methano l  M o b i l e  
Phase s (2 6-28,32). 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14 .  
1 5 .  
16. 
1 7 .  
18. 
19. 
20. 
21. 
22. 

23. (;,:) 
b l s - ( b  

s t a t i o n a r y  

phases  i s  

D,L-alanine 6-naphthy l  amide 
D , L-met h i  o n i  ne 8-napht h y l  am i d  e 
D,L-alanine 6-naphyl e s t e r  
dansy l  U,L-Val i n e  
dansyl  D,L-threonine 
dansyl  D,L-nor1 euc i n e  
dansy l  D,L-phenyl a1 an ine  
dansyl  D,L-1 euc ine  
dansy l  D ,L-met h i o n  i n e  
dansy l  D,L-tryptophan 
dansy l  D,L-ser ine 
dansy l  D,L-norval i n e  

d an s y l  D, L -a rg  i n i n e  
N-benzoyl -D ,L -arg in  i n  e B -naphthy l  amide 
( +, - )  hex abarb i t a l  
(+,-) mephobarb i ta l  
(+,-)  usn ic  a c i d  
(+,-) a - (1 -naphthy1)e thy l  amine 
(+,-) c y c l  ohexy lpheny lace t i c  a c i d  
D,L-propranolol  
(+, - )2,3-0- i s o p r o p y l  idene-2,3-di hydroyx-1,4- 
b i s f d i  heny1phosphino)butane [a.k.a. D I O P ]  

dansy l  D , L- a- am i no-N-buter ic acid 

rans  a,a' - (2,2-dimethyl-l,3-dioxal ane-4 ,5-b iy l ) -  
phenylmethanol)  

phases. An added b e n e f  t o f  c y c l o d e x t r i n  bonded 

h a t  t h e y  a r e  u s e f u l  f o r  t h e  r e s o l u t i o n  o f  many 

nonenant iomeric compounds and have been found t o  be s u p e r i o r  t o  

c o n v e n t i o n a l  r e v e r s e  phase pack ings  f o r  many o f  t h e  more 

r o u t i n e  separa t i ons  (27, 32). They can a l s o  be used as normal 

phase p a c k i n g s  (e.g., w i t h  hexane-a1 coho1 m o b i l  es  phases )  

a l t h o u g h  t h e  separa t i on  i s  n o t  due t o  i n c l u s i o n  complex forma- 

t i o n  b u t  r a t h e r  t o  h y d r o g e n  b o n d i n g  and d i p o l a r  i n t e r a c t i o n s  
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HPLC SEPARATION OF ENANTIOMERS 361 

with s u r f a c e  hydroxyl groups  (32). L a s t l y ,  t h e s e  columns a r e  

cu r ren t ly  l e s s  expensive than most rout ine normal and reverse  

phase columns. 

Cyc lodex t r in  packings a1 so have some shorcomings. For 

example they  a r e  g e n e r a l l y  about  80% a s  e f f i c i e n t  a s  t h e  b e s t  

reverse  phase columns. This i s  because the  formation of s t rong 

inclusion compl exes causes somewhat slower mass t r ans fe r  which 

r e s u l t s  in  d e t e c t a b l e  band broadening. Fo r tuna te1  y ,  t h i s  

r e l a t i v e l y  small decrease in e f f ic iency  i s  u sua l ly  accompanied 

by a l a rge  increase in s e l e c t i v i t y .  Currently only B -  and Y -  

cyclodextr in  columns are  a v a i l a b l e  commercially, however an c1 - 
cyclodextr in  packing f o r  smal le r  molecules w i l l  undoubtedly be 

forthcoming. Af t e r  e x t e n s i v e  use ( p a r t i c u l a r l y  when us ing  

mobi le  phases  wi th  a very  high pe rcen tage  of water )  Qne f i n d s  

t h a t  the  e f f ic iency  and re ten t ion  begins t o  decrease. This i s  

because s t rongly  retained impuri t ies  a r e  occupying many of t he  

c y c l o d e x t r i n  c a v i t i e s .  The column i s  e a s i l y  r egene ra t ed  b y  

f lushing with absolute methanol or ethanol.  

11. I' r-Complex-Hydroden Bonding" Stat ionary Phases 

The three-point ch i r a l  recognition model has been used as  a 

b a s i s  f o r  t h e  des ign  of s e v e r a l  c h i r a l  s t a t i o n a r y  phases.  

P i r k l e  and co-workers or igional  l y  designed CSP's "A" t h r o u g h  "C" 

(see Figure 4 )  in view o f  t h i s  model and successfu l ly  resolved a 

se r i e s  of enantiomeric su l foxides  and 3,5-dinitrobenzoyl der iva-  
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R = 0, @:2-CH-C$cH3 \ C H 3  

N02 

PH3 11 /CH=CH 
NH-C-CH-CH ‘CH3 

3 
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HPLC SEPARATION OF ENANTIOMERS 363 

NH-C-R-C-NH-CH R = -CH -CH- 2 2 '  

A n 

F i g u r e  4. A s c h e m a t i c  showing n i n e  d i f f e r e n t  c l a s s  I 1  c h i r a l  
s t a t i o n a r y  phases. A1 1 a r e  used under normal phase, c o n d i t i o n s  
(e.g., hexane: isopropanol mobile  phases). Packings A through C 
were d e v e l o p e d  by P i r k l e  and co-workers (33-35).  P a c k i n g s  0 
t h r o u g h  I were d e v e l o p e d  by O i  a n d  c o - w o r k e r s  (43-47).  A1 1 
packings except f o r  "A" have t h e  c h i r a l  molecule  attached to  the  
s i l  i c a  support  v i a  a y-aminopropyl s i l a n e  1 inkage. 

t i v e s  o f  amines, a l c o h o l s ,  t h i o l s ,  amino a c i d s ,  amino a l c o h o l s  

and hydroxy a c i d s  (33-35).  The n e c e s s a r y  t h r e e  p o i n t  c o n t a c t  

between t h e  CSP and e n a n t i o m e r i c  s o l u t e  was t h o u g h t  t o  be 

m a i n t a i n e d  v i a  two hydrogen bonds and a n - ~  d o n o r - a c c e p t o r  

i n t e r a c t i o n  (33-35). S u b s e q u e n t  work i n d i c a t e d  t h a t  d i p o l e -  

d i p o l e  s t a c k i n g  and Van d e r  Waals  i n t e r a c t i o n s  must a l s o  b e  

c o n s i d e r e d  i n  many c a s e s  (36). One i m p o r t a n t  f e a t u r e  o f  t h e s e  

CSP's was t h a t  t h e y  seemed t o  be a p p l  i c a b l e  t o  a b r o a d e r  r a n g e  

o f  compounds than  most o f  t h e  e a r l i e r  reported c h i r a l  packings. 
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364 ARMSTRONG 

Recent research  i n  t h i s  a rea  i n v o l v e s  t h e  ex tens ion  o f  a p p l i c a -  

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

o r d e r  and t h e  d e v e l o p e m e n t  o f  a n o t h e r  g e n e r a t i o n  o f  CSP's o f  

t h i s  type. Wainer and co-workers, have l a r g e l y  been i n v o l v e d  

w i t h  t h e  f i r s t  two p u r s u i t s  above ,  p a r t i c u l a r l y  i n  t h e  

separa t i on  o f  a v a r i e t y  o f  c h i r a l  compounds o f  pharmaceut ica l  

i n t e r e s t  ( 3 6 - 4 0 ) .  O t h e r  r e s e a r c h  g r o u p s  h a v e  e v a l u a t e d  

e n a n t i o m e r i c  s e p a r a t i o n s  o f  d i h y d r o x y  and  t e t r a h y d r o x y  

p o l y n u c l e a r  a romat ic  hydrocarbons (41)  and a v a r i e t y  o f  a c y c l i c  

a1 k y l  c a r b i n o l  s and t h e i r  d e r i v a t i v e s  (42). O i  and co-workers 

(43-46) have focused t h e i r  a t t e n t i o n  on t h e  developernent o f  new 

and m o d i f i e d  CSP's ( see  s t r u c t u r e s  D t h r o u g h  I ,  F i g u r e  4).  

T h e i r  work has shown t h a t  t h e r e  can be s i g n i f i c a n t  d i f f e r e n c e s  

i n  s e l e c t i v i t y  f o r  many o f  t h e  r e l a t e d  CSP's. I n  f a c t ,  i t  has  

been n o t e d  t h a t  t h e r e  a r e  s e l  e c t i v  i t y  d i f f e r e n c e s  i n  pack ings  

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

w h e t h e r  t h e y  a r e  a t t a c h e d  c o v a l e n t l y  o r  i o n i c a l  l y  ( s t r u c t u r e s  

" B "  and " C "  i n  F i g u r e  4) (36) .  U n d o u b t e d l y  t h e s e  t y p e s  o f  

s t u d i e s  w i l l  con t i nue  t o  shed 1 i g h t  on t h e  s e p a r a t i o n  mechanism. 

T h e r e  a r e  s e v e r a l  a d v a n t a g e s  t o  Type I 1  CSP's. F i r s t l y ,  

CSP 's  "B" and "C" ( F i g u r e  4 )  a re  a v a i l a b l e  commercial ly.*  Cur- 

r e n t l y ,  more enant iomer ic  sepera t i ons  have been r e p o r t e d  on t h i s  

c l a s s  o f  pack ing  than on any o ther .  As a r e s u l t ,  t h e  i n t e r e s t e d  

*J. T. Baker, P h i l l i p s b u r g ,  NJ 
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HPLC SEPARATION OF ENANTIOMERS 365 

re sea rche r  has a v a i l a b l e  a s i g n i f i c a n t  q u a n t i t y  of u se fu l  d a t a  

which can be used t o  f o r m u l a t e  f u t u r e  work. I n d e e d ,  a r e c e n t  

p a p e r  e v a l u a t e d  the  r o l e  o f  m o b i l e  p h a s e  c o m p o s i t i o n  on 

enantiomeric s e l e c t i v i t y  and r e s o l u t i o n  (47) .  

A d i s a d v a n t a g e  o f  c l a s s  I 1  CSP's i s  t h a t  t h e  p r e s e n c e  o f  

any water i n  t h e  mobile  phase tends t o  ruin both t h e  sepa ra t ion  

and t h e  packing.  I t  i s  p o s s i b l e ,  however ,  t o  r e g e n e r a t e  t h e  

i o n i c a l  l y  bonded packings provided a s i g n i f i c a n t  po r t ion  o f  t h e  

v-aminopropyl  s i l  a n i z e d  s i l  i c a  g e l  h a s  n o t  h y d r o l y z e d .  I t  h a s  

been noted t h a t  i t  i s  more d i f f i c u l t  t o  s e p a r a t e  e s t e r  d e r i v a -  

t i v e s  o f  some e n a n t i o m e r s  t h a n  t h e  c o r r e s p o n d i n g  amides (36 ) .  

I t  was a l s o  noted t h a t  t h e r e  was a r e v e r s a l  i n  t h e  

e l u t i o n  o r d e r  o f  an e n a n t i o m e r i c  p a i r  o f  compounds d u r i n g  t h e  

c o u r s e  o f  a s t u d y  (36) .  I t  i s  n o t  c u r r e n t l y  known how common 

t h i s  phenomenon is ,  but i t  could r e s t r i c t  t h e  use o f  t h e s e  CSP's 

f o r  a s s ign ing  abso lu te  conf igu ra t ions .  

111. Chiral  Polymer S t a t i o n a r y  Phases 

The re  i s  an e x t e n s i v e  l i t e r a t u r e  on t h e  u s e  o f  c h i r a l  

polymers f o r  t r a d i t i o n a l  column chromatography o f  enantiomers. 

Many b u t  n o t  a1 1 a r e  n a t u r a l  l y  o c c u r i n g  polymers .  T y p i c a l  

examples include:  c e l l  ul  ose, mic roc rys t a l  1 i n e  c e l l  ul  o s e t r i a c e -  

t a t e ,  s t a r c h ,  polymerized amino a c i d s ,  c r o s s  1 inked po lys ty rene  

c o n t a i n i n g  a1 k a l  o i d s ,  and i s o t a c t i c  (+)-poly(triphenylmethy1 

m e t h a c r y l a t e ) ( 6 ) .  T h e  use o f  a n a l o g o u s  s t a t i o n a r y  p h a s e s  i n  
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HPLC i s  much l e s s  e x t e n s i v e  b u t  w i l l  u n d o u b t e d l y  grow a s  a 

r e s u l t  o f  r e c e n t  s u c c e s s f u l  a p p l  i c a t i o n s  (48-50).  T h e r e  a r e  

p r e s e n t l y  two b a s i c  approaches i n  using c h i r a l  polymers a s  HPLC 

s t a t i o n a r y  phases .  F i r s t ,  i f  t h e  c r o s s 1  inked  polymer p o s s e s s  

s u f f i c i e n t  m e c h a n i c a l  s t r e n g t h  ( t o  withstand t h e  pressure)  and 

c a n  be o b t a i n e d  i n  p a r t i c l e  s i z e s  o f  a p p r o p r i a t e  d i m e n s i o n s  

(i.e.,  5 t o  1 0  vrn) and d i s t r i b u t i o n s ,  then i t  can be used a s  

i s .  A t y p i c a l  e x a m p l e  o f  t h i s  a p p r o a c h  i s  L i n d n e r  and 

Mannschreck's use of mic roc rys t a l  1 i n e  t r i a c e t y l  c e l l  u l  ose f o r  t h e  

HPLC s e p a r a t i o n  o f  s e v e r a l  r a c e m i c  compounds (48). P a r t i a l  

r e s o l u t i o n  o f  a c y c l  i c  a1 l e n e  hydroca rbon  was a l s o  r e p o r t e d  

(48). A s e r i e s  o f  r a c e m i c  2 , 2 ' - d i s u b s t i t u t e d  1 , l ' - b i n a p h t h y l  s 

and racemic t r a n s - d i s u b s t i t u t e d  cycl i c  compounds were a1 so re-  

s o l v e d  by H P L C  u s i n g  a f i n e l y  ground i n s o l u b l e  ( + ) - p o l y ( t r i -  

phenylmethyl methacryl a t e )  (50).  A somewhat d i f f e r e n t  approach 

i s  t o  a d s o r b  t h e  c h i r a l  po lymer  o n t o  s i l i c a  g e l .  This  s i m p l e  

a p p r o a c h  was shown t o  p r o d u c e  a h i g h l  y e f f e c t i v e  c h i r a l  phase  

when a l o w  m o l e c u l a r  w e i g h t  ( + ) - p o l y ( t r i p h e n y l m e t h y 1  

m e t h a c r y l a t e )  was used (49).  In  a d d i t i o n ,  t h e  s e l e c t i v i t y  i s  

o f t e n  d i f f e r e n t  from t h a t  found f o r  the analogous packing made 

from t h e  "ground" o r  p u l v e r i z e d  h i g h  mo lecu la r  weight polymer. 

F o r  e x a m p l e ,  t h e  f o u r  s t e r e o i s o m e r s  o f  t h e  i n s e c t i c i d e  

p h e n o t h r i n  (i .e. ,  (+)  and ( - ) ,  cis- and t r a n s - 3 - p h e n o x y b e n z y l  

c h r y s a n t h e m a t e )  a r e  r e s o l v e d  on t h e  " c o a t e d "  s t a t i o n a r y  phase  

b u t  n o t  on t h e  " g r o u n d "  t y p e  ( 4 9 ) .  One c a n  e x p e c t  many 
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HPLC SEPARATION OF ENANTIOMERS 367 

a d d i t i o n a l  e n a n t i o m e r i c  s e p a r a t i o n s  i n  t h e  n e a r  f u t u r e  a s  r e -  

s e a r c h e r s  a d s o r b  d i f f e r e n t  c h i r a l  p o l y m e r s  on a v a r i e t y  o f  

s i l i c a  ge l s .  C e r t a i n l y  t h e  use of polysaccharides ,  polyamino- 

a c i d s  and appropr i a t e  d e r i v a t i v e s  of t hese  polymers will produce 

i n t e r e s t i n g  r e s u l t s .  

I n i t i a l  experiments seem t o  i n d i c a t e  t h a t  the coated c h i r a l  

polymer s t a t i o n a r y  p h a s e s  may b e  more wide1 y a p p l  i c a b l  e t h a n  

packings composed of pure polymer. Certain1 y one advantage w i t h  

t he  "coated" ma te r i a l  i s  t h a t  one can e a s i l y  and inexpens ive ly  

make a wide v a r i e t y  of d i f f e r e n t  CSP's. A d i sadvan tage  i s  t h a t  

u s e  o f  m o b i l e  p h a s e s  c o n t a i n i n g  a p p r e c i a b l e  amounts o f  w a t e r  

w i l l  l i k e l y  r e s u l t  i n  i n f e r i o r  s e p a r a t i o n s  and/or  damage t o  t h e  

packing.  The pack ing  can  a l w a y s  be r e c o a t e d  w i t h  po lymer ,  

however.  Some polymer l o s s  h a s  e v e n  been no ted  when u s i n g  

nonaqueous s o l  v e n t s  (49). 

IV. Chiral  Charge Trans fe r  S t a t i o n a r y  Phases 

I n  1955 i t  was d e m o n s t r a t e d  t h a t  h e x a h e l i c e n e  c o u l d  b e  

r e s o l v e d  from a s o l u t i o n  o f  c h i r a l  a-(2,4,5,7-tetranitro-9- 

f l  uorenyl idenaminooxy) propionic  a c i d  (TAPA) by f r a c t i o n a l  re -  

c r y s t a l  1 i z a t i o n  (51). By 1960 r e s o l u t i o n  was obtained by column 

ch romatography  w i t h  TAPA c o a t e d  s i l  i c i c  a c i d  (52).  Mikes and 

co-workers extended this  technique t o  HPLC, s epa ra t ing  ten race-  

mic h e l i c e n e s  and two double  h e l i c e n e s  u s i n g  a s t a t i o n a r y  phase 

of s i l  i c a  c o a t e d  w i t h  TAPA (53). They a 1  so examined t h r e e  
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368 ARMSTRONG 

homologues of  TAPA and found t h a t  t h e  s i z e  of  t h e  s u b s t i t u e n t  on 

t h e  c h i r a l  carbon a f f e c t e d  t h e  s e l e c t i v i t y .  A 1  umina impregnated 

w i t h  (S ) - (+ ) -TAPA h a s  b e e n  u s e d  a s  w e l l  ( 5 4 ) .  TAPA and  

2 , 2 ' - d i y l  hydrogen  p h o s p h i t e  XL h a s  been bonded t o  s i l  i c a  g e l  

( s e e  F i g u r e  5) and h a s  shown s i m i l a r  s u c c e s s  i n  t h e  s e p a r a t i o n  

of h e l i c e n e s  (55 ,  56) a s  has s i l  i c a  g e l  coated w i t h  r i b o f l a v i n  

(57). Lochmllrl l e r  and Rya l l  u t i l i z e d  a s m a l l  2 ,4-d in i t rophenyl  

group a s  t h e  change t r a n s f e r  accep to r  a t t ached  t o  a c h i r a l  atom, 

s e e  F i g u r e  5 (31). A l t h o u g h  p a r t i a l  r e s o l u t i o n  o f  l - a z a [ 6 ]  

he1 icene  and heptahe l  i cene  was achieved ,  t h e  r e a l  s i g n i f i c a n c e  

of  th i s  work was i n  Lochmhller 's  conc lus ion  a s  t o  t h e  mechanism 

invo lved .  I t  was p o s t u l a t e d  t h a t  the smal l  2 ,4-d in i t rophenyl  

g r o u p  c o u l d  n o t  h a v e  a c h i e v e d  t h e  m u 1  t i p l e  o v e r l a p s  w i t h  t h e  

h e l i c e n e s  a s  proposed f o r  TAPA. Consequently i t  may be p o s s i b l e  

t o  a c h i e v e  c h i r a l  d i s c r i m i n a t i o n  i n  chromatography w i t h  o n l y  one 

(31) o r  two ( 3 0 )  s t r o n g  i n t e r a c t i o n s .  I t  was i n d i c a t e d  i n  

p rev ious  gas  chromatographic work t h a t  s t e r i c  r e p u l s i o n  may be a 

p o s s i b l e  subs t i tu te  f o r  p o s i t i v e  i n t e r a c t i o n s  (30). 

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

p h a s e s  a r e  u s e f u l  f o r  t h e  s e p a r a t i o n  o f  r a c e m i c  h e l i c e n e s .  

U n f o r t u n a t e l y  i t  h a s  n o t  y e t  been  d e m o n s t r a t e d  t h a t  t h e y  h a v e  

any wider appl i c a b i l  i t y .  As t h e s e  s t a t i o n a r y  phases a r e  e i t h e r  

coa ted  on s i l i c a  g e l  o r  bonded v i a  an amide l i n k a g e  through an 

a m i n o p r o p y l s i l a n e ,  t h e y  s h o u l d  n o t  be u s e  w i t h  aqueous  o r  

aqueous-organic mobile phases. 
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A 

D HO-CH-CH-CH-CH 

'hb, d H  b H  

Figure 5. A schematic showing the  s t ruc tu re  o f  four d i f f e r e n t  
charge t r ans fe r  adducts t h a t  have been bonded t o  o r  adsorbed on 
s i l  i c a  g e l  t o  c r e a t e  CSP's  c a p a b l e  o f  s e p a r a t i n g  a v a r i e t y  of  
helicenes.  Again, the  ch i r a l  molecule in a l l  bonded packings 
was attached v i a  a v-aminopropyl s i l  ane  1 inkage. Compound A = 
T A P A ,  B = 2 , 2 ' - d i y l h y d r o g e n  p h o s p h i t e  XL, C = N - 2 , 4 -  
dini t rophenylalanine,  and D = r ibof lav in .  
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V. Protein Bonded Phases -- 
For p r o t e i n  bonded phases ,  a s  f o r  most o f  t h e  p r e v i o u s  

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

appl i c a t i o n s  b y  c l a s s i c  c o l  umn chromatography. General 1 y bovine 

serum albumin (BSA) was l i nked  t o  agarose (58), which cou ld  then 

r e s o l v e  e n a n t i o r n e r s  o f  a r o m a t i c  amino a c i d s ,  some N-benzoyl-  

amino a c i d s  and aromatic s u p h i n y l  and sul phorx imine  compounds 

( 5 9 ) .  More r e c e n t 1  y, A1 1 enmark and co -worke r s  s u c c e s s f u l  l y  

a t t a c h e d  BSA t o  1 0  pm s i l i c a  and d e m o n s t r a t e d  i t s  u t i l i t y  i n  

HPLC (60). A series of t e n  d i f f e r e n t  N-benzoyl and N-naphthoyl 

amino a c i d s  showed e n a n t i o s e l e c t i v i t y  on this packing. 

Two o f  t h e  a d v a n t a g e s  o f  t h i s  pack ing  a r e  t h a t  i t  can  b e  

used w i t h  aqueous o r  aqueous-organic mobile  phases and t h a t  i t  

i s  a v a i l a b l e  commercially." The o n l y  o t h e r  packing t h a t  sha res  

t h e s e  advantages i s  t h e  c h i r a l  cycl  odex t r in  bonded phase (Pa r t  

I ) .  C u r r e n t l y  i t  i s  n o t  known whe the r  o r  n o t  t h i s  pack ing  can 

s e p a r a t e  any e n a n t i o m e r s  o t h e r  t h a n  N-a roy l  D,L-amino a c i d s .  

The s t a b i l i t y ,  l i f e t i m e  and c o s t  o f  t h e  pack ing  a s  w e l l  a s  

whether o r  not i t  can be regenerated i s  not p r e s e n t l y  known by 

t h i  s author.  

VI. Chiral  Crown Ether  Bonded Phases ----- 
Cram and co-worker's r e sea rch  on the  complexation o f  ions 

b y  crown e t h e r s  l e d  t o  t h e  development of cycl  i c  compounds which 

*Mackerey Nagel & Co., Duren, 6. F. R. 
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HPLC SEPARATION OF ENANTIOMERS 37 1 

Figure  6. A schematic of a c h i r a l  crown e t h e r  which can complex 
p r o t o n a t e d  p r imary  amines and i n  some c a s e s  show c h i r a l  
r ecogn i t ion  (61-63). 

showed e n a n t i o s e l e c t i v i t y  (see Figure 6) (61-63). Crown e t h e r s  

h a v e  t h e  a b i l i t y  t o  complex a number o f  c a t i o n s  (e.g., Na', K', 

NH4+, etc.). The s t a b i l i t y  of the  crown e the r - ion  complex 

d e p e n d s ,  t o  a s i g n i f i c a n t  e x t e n t ,  on t h e  f i t  o f  t h e  i o n  i n  t h e  

crown e t h e r  c a v i t y .  For example, t h e  l a r g e r  

crown e t h e r ,  18-crown-6, p r e f e r s  t o  complex t h e  1 a rge r  potassium 

ion ove r  t h e  smal l e r  sodium ion. For t h e  s m a l l e r  crown ether, 

15-crown-5,  t h e  s e l e c t i v i t y  i s  t h e  o p p o s i t e .  Ammonium i o n  i s  

a b o u t  t h e  same s i z e  a s  p o t a s s i u m  i o n  and f i t s  w e l l  i n t o  t h e  

c a v i t y  o f  t h e  crown e t h e r  shown i n  F i g u r e  6. I f  t h e  ammonium 

ion i s  a t t ached  t o  a c h i r a l  atom (as i n  a protonated amino acid)  

then the p o s s i b i l i t y  ex i s t s  f o r  t h e  s e p a r a t i o n  o f  t h o s e  

enantiomers. Indeed, th i s  was shown t o  be p o s s i b l e  f o r  a number 

o f  aromatic amino a c i d s  and analogous compounds (51-631. 

A1 though t h e s e  i n t e r e s t i n g  s t a t i o n a r y  phases e f f e c t i v e l y  

s e p a r a t e  some racemic compounds t h a t  c o n t a i n  p r i m a r y  ammonium 
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372 ARMSTRONG 

ions,  t h e i r  ove r  a1 1 a p p l i c a b i l i t y  i s  o b v i o u s l y  1 imited ( a s  a r e  

t h e  c h i r a l  c h a r g e  t r a n s f e r  s t a t i o n a r y  p h a s e s ,  f o r  example) .  

J u d g i n g  f r o m  t h e  c u r r e n t  c o s t  o f  many c rown  e t h e r s  t h e  

p o s s i b i l i t y  e x i s t s  t h a t  t h i s  p a c k i n g  may be p r o h i b i t i v e l y  

e x p e n s i v e  f o r  1 a r g e  s c a l e  use.  I t  i s  we1 1 known t h a t  aqueous  

s o l  ven t s  and a q u e o u s - o r g a n i c  m i x t u r e s  t e n d  t o  d e c r e a s e  t h e  

i n t e r a c t i o n  between a crown e t h e r  and a g u e s t  i o n  (e.g., a s  

opposed t o  o r g a n i c  s o l v e n t s ) .  I t  i s  n o t  l i k e l y  t h a t  t h e  

e n a n t i o s e l  e c t i v i t y  o b s e r v e d  i n  t h e s e  systems (which u t i l i z e d  

organic  s o l v e n t s )  would remain i n  t y p i c a l  r e v e r s e  phase mobile 

phases. 
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