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SELECTED USES OF HPLC FOR THE SEPARATION OF NATURAL PRODUCTS 

Michael A .  Adams and K o j i  Nakanishi  
Department o f  Chemistry 

Columbia U n i v e r s i t y  
New York, New York 10027 

INTRODUCTION 

High p r e s s u r e  l i q u i d  chromatography (HPLC) h a s  proven t o  be 

one o f  t h e  most u s e f u l  t e c h n i q u e s  a v a i l a b l e  t o  t h e  chemis t  f o r  

s e p a r a t i n g  complex m i x t u r e s  o f  o r g a n i c  s u b s t a n c e s .  The r ange  of 

compounds t h a t  have been s u c c e s s f u l l y  s e p a r a t e d  by HPLC c o n t i n -  

u e s  t o  expand a t  a n  ex t r eme ly  rapi-d rate.  Within t h e  l a s t  f i v e  

y e a r s ,  HPLC h a s  been a p p l i e d  t o  i n c r e a s i n g l y  complex s e p a r a t i o n s  

i n  t h e  f i e l d  of n a t u r a l  p r o d u c t s  chemis t ry .  Th i s  a r t i c l e  re- 

views a number of s e p a r a t i o n s  i n  s e l e c t e d  a r e a s  of  n a t u r a l  pro-  

d u c t s  chemis t ry .  While i t  i s  n o t  a n  e x h a u s t i v e  su rvey  of t h e  

l i t e r a t u r e ,  i t  does  i n d i c a t e  t h e  v a r i e t y  of s e p a r a t i o n s  a l r e a d y  

ach ieved  and h o p e f u l l y  w i l l  s u g g e s t  a d d i t i o n a l  areas of u t i l i t y .  

R e t i n o i d s  and Vitamin A D e r i v a t i v e s  

For  s e v e r a l  y e a r s ,  r e s e a r c h  i n  o u r  l a b o r a t o r i e s  h a s  been d i -  

r e c t e d  toward unde r s t and ing  v a r i o u s  a s p e c t s  o f  t h e  v i s i o n  p r o c e s s .  

During t h e  c o u r s e  of  t h i s  work, i t  has  been n e c e s s a r y  t o  syn the -  

s i z e  d e r i v a t i v e s  and i somers  of  r e t i n a l  (Vitamin A a ldehyde)  and 

t o  s e p a r a t e  t h e  v a r i o u s  m i x t u r e s  of  i somers  encoun te red  d u r i n g  

t h e  s y n t h e s i s .  HPLC h a s  been e x t e n s i v e l y  used  f o r  t h e s e  s e p a r a -  

t i o n s ,  some of t h e  more i n t e r e s t i n g  of  which w i l l  be  d e s c r i b e d  

i n  t h i s  review.  

1097 
Copyright 0 1979 hy Marcel Dekker, Inc. All Rights Reserved. Nei ther  this work n o r  a n y  part 
may be reproduced o r  t ransmit ted in any  fo rm o r  by any  means, e lectronic  o r  mechanical, including 
photocopying,  microfilming, and recording, o r  by  a n y  information storage and retrieval system, 
without  permission in  writing f r o m  the  publisher. 
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1098 ADAMS AND NAKANISHI 

Vitamin A and i t s  v a r i o u s  d e r i v a t i v e s  are known t o  b e  q u i t e  

l a b i l e ,  i s o m e r i z i n g  a n d / o r  decomposing upon e x p o s u r e  t o  l i g h t  o r  

warming. HPLC o f f e r s  many a d v a n t a g e s  o v e r  open  column chromato- 

g raphy  o r  t h i n  l a y e r  chromatography (TLC) f o r  i somer  s e p a r a t i o n s ;  

t h e s e  i n c l u d e  s p e e d ,  e f f i c i e n c y  and l o w  chance  o f  c o n t a c t  w i t h  

a i r  and l i g h t  d u r i n g  t h e  s e p a r a t i o n  p r o c e s s .  

The f i r s t  s e p a r a t i o n s  o f  r e t i n a l  i s o m e r s  conduc ted  i n  o u r  

l a b o r a t o r y  were performed u s i n g  a C o r a s i l - I 1  (Waters)  column w i t h  

e the r -hexane  e l u t i o n  (1). Using t h i s  sys t em,  the f i v e  isomers of  

r e t i n a l  (13-=, 9 , 1 3 - d i c i s ,  l l - e ,  9 - e  and a l l - t r a n s )  c o u l d  

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

Using HPLC i n  the r e c y c l e  mode, i t  h a s  been p o s s i b l e  t o  sep-  

a r a t e  v a r i o u s  i s o m e r s  of s t e r i c a l l y  mod i f i ed  r e t i n a l  a n a l o g s  ( 2 ) .  

By use o f  C o r a s i l - I 1  and a s o l v e n t  sys t em o f  hexane c o n t a i n i n g  

from 1 t o  6% e t h e r ,  i t  w a s  p o s s i b l e  t o  make a s e p a r a t i o n  of 13- 

- cis-,  9 ,13 -d ic i s - ,  ll-+-, 9-&- and a l l - t r a n s - 1 4 - m e t h y l  r e t i -  

n a l ,  u s i n g  t h e  r e c y c l e  mode (F ig .  2 ) .  

9. I ~ - ~ I C I S  9 - C I S  H A 0  

ull - t ru n 5 

FIGURE 1. S t r u c t u r e s  of r e t i n a l s .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1099 
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FIGURE 2. High pressure liquid chromatography of (a) irradiated 
all-trans-14-methylretinal, Corasil 11, 3 ft x 3 (prep); 3 ml/min; 
1.5% ether in hexane; (b) recycling of bands 1 and 2: (1) 13-+-; 
(la) 9,13-dicis-; (2) 1 1 - g - ;  ( 3 )  9-&-; and (4) all-trans-14- 
methylretinal. 

With the advent of microparticulate silica columns it has 

been possible, for the most part, to eliminate the recycle step, 

which is time-consuming and does not always produce the best sep- 

arations. Using columns and solvent systems such as Zorbax-SIL 

and l0um-Partisil (methylene chloride- 

, the various retinoid isomers could be 
(12% ether in hexane) 

acetic acid, 99.5:0.5 

separated. 

(3 )  

( 4  

In our work with natural and artificial visual pigments, it 

has been crucial to identify and quantify the retinal moiety 

(chromophore) in the particular isomeric form in which it is bound 

to the apoprotein opsin. The procedure involves detachment of the 
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1100 ADAMS AND NAKANISHI 

chromophore and c h a r a c t e r i z a t i o n  of  t h e  r e t i n a l s  by HPLC on si l i-  

ca  g e l  columns ( 5 , 6 , 7 ) .  A s  f a r  as r e s o l u t i o n  i s  concerned,  s i l i -  

ca g e l  is s a t i s f a c t o r y .  However, t h e  d i s a d v a n t a g e  i s  t h e  r a p i d  

d e t e r i o r a t i o n  of  expens ive  columns s i n c e  t h e  hydrophobic  o p s i n s  

i n v a r i a b l y  r e q u i r e  l i p i d s  o r  d e t e r g e n t s  f o r  s o l u b i l i z a t i o n .  A 

method f o r  t h e  HPLC d e t e r m i n a t i o n  of t h e s e  r e t i n a l s  o b t a i n e d  

from o p s i n s  h a s  r e c e n t l y  been developed i n  o u r  l a b o r a t o r y  (8).  

Th i s  method i s  based on t h e  usage of  a bonded phase  column pack- 

i n g  w i t h  n i t r i l e  g roups ;  t h e  column i s  compa t ib l e  w i t h  bo th  nor- 

m a l  and r e v e r s e  phase usage,  a n  e s s e n t i a l  f e a t u r e  of  t h i s  p r o c e s s .  

I n  summary, t h e  p r o c e s s  i n v o l v e s  o b t a i n i n g  t h e  r e t i n a l  isomer con- 

taminated w i t h  d e t e r g e n t .  Th i s  m i x t u r e  i s  a p p l i e d  t o  a p-Bonda- 

pak-CN (Waters) column which i s  o p e r a t e d  i n  t h e  normal phase  s e n s e  

(1% e t h e r  i n  hexane) ,  s e e  Fig.  3 .  

I f  n e c e s s a r y ,  b a s e l i n e  r e s o l u t i o n  of  t h e  a l l - t r a n s  and 9- 

__ c i s  r e t i n a l s  can be  produced by i n c r e a s i n g  t h e  column l e n g t h .  

This  p rocedure  p e r m i t s  q u a n t i f i c a t i o n  of  t h e  r a t i o  of r e t i n a l  i s o -  

mers by d i v i d i n g  t h e  i n t e g r a t e d  a r e a s  of  t h e  HPLC peaks by t h e  

r e s p e c t i v e  E v a l u e s  of  t h e  chromophores.  The HPLC column is  usa- 

b l e  s e v e r a l  t imes w i t h o u t  removal o f  d e t e r g e n t .  For column re- 

g e n e r a t i o n ,  t he  d e t e r g e n t  w a s  e l u t e d  by s w i t c h i n g  from normal t o  

r e v e r s e  phase mode and washing s u c c e s s i v e l y  w i t h  ch lo ro fo rm,  

methanol and wa te r  fo l lowed  by methanol  and ch lo ro fo rm and f i n a l -  

l y ,  r e - e q u i l i b r a t i o n  w i t h  ether-hexane.  Th i s  r e g e n e r a t i o n  i s  n o t  

p o s s i b l e  w i t h  s i l i c a  g e l  columns d u e s  t o  i n c o m p a t i b i l i t y  w i t h  wa- 

ter. 

Normal phase HPLC ( p - P o r a s i l ,  Waters, 10% e t h e r  i n  hexane)  

h a s  a l s o  been used t o  s e p a r a t e  all-trans-11,12-dihydroretinal 

from i t s  o t h e r  geometr ic  i somers  (Fig.  4 ) .  

Reverse phase HPLC h a s  proven u s e f u l  f o r  s e p a r a t i o n  of  t h e  

more p o l a r  d e r i v a t i v e s  of r e t i n a l .  U s e  o f  a Vydac 10um ODS re- 

v e r s e  phase column gave f a s t  s e p a r a t i o n  of a l l - t r a n s  and 13-+ 

r e t i n o i c  a c i d  (Vitamin A a c i d )  i n  v a r i o u s  food p r o d u c t s .  In  com- 

p a r i s o n ,  a Zorbax column w a s  r e p o r t e d  t o  g i v e  b e t t e r  s e p a r a t i o n ,  

b u t  t h e  s e p a r a t i o n  t i m e  w a s  longer (9 ) .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1101 

C 

Retention time ( m i d  

FIGURE 3. E lu t ion  of ll-&, 13-*, 9 - c i s  and a l l - t r a n s  r e t i n a l s  
on a !-I-Bondapak-CN column, 4 mm i - d .  x 30 cm;  flow ra te  1 .0  d / m i n ;  
p r e s s u r e  600 p s i ;  s o l v e n t ,  1% e t h e r  i n  hexane; Waters Model 6000 
pump, Schoef fe l  v a r i a b l e  U . V .  d e t e c t o r ,  A = 350 nm. Samples were 
i n j e c t e d  under dim red  l i g h t .  

FIGURE 4. 11 ,12-d ihydrore t ina l .  
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1102 ADAMS AND NAKANISHI 

The need f o r  a good q u a n t i t a L i v e  assay f o r  p o l a r  r e t i n o i d s  

has  r e c e n t l y  developed. Ret inoic  a c i d  has  been found t o  prevent  

development of e p i t h e l i a l  cancer  i n  c e r t a i n  i n s t a n c e s  (10) .  Thus, 

a l l - t r a n s  r e t i n o i c  a c i d ,  a n a t u r a l  m e t a b o l i t e  of  r e t i n a l ,  h a s  

been u s e f u l  i n  t h e  prevent ion  of e p i t h e l i a l  cancer  b u t  

unfor tuna te ly  it is  t o x i c  t o  humans. 

a c i d  is known t o  be less t o x i c  than  a l l - t r a n s  b u t  few metabol ic  

d a t a  were known f o r  t h i s  compound. A q u a n t i t a t i v e  assay  f o r  13- 

__ c i s  and all-t- r e t i n o i c  a c i d  i n  plasma was t h e r e f o r e  developed 

The i somer ic  13-+ r e t i n o i c  

(11). 
The method involves  l y o p h i l i z a t i o n  of t h e  plasma sample, ex- 

t r a c t i o n  of t h e  r e s i d u e  wi th  methanol and s e p a r a t i o n  of t h e  r e t i -  

no ids  on a Partisil-10-ODs-2 (Whatman) column u s i n g  a c e t o n i t r i l e -  

10% ammonium a c e t a t e  (65:35) a s  t h e  mobile phase. Under t h e s e  

c o n d i t i o n s  t h e  two r e t i n o i c  a c i d  isomers  were completely re- 

solved.  It was p o s s i b l e  t o  d e t e c t  as l i t t l e  as 0.05pg of e i t h e r  

compound by t h i s  method (usine, u l t r a v i o l e t  d e t e c t i o n ) .  S i m i l a r  

r e s u l t s  were obta ined  us ing  a 5pm-Spherisorb-ODS (Spectra-Physics)  

column and a c e t o n i t r i l e - 1 %  ammonium a c e t a t e  ( 6 0 : 4 0 )  as t h e  mobile  

phase. With t h i s  s y s t e m ,  a mixture  of  r e t i n o i c  a c i d ,  r e t i n o l ,  

r e t i n a l  and r e t i n y l  a c e t a t e  could be completely separa ted .  The 

small amount of ammonium a c e t a t e  w a s  added t o  suppress  broadening 

of the  r e t i n o i c  a c i d  peak (12) .  The advantage of a r e v e r s e  phase 

column f o r  these  a n a l y s e s  i s  t h a t  i t  i s  w a t e r - i n s e n s i t i v e ,  allow- 

i n g  an organic  s o l v e n t  e x t r a c t  of t i s s u e  t o  be d i r e c t l y  a p p l i e d  

t o  t h e  column. 

I n  a related s t u d y ,  mix tures  of  r e t i n o i c  a c i d ,  r e t i n o l  and 

r e t i n y l  p a l m i t a t e  and mixtures  of a l l - t r a n s  and 13-* r e t i n o i c  

a c i d  were separa ted  by a p-Bondapak-C18 column u s i n g  methanol- 

0.01M aqueous ammonium a c e t a t e  (75:25) (13). Complete s e p a r a t i o n  

was achieved with 90-95% material recovery from t h e  column. This 

system allowed d e t e c t i o n  of a s  l i t t l e  as 1 ng of  r e t i n o i c  a c i d .  

On a p-Porasi l  column, t h e  same a u t h o r s  demonstrated t h a t  

the  methyl e s t e r s  of  r e t i n o i c  a c i d  w e r e  f u l l y  reso lved  u s i n g  a 
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HPLC SEPARATION OF NATURAL PRODUCTS 1103 

THF-hexane (7.5:92.5) s o l v e n t  system. Recovery from t h e  column 

w a s  b e t t e r  than 95% (13). 

A s e r i o u s  drawback i n  HPLC i s  t h e  f a c t  t h a t  a l though i t  i s  

i d e a l  f o r  micro-scale  s e p a r a t i o n s ,  t h e  maxinum q u a n t i t y  t h a t  can 

be handled by a s i n g l e  i n j e c t i o n  i s  u s u a l l y  less than  100 mg. I n  

our  l a b o r a t o r i e s ,  w e  have a p p l i e d  "prep s c a l e "  HPLC t o  s e l e c t e d  

d i f f i c u l t  s e p a r a t i o n s  i n  t h e  r e t i n o i d  f i e l d  i n  t h e  range of  1 0  

mg t o  15 g by usage of  commercial and homemade columns ( 1 4 ) .  

The C18 ketone (15) i s  a key i n t e r m e d i a t e  i n  t h e  s y n t h e s i s  

of  v i t a m i n  A, r e t i n a l  and v a r i o u s  r e t i n o i d s .  The a l l - t rans  and 

9 - e  isomers ,  L and 2 i n  Fig. 5 ,  a r e  o b t a i n e d  by s y n t h e s i s  from 

5-ionone. 

c a l  methods, can be r e a d i l y  achieved by prep HPLC (Fig. 5 ) .  I n  

t h i s  example, a n  820 mg mixture  of  t h e  two isomers  could be sepa- 

r a t e d  i n  less than 20 min, t h e  shaded areas i n  Fig. 5 correspond 

t o  g r e a t e r  than  99% p u r i t y .  

S e p a r a t i o n  of 1_ and 2, which i s  n o t  p o s s i b l e  by classi-  

INJECTION 

I I I I t I I I I  
0 1 8 12 16 

RETENTION TIME (BINLITES) 

FIGURE 5. Separa t ion  of an 820  mg mixture  of a l l - t r a n s  1 and 
9-c is  2 C-18  ke tones  on a Waters Prep LC-500, R e f r a c t i v e  index 
d e t e c t o r .  30 x 5 c m  s i l i c a  gel column, s o l v e n t  = 11% ether i n  
hexane; f l o w  r a t e  = 250 ml/min. 
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1104 ADAMS AND NAKANISHI 

I n  o u r  v i s i o n  s t u d i e s ,  a ma jo r  d i f f i c u l t y  i s  i n  t h e  s e c u r i n g  

of 10 mg of pu re  double  bond i somers  o f  r e t i n o i d s  f o r  s t u d i e s  re- 

l a t e d  t o  chromophore-protein (ops in )  b i n d i n g  and v i s u a l  pigment 

formation.  The s e p a r a t i o n  of  r e t i n a l s  i n  t h e  c r u c i a l  5-100 mg 

range,  which a r e  t h e  ave rage  amounts o b t a i n a b l e  i n  s y n t h e s i s ,  

cou ld  be  ach ieved ,  however, by modifying a Waters Prep-LC 500 so 

t h a t  i t  could be equipped w i t h  a uv d e t e c t o r ,  s i n c e  m i x t u r e s  less 

than  100 mg canno t  u s u a l l y  be  s e e n  by t h e  r e f r a c t i v e  index  d e t e c -  

t o r .  A complete s e p a r a t i o n  o f  a 32 mg m i x t u r e  of  a l l - t r a n s  r e t i -  

n a l  2 and i t s  13-+ isomer 5 was ach ieved  i n  less t h a n  30 min 

(Fig.  6 )  w i t h  q u a n t i t a t i v e  r e c o v e r y  of t h e  isomers .  The i n s e r t s  

show a n a l y t i c a l  HPLC traces of t h e  samples  b e f o r e  and a f t e r  prep-  

LC. 

Xanthones and Flavones 

Much work i n  r e c e n t  y e a r s  h a s  been d i r e c t e d  t o  i s o l a t i o n  and 

s t r u c t u r e  e l u c i d a t i o n  of  n a t u r a l  p r o d u c t s  hav ing  b i o l o g i c a l  o r  

med ic ina l  a c t i v i t y .  High p r e s s u r e  l i q u i d  chromatography has 

proved t o  be a n  e f f e c t i v e  t o o l  f o r  i s o l a t i o n ,  p u r i f i c a t i o n  and 

l u r c r l O N - 3  

F I G U R E  6. Waters Prep LC-500 mod i f i ed  w i t h  a JASCO UVIDEC-100 
v a r i a b l e  wavelength U.V. d e t e c t o r  h = 254,  A = 2.56, 30 x 5 cm 
s i l i ca  g e l  column, s o l v e n t  = 8% e t h e r  i n  hexane,  f l ow ra te  = 200 
ml/min ( a n a l y t i c a l  c o n d i t i o n s :  30 c m  x 4 mm p - P o r a s i l  column, 
same s o l v e n t ,  f low r a t e  = 2 ml/min, h = 3 5 0 ) .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1105 

a n a l y s i s  of  n a t u r a l l y  o c c u r r i n g  s u b s t a n c e s  w i t h  h i g h  molecu la r  

w e i g h t s  a n d / o r  s e n s i t i v e  f u n c t i o n a l i t i e s .  

C e r t a i n  c l a s s e s  of n a t u r a l  p r o d u c t s  o c c u r  as i s o m e r i c  mix- 

t u r e s ,  e i t h e r  as geometr ic  o r  p o s i t i o n a l  isomers .  A p a r t i c u l a r -  

l y  i n t e r e s t i n g  group of  compounds w i t h  t h i s  p r o p e r t y  i s  t h a t  of 

t h e  xanthone g l y c o s i d e s ,  s u b s t a n c e s  w i t h  i n t e r e s t i n g  pharmacol- 

o g i c a l  a c t i v i t y  ( a s  a n t i p s y c h o t i c s ,  monoamine o x i d a s e  i n h i b i t o r s  

and a n t i t u b e r c u l o s i s  a g e n t s )  (16 ) .  

Xanthone g l y c o s i d e s  o c c u r  i n  n a t u r e  as C-glycosides o r  O-gly- - - 
c o s i d e s  (17) .  The 2 -g lycos ides  c o n t a i n  a normal g l y c o s i d i c  l i n k -  

age  and d i f f e r  from one a n o t h e r  i n  t h e i r  o x i d a t i o n  p a t t e r n ,  t h e  

r e l a t i v e  number o f  f r e e  hydroxyl  and methoxyl groups,  and t h e  na- 

t u r e  and l i n k a g e  s i t e  of t h e  s u g a r s .  

These compounds are t r a d i t i o n a l l y  r e s o l v e d  on TLC o r  by c o l -  

umn chromatography on polyamide; however, t h e s e  t e c h n i q u e s  g i v e  

poor  r e s o l u t i o n  of  i somer i c  g l y c o s i d e s .  

The s e p a r a t i o n  of v a r i o u s  t e t r ame thoxyxan thones  (no s u g a r  

moie ty )  h a s  been r e p o r t e d  (18) .  The s e p a r a t i o n  o f  f i v e  i s o m e r i c  

xan thones  (F ig ,  7 )  w a s  a t t e m p t e d  f i r s t  u s i n g  a p -Poras i l  column, 

w i t h  no s u c c e s s .  However, u s e  of  a p-Bondapak-CN column w i t h  hex- 

ane-chloroform (17:7) as t h e  e l u a n t  gave good s e p a r a t i o n .  Xan- 

thones hav ing  a f r e e  hydroxyl  group i n s t e a d  o f  a methyl  e t h e r  cou ld  

M e o w  M e o w  

Me0 & M e V  MeO@ 0 1  

OMe OMe 

OMe 
Me0 Me Me0 0 

Me 
Me0 0 OMe Me 0 Me0 0 

FIGURE 7. S t r u c t u r e s  o f  xan thones  and a f l a v o n e .  
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1106 ADAMS AND NAKANISHI 

be separated on a p-Bondapak-CN column using isooctane-chloroform 

(3:17). 

separation methods, which gave poor results. 

These results represented a clear improvement over TLC 

Attempts to use the previously described HPLC system f o r  sep- 

aration of more polar positional aglycone isomers or glycosides 

were unsuccessful (19 ) .  Various investigators had reported the 

use of reverse-phase columns for separations of structurally simi- 

lar flavonoid glycosides ( 2 0 - 2 4 ) ,  (videinfra) anda good separa- 

tion system for isomeric xanthone glycosides has been developed 

(19) .  

Using a p-Bondapak-C column with methanol-water ( 2 : 3 )  as 18 
the mobile phase, various xanthone glycosides could be separated, 

as shown in Fig. 8. By using methanol-water ( 4 5 : 5 5 ) ,  baseline 

3 

F I G U R E  8.  Separation of various xanthone glycosides (1 - 5 on p- 
Bondapak-C-18. Mobile phase, methanol-water ( 2 : 3 ) ;  flow rate 1.5 
ml/min; pressure, 2200 psi; detection, U.V. at 260 nm. 1: R = 

R = H, R8 = primeverosyl; swertianin-8-2-primeveroside. 2: R = 
7 - 1  

R = primev- 7 
erosyl, R 1 
primeverosyl, R7 = R8 = CH ; decussatin-1-9-primeveroside. 

3 
everose = 6-O-(8-D-xylopyranosyl)-~-D-glucopyranoseI. - 

1 - 

= H ,  R8 = glucosyl; swertianin-8-0-glucoside. 3: R 
1 - 

= H ,  R8 = CH ; gentiacaulein-1-9-primeveroside. 4 :  R = - 7 3 
[prim- 
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HPLC SEPARATION OF NATURAL PRODUCTS 1107 

separation of  the two disaccharide isomers, 1 and 2. in Fig. 8, 
could be obtained. 

of attachment of the hydrolysable sugars. 

These compounds differ only in the positions 

The separation of gentisin and isogentisin, two compounds of 

interest to chemotaxonomists, was performed on the u-Bondapak- 

C18 column with 1:l water-methanol as solvent (Fig. 9). 

ing the amount of water in the mobile phase gave better resolu- 
tion, but the separation time was longer (Fig. 9b). 

Increas- 

It appears that C18 reverse phase columns may be used to ad- 

vantage for the separation of naturally occurring xanthone glyco- 

sides. 

separation of flavone glycosides. 

As was mentioned above, this system has also been used for 

5 

(b) 

6 

0 12 24 $6 

6 

F I G U R E  9 .  (a) Separation of isogentisin (2) and gentisin (6). 
Mobile phase, methanol-water (1:l); flow rate 1 m l / m i n .  (b) As 
(a), except that the solvent is methanol-water ( 2 : 3 ) .  Pressure, 

F$ = CH3; isogentisin. 6: R 1600 psi .  5: R = H, 

gentisin. 
= CH3, R, = H; 3 - 3 
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1108 ADAMS AND NAKANISHI 

Partial resolution of isovitexin (Fig. 10a) and vitexin (Fig. 

lob)  was achieved on a Zorbax-ODS column using a gradient elution 

scheme with ethanol-water containing 0 . 1 M  phosphoric acid (25). 
A slightly different system has given good separation results 

with the positional isomers of a flavanone, Fig. 11 (26). Using a 

LiChrosorb-NH2 (Merck) column and gradient elution (acetonitrile- 

water, from 1:9 to 9:l in 15 min), isomers a and b were completely 

resolved. 

A practical application of the reverse-phase separation tech- 

nique can be seen in an analysis of isoflavones in soybeans ( 2 7 ) .  

In this example, the positional isomers genistein and 4’,6,7-tri- 

hydroxyflavone (Fig. 12) were separated in water-acetonitrile ( 4 : l )  

on a Partisil-10-ODS column. 

h B 

FIGURE 10. Isovitexin (11) and Vitexin ( B ) .  

FIGURE 11. a: 5 = B-D-glucosyl, R = H; b: R1 = H, R2 = B-0- 
2 glucosyl. 
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HPLC SEPARATION OF NATURAL PRODUCTS 1109 

FIGURE 12.  a: 5 = OH, R = H; g e n i s t e i n .  b: R = H, R = OH; 

4',6,7-trihydroxyisoflavone. 

2 1 2 

Pheromones and Pheromone P r e c u r s o r s  

Many i n s e c t  pheromones c o n s i s t  of s t r u c t u r e s  hav ing  doub le  

bonds o f  s p e c i f i c  geometry. The s y n t h e s i s  o f  t h e s e  s u b s t a n c e s  of-  

t e n  r e s u l t s  i n  m i x t u r e s  of  doub le  bond i somers  and,  i f  t h e  syn the -  

sis is  t o  y i e l d  a u s e f u l  p r o d u c t ,  a means of  s e p a r a t i n g  t h e  i s o -  

m e r s  must be  found. 

A t echn ique  u s e f u l  w i t h  t h e s e  compounds i n v o l v e s  u s e  of  sil- 

ver i o n  impregnated HPLC columns ( s e e  a l s o  t h e  s e c t i o n  on p r o s t a -  

g l a n d i n s  i n  t h i s  a r t i c l e ) .  

Some t i m e  ago,  a method w a s  developed f o r  t h e  s e p a r a t i o n  of 

g e o m e t r i c a l  isomers  of u n s a t u r a t e d  a c e t a t e s ,  a ldehydes  and hydro- 

ca rbons  on s i l v e r  n i t r a t e  c o a t e d  s i l i ca  g e l  HPLC columns ( 2 8 ) .  

t h i s  c a s e  i t  was noted t h a t  con tamina t ion  of a n  i n s e c t  sex pheromone 

w i t h  i t s  double  bond isomers  would r educe  o r  e l i m i n a t e  the a c t i v i -  

t y  of t h e  pheromone. E s s e n t i a l l y  a p u r i t y  exceed ing  99.5% w a s  

needed f o r  p rope r  a c t i v i t y  t e s t i n g .  

In 

The s e p a r a t i o n  system c o n s i s t e d  of  a n  Adsorbosil-2-ADN 

(Applied Science)  column which had been t r e a t e d  w i t h  a 20% s o l u -  

t i o n  o f  s i l v e r  n i t r a t e .  With benzene as e l u a n t ,  complete  sepa-  

r a t i o n  of  E and 2-9-dodecen-1-01 acetate and complete  s e p a r a t i o n  

of  a m i x t u r e  of  (E,E)- ,  (2,E)-, and (Z,Z)-3, 13-octadecadien-l-  

01 a c e t a t e  w a s  ob ta ined .  

O the r  column pack ings ,  such  as Porasil-A-60 (Waters) ,  B i o s i l -  

A (Bio-Rad) and P a r t i s i l - 2 0  (Reeve-Angel) were t r e a t e d  w i t h  s i l v e r  

n i t r a t e  and a l l  gave s imilar  r e s u l t s .  
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1110 D A M S  AND NAKANISHI 

Using a s i l v e r - l o a d e d  Nucleosil-1OSA (Macherey, Nagel) c o l -  

umn coo led  t o  7 " C ,  a m i x t u r e  of t e t r adecan-1 -01  a c e t a t e ,  t r a n s -  

9-tetradecen-1-01 a c e t a t e ,  &-11-tetradecen-1-01 a c e t a t e ,  t r a n s -  

4-*-7-tridecadien-1-01 a c e t a t e  and e - 4 - t r a n s - 7 - e - l O - t r i -  

decatr ien-1-01 a c e t a t e  w a s  s e p a r a t e d .  I n  t h i s  c a s e  t h e  e l u a n t  

was methanol  (29) .  

Under i d e n t i c a l  c o n d i t i o n s ,  a series of me thy l  esters i n c l u d -  

i n g  t r ans -9 -oc tadecenoa te ,  methyl  e - 9 - o c t a d e c e n o a t e  and me thy l  

- -  cis-9-cis-12-octadecadienoate were s e p a r a t e d .  M e t h y l - g - 6 - g -  

9-&-12-octadecatrienoate w a s  r e t a i n e d  on t h e  column. 

I t  seems i n  t h i s  case t h a t  t h e  lowered column t e m p e r a t u r e  

h e l p s  t o  improve t h e  r e s o l u t i o n .  T r i e n e s  were so s t r o n g l y  T-  

bound t o  t h e  column t h a t  t h e y  gave  e x t r e m e l y  b road  bands;  i n  some 

c a s e s  they  d i d  n o t  e l u t e  a t  a l l .  

The u s e  of  p r e p a r a t i v e  s c a l e  HPLC h a s  been  h e l p f u l  i n  t h e  

f i e l d  of pheromone s y n t h e s i s  (14 ) .  During t h e  c o u r s e  of s y n t h e s i s  

of an  i n s e c t  pheromone i t  became n e c e s s a r y  t o  s e p a r a t e  a m i x t u r e  

of & and t rans-10 ( F i g ,  13).  U s e  of t h e  o n l y  commercial ly  a v a i l -  

a b l e  c a r t r i d g e  ( s i l i c a  g e l )  f o r  t h e  Waters Prep-LC 500 i n s t r u m e n t  

gave poor  s e p a r a t i o n  (Fig.  13a )  of t h i s  m i x t u r e .  A new c a r -  

t r i d g e  w a s  p repa red  by emptying a commercial  one ,  impregna t ing  

i t s  s i l i c a  g e l  p a r t i c l e s  w i t h  10% s i l v e r  n i t r a t e ,  r e f i l l i n g  by 

dry-packing,  and f i n a l l y  r e f i t t i n g  t h e  c a r t r i d g e  w i t h  t h e  end 

f r i t s .  The s u c c e s s  o f  t h i s  m o d i f i c a t i o n  i s  i l l u s t r a t e d  i n  F ig .  

13b i n  which a f a r  b e t t e r  s e p a r a t i o n  i s  a c h i e v e d  i n  s i g n i f i c a n t l y  

less t i m e  w i t h  a s h o r t e r  column l e n g t h .  

S e s q u i t e r p e n e s  and T r i t e r p e n e s  

P e n t a c y c l i c  t r i t e r p e n e s  from a commercial  e x t r a c t  of Euphor- 

baeca s p e c i e s  were s e p a r a t e d  w i t h  a s i l v e r - i o n  loaded  s i l i c a  c o l -  

u rn  (30) .  Lupeol  (exo A 28(29) d o u b l e  bond) w a s  s e p a r a t e d  from a- 

and 5-amyrin ( t r i s u b s t i t u t e d  endo doub le  bond) (F ig .  1 4 ) .  

Standa rd  methods o f  g a s  ch romatograph ic  a n a l y s i s  f a i l e d  t o  

s e p a r a t e  m i x t u r e s  of germanicol  and B-amyrin o r  l u p e o l  and a- 

amyrin (F ig .  1 4 ) .  Chromatography on a Zorbax ODS column w i t h  1 0 %  
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HPLC SEPARATION OF NATURAL PRODUCTS 1111 
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1112 ADAMS AND NAKANISHI 

HO HO 

lupeol germanicol 

HO' HO 

fi  -amyri n ,B -amyrin 

FIGURE 1 4 .  S t r u c t u r e s  of p e n t a c y c l i c  t r i t e r p e n e s .  

phosphor i c  a c i d  i n  methanol  gave f a i r l y  good r e s o l u t i o n  of mix- 

t u r e s  of t h e s e  t r i t e r p e n e s  ( p l u s  some o t h e r s )  (31). 
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HPLC SEPARATION OF N A T U U  PRODUCTS 1113 

The f i r s t  example of  t h e  d i r e c t  i s o l a t i o n  of  pu re  compounds 

from a c rude  p l a n t  e x t r a c t  by r eve r se -phase  p rep .  LC h a s  r e c e n t l y  

been r e p o r t e d  by o u r  group ( 3 2 ) .  I n  o u r  s e a r c h  f o r  i n s e c t  a n t i -  

f e e d a n t  compounds, t h e  c r u d e  aqueous methanol  e x t r a c t  of  f r e s h  

Schkuhr i a  p i n n a t a  (Compositae) w a s  found t o  p o s s e s s  s i g n i f i c a n t  

b i o l o g i c a l  a c t i v i t y .  The c l o s e l y  r e l a t e d  components of  t h i s  c rude  

p o l a r  m a t e r i a l  were i n s e p a r a b l e  by s i l i c a  g e l  chromatography. 

However, a s e p a r a t i o n  c o u l d  be ach ieved  by employing a n a l y t i c a l  

r eve r se -phase  HPLC (p-Bondapak-C18, methanol-water,  5 5 : 4 5 ) .  Ac- 

c o r d i n g l y ,  a 6.6 g sample of  t h e  c rude  e x t r a c t  w a s  i n j e c t e d  o n t o  

a Jobin-Yvon Chromatospac P rep  500 machine packed w i t h  1 Kg of  

C18 s t a t i o n a r y  phase  (33)  (F ig .  1 5 ) .  

major f r a c t i o n s  were e l u t e d ,  c o l l e c t e d  and evapora t ed  t o  g i v e  gram 

q u a n t i t i e s  of  pu re  compounds. S p e c t r o s c o p i c  and chemical  s t u d i e s  

on t h e  b i o a c t i v e  f r a c t i o n s  (2 and 2) have shown them t o  b e  t r a n s -  

l , l 0 - ~ - 4 , 5 - g e r m a c r a d i e n o l i d e s  (Fig.  1 6 ) .  These are t h e  f i r s t  

r e p o r t e d  examples o f  s e s q u i t e r p e n e  l a c t o n e  compounds from t h e  

genus Schkuhria .  

I n  less t h a n  one hour ,  t h e  

6.6 g crude ether extract, green oil 

Chromatospac Prep 500 

1 Kg C 1 8  (20 microns) 

M e O H -  H20 (53 :47 )  

105 m l / m i n  

l s c o  U A - 5  a t  254  n m  I I I I I  

0 15 30 45 60 MIN 

FIGURE 15 .  P r e p  LC of c r u d e  Schkuhr i a  p i n n a t a  e x t r a c t  
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1114 ADAMS AND NAKANISHI 

\ 
15 

R1 R 2  
__ ~~ ______ 

2 OC-CH-CH-CHJ OC-C=CH ( C H 2 0 H )  
I1 I I I1 I 
0 OH CHJ  0 CHIOH 

~ 

- 3 OCOCH3 H 

- 4 H H 

F I G U R E  16. 
p i n n a t a .  

S t r u c t u r e s  of compounds 2, 3 and  5 from S c h k u h r i a  

P r o s t a g l a n d i n s  

P r o s t a g l a n d i n s  are a group of  s t r u c t u r a l l y  s i m i l a r  compounds 

found i n  mammalian t i s s u e s  which d i s p l a y  a l a r g e  number o f  phy- 

s i o l o g i c a l  e f f e c t s .  These compounds have been  u n d e r  ac t ive  i n v e s -  

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

a g e n t s  h a s  l e d  t o  a number of s y n t h e t i c  s t u d i e s .  

t h e s e s ,  e p i m e r i c  m i x t u r e s  are  produced.  T r a d i t i o n a l  methods of  

s e p a r a t i n g  e p i m e r i c  m i x t u r e s  o f  p r o s t a g l a n d i n s  have r e l i e d  on  TLC 

methods,  b u t  t h e s e  have g e n e r a l l y  been i n a d e q u a t e  f o r  comple t e  

r e s o l u t i o n .  In  1973 ,  HPLC w a s  u s e d  t o  s e p a r a t e  e p i m e r i c  m i x t u r e s  

of p r o s t a g l a n d i n s  (PGA1 and PGB ) and t h e  s e p a r a t i o n s  were com- 1 
p a r e d  w i t h  TLC (30). HPLC w a s  found t o  b e  s u p e r i o r ,  and t h i s  re- 

s u l t  i n i t i a t e d  o t h e r  HPLC t r i a l s  which have e v e n t u a l l y  l e d  t o  t h e  

f o r m u l a t i o n  of q u i t e  good s e p a r a t i o n  t e c h n i q u e s .  Morozowich sub- 

j e c t e d  PGA2 and PGB2 t o  chromatography on a t r i e t h y l a m i n o e t h y l  

c e l l u l o s e  i o n  exchange column ( u s i n g  0.05M tromethamine acetate  

a t  pH 7 .2)  and o b t a i n e d  a l m o s t  comple t e  r e s o l u t i o n  ( 3 4 ) .  

Often  i n  t h e  syn- 
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HPLC SEPARATION OF NATURAL PRODUCTS 1115 

Var ious  p r o s t a g l a n d i n s  have been s e p a r a t e d  on a p e l l i c u l a r  

s i l i c a  s u p p o r t  and t h e  deg ree  of e p i m e r i z a t i o n  of PGF 

determined (35). 
h a s  been 2a 

Q u a n t i t a t i v e  d e t e r m i n a t i o n o f  p r o s t a g l a n d i n s  i n b i o l o g i c a l s y s -  

t e m s  i s  of some importance t o  pha rmaceu t i ca l  i n v e s t i g a t o r s .  

i n g  r eve r se -phase  HPLC (u-Bondapak-C18 w i t h  1:l a c e t o n i t r i l e - w a t -  

e r ) ,  t h e  p -n i t ropheny l  esters of PGF PGE2, PGD2 and 15-methyl- 

PGB cou ld  b e  comple t e ly  r e s o l v e d  (Fig.  1 7 )  ( 3 6 ) .  I n  a d d i t i o n ,  2 
PGA2 and PGB2 cou ld  be p a r t i a l l y  r e s o l v e d  unde r  t h e s e  c o n d i t i o n s .  

U s -  

2 0 . 9  

-OH 

ti0 OH 
I5-EPI-PGEz - Hb OH 

5-TRANS-PGEz kH 
bH 

PGA2 

OH 
5-TRANS-PGAz 

HQ 

Hb OH 
P G F p  

H O  OH 
8- ISO-PGE2 

A Lz COOH 

Hb OH 

&OOH 

OH 

*OH 

Hb H$ “OH 

IS(S)-METHYL-PGE2 
HO 

-OH 

Hb dH 
5-TR ANS- PGFza 

-OH 

OH 
5-TRA NS-PGBz 

I I- €PI-PGE2 

, . w C O O H  

HO OH 
PGEi 

H? 

HO bH 
PGFia 

cooti 

IS(R)-METHYL-PGEz 
HQ 

-OH bH 
PGD2 

FIGURE 17. S t r u c t u r e s  of p r o s t a g l a n d i n s .  
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1116 ADAMS AND NAKANISHI 

The u s e  of  s i l v e r - i o n  loaded  HPLC columns h a s  produced some 

good s e p a r a t i o n s  o f  i somer i c  p r o s t a g l a n d i n s .  

E x t r a c t s  of t h e  s o f t  c o r a l  P l e x a u r a  homomalla have been  used 

as a s o u r c e  o f  PGA2. These e x t r a c t s  a r e  o f t e n  con tamina ted  w i t h  

s i g n i f i c a n t  amounts of 5,6-trans-PGA2. Weber r e l i e d  on t h e  ten-  

dency of s i l v e r  i o n s  t o  complex w i t h  doub le  bonds a s  a method of 

s e p a r a t i n g  t h e s e  p r o s t a g l a n d i n  i somers  ( 3 7 ) .  Using a n  ODS Perma- 

phase (duPont) column and e l u t i n g  w i t h  0.5 M s i l v e r  p e r c h l o r a t e  

i n  methanol-water (80:20),  t h e  me thy l  esters of PGA2 and t r a n s -  

PGA2 cou ld  be s e p a r a t e d .  

n o t ,  however, be s e p a r a t e d .  Th i s  i s  perhaps due t o  t h e  h i n d e r e d  

approach of  s i l v e r  t o  t h e  double  bond f o r  s t e r i c  r easons .  

Mix tu res  of + and t r a n s  PGB2 cou ld  

Using a Vydac s t r o n g  c a t i o n  exchange res in  which had been 

e q u i l i b r a t e d  w i t h  0.6M aqueous s i l v e r  n i t r a t e  s o l u t i o n ,  d r i e d  and 

d ry  packed i n  a n  HPLC column, i t  was p o s s i b l e  t o  s e p a r a t e  t h e  p- 

n i t r o m e t h y l  e s t e r s  of  PGA2, PGB2, PGFlcl and PGF ( 3 8 ) .  This  

method has  been used  as t h e  b a s i s  of  a q u a n t i t a t i v e  a s s a y  f o r  

t r a c e  amounts of  5 - c s - P G E 2  i n  PGE2 (both as t h e  p -n i t rophenacy l  

e s t e r s )  and i s  c a p a b l e  of  d e t e c t i n g  a s  l i t t l e  as 0.2% of  t h e  t r a n s  

compound. 

2a 

Using a s i l v e r - i o n  loaded m i c r o p a r t i c u l a t e  c a t i o n  exchange 

column, Merritt and Bronson were a b l e  t o  g e t  b e t t e r  s e p a r a t i o n s  

of i somer i c  p r o s t a g l a n d i n s  t h a n  were o b t a i n e d  w i t h  t h e  Vydac sup- 

p o r t  (39).  I n  t h i s  example, a prepacked P a r t i s i l  SCX (Reeve-An- 

g e l )  column w a s  l oaded  w i t h  s i l v e r  i o n  by pumping aqueous 1 M s i l -  

v e r  n i t r a t e  s o l u t i o n  through t h e  column. E l u t i o n  of  a m i x t u r e  of  

p r o s t a g l a n d i n s  w i t h  0.06% d ioxane  i n  a c e t o n i t r i l e  produced t h e  

s e p a r a t i o n  shown i n  F ig .  18. Using t h i s  sys t em,  5 - t r a n s  and 5- 

__ cis-PGE2, which cou ld  n o t  be s e p a r a t e d  on m i c r o p a r t i c u l a t e  s i l i c a  

( 4 0 ) ,  was s e p a r a t e d .  Also ,  t h e  s i l v e r - i o n  loaded  column seems t o  

g i v e  b e t t e r  r e s u l t s  t han  reversed-phase HPLC. F i t z p a t r i c k  used 

reverse-phase HPLC t o  a s s a y  PGF2,, P G E ~  and PGD2 ( a s  t h e  p-bro- 

mophenacyl e s t e r s )  ( 3 6 ) .  H e  was unab le ,  however, t o  r e s o l v e  mix- 

t u r e s  of  PGA2 and PGE2, compounds which cou ld  b e  s e p a r a t e d  w i t h  

t h e  s i l v e r - i o n  loaded  column. 
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HPLC SEPARATION OF NATURAL PRODUCTS 1117 

en! 
Y 

L 
0 4 8 12 16 

MINUTES 

FIGURE 18. HPLC of p -n i t rophenacy l  esters of a mix tu re  of 8-%- 
PGEZ, 1l-*-PGE2, 5-trans-PGE2, PGE on  a 25 cm s i l v e r  

i o n  loaded  Part is i l -SCX column w i t h  0.06% a c e t o n i t r i l e  i n  d ioxane  
as t h e  mobile phase.  

and PGF 2 la 

Alka lo ids  

A l k a l o i d s ,  i n  g e n e r a l ,  are n i t r o g e n - c o n t a i n i n g  b a s e s  which 

These compounds u s u a l l y  show phys i -  occu r  n a t u r a l l y  i n  p l a n t s .  

o l o g i c a l  a c t i v i t y  and i n d i v i d u a l  a lka l c i id s  are u s u a l l y  r e s t r i c t e d  

t o  a few s p e c i f i c  gene ra  and f a m i l i e s  o f  p l a n t s  (41) .  

Many s t r u c t u r a l l y  similar a l k a l o i d s  may o c c u r  i n  a g i v e n  

p l a n t ,  and t h e  s e p a r a t i o n  of  t h e s e  sometimes complex m i x t u r e s  i s  

a s e r i o u s  problem. I n  t h i s  s e c t i o n ,  t h e  u s e  o f  HPLC t o  s e p a r a t e  

m i x t u r e s  of  a l k a l o i d s  of  s e v e r a l  d i f f e r e n t  t y p e s  w i l l  be examined. 
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1118 ADAMS AND NAKANISHI 

The e r g o t  a l k a l o i d s  a r e  produced p r i m a r i l y  by a fungus ,  

C lav iceps  pu rpurea ,  which grows most commonly on r y e .  The e f f e c t s  

of t h e s e  compounds on t h o s e  t h a t  consume r y e  b read  contaminated 

w i t h  t h i s  fungus are w e l l  known (42) .  

Recen t ly ,  workers  i n  t h e  e r g o t  a l k a l o i d  f i e l d  have a t t empted  

t o  a p p l y  HPLC t o  t h e  s e p a r a t i o n  of m i x t u r e s  of  t h e s e  compounds. 

Both normal phase (43,44) and r e v e r s e  phase  (45-47) HPLC have  been 

used,  bu t  w i t h  l i m i t e d  success .  

A more r e c e n t  i n v e s t i g a t i o n  (48) u s i n g  LiChrosorb-Sil-60 and 

e l u t i n g  wi th  hexane-chloroform-ethanol (40:40:10) o r  chloroform- 

methanol (95:5) showed e r g o c o r n i n e ,  e r g o c r y p t i n e  and e r g o c r i s -  

t i n e  e l u t e d  t o g e t h e r  and were w e l l  s e p a r a t e d  from t h e i r  correspond-  

i n g  s t e r e o i s o m e r s  e r g o c o r n i n i n e ,  e r g o c r y p t i n i n e  and e r g o c r i s t i n i n e ,  

which a l s o  e l u t e d  as a group. 

To s e p a r a t e  t h e  i n d i v i d u a l  a l k a l o i d s ,  a C18 r e v e r s e  phase  

packing proved t o  b e  t h e  most e f f e c t i v e .  S i l i c a  RP-18, o b t a i n e d  

from t h e  U n i v e r s i t y  of Saa rb rucken ,  Saa rb rucken ,  GFR, w a s  used 

a s  t h e  column pack ing  and e l u t i o n  w a s  accomplished w i t h  a n  a c e t o -  

n i t r i l e -0 .01M ammonium c a r b o n a t e  ( 2 : 3 )  s o l u t i o n .  With t h i s  sys t em 

i t  was p o s s i b l e  t o  comple t e ly  s e p a r a t e  t h e  f o l l o w i n g  m i x t u r e :  

l y s e r g i c  a c i d ,  e r g o m e t r i n i n e ,  e r g o c o r n i n e ,  e r g o c r y p t i n e ,  ergo-  

c r i s t i n e ,  e rgo tamin ine ,  e r g o c o r n i n i n e  and e r g o c r y p t i n i n e .  Espe- 

c i a l l y  s i g n i f i c a n t  i s  t h e  s e p a r a t i o n  of t h e  e rgoc ryp t ine -e rgo-  

c r i s t i n e  p a i r ,  which had proved d i f f i c u l t  i n  p r e v i o u s  a t t e m p t s .  

Using t h e  Saarbrucken RP-18 pack ing ,  c1 and B-ergocrypt ine i somers  

could a l s o  be  p a r t i a l l y  r e s o l v e d .  

Other  workers  (49) have r e p o r t e d  a s e p a r a t i o n  of  e r g o t  a l k a -  

l o i d s  u s i n g  a MicroPak-NH2 column w i t h  a n  e t h e r - e t h a n o l  g r a d i e n t  

e l u t i o n  s o l v e n t  system [(79:2) f o r  1 5  min, t h e n  i n c r e a s i n g  t h e  

e t h a n o l  c o n c e n t r a t i o n  by 4%/min f o r  2 min. The remainder  of  t h e  

a n a l y s i s  i s  a t  71:29 e t h e r - e t h a n o l ] .  It w a s  p o s s i b l e  t o  s e p a r a t e  

i s o s e t o c l a v i n e ,  l y s e r g i n e ,  s e t o c l a v i n e ,  l y s e r g i n e ,  a g r o c l a v i n e  and 

e r g i n i n e  ( e l u t e  t o g e t h e r ) ,  p y r o c l a v i n e ,  f e s t u c l a v i n e ,  e r g i n e  and 

elymoclavine ( e l u t e  t o g e t h e r )  and chanoc lav ine .  A p a i r  of  s t e r e o -  

i somers  ( s e t o c l a v i n e  and i s o s e t o c l a v i n e )  w e r e  w e l l  s e p a r a t e d  under  
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HPLC SEPARATION OF NATURAL PRODUCTS 1119 

these conditions. However, agroclavine and lysergine (which are 

double bond positional isomers) were only partially resolved. 

An interesting theory concerning the mechanism of alcohol addic- 

tion has been advanced (50-53). Alcohol consumption raises the 

levels of aldehydes in the body. 

___ vivo with these aldehydes to form tetrahydroisoquinoline alkaloids, 

which may in turn act as false neurotransmitters. The theory pro- 

poses that acetaldehyde will form alkaloids which may in some way 

be responsible for the addictive properties of alcohol (Fig. 19). 

Catecholamines can react & 

In conjunction with this theory, experiments were designed to 

separate model alkaloids and detect their presence in the HPLC ef- 

fluent by an electrochemical detector (reported to be 2-3 times 

more sensitive than a uv detector) (54). The separation was ac- 

complished using a pellicular Vydac-SCX column and eluting with 

0.1 M citric acid-0.2 M disodium hydrogen phosphate-water ( 4 . 8 : 3 . 2 :  

2). Electrochemical detection was provided by a 3 nun carbon paste 

electrode maintained at H.7V potential vs. Ag/AgCl as the refer- 

ence electrode. This method is sensitive to parts-per-billion 

levels of the alkaloids in body fluids and tissues. 

In a related alkaloid system, three tetrahydroisoquinoline &- 
taceae alkaloids were separated on silica columns, either LiChro- 

sorb-SI-60 or p-Porasil. With acetonitrile-conc. ammonia (96:4) 

as the mobile phase, it was possible to separate salsoline (6- 

hydroxy-7-methoxy-l-methyl-), isosalsoline (7-hydroxy-6-methoxy- 

1-methyl-) and arizonine (8-hydroxy-7-methoxy-l-methyl-tetrahydro- 

isoquinoline) (Fig, 20). 

0 
d 4 b CH3 

F I G U R E  19. a, a phenethylamine; b, a tetrahydroisoquinoline alkaloid. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1120 ADAMS AND NAKANISHI 

F I G U R E  20. Basic r i n g  s t r u c t u r e  for s a l s o l i n e ,  i s o s a l s o l i n e  and 
a r i z o n i n e  . 

The s e p a r a t i o n  of  opium a l k a l o i d s  h a s  r e c e i v e d  r e c e n t  a t t e n t i o n .  

A mixture  of 21 d e r i v a t i v e s  of morphine o r  codeine u s i n g  ion-pair  

HPLC wi th  n-heptane s u l f o n a t e  as  t h e  c o u n t e r  i o n  w a s  s e p a r a t e d  on 

a reverse-phase (U-Bondapak-Cl8) column (55).  

Attempts a t  s e p a r a t i n g  opium a l k a l o i d s  w i t h  p-Porasi l  u s i n g  a 

v a r i e t y  of s o l v e n t  systems were u n s a t i s f a c t o r y .  Use of u-Bondapak- 

C18 w i t h  methanol-0.1N ammonium hydrogen carbonate  s o l u t i o n  r e s u l t e d  

i n  poor s e p a r a t i o n  and peak t a i l i n g .  Ion pair chromatography worked 

q u i t e  w e l l  wi th  methanol-water ( 6 0 : 4 0 )  (56). By vary ing  t h e  metha- 

no l  t o  water r a t i o ,  r e t e n t i o n  times could b e  changed. Use of a n  

e l u t i o n  g r a d i e n t  w a s  u s e f u l  i n  reducing  t h e  e l u t i o n  t i m e .  

t i o n ,  t h e  a l k a l o i d s  could be i n j e c t e d  as s a l t s  o r  f r e e  b a s e s  wi th  

no change i n  r e t e n t i o n  t i m e .  

In addi-  

An a n a l y t i c a l  t echnique  f o r  t h e  q u a n t a t i v e  d e t e r m i n a t i o n  of mor- 

phine,  codeine and theba ine  has  been r e p o r t e d  (57). By p l a c i n g  two 

p-Bondapak-C18 columns i n  series and e l u t i n g  w i t h  25% a c e t o n i t r i l e  

i n  water, i t  was p o s s i b l e  t o  o b t a i n  b a s e l i n e  r e s o l u t i o n  of some 

components of a c rude  gum opium e x t r a c t .  The s e p a r a t i o n  of mor- 

phine,  codeine,  theba ine ,  papaverine and noscapine w a s  t h u s  

achieved.  

Alka lo ids  of Catharanthus r o s e u s  (Vinca r o s e a )  are of g r e a t  med- 

i c a l  importance. For example, v i n b l a s t i n e  and v i n c r i s t i n e  are po- 

t e n t  a n t i n e o p l a s t i c  drugs.  A method t o  s e p a r a t e  c l o s e l y  r e l a t e d  

a l k a l o i d s ,  based on HPLC techniques ,  w a s  developed t o  circumvent 

d i f f i c u l t i e s  encountered i n  convent iona l  s e p a r a t i o n  methods (TLC 

and column chromatography) (58) .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1121 

The s e p a r a t i o n  o f  a mixture  o f  26 a l k a l o i d s  w a s  a t tempted  us ing  

a LiChrosorb-RP-8 reverse-phase column and a c e t o n i t r i l e - 0 . 0 1  M 

ammonium carbonate  s o l u t i o n  (47:53). I n  a t y p i c a l  s e p a r a t i o n  i t  

w a s  p o s s i b l e  t o  completely r e s o l v e  l o c h n e r i n e ,  v i n d o l i n e ,  catharan-  

t h i n e  and v i n b l a s t i n e  whi le  a j m a l i c i n e  and v i n c r i s t i n e  were a 

p a r t i a l l y  reso lved  p a i r  and t e t r a h y d r o a l o t o n i n e ,  l e u r o s i n e  and 

d e s a c e t o x y v i n b l a s t i n e  were p a r t i a l l y  resolved.  

The p l a n t  Senecio v u l g a r i s  i s  common i n  c e r t a i n  areas of t h e  

world where c a t t l e  and sheep graze .  It c o n t a i n s  r e l a t i v e l y  l a r g e  

amounts of  p y r r o l i z i d i n e  a l k a l o i d s  and i s  q u i t e  t o x i c  t o  animals  

which ea t  i t .  HPLC h a s  proved t o  be a u s e f u l  t o o l  f o r  t h e  r a p i d  

a n a l y s i s  of a l k a l o i d  c o n t e n t  of t h i s  p l a n t  (59) .  

Good r e s u l t s  f o r  t h e  s e p a r a t i o n  of  t h r e e  p y r r o l i z i d i n e  a l k a l o i d s ,  

r e t r o r s i n e ,  s e n e c i p h y l l i n e  and senec ionine ,  w e r e  ob ta ined  by twa 

d i f f e r e n t  methods (Fig. 2 1 ) .  

The f i r s t  method involves  a g r a d i e n t  e l u t i o n  sequence on a 

p-Bondapak-CN (Waters) column. The s o l v e n t  i s  i n i t i a l l y  13% THF 

and 87% 0.01M ammonium carbonate  (pH 7) .  The THF c o n c e n t r a t i o n  

w a s  i n c r e a s e d  along a l i n e a r  g r a d i e n t  from 13 to 26% f o r  30 min. 

In  t h e  second method ( i s o c r a t i c ) ,  e x c e l l e n t  r e s u l t s  were a l s o  

obta ined .  

THF and 84% 0 . O l M  ammonium carbonate  (pH 7), t h e  a l k a l o i d s  were 

completely separa ted .  The i s o c r a t i c  method h a s  t h e  advantage of 

speed,  i n  t h a t  t h e  column does not  r e q u i r e  a r e - e q u i l i b r a t i o n  p e r i -  

od a f t e r  a n  a n a l y s i s ,  as  does t h e  g r a d i e n t  method. 

Using t h e  same column and e l u t i n g  w i t h  a mixture  of  16% 

2 u 3 
4 

FIGURE 21.  P y r r o l i z i d i n e  a l k a l o i d s :  I, r e t r o r s i n e ;  2, seneciphy-  
l l i n e ;  2, senec ionine .  
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1122 ADAMS AND NAKANISHI 

A f i n a l  comment can be made on t h e  use of  p r e p a r a t i v e  s c a l e  

HPLC f o r  t h e  f r a c t i o n a t i o n  of c rude  p l a n t  e x t r a c t s  t o  o b t a i n  a lka-  

l o i d s  and o t h e r  s u b s t i t u e n t s  i n  r e l a t i v e l y  pure  form (60). 

The d r i e d  bark of t h e  well-known Indian  and Afr ican  medic ina l  

p l a n t  Fagara chalybea Engl. (Rutaceae) w a s  e x t r a c t e d  w i t h  hexane. 

TLC showed t h i s  e x t r a c t  t o  c o n t a i n  s e v e r a l  compounds of vary ing  

p o l a r i t y .  A f t e r  a p r e f i l t r a t i o n  on s i l i c a  g e l  (hexane-ether ,  

l:l), t h e  f i l t r a t e  was submit ted t o  p r e p a r a t i v e  chromatography 

using a Waters Prep-LC 500. Using ether-hexane (1 :9)  compounds 1 
and 2 (Fig.  2 2 )  were obta ined  i n  6 min. A f t e r  peak 2, t h e  s o l v e n t  

system w a s  switched t o  t h e  more p o l a r  e t h y l  acetate-hexane ( 1 : 4 )  

mixture,  and t h e  remainder of t h e  m a t e r i a l  w a s  c o l l e c t e d  i n  one 

f r a c t i o n .  This  f r a c t i o n  w a s  c o n c e n t r a t e d ,  and a second s t a g e  prep  

Cruds hexane extract 
Fagara chalybea 

3 . 5 0  

I Prep tc 1 
EtOAc h e x m e (  1 4 )  

2 gerrnacrone 3 dlhydrochelerythrine 6 N rnethylflinderrine 
(850 me) (120 mg) (125mg) 

F I G U R E  2 2 .  Treatment of a c rude  e x t r a c t  of Fagara chalybea by Prep- 
LC t o  y i e l d  pure compounds. 
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HPLC SEPARATION OF NATURAL PRODUCTS 1123 

LC with the above solvent system was carried out. This resulted 

in the separation of components 3-6 in 25 min. A s  monitored by 

TLC, fractions 2, 3,  5 and 6 were pure. 
of the pure compounds led to the following structures: 

crone; 3, the alkaloid dehydrochelerythrine; and 2, N-methyl- 
flindersine, a new alkaloid. 

Spectroscopic studies 

2, germa- 

A separation of the same scale by conventional column chro- 

matography not only took two weeks but also required usage of 

repeated chromatographies under different conditions, including 

gradient elution. The prep LC method thus results in a great 
reduction of time, and as a consequence the risk of sample deteri- 

oration on the column is also minimized. For example, in the case 

of column chromatography, no compound corresponding to peak - 5 was 

obtained. This compound, which has not yet been identified, is 

unstable and readily oxidized to a more polar substance. 

Pep t ides 

Some work has been done recently to find effective separa- 

tion methods for small peptides. In an examination of several 

columns (61), including phenyl-Corasil (reverse phase, Waters), 

Poragel-PN(37-75 pm) and Hydrogel IV gel filtration medium (37-75 
pm) using acetonitrile-water mixtures, various effects were noted. 

None of these columns showed good efficiency for separating pep- 

tides. Hydrogel was found to be generally unsuitable. The plate 

number for phenyl-Corasil and Poragel-PN was about four times 

greater than for Poragel-PS. Peaks from phenyl-Corasil separa- 

tions showed tailing; Poragel-PN produced asymmetric peaks (proba- 

bly from overloading). Residual silanol groups in phenyl-Corasil 

and functional groups in the Poragels have an influence on reten- 

tion behavior of the various peptides. 

Other reverse-phase HPLC columns have given better results 

for peptide separations. A LiChrosorb (5 pm)-RP-18 column, when 

used with gradient elution starting with 0.5 M perchloric acid 

(pH 0.2) and gradually changing to acetonitrile, combined with an 

elevated column temperature (7OoC), gave excellent separation of 

a number of small peptides (62). 
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1124 ADME AND NAKAhTSHI 

An examination of a number of small peptides (mostly dipep- 

tides, two tetra-, onepenta, one hepta- and one octapeptide) on 

a Nucleosil-5-C-18 (Macherey, Nagel) column gave very good separa- 

tion ( 6 3 ) .  A gradient elution scheme was used, starting with 0.05 

M potassium dihydrogen phosphate solution at pH 2 and finishing 

with pure methanol. The gradient time was 6 0  min and the column 

temperature was 31°C. 

Results of this investigation imply that the C-terminal amino - 

acid of a dipeptide is important in determining retention time. 

In this system, it was not possible to separate the Tyr-Gly/Leu- 

Gly pair or the Gly-Tyr/Gly-Leu pair. However, the following 

could be separated: Val-Gly, Gly-Val, Phe-Gly (partial), Gly- 

Phe, Ala-Ala-Tyr-Ala-Ala, Gly-Trp, Phe-Tyr, Leu-Trp-Met-Arg, Met- 
Glu-His-Phe-Arg-Trp-Gly, Leu-Leu-Val-Tyr and Renin inhibitor (an 

octapeptide) . 
A separation of  some specifically labelled oxytocin deriva- 

tives has been reported ( 6 4 ) .  

in series and eluting with 0.1 M ammonium acetate solution (PH 4 ) -  

acetonitrile (82:18) it was possible to obtain baseline resolu- 

tion of the following oxytocins: [1-hemi-DL-[a- H]cystine]oxyto- 

cin, [6-hemi-DL[a- H]cystine]oxytocin, [2-DL-[a- H]tyrosine]oxy- 

tocin and [8-DL-[2-13C]leucine]oxytocin. 

Using two p-Bondapak C18 columns 

2 

2 2 

Carbohydrates 

Separation of  sugars by column chromatography has proved to 

be extremely difficult. The three techniques used for these 

separations are adsorption, partition and ion exchange column 

chromatography. In recent years, HPLC has been used with good 

results in the areas of monosaccharides, nucleosides and nucleo- 

tides. 

A large group of partially and completely substituted carbo- 

hydrates has been separated using a microparticulate silica gel 

column with various solvents. The compounds were glycosides, 

isopropylidine and benzylidene derivatives, methylated and acety- 

lated carbohydrates ( 6 5 , 6 6 ) .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1125 

An elaborate system for analysis of the isomerization pro- 

ducts of carbohydrates has been reported (67). The system utili- 

zes anion exchange resin columns (10-20 um) with gradient elution 

to effect separations. Detection is by means of a solution of 

orcinol in sulfuric acid. 

A further use of anion exchange for the separation of many 

sugars is described in reference 68. 

Cation exchange resins have been used to separate a mixture 

of D-galactose, D-fructose, D-ribose, D-xylose and L-rhamnose. 

Elution was with acetone-isopropyl alcohol (3:l) (69) .  

A method of analysis for mono, di and oligosaccharides has 

been developed (70). Using a u-Bondapak-Carbohydrate (Waters) 

column with an acetonitrile-water (85:15) mobile phase, the 

following carbohydrates were fully or partially resolved: rham- 

nose, xylose, arabinose, partial separation of mannose, glucose 

and galactose (all monosaccharides), and glucose, sucrose, mal- 

tose and lactose (partial separation). Also separated were B - ( l +  

4)linked glucose oligomers: cellobiose, cellotriose, cellote- 

traose and cellopentaose. 

AnHPLCseparation for the determination of  anomeric forms of 

streptozocin in a drug preparation has been performed using a re- 

verse phase column (Fig. 23) (71). With a V-Bondapak-Cl8 column 

and 0.1 M acetic acid in water-methanol (97:3, pH 4 )  it was pos- 

sible to resolve the anomers of streptozocin in a fashion that 

allowed for performance of a quantatative assay. 

HO (FFH ,NO 

NHCON, 
CH3 

FIGURE 23.  Streptozocin. 
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1126 ADAMS AND NAKANISHI 

R e s o l u t i o n  o f  O p t i c a l  Isomers  by HPLC 

The most g e n e r a l l y  u s e f u l  method f o r  u s i n g  HPLC t o  e f f e c t  an 

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

mic compound such  t h a t  a p a i r  of  d i a s t e r e o m e r s  may t h e n  be r e -  

so lved  by HPLC. The advan tage  of t h e  HPLC method ove r  t h e  f r a c -  

t i o n a l  c r y s t a l l i z a t i o n  method i s  t h a t  a b a s e l i n e  HPLC s e p a r a t i o n  

e n s u r e s  100% r e s o l u t i o n .  Th i s  g e n e r a l  method h a s  been a p p l i e d  

s e v e r a l  t imes i n  s e v e r a l  l a b o r a t o r i e s  and some o f  t h e  r e s u l t s  w i l l  

be d e s c r i b e d  below. 

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

r a l  ( + ) - a b s c i s i c  a c i d  (F ig .  24a ) ,  i t  w a s  n e c e s s a r y  t o  r e s o l v e  t h e  

i n t e r m e d i a t e  _- c i s - d i o l  (Fig.  24b) i n t o  i t s  o p t i c a l l y  a c t i v e  enan- 

t i omers  (72 ) .  To do t h i s ,  t h e  (+)-MTPA ester d e r i v a t i v e  (F ig .  

2 4 ~ )  was p repa red  (73)  and t h e  d i a s t e r e o m e r s  w e r e  s e p a r a t e d  by 

HPLC u s i n g  P o r a s i l - T  and i s o p r o p y l  a l coho l -hexane  (1 :99 )  as 

e l u a n t .  The column was used i n  a r e c y c l e  mode and a f t e r  f i v e  

p a s s e s  ( 2 7  hour s )  t h e  d i a s t e r e o m e r s  were b a s e l i n e  s e p a r a t e d .  T h i s  

method h a s  a l s o  been a p p l i e d  t o  d e t e r m i n i n g  t h e  a b s o l u t e  s t e r e o -  

chemis t ry  o f  blumenol A and blurnenol B (74 ) .  

A s i m i l a r  approach  w a s  t a k e n  t o  d e t e r m i k  t h e  o p t i c a l  p u r i t y  

of c h i r a l  amines by HPLC (75) .  R e a c t i o n  o f  c h i r a l  amines w i t h  

o p t i c a l l y  pu re  2-methyl mandelyl  c h l o r i d e  y i e l d e d  d i a s t e r e o m e r i c  

amides,  which were s e p a r a t e d  onanHPLC column o f  Merck s i l i c a  g e l .  

E l u t i o n  w a s  w i t h e t h y l  ace t a t e -hexane  (1:l). S e p a r a t i o n  of t h e  

d i a s t e r e o m e r s  was a l s o  ach ieved  on a Plerckosorb-SI-60 column w i t h  

i s o o c t a n e - e t h y l  a c e t a t e  ( 1 : l ) .  

FIGURE 24.  1: A b s c i s i c  a c i d ;  2, R = H; 3 ,  R = (+)-a-methoxy-a- 
t r i f l u o r o m e t h y l p h e n y l  a c e t a t e .  

- 
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HPLC SEPARATION OF NATURAL PRODUCTS 1127 

It was possible to directly determine R/S enantiomer . ' '  s 

of  citronellic acid and related compounds by HPLC (76;. 1,- emic 

citronellic acid was converted to diastereomeric amides with (R)- 

(+)-a-methyl-p-nitrobenzylanine. Separation of the amides was 

accomplished on two Partisil-10 columns in series, using as the 

mobile phase THF-heptane (20:80). 

Recently we have used the MF'TA ester method to resolve enan- 

tiomers of periplanone-B, the sex excitant pheromone of the Ameri- 

can cockroach, Periplaneta americana (77), Fig. 25a. By use of 

two y-Porasil columns in series with 2% ether in hexane as eluant, 

it was possible to completely resolve the diastereomeric MTPA 

esters of periplanol-B (Fig. 25b). The separation is shown in 

Fig. 26. After removal of the MTPA group by basic hydrolysis, 

oxidation of the alcohol functionality gave both (-t) and (-) 

enantiomers of periplanone-B. 
The advent of microparticulate silica gel columns has greatly 

facilitated these separations. The HPLC separation of abscisic 

acid-MTPA diastereomers took 27 hours in recycle mode whereas 

separation of  periplanol-MTPA diastereomers took less than 40 min 

on u-Porasil. 

Miscellaneous Separations 

a. Fatty Acids. A number of separations of saturated and un- 

saturated fatty acids, fatty acid methyl esters, lipids and trigly- 

cerides have been reported (78-82). Fatty acid separation usually 

relies on use of a reverse-phase column and methanol-water elution. 

Occasionally, elevated column temperatures improve resolution. 

F I G U R E  2 5 .  ( a ) ,  R1, R2 = 0; periplanone-B. (b), R1 = 0-MTPA, R2 = H. 
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1128 ADAMS ANTI NAKANISHI 

PER I PLAN OL- MT PA- 

HPLC 

F I G U R E  26. HPLC trace of the diastereomeric MTPA esters of peri- 
planol-B. Two LI-Porasil columns in series, U.V. detection at 230 nm. 
Solvent, 2 %  ether in hexane. Flow rate, 1 rnl/min. 

An interesting development in fatty acid separation is the 

use of the Waters Radial Compression Separation System which uses 

10 cm reverse phase ODS silica cartridges which have been radial- 
ly compressed in a pressure chamber. 
water-methanol gradient (60 :40  initially, finally 100% aceto- 

nitrile in 30 min) a large number of fatty acid p-bromophenacyl 
esters were completely separated (Fig. 2 7 ) .  Total separation time 

was 45 min (83 ) .  

Using this system with a 

b. Antibiotics. A p-Bondapak-NHZ col.umn with various concen- 

trations of acetic acid-methanol-acetonitrile-water (typically 1.4: 
2.8:10:85.5) is effective i n  separating cephalosporin derivatives 

( 8 4 ) .  Ampicillin has been separated from epicillin on a LiChro- 

sorb-W8 column by water-methanol elution (85). 
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HPLC SEPARATION OF NATURAL PRODUCTS 1129 

Cartridge: Radial-PAK A 

Crabicnt Conditions: 
(8 mm x 10 cm) 

sdvmt: A) H 2 0  
B) CH3CN 
4@100% B, Curve 5, 30 min 

Flow Rate: 4 m l h i n  
5,. 

Detector: Model 440, 254 nm Detector: Model 440, 254 nm 

FIGURE 21. A mixture of p-bromophenacyl esters of fatty acids 
(indicated by chain length) which was separated in 45 min using 
one Waters Radial-PAK A cartridge. 

A series of diastereomeric 7-ureidoacetamidocephalosporins 

(Fig. 28) was separated on p-Bondapak-C18 using 0.01 M diammonium 

hydrogen phosphate in methanol as eluant (86). 

C. Natural Products. Pteridines, dihydropteridines and te- 

trahydropteridines were separated by HPLC on Partisil-SCX or 

Zipax-SCX strong cation exchanger columns. By using a citrate 

buffer mobile phase (pH 6 )  with 5% added dioxane, tailing was 
eliminated and good resolution was obtained (87). 

Both normal and reverse-phase techniques have been used for 

isolation of natural prenylqulnones (ubiquinones) (88,89). 
A mixture of ubiquinones-7, -8, -9 and -10 was separated 

on u-Bondapak-C18 using gradient elution from 9:l methanol-water 

to 100% methanol (Fig. 29) .  In similar manner, mixtures of 

ficaprenols-10, -11 and -12 were resolved. 
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1130 ADAMS AND NAKANISHI 

FIGURE 2 8 .  A r e p r e s e n t a t i v e  7-ureidoacetamidocephalosporin ( L  and 
D isomers  of t h e  a r y l g l y c i n e  s i d e - c h a i n ) .  

R 

FIGURE 29. Ubiquinone-n. 

With LiChrosorb-SI-60 and dioxane-hexane ( 1 : 9 9 ) ,  v a r i o u s  

m i x t u r e s  of  p reny lqu inones  cou ld  be  s e p a r a t e d  from p r e n y l l i p i d s  

(@-ca ro tene ,  p h y t o l ,  c h l o r o p h y l l s )  w i t h  good r e s u l t s  i n  most c a s e s .  

A m i x t u r e  of c h l o r o p h y l l s  a, b ,  a ' ,  b '  and pheophyt in  a w a s  

comple t e ly  r e s o l v e d  w i t h  g r a d i e n t  e l u t i o n  (acetone-hexane, 8 : 9 2  

t o  12:88) on a s i l i c a  g e l  column c o n s t r u c t e d  from a t e f l o n  t u b e  

and SS-05 (0.5 pm) s i l i c a  g e l  (90,911. This  s e p a r a t i o n  w a s  u s e f u l  

f o r  deve lop ing  a n  a s s a y  f o r  c h l o r o p h y l l  a which was s e n s i t i v e  t o  

as l i t t l e  as 10  g of  t h i s  compound. -10 

B i l e  a c i d s  have t r a d i t i o n a l l y  been s e p a r a t e d  by g a s  chroma- 

tography,  b u t  o f t e n  t h e  r e s o l u t i o n  was n o t  good. Recent a p p l i c a -  

t i o n  of  HPLC t o  t h i s  problem l e d  t o  b e t t e r  r e s u l t s .  The ma jo r  

con juga ted  b i l e  a c i d s  o f  human b i l e  have been r e s o l v e d  u s i n g  a 

two s t a g e  e l u t i o n  sequence w i t h  C o r a s i l - I 1  o r  u - P o r a s i l  columns. 

An a l k a l i n e  s o l v e n t  system ( i s o p r o p y l  a l c o h o l - e t h y l  ace t a t e -wa te r -  

7N ammonium hydroxide;  260:600:50:3) w a s  used  t o  s e p a r a t e  t h e  b i l e  

a c i d s  i n t o  groups,  e.g. tauro-dihydroxy d e r i v a t i v e s ,  t a u r o c h o l a t e ,  

glyco-dihydroxy d e r i v a t i v e s  and g lycocho la re .  
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HPLC SEPARATION OF NATURAL PRODUCTS 1131 

TABLE I 

R1 Entry Compound 

1. Sambunigrin H 
2. Prunasin H 
3. Dhurrin OH 
4 .  Taxiphyllin OH 
5. Zierin H 
6. Holocalin H 
7. Neoamygdalin H 
8 .  hygdalin H 

R2 

H 
H 
H 
H 
OH 
OH 
H 
H 

R3 * 
Glc (S) 
Glc ( R) 
G1 c (S) 
Glc (R) 
Glc (S)  
Glc ( R) 

gentiobiose ( S )  
gentiobiose (R) 

The fraction containing glyco-dihydroxy conjugates was sepa- 

rated by rechromatography using acetonitrile-acetic acid (40:l) 

and the tauro-dihydroxy derivatives were partially resolved by 

rechromatography with acetonitrile-acetic acid-formic acid (97%)- 

water (100:2:1:2) (92). 

Reverse phase chromatography has also been used for separa- 

tion of bile acids (p-Bondapak-NH2 or p-Bondapak-C18) (93). 

A group of epimeric benzaldehyde cyanohydrin glycosides has 

been separated by normal phase HPLC using a p-Porasil column and 

ethylacetate-methanol (97:3) elution (see Table 1). Note that the 

isomeric pairs ( 1 , 2 )  and ( 7 , 8 )  were successfully resolved (94). 
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