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FERROCENE DERIVATIZATION REAGENTS 
FOR OPTICAL RESOLUTION OF CARBO- 
XYLlC ACIDS BY HIGH-PERFORMANCE 

LIQUID CHROMATOGRAPHY WITH 
ELECTROCHEMICAL DETECTION 

Kazutake Shimada, Emi Haniuda, 
Tomoyuki Oe, and Toshio Nambara 

Pharmaceutical Institute 
To ho ku University 

Aobayama, Sendai 980, Japan 

ABSTRACT 

New derivatization methods using chiral ferrocene reagents 
have been developed for the optical resolution of carboxylic 
acids by high-performance liquid chromatography with electrochem- 
ical detection. Two chiral derivatization reagents, l-ferrocen- 
ylethylamine and 1-ferrocenylpropylamine, were readily prepared 
from acetylferrocene and propionylferrocene in two steps, respec- 
tively. Condensation of  carboxylic acids with the chiral reagent 
was effected in the presence of  water-soluble carbodiimide and 1- 
hydroxybenzotriazole. The diastereomeric amides formed from N- 
acetylamino acid and a-arylpropionic acid enantiomers were ef fi- 
ciently resolved by reversed-phase chromatography and showed the 
satisfactory sensitivity at +0.45 V vs. an AgfAgC1 reference 
electrode with a detection limit of 0.5 pmole (S/N=5). 

INTRODUCTION 

High-performance liquid chromatography (HPLC) with electro- 

chemical detection (ECD) is a useful t o o l  for the trace analysis 
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3162 SHIMADA ET AL. 

of  v a r i o u s  compounds i n  b i o l o g i c a l  f l u i d s .  I n  r e c e n t  y e a r s ,  p re-  

and post-column l a b e l i n g  methods have been developed t o  ex tend  

i t s  a p p l i c a b i l i t y  [I-71. I n  t h e  p rev ious  papers  o f  t h i s  s e r i e s  

we proposed novel  f e r r o c e n e  r e a g e n t s  f o r  pre-column l a b e l i n g  of  

amino 121, hydroxyl [ 4 ] ,  c a r b o x y l i c  [5, 61, and t h i o l  [71 groups 

i n  HPLC/ECD. A s  t h e  f e r r o c e n e  d e r i v a t i v e  undergoes f a c i l e  oxida- 

t i o n  and t h e  p roduc t  i s  i n  t u r n  r e a d i l y  reduced, i t  can be 

d e t e c t e d  s e l e c t i v e l y  i n  t h e  presence  o f  e l e c t r o a c t i v e  compounds 

such a s  pheno l s ,  c a t e c h o l s ,  and aromat ic  amines. 

The p r e s e n t  pape r  d e a l s  w i th  t h e  development o f  d e r i v a t i z a -  

t i o n  methods u s i n g  R-(-)-1-ferrocenylethylamine and S-( +)-I- 

fe r rocenylpropylamine  which posses s  t h e  f e r rocene  moie ty  as an 

e l e c t r o p h o r e  and t h e  a p p l i c a b i l i t y  of  t h e s e  r e a g e n t s  t o  t h e  

r e s o l u t i o n  o f  N-ace tylamino a c i d  and c1 - a r y l p r o p i o n i c  a c i d  enan- 

t iomers by r e v e r s  ed-phase HPLC/ECD. 

MATERIALS AND METHODS 

Mat e r i a  Is 

N-Ace ty lamino  a c i d s  were purchased from Nakarai Chemicals,  

Ltd.  (Kyoto, Japan) .  O p t i c a l l y  a c t i v e  ibupro fen  was p repa red  by 

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  of  (+I- o r  (-)-1-methylbenzylamine 

s a l t  o f  t h e  commercially a v a i l a b l e  racemate.  Naproxen racemate  

and enant iomers  were ob ta ined  by t h e  known method as r e p o r t e d  

p r e v i o u s l y  [8,  91. ( -1-2,  3: 4 ,  6-Di-O-isopropylidene-2-keto-L- 

g u l o n i c  a c i d  h y d r a t e  ((-)-DAG) was supp l i ed  by A l d r i c h  Chem. Co. 

(Milwaukee, W I ,  U.S.A.). Other r e a g e n t s  were purchased from 

Tokyo Kasei Kogyo Co. (Tokyo, Japan) .  So lven t s  were p u r i f i e d  by 

d i s t i l l a t i o n  p r i o r  t o  use .  

In s t rumen t s  

A l l  m e l t i n g  p o i n t s  were taken  on a micro ho t - s t age  appara- 

t u s  and a r e  uncor rec t ed .  The o p t i c a l  r o t a t i o n s  were measured 
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wi th  a JASCO DIP-4 au tomat i c  p o l a r i m e t e r  (JASCO, Tokyo). Mass 

(MS) s p e c t r a l  measurements were run  on a H i t a c h i  M-52 spec t ro -  

meter  ( H i t a c h i  L td . ,  Tokyo). HPLC was c a r r i e d  out  on a Waters 

Model 510 s o l v e n t  d e l i v e r y  system (Waters ASSOC. ,  Mi l fo rd ,  MA, 

U.S.A.) equipped wi th  a Yanagimoto VMD-501 e l e c t r o c h e m i c a l  de t ec -  

t o r  having  twin  e l e c t r o d e  i n  s e r i e s  sys tem (Yanagimoto Co., 

Kyoto). The a p p l i e d  p o t e n t i a l  o f  t h e  d e t e c t o r  was s e t  v s .  a n  Ag/ 

AgCl r e f e r e n c e  e l e c t r o d e .  A Deve los i l  ODS-5 ( 5  urn) column (15 cm 

x 0.4 cm i .d .1  (Nomura Chemical Co., S e t o ,  J apan)  w a s  used a t  

ambient tempera ture .  The pH of  mobile phase was a d j u s t e d  wi th  

AcOH. 2'  Dead time ( t o )  was e s t i m a t e d  by t h e  use  o f  NaNO 

Syntheses  of  D e r i v a t i z a t i o n  Reagents 

1-Fer rocenyle thylamine  (Ia) and 1- fer rocenylpropylamine  

( I I a  )----- 1-Fer rocenyle thylamine  ( I a )  and l - f e r roceny lp ropy l -  

amine ( I I a )  were prepared  from a c e t y l f e r r o c e n e  and propionyl -  

f e r r o c e n e  [ 101, r e s p e c t i v e l y ,  accord ing  t o  t h e  procedure  de- 

s c r i b e d  by Tverdokhlebov e t  a l .  [ l l ] .  Hydrogen c h l o r i d e  gas  was 

passed  i n t o  a s o l u t i o n  o f  I a  and I Ia  i n  e t h e r  t o  g i v e  c r y s t a l l i n e  

p roduc t s .  R e c r y s t a l l i z a t i o n  from MeOH gave Ia.HC1 and IIa-HC1 a s  

ye l low need le s .  I a O H C l :  mp 163-165'C (decomp.). Anal. Calcd f o r  

C H ClFeN: C ,  54.27; H ,  6.07; N ,  5.27. Found: C ,  54.20; H ,  

5.98; N:  5.40. IIa-HCL: mp 152-156OC (decomp.). Anal. Calcd f o r  

C H ClFeN: C ,  55.85; H,  6.49; N ,  5.01. Found: C ,  55.71; H ,  

6.53; N ,  5.10. 

12 16 

13 1 8  

O p t i c a l  r e s o l u t i o n  of  I a  and IIa----- O p t i c a l  r e s o l u t i o n  of  

I a  and IIa was done wi th  (-)-DAG accord ing  t o  t h e  procedure  de- 

s c r i b e d  by Herrmann e t  a l .  [12 ] .  (-)-DAG s a l t  o f  Ia: u p  224- 

226OC ( f rom MeOH: L i t .  mp 223OC [ 12 ] ) .  (-)-DAG s a l t  o f  I I a :  mp 

169-175OC ( f rom MeOH: L i t .  mp 175OC [ 1 2 ] ) .  These s a l t s  were de- 

composed wi th  10% NaOH and t h e  y i e lded  bases  were e x t r a c t e d  wi th  

e t h e r .  The o rgan ic  l a y e r  was washed wi th  H 2 0 ,  d r i e d  ove r  anhyd- 

rous  Na2S04, and evapora ted  down. R-(-)-1-Ferrocenylethylamine 
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3164 SHIMADA ET AL.  

0 ( I b ) :  [a];' -25.5 ( ~ ~ 2 . 1 2  i n  benzene)  ( L i t .  -26.3' ( c = l  i n  

benzene)  [ 1 2 ] ) .  S-(+I-1-Ferrocenylpropylamine ( I I b ) :  [ a  16' 
+59.2' (c=0.60  i n  benzene)  ( L i t .   ID 2o +58.0° ( c = l  i n  benzene 

[ 1 2 ] ) .  The o p t i c a l  p u r i t y  o f  each  amine was o v e r  99.0% a s  judged 

by HPLC. 

Deriva t i z a  t i o n  

N-Acetylamino acids----- To a s o l u t i o n  o f  N-acetylamino a c i d  

(2 .5  p g )  i n  p y r i d i n e  (0.05 m l )  were added i b  o r  I I b  (300  pg )  i n  

C H 2 C 1 2  (0 .1  m l )  , l-ethyl-3-(3-dimethylaminopropyl )carbodi imide .  

H C 1  (wa te r - so lub le  ca rbod i imide ;  WSC, 1 mg) i n  CH2C12 (0 .1  ml) 

and 1-hydroxybenzot r iazole  (HOBT, 50 1-18] i n  C H  C l  / p y r i d i n e  ( 4 : 1 ,  

0.1 m l ) ,  and t h e  whole was al lowed t o  s t a n d  a t  4 C f o r  2 h r .  An 

a l i q u o t  o f  t h e  r e s u l t i n g  s o l u t i o n  was i n j e c t e d  i n t o  t h e  chromato- 

graph .  

2 0 2  

Ibupro fen  and naproxen----- A s o l u t i o n  of ibupro fen  o r  nap- 

roxen  (2.5 1.18) i n  t e t r a h y d r o f u r a n  (0.05 ml)  was t r e a t e d  i n  t h e  

same manner a s  d e s c r i b e d  above. An a l i q u o t  o f  t h e  r e s u l t i n g  

s o l u t i o n  was i n j e c t e d  i n t o  t h e  chromatograph.  

P r e p a r a t i o n  o f  S tandard  ( d - I b u p r o f e n  D e r i v a t i v e  w i t h  I b  

(+) - Ibuprofen  ( ca .  2 mg) i n  t e t r a h y d r o f u r a n  (0 .1  m l )  was 

t r e a t e d  w i t h  I b  ( c a .  20 mg) i n  CH2C12 (0.1 ml )  and WSC ( 2 0  mg) i n  

CH2C12 ( 1  ml)  i n  t h e  s i m i l a r  manner a s  d e s c r i b e d  above. The 

r e a c t i o n  mix tu re  was d i l u t e d  w i t h  e t h e r  and washed s u c c e s s i v e l y  

wi th  5% H C 1 ,  2% NaOH, and H20. Removal o f  t h e  s o l v e n t  w i t h  t h e  

a i d  o f  an N gas  s t r e a m  gave t h e  ye l low s o l i d  ( ca .  2 mg). MS m/z 

417 (M'). 
2 

RESULTS AND DISCUSSION 

The d e s i g n  o f  a promis ing  d e r i v a t i z a t i o n  r e a g e n t  f o r  t h e  

l i q u i d  chromatographic  r e s o l u t i o n  o f  c a r b o x y l i c  a c i d  enant iomers  
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v i a  d i a s t e reomers  wi th  ECD r e q u i r e s  t h e  i n c o r p o r a t i o n  of  s u i t a b l e  

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

r e a c t i n g  group toward t h e  c a r b o x y l i c  ac id  f u n c t i o n ,  and an  e l e c -  

t rophore  responding  t o  t h e  ECD wi th  t h e  s a t i s f a c t o r y  s e n s i t i v i t y .  

I n  t h e  p r e s e n t  s t u d y ,  two c h i r a l  secondary  amines, R-(-1-l-ferro- 

cenyle thylamine  ( I b )  and S-(+I-1-ferrocenylpropylamine ( I I b )  pos- 

s e s s i n g  f e r r o c e n e  a s  an e l e c t r o p h o r e  have been used f o r  t h i s  

purpose .  1-Ferrocenylethylamine ( I a )  and 1- fer rocenylpropylamine  

( I I a )  were prepared  from a c e t y l f e r r o c e n e  and p rop iony l fe r rocene ,  

r e s p e c t i v e l y ,  and t h e  o p t i c a l  r e s o l u t i o n  was a t t a i n e d  by r e p e a t e d  

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  o f  t h e  (-)-DAG s a l t  (F ig .  1). 

The a p p l i c a b i l i t y  of t h e s e  r e a g e n t s  t o  t h e  s e p a r a t i o n  o f  

c a r b o x y l i c  a c i d  enant iomers  by HPLC was then  i n v e s t i g a t e d .  HPLC/ 

ECD has  been u s u a l l y  l i m i t e d  t o  reversed-phase  or ion-exchange 

chromatography because of  t h e  s o l u b i l i t y  o f  suppor t ing  e l e c t r o -  

l y t e s .  Reversed-phase and ion-exchange chromatographic methods 

a r e  less f a v o r a b l e  t h a n  normal-phase chromatography f o r  t h e  sepa- 

r a t i o n  o f  d i a s t e reomers  [ a ] .  I n  c o n t r a s t ,  reversed-phase chro- 

matography i s  a p p l i c a b l e  t o  t h e  p o l a r  compounds and subs t ances  i n  

p o l a r  s o l v e n t s ,  whose s e p a r a t i o n  i s  d i f f i c u l t  i n  normal-phase 

chromatography. The use  of  o rgan ic  s o l v e n t s  i s  a l s o  one o f  d i s -  

advantages  i n  normal-phase chromatography. Recent ly  s e v e r a l  a t -  

t empts  t o  s e p a r a t e  d i a s t e reomers  on a h i g h l y  e f f i c i e n t  reversed-  

phase  column have been r e p o r t e d  [13]. There fo re ,  a r eve r sed -  

phase column, Deve los i l  ODs-5, was used i n  t h e  p r e s e n t  s tudy .  

Condensation of N-acetylamino a c i d  wi th  t h e  c h i r a l  r eagen t  was 

e f f e c t e d  i n  t h e  presence  o f  WSC and HOBT. The c a p a c i t y  f a c t o r  

(k') and r e s o l u t i o n  (R) va lues  f o r  four  p a i r s  of  d i a s t e reomers  

produced wi th  I b  and I I b  a r e  l i s t e d  i n  Table 1. It i s  e v i d e n t  

from t h e  d a t a  t h a t  t h e  complete s e p a r a t i o n  was a t t a i n e d  for a l l  

t h e  p a i r s  o f  N-acetylamino a c i d s .  The e l u t i o n  o r d e r  o f  D- and 

L-N-acetylalanines was r eve r sed  from t h a t  of  o t h e r  N-acetylamino 

a c i d s  d e r i v a t i z e d  wi th  I b  o r  I I b .  The s a t i s f a c t o r y  s e p a r a t i o n  
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b:  - b: + naproxen 

FIGURE 1. Structures o f  Derivatization Reagents and a-Aryl- 
propionic Acids. 

TABLE 1 
HPLC Separation of Diastereomeric Amides Derived from 
N-Acetylamino Acids with Ferrocenylalkylamines 

Ib IIb ~~ 

N-Acetylamino acid 
k' R k' R 

Alanine D 13.2a' 28.8'' 
L 12.0 1.20 32.0 1.50 

d) 6.4 b )  Valine D 5.4 
L 6.4 1.33 5.2 1.70 

d) 5.8 b )  Leuc ine D 9.6 
L 12.4 2.40 4.6 1.50 

d )  7.4 b) Phenylalanine D 12.4 
L 16.4 2 . 6 7  5.6 1.80 

Conditions: mobile phase, tetrahydrofuran/l.5% AcONa (pH 5.0) 
a) ( 1 : 4 ) ,  b )  (1:2), c )  ( 1 : 4 ) ,  d) (2:3). Flow rate was set at 
0.5 ml/min (t -2.5 min) except for c> (1 ml/min, t0=1.25 min). 0 
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2 

c 

1 I I I 1 I 

0 10 20 min 0 10 20min 

FIGURE 2.  High-Performance Liquid Chromatograms of  Dias te reo-  
roeric Amides Formed wi th  R-(-1-1-Ferrocenylethylamine. 
a )  1: (-)-Ibuprofen, 2: (+) - ibuprofen;  b )  1: (-)- 
naproxen, 2: (+)-naproxen. 
Condi t ions :  mobile phase,  a c e t o n i t r i l e / l . 5 %  AcONa (pH 
5.0) 
a )  ( 3 : 2 ) ,  b) ( 5 : 4 ) ,  1 . 5  ml/min ( t  ~0.8 min). 0 

was ob ta ined  wi th  I I b  i n  somewhat s h o r t e r  r e t e n t i o n  t i m e  than  

t h a t  w i th  I b  except  f o r  N-ace ty la lan ine .  

This  d e r i v a t i z a t i o n  method was f u r t h e r  app l i ed  t o  t h e  sepa- 

r a t i o n  of a - a r y l p r o p i o n i c  a c i d  , (+)-ibuprofen, which i s  c u r r e n t l y  

used as an anti-inflammatory drug. The d ias te reomers  formed wi th  

I b  were comple te ly  sepa ra t ed  on a Deve los i l  ODs-5 column wi th  

a c e t o n i t r i l e / l . 5 %  AcONa (pH 5.0)  ( 3 : 2 )  a s  a mobile phase (R= 

1 . 7 5 1 ,  e x h i b i t i n g  good s e n s i t i v i t y  wi th  a d e t e c t i o n  l i m i t  o f  0.5 

pmole (S/N=5 a t  4 nA f u l l  s c a l e )  (F ig .  2a ) .  On t h e  c o n t r a r y ,  t h e  

d ias te reomer  wi th  I I b  showed poor r e s o l u t i o n  under s e v e r a l  condi- 

t i o n s  examined. Another a -a ry lp rop ion ic  a c i d  , (2)-naproxen, was 
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Theoretical Value 

FIGURE 3 .  Recovery Tests f o r  (+I- o r  (-)-Ibuprofen Added to I ts  
Enantiomer ( 2 . 5  Ug). 
The composition r a t i o  of each enantiomer added was 
expressed  i n  percentage .  

a l s o  d i s t i n c t l y  r e so lved  wi th  Ib  (R=1.75) a s  shown i n  F igure  2b. 

The d i a s t e reomer i c  amides formed from (-1-enantiomers of t h e s e  

drugs  were e l u t e d  earlier.  Condensation o f  (2) - ibuprofen  wi th  Ib  

was r e a d i l y  a t t a i n e d  i n  t h e  presence  o f  WSC and HOBT a t  boC, The 

r e s u l t i n g  s o l u t i o n  could be d i r e c t l y  a p p l i e d  t o  HPLC without 

e x e r t i n g  any d i s tu rbance  on the  chromatogram. The amount o f  

d i a s t e reomer  was e s t ima ted  by comparison wi th  t h e  peak a r e a  of  

t he  s y n t h e t i c  s t anda rd  sample. The y i e l d  o f  t he  d i a s t e reomer i c  

amides w a s  r a i s e d  wi th  i n c r e a s i n g  r e a c t i o n  t i m e  and reached a 

p l a t e a u  i n  120 min. No racemiza t ion  o f  t h e  product  o r  d e r i v a t i -  

z a t i o n  r eagen t  occur red ,  even under prolonged r e a c t i o n  eondi- 
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FIGURE 4 .  Hydrodynamic Voltammograms o f  (?)-Ibuprofen Deriva-  
t i v e s .  
a )  Anodic r e sponse ,  b )  c a t h o d i c  response :  ups t ream 
e l e c t r o d e  +0.6 V. 
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t i o n s .  When va ry ing  amounts o f  (+ I -  o r  ( - ) - ibuprofen  were added 

t o  a c e r t a i n  amount of  i t s  enantiomer and de termined ,  a good 

c o r r e l a t i o n  w a s  observed between t h e o r e t i c a l  and found v a l u e s  of  

t h e  former (F ig .  3 ) .  As l i t t l e  a s  0.5% o f  one enantiomer can be 

d e t e c t e d  in  t h e  p re sence  o f  99.57; of  t h e  o t h e r .  The e l e c t r o -  

chemica l  p r o p e r t i e s  o f  t h e  amide wi th  I b  were i n v e s t i g a t e d  us ing  

(+ ) - ibupro fen  - a s  a model compound. The half-wave p o t e n t i a l s  

of  bo th  d i a s t e r e o m e r i c  amides were + 0 . 3 3  V and t h e  oxida- 

t i o n  p roduc t s  from t h e  amides were reduced a t  t h e  downstream 

e l e c t r o d e  (F ig .  4 ) .  These d a t a  imply t h a t  t h e  amides can be 

d e t e c t e d  s e l e c t i v e l y  i n  t h e  presence  o f  common e l e c t r o a c t i v e  

compounds, such a s  phenols ,  c a t e c h o l s ,  and a romat i c  amines [6]. 

I n  conc lus ion ,  t h e s e  c h i r a l  d e r i v a t i z a t i o n  r e a g e n t s  proved 

t o  be s a t i s f a c t o r y  f o r  t h e  r e s o l u t i o n  of  c a r b o x y l i c  a c i d  enan t io -  

mers and t h e i r  s e n s i t i v e  e l e c t r o c h e m i c a l  moni tor ing  i n  r eve r sed -  

phase HPLC. Although a v a r i e t y  o f  d e r i v a t i z a t i o n  methods have 

been developed f o r  t h e  r e s o l u t i o n  o f  enant iomers  181, t h i s  i s  t h e  

f i r s t  r e p o r t e d  i n s t a n c e  u s i n g  HPLC/ECD. F u r t h e r  a p p l i c a t i o n  of  

t h e  p r e s e n t  method t o  t h e  metabol ic  s tudy  of  (+)-ibuprofen i s  

be ing  conducted i n  t h e s e  l a b o r a t o r i e s  and t h e  d e t a i l s  w i l l  be 

r e p o r t e d  e l sewhere .  
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