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ABSTRACT: 

A summary is provided of most of t he  r epor t ed  d e r i v a t i z a t i o n s  t h a t  have 
been used f o r  improved ana ly t e  d e t e c t i o n  in l i q u i d  chromatography wi th  e l e c t r o -  
chemical d e t e c t i o n  (LCEC). These approaches include pre-column d e r i v a t i z a t i o n s  
and postcolumns chemical,  photochemical o r  enzymatic r e a c t i o n s  f o r  o x i d a t i v e  EC 
d e t e c t i o n .  This  review covers  the l i t e r a t u r e  up t o  e a r l y  1985, and inc ludes  
information gathered from books, t e c h n i c a l  a r t i c l e s ,  previous reviews and 
s c i e n t i f i c  j ou rna l  pub l i ca t ions .  S p e c i f i c  r eagen t s ,  methods and instrumenta-  
t i o n  a r e  descr ibed for those c l a s s e s  of compounds s t u d i e d  by d e r i v a t i z a t i o n -  
LCEC, and suggest ions f o r  f u t u r e  experiments a r e  included,  where app l i cab le .  
It i s  concluded t h a t  t he  f u t u r e  w i l l  l i k e l y  include t h e  development of a g r e a t  
number of d e r i v a t i z a t i o n s  which may be used in con junc t ion  wi th  LCEC f o r  t r a c e  
ana lys i s .  

*Author to  whom correspondence and r e p r i n t  r eques t s  should be addressed. 
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C o p y a h t  0 1985 by Marcel Dekker. h e .  

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



Introduct ion 

KRULL ET AL. 

Derivat izat ions have become very commonplace in  LC, espec ia l ly  for  ul t ravio-  

le t -v is ib le  (UV-VlS)  and fluorescence (FL) detec t ion  [l-191. An extensive 

summary and review of post-column react ions i n  LC w i l l  shor t ly  appear [ZO], but  

t h i s  t e x t  w i l l  only contain s l i g h t  mention of eC detect ion.  Therefore, other  

than f o r  a very br ief  technical  note in a c o m e r c i a l  publ icat ion [ 2 1 ] ,  t h i s  i s  

the f i r s t  review dedicated solely t o  der iva t iza t ions  f o r  LCEC. 

Most of the der iva t iza t ion  approaches described f o r  LCEC have involved of f -  

l i n e ,  pre-column chemical react ions a s  opposed to  on-line, pre- o r  post-column 

react ions.  Thus, der iva t ives  a r e  general ly  formed in a separate  s tep ,  p r ior  t o  

in jec t ion  onto the LC system. The of f - l ine  format allows g r e a t  f l e x i b i l i t y  i n  

se lec t ion  and opLimization of reac t ion  chemistry s ince  any necessary manipula- 

t ions  a r e  readi ly  car r ied  out without spec ia l  cons t ra in ts .  As is  general ly  

true, post-column react ions i n  LCEC a r e  l imited by the  need f o r  compat ibi l i ty  

of react ion condi t ions with both chromatographic condi t ions and de tec tor  

se lec t iv i ty .  Paramount among these requirements is de tec tor  transparency of 

reagents and a ide  react ion products. Nonetheless, many useful  post-column 

react ions for  LCEC have been developed and t h e i r  number w i l l  c e r t a i n l y  expand. 

Most of the chemical der iva t iza t ions  thus f a r  described have d e a l t  with 

oxidat ive as opposed to  reduct ive LCEC. Reductive LCEC has been hindered by 

operat ional  d i f f i c u l t i e s  based on the  need to exclude oxygen from both mobile 

phase and sample. Unti l  t h i s  d i f f i c u l t y  is surmounted, it i s  unl ikely t h a t  

reductive LCEC w i l l  a t t a i n  popular i ty  comparable t o  oxidat ive approaches 

[22 -241 .  We w i l l  d iscuss  here both, however. and a l s o  attempt to  ind ica te  the 

ra t iona le  to  be used when se lec t ing  der iva t iza t ions  f o r  s p e c i f i c  analytes  i n  

both the  oxidat ive and reductive modes. The manuscript is divided t o  cover 

pre-column chemical der iva t iza t ions  f o r  reduct ion and oxidat ion,  and post- 

column chemical, photolyt ic ,  and enzymatic react ions.  Since a number of ac tua l  

experimental parameters w i l l  be provided in the  review of these d e r i v a t i z a t i o n  

approaches, a l l  working electrode poten t ia l s  a r e  given with reference to  the 

AglAgCl electrode,  unless otherwise spec i f ied .  
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DERlVATlZATlON AND POSTCOLUMN REACTIONS 

Pre-Column D e r i v a t i z a t i o n s  f o r  Reduct ive  LCEC 

Rarely has a paper of s p e c u l a t i o n  b e t t e r  presaged t h e  a c t u a l  development of 

the  methods proposed than  t h a t  by Ki s s inge r  e t  a l .  in 1979 [25] .  A number of 

n i t roa romat i c s  were sugges ted  as p o t e n t i a l  d e r i v a t i z a t i o n  r eagen t s  f o r  LCEC 

inc lud ing  a l c o h o l s ,  primary and secondary  amines,  amino a c i d s ,  c a r b o x y l i c  

a c i d s ,  ke tones ,  and a ldehydes ,  a l l  t o  be followed by r e d u c t i v e  LCEC. Many of 

t hese  proposed r eagen t s  have now been u t i l i z e d  and desc r ibed  in t h e  l i t e r a t u r e  

f o r  r e d u c t i v e  LCEC. In 1982, Jacobs  and Ki s s inge r  desc r ibed ,  in t w o  r e l a t e d  

papers ,  t h e  use of va r ious  n i t r o a r o m a t i c  r eagen t s  f o r  carbonyl  compounds, 

amines,  and amino a c i d s  [26,27].  2.4-dinitrophenylhydrazine was used f o r  

d e r i v a t i z a t i o n  of a ldehydes  o r  ke tones ,  l ead ing  t o  t h e  r e d u c i b l e  2.4-dini-  

trophenylhydrazone products .  Optimum performance f o r  t hese  d e r i v a t i v e s  was 

r e a l i z e d  a t  a n  ope ra t ing  p o t e n t i a l  o f  -0.75 V v s  Ag/AgCl. De tec t ion  l i m i t s  

were less than  100 pg f o r  a t  l e a s t  f o u r  s e p a r a t e  a ldehydes  o r  ke tone  de r iva -  

t i v e s  formed via t h i s  r eac t ion .  These d e t e c t i o n  l i m i t s  were about  20 f o l d  

lower than  was poss ib l e  us ing  LCUV a t  254 nm. 

A series of n i t roa romat i c  r eagen t s  f o r  t he  de t e rmina t ion  of amines and 

amino a c i d s  by r educ t ive  LCEC were d e s c r i b e d ,  i nc lud ing  t r i n i t r o b e n z e n e  s u l -  

f o n i c  a c i d ,  2 ,4 -d in i t ro f  luorobenzene, and 2-chloro-3 ,S -d in i t ropyr id ine  [27 1. 

These t h r e e  r eagen t s  were compared w i t h  r e s p e c t  t o  minimum d e t e c t i o n  l i m i t s ,  

minimum product ion  of i n t e r f e r i n g  by-products,  ea se  of d e r i v a t i z a t i o n ,  and 

s t a b i l i t y  of t h e  d e r i v a t i v e s .  T r in i t robenzene  s u l f o n i c  a c i d  was found t o  be 

s u p e r i o r  in a l l  r e s p e c t s  f o r  t hese  amino compounds. As expec ted ,  more n i t r o  

groups on the  a romat ic  moiety l e a d s  t o  reduced d e t e c t i o n  l i m i t s ,  s i n c e  t h e  

number of  e l e c t r o n s  t r a n s f e r r e d  in the  r educ t ion  increases. 

A s i m i l a r  d e r i v a t i z a t i o n  approach was desc r ibed  i n  1982 by Wightman and 

co l l eagues ,  wherein 2,4,6-trinitrobenzenesulfonic a c i d  was used f o r  t he  pre- 

column d e r i v a t i z a t i o n  of a lkylamines  a d  amino a c i d s ,  aga in  based on r e d u c t i v e  

LCEC [22-241. Gamma-aminobutyric a c i d  was determined in rat  b r a i n  homogenates 

us ing  r e v e r s e  phase LC and picomole d e t e c t i o n  l i m i t s  f o r  t he  f i n a l  d e r i v a t i v e s  

were poss ib l e .  Wightman has a l s o  shown t h a t  d in i t robenzenesu l fony l  c h l o r i d e  

d e r i v a t i v e s  of amines can  be d e t e c t e d  a t  t h e  picomole l e v e l  u s ing  r e d u c t i v e  
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2848 KRULL ET AL. 

LCEC [28]. Meek recen t ly  descr ibed novel d e r i v a t i z i n g  r eagen t s  f o r  determining 

pept ides  a t  the  picomole l e v e l ,  aga in  incorporat ing a n i t roa romat i c  moiety i n t o  

t h e  f i n a l  d e r i v a t i v e s  [29]. Reagents examined included 3 ,6 -d in i t roph tha l i c  

anhydride and 2-carboxy-4,6-dinitrophthalic anhydride ( l a , b )  f o r  tagging pep- 

t i d e s  a t  the  amino-terminus. The f i n a l  d e r i v a t i v e s  could be de t ec t ed  e l ec -  

t rochemical ly  by r educ t ion  a t  -0.24 V, as w e l l  a s  by W absorbance a t  360 nm. 

Detect ion l i m i t s  were improved in comparison with the underivat ized pep t ides  by 

50- t o  500-fold,  depending on which reagent  was used. 

pH>8 6 
co, 

+ RNH, - 
co; OZN 

NH 
R 

02N 
F 

There have been no r e p o r t s  i nco rpora t ing  on-line,  post-column r e a c t i o n s  f o r  

r educ t ive  LCEC, though in p r i n c i p l e  t h i s  may be poss ib l e .  Experimental  d i f -  

f i c u l t i e s  a r e  s u b s t a n t i a l l y  increased due t o  the  presence of unused r eagen t s  

and hydro ly t i c  byproducts i n  t h e  e l u e n t  e n t e r i n g  t h e  de t ec to r .  The use of 

s o l i d  phase d e r i v a t i z a t i o n  r eagen t s  i n  a post-column, on-l ine approach might 

circumvent t h i s  problem, and work is  being performed in t h i s  area 130-321. 

Alkyl and a l l y 1  h a l i d e s  have been success fu l ly  d e r i v a t i z e d ,  as shown in equa- 

t i o n  2, both in s o l u t i o n  and on s i l i c a  g e l ,  us ing a s i l v e r  p i c r a t e  tagging 

reagent  which conve r t s  t he  s t a r t i n g  h a l i d e s  i n t o  t h e  corresponding a l k y l / a l l y l  

p i c r y l  e t h e r .  Detect ion l i m i t s  in the  ppb range have been r e a l i z e d  us ing  both 
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DERIVATIZATION AND POSTCOLUMN REACTIONS 2849 

NNHR 

IU: R = P N O z  

NOz 

Figure 1. Phenylhydrazine Der iva t ives  of Dehydroepiandrosterone ( r e f .  33).  

r educ t ive  LCEC and ox ida t ive  LC-hv-EC (desc r ibed  below). These a r e  2-3 o r d e r s  

of magnitude lower than may be obtained us ing  UV de tec t ion .  Ultlmate app l i ca -  

b i l i t y  i n  a post-column format w i l l  h inge on the  a b i l i t y  t o  i n h i b i t  r eagen t  

bleed and improve s u b s t r a t e  s e l e c t i v i t y .  

Pre-Column D e r i v a t i z a t i o n s  f o r  Ox ida t ive  LCEC 

Of the func t iona l  groups t h a t  possess  M inhe ren t  e l e c t r o a c t i v i t y ,  carbonyl  

and amlne containing compounds seem t o  be of t h e  g r e a t e s t  i n t e r e s t ,  judging 

from t h e  number of d e r i v a t i z a t i o n  approaches r epor t ed  f o r  each. Phenylhydra- 

z lne  ( I ) ,  p-nitrophenylhydrazine (11) and 2,4-dinitrophenylhydrazine (111) have 

a l l  been r epor t ed  as u s e f u l  o f f - l i n e  r eagen t s  f o r  carbonyl  compounds, a l lowing 

f o r  d e t e c t i o n  a t  +0.8 V w i th  a g l a s sy  carbon e l e c t r o d e  a f t e r  r eve r se  phase LC 

s e p a r a t i o n  [33].  These same au tho r s  e a r l i e r  r epor t ed  a d d i t i o n a l  d e r i v a t i z a t i o n  

approaches f o r  both p r h a r y  and secondary amines i n  LCEC [34-371. The phenyl- 

hydrazone d e r i v a t i v e s  of va r ious  s t e r o i d s  were prepared o f f - l i n e ,  c h a r a c t e r -  

i zed ,  and evaluated as s t anda rds  f o r  d e t e c t o r  c o n d i t i o n s  and d e t e c t i o n  l i m i t s .  

The p-nitrophenylhydrazone d e r i v a t i v e  was found t o  provide opt imal  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  of about 200 pg / in j ec t ion .  Figure 1 i n d i c a t e s  t h e  

s p e c i f i c  d e r i v a t i v e s  s tud ied  f o r  one p a r t i c u l a r  s t e r o i d ,  dehydroepiandrosterone 

1331. 

Another r ecen t  s tudy involved ox ida t ive  LCEC f o r  2,4-dinitrophenylhydrazone 

d e r i v a t i v e s  of aldehydes and ketones [381. For these  a u t h o r s ,  t h e  u s e  of a 

+1.10 V working e l e c t r o d e  p o t e n t i a l  allowed f o r  MDLs from 30-212 pg (S/N - 5)  

f o r  10 carbonyl  compounds. Although t h e  p-nitro- and 2,4-dinitrophenylhydra- 
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2850 KRULL ET AL. a 
D N H O N  - - g o  @+(=JNToro 

APIM APIP 

Figure  2. S t r u c t u r e s  of APIM and APIP ( r e f  40) .  

zones can  be used both in the  r e d u c t i v e  and o x i d a t i v e  modes, i t  would appear  

t h a t  r educ t ive  d e t e c t i o n  l i m i t s  are a b i t  lower [27.33,391. 

Shimada e t  a l .  r e c e n t l y  desc r ibed  t w o  o f f - l i n e  d e r i v a t i z a t i o n  approaches  

f o r  LCEC de te rmina t ion  of amines us ing  N-(4-anilinophenyl) i s o m a l e b i d e  (APIM) 

and N-(4-anilinophenyl) i soph tha l imide  (APIP) (F igu re  2 )  [401. 

D e r i v a t i z a t i o n  of t y p i c a l  amines,  such  as phenethylamine and p i p e r i d i n e  

wi th  t h e  ind ica t ed  r eagen t s  was complete wi th in  20 m i n s  a t  room t empera ture  in 

1:l ace toni t r i le :O.OS M bora t e  b u f f e r  (pH 9.0). The d e t e c t i o n  l i m i t  f o r  t h e  

phenethylamine-APIM adduct  was about  0.1 pmol, and EC response  was l i n e a r  in 

t h e  range  of 0.1-10 ng of phenethylamine [40]. S b i l a r  r eagen t s  f o r  t h i o l s  

were a l s o  desc r ibed  based on N-subs t i tu ted  malehides [41].  

Tanaka et  a l .  r e c e n t l y  r epor t ed  the  use of a novel  r eagen t ,  N-succ inh idy l -  

3- fe r rocenylpropionate ,  fo r  d e r i v a t i z a t i o n  of a ry l a lky lamines ,  such  as phen- 

e thylamine  and t ryptamine  [42].  Hydrodynamic voltammetry of t h e  f i n a l  de r iva -  

t i v e s  showed t h a t  maximum s e n s i t i v i t y  was p o s s i b l e  a t  +0.40 V ,  and d e t e c t i o n  

limits of 0.2 pmol (S/N - 2 )  were r e a l i z e d .  F i n a l  d e t e c t i o n  of t h e s e  

d e r i v a t i v e s  was a l s o  accomplished using a n  o x i d a t i v e  and r e d u c t i v e  (upstream = 

+0.6 V; downstream - 0.0 V) series dual e l e c t r o d e  d e t e c t i o n  system. 

SR 

(3) + RSH + R'NH, - 
CHO 

0-phthalaldehyde (OPA) has been one of the  most popular  d e r i v a t i z i n g  rea- 

gen t s  f o r  amines and amino a c i d s  ( equa t ion  3 ) ,  e s p e c i a l l y  f o r  LCUV and LCFL 

[l-71. In r ecen t  years  i t  has a l s o  been inco rpora t ed  by many i n v e s t i g a t o r s  in 
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DERlVATlZATlON AND POSTCOLUMN REACTIONS 2851 

LCEC, and a number of papers  have appeared which d i s c u s s  t h e  use  of  t h i s  

p a r t t c u l a r  reagent  [46-511. Joseph  and Davies f i r s t  sugges ted  t h e  use  of LCEC 

f o r  de t e rmina t ion  of OPA de r ived  i s o i n d o l e s  and desc r ibed  the  use  of t h i s  

reagent  f o r  a number of amino a c i d s ,  followed by combined f luo rescence  and EC 

d e t e c t i o n  [49,5O]. The optimized d e r i v a t i z a t i o n  methods were a p p l i e d ,  w i t h  

dua l  d e t e c t i o n  f o r  t h e  de t e rmina t ion  of t h e s e  amino a c i d s  in plasma and o t h e r  

b i o l o g i c a l  m a t e r i a l s .  Using a series d e t e c t i o n  method, conf i rma t ion  of t h e  

i d e n t i t i e s  of t he  amino a c i d s ,  based on EC/FL re sponse  r a t i o s ,  cou ld  be 

ob ta tned  in  a s i n g l e  run. Improved s e l e c t t v i t y  f o r  certain amino a c i d s  was 

poss ib l e  a t  lower working p o t e n t i a l s ,  in t h a t  t he  OPA d e r i v a t i z a t i o n  o f  amines 

was shown t o  be an example of a r e a c t i o n  in which t h e  product is e l e c t r o a c t i v e  

a t  a lower p o t e n t i a l  than  t h e  r e a c t a n t .  It was sugges ted  t h a t  p e p t i d e s  and 

p r o t e i n s  whose OPA d e r i v a t i v e s  have l i t t l e  or no f luo rescence  a c t i v i t y  should  

be e l e c t r o a c t i v e ,  t hus  pe rmi t t i ng  t h e i r  d e t e c t i o n  by t h e  use  of OPA 

d e r i v a t i z a t i o n .  A number of dua l  d e t e c t o r  chromatograms were inc luded  in t h e s e  

papers ,  i n d i c a t i n g  the  n a t u r e  of t he  final s e p a r a t i o n s  and r e l a t i v e  r e sponses  

(FL/EC). 

Leroy e t  a l .  have analyzed a series of sympathomimetic d rugs ,  such  a s  

heptaminol and r e l a t e d  compounds, by d e r i v a t i z a t i o n  wi th  OPA followed by bo th  

UV spec t rophotometry  a t  340 nm and amperometry a t  +0.9 V [46]. It was assumed 

t h a t  t h e  OPA-amino acid drug adducts  were d e r i v a t i v e s  of i s o i n d o l e s ,  bo th  by 

ana logy  wi th  the  known s t r u c t u r e  of amino acid-OPA adduc t s ,  and us ing  new 

s t r u c t u r a l  da t a .  HPLC was c a r r i e d  o u t  on a r e v e r s e  phase column w i t h  a phos- 

phate b u f f e r  (pH 7.2):MeOH mobile phase. De tec t ion  l i m i t s  were lower by oxida- 

t i v e  amperometry, u s u a l l y  in the picomole range ,  f o r  o r i g i n a l  a n a l y t e s .  Other  

d rugs  s t u d i e d  included amphetamine, norephedr ine ,  phenethylamine, and Z-heptyl- 

a m  ine  . 
Shoup e t  a l .  r e c e n t l y  desc r ibed  the  use of t h i s  r eagen t  t o  form OPA-amino 

ac id  and OPA-amine adducts  f o r  high-speed LCEC [48] .  Der iva t ive  s t a b i l i t y  was 

v a s t l y  tmproved over t h a t  ob ta ined  us ing  Z-mercaptoe thanol  by us ing  t -bu ty l  

t h i o l  a s  coreagent  wherein the  increased  bulk  of t he  t h i o l  decreased  t h e  rate 

of product degrada t ion .  With t h i s  r e a g e n t ,  h a l f - l i v e s  f o r  the  d e r i v a t i v e s  i n  

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



2852 KRULL ET AL. 

excess of several  hours were rea l ized ,  and the t h i o l  used f o r  formation of t h e  

isoindole  products had l i t t l e  e f f e c t  on the f i n a l  e lectrochemistry of the  

der ivat ives .  Gradient separat ions of these der iva t ives  on shor t  3 - p  reverse  

phase columns allowed LCEC de tec t ion  l i m i t s  of less than 500 fmol for  each 

amino ac id ,  and separat ions of 22 amino ac ids  could be obtained in  less than 10 

minutes. However, detect ion l i m i t s  were lowered t o  30-150 fmol in the  isocra- 

t i c  mode. A comparison was a l s o  made with LCFL de tec t ion  of these same ad- 

ducts. 

In a related area of der iva t iza t ion ,  Granberg described the use of phenyl- 

isothiocyante ( P I E )  conversion of amino ac ids  to  phenylthiocarbamyl der iva-  

t i v e s  (equation 4) pr ior  to  reverse phase U: and combined ( s e r i e s )  UV and 

oxidative EC de tec t ion  [47]. Separation and de tec t ion  of a l l  amino acids  from 

a ca l ibra t ion  standard and an insu l in  hydrolysate was achieved in 25 min using 

a convex gradient  of a c e t o n i t r i l e  and methanol in  sodium ace ta te  at pH 6.5. 

Picomole detect ion l i m i t s  were possible  f o r  all amino acids  by both UV (254 nm) 

and EC (+0.85 V ) .  

Amino acids  have a l s o  been der iva t ized  with subs t i tu ted  phenylisothiocya- 

na tes ,  as reported by Mahachi et a l .  [ 5 2 ] .  In t h i s  case the  i n i t i a l l y  formed 

PTC-amino acids  were f u r t h e r  converted t o  t h e  c y c l i c  phenylthiohydantoins 

(equation 5) .  The amines o r  amino ac ids  reacted with an isothiocyanate such as  

(4) 
s 

H,N - CHR - CO; + C,H, - NCS - SH, -NH-C -NH - CHR - CO; 

p-N ,N-dimethylaminophenylisothiocyante (DMAF'I) t o  form the corresponding subst i -  

tuted phenylthiohydantoins, which were then i so la ted  and character ized.  These 

workers demonstrated that these adducts could be revers ib ly  oxidized a t  a 

glassy carbon electrode a t  pH 2 with  a 4 - 0.68 V, while f i n a l  LCEC condi t ions 

employed a C8 column, a mobile phase of 75:25 0.1 M phosphate buffer  (pH 2 o r  

6) :ace toni t r i le ,  and detect ion a t  +0.85 V. A mixture of 21 amino ac ids  could 

be separated with 85-904 recovery,- and the response was l i n e a r  from 1 ng t o  

over 150 ng/ inject ion.  Detection l i m i t s  ranged from 0.5-1.0 ng. 
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DERIVATIZATION AND POSTCOLUMN REACTIONS 2853 

( 5 )  

Musson and Sternson  have desc r ibed  an o f f - l i n e  d e r i v a t i z a t i o n  approach  f o r  

a ry lhydroxylamines ,  u s ing  t h e  r eagen t  p-dimethylaminophenylisocyanate , which 

l e a d s  t o  s t a b l e  hydroxyurea products  [ 4 3 1 .  These could  be sepa ra t ed  by r e v e r s e  

phase LC and de tec t ed  both  s p e c t r o p h o t m e t r i c a l l y  (254  nm) and amperometr ica l ly  

( M . 5  V ,  g l a s s y  carbon e l e c t r o d e )  w i th  d e t e c t i o n  l i m i t s  of 9 x M and 1 x 

M r e spec t ive ly .  

Kester and Danie lson  r e c e n t l y  r e p o r t e d  on the  de t e rmina t ion  of hydraz ine  

and 1 , l -d imethylhydraz ine  as t h e i r  s a l i c y l a l d e h y d e  d e r i v a t i v e s  i n  LCEC [ 4 4 , 4 5 1 .  

The ox ida t ton  of the  phenol ic  group of s a l i c y l a l d a z i n e  (S-HY) and s a l i c y l a l d e -  

hyde-I, I-dimethylhydrazone (S-UDMH) could  be opt imized  wi th  regard  t o  i o n i c  

s t r e n g t h  and pH of t h e  mobile phase,  as well as t h e  app l i ed  o x i d a t i v e  poten- 

t i a l .  De tec t ion  l i m i t s  were less t h a n  5 n g / i n j e c t i o n  f o r  hydraz ine  and  1 , l -d i -  

methylhydraz ine  a8 t h e i r  d e r i v a t i v e s .  De tec t ion  l i m i t s  for  hydraz ine  and 

1,l-dimethylhydrazine s o l u t i o n s ,  i n  term8 of unde r iva t i zed  a n a l y t e s ,  were 

approximate ly  25 ppb and 200 ppb, r e s p e c t i v e l y .  Equat ion  7 i n d i c a t e s  t h e  

s u b s t r a t e s ,  d e r i v a t i z i n g  r eagen t ,  and f i n a l  d e r i v a t i v e s  determined by LCEC. 

U U 
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2854 KRULL ET AL. 

DeKiVatiZatiOn of isocyanates  f o r  LCEC was t h e  sub jec t  of two r ecen t  re- 

p o r t s  [ 5 3 , 5 4 ] .  In t he  f i r s t  of these, k y e r  and Tallman u t i l i z e d  p-aminophenol 

as t h e  reagent  f o r  toluene d i i socyana te .  The sepa ra t ed  products  were de tec t ed  

amperometrically in t h e  ox ida t ive  mode a t  a Kel-F-graphite composite e l e c t r o d e  

fol lowing reversed phase LC. The f i n a l  LCEC d e t e c t i o n  l i m i t  f o r  t o luene  d i i s o -  

cyanate  was about 94 pg / in j ec t ion .  Complications a rose  s i n c e  t h e  i socyana te  

func t ion  can r e a c t  with both the  f r e e  amino and phenol func t ions  of p-amino- 

phenol, r e s u l t i n g  in complex product mixtures .  

A second d e r i v a t i z a t i o n  approach f o r  aromatic  and a l i p h a t i c  isocyanates  i n  

LCEC was descr ibed by Warwick Q. [54]. Their  approach used a s e r i e s  of 

piperazine analogs as t h e  d e r i v a t i z a t i o n  r eagen t ,  t h e  b e s t  being 1-(2methoxy- 

phenyl)piperazine,  which formed EC and UV a c t i v e  d e r i v a t i v e s .  Equation 8 

i l l u s t r a t e s  t he  reagents  u t i l i z e d  in t h i s  s tudy ,  a l l  of which r e a c t  t o  form a 

s i n g l e  s t a b l e  de r iva t ive .  A comparison was made between t h e  EC and UV detec-  

t i o n  methods f o r  f i n a l  isocyanate  analyses .  As expected,  t h e  EC method was 

more s e n s i t i v e  than UV f o r  determinat ion of compounds such as phenyl isocya- 

na t e ,  toluene d i i socyana te ,  hexamethylene d i i socyana te ,  and (4,4-diisocyanato- 

dipheny1)methane in air  samples. 

I n  a r a t h e r  novel approach, s p i n  adduct n i t r o x i d e s  produced from the  

d e r i v a t i z a t i o n  of sho r t - l i ved  a l k y l  r a d i c a l s  u s ing  a l p h a - p h e n y l - s - b u t y l  

n i t r o n e  (PBN) were determined us ing  LCEC (+0.70 V) [551.  The s e n s i t i v i t y  of 

t he  EC d e t e c t o r  exceeded t h a t  o f f e red  by W by about 2 o r d e r s  of magnitude f o r  

5 PBN s p i n  adduct aminoxyls,  and confirmation by ESR a n a l y s i s  of f r a c t i o n s  

va l ida t ed  the  method. 
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DERIVATIZATION AND POST-COLUMN REACTIONS 2855 

A g r e a t  d e a l  more work has  been r epor t ed  f o r  o rgan ic  pre-column 

d e r i v a t i z a t i o n  i n  LCEC than ino rgan ic ,  and o t h e r  than t h e  work w i t h  metal 

chelations/complexations t o  fol low,  on ly  the  r ecen t  r e p o r t  by Mayer d e s c r i b e s  

an inorganic  d e r i v a t i z a t i o n  f o r  o x i d a t i v e  LCEC 1591. In t h i s  r e p o r t ,  cyanide 

was d e r i v a t i z e d  with p-benzoquinone in t he  presence of dimethyl s u l f o x i d e  t o  

form 2,3-dicyanohydroquinone ( equa t ion  9).  The d e r i v a t i v e  was q u a n t i t a t e d  

using r eve r se  phase LCEC and ox ida t ion  a t  a g l a s sy  carbon e l e c t r o d e  a t  +O.l  V. 

Attempted r eac t ion  of p-benzoquinone wi th  C1-, SCN- and S20; d i d  no t  produce 

f l u o r e s c e n t  or  EC a c t i v e  products.  The d e t e c t i o n  l i m i t  was c a l c u l a t e d  a t  0.25 

ug/ml KCN ( 7 4  pmoles CN- i n j e c t e d ) ,  and it  was noted t h a t  p reconcen t r a t ion  of 

t h e  f i n a l  d e r i v a t i z a t i o n  s o l u t i o n  could l ead  t o  lower d e t e c t i o n  l i m i t s ,  i f  

des i r ed .  The method has appeal  as an  a l t e r n a t i v e  LC approach f o r  cyanide 

de t e rmina t ion  because t h e  d e r i v a t i z a t i o n  i s  s imple,  r ep roduc ib le ,  and l e a d s  t o  

a s i n g l e  product in high yield.  

- 

0 OH 

(9 )  

Inorga i c  metal  s p  ~ i e s  have been determined using pre-column, i n  s i t u ,  and 

post-column d e r i v a t i z a t i o n s  f o r  LCEC, and t h e  e a r l i e s t  r e p o r t ,  by Takata and 

Muto, involved post-column c h e l a t i o n  and coulometr ic  d e t e c t i o n  of me ta l s  as t h e  

diethylenetriaminepentaacetate complexes [ 6 0 ] .  Though a l a r g e  amount of work 

has  been descr ibed with these and similar c h e l a t i o n  r eagen t s  f o r  metal ions  i n  

LCUV/FL. unt.U the  work by Bond and Wallace,  l i t t l e  r e sea rch  was performed i n  

which these  d e r i v a t i z a t i o n s  were u t i l i z e d  in LCEC. 

Bond and Wallace e s t a b l i s h e d  a series of c h e l a t i o n  r e a c t i o n s  f o r  va r ious  

metal  c a t i o n s ,  such as copper,  n i c k e l ,  c o b a l t ,  chromium (VI), chromium (III), 

and l ead  [61-64) .  I n  a t y p i c a l  approach, a di thiocarbamate salt of copper can 

be prepared by using a mobile phase con ta in ing  t h e  c h e l a t i n g  reagent .  Injec-  

t i o n s  of aqueous s o l u t i o n s  of copper onto the  column then forms t he  copper 

di thiocarbamate complex, Cu(dtc)2 on-line.  This  amounts t o  cont inuous pre- 
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2856 KRULL ET AL. 

column der iva t iza t ion ,  s ince it occurs before the c o l m n  i t s e l f  [641. These 

workers have a l so  show tha t  the Cu(dtc)2 complex can be formed of f - l ine ,  in a 

more conventional manner, and then injected onto the LC system i f  in te r fe rence  

by a la rge  concentration of another metal poses a problem in the ana lys i s  [65]. 

The complex undergoes a revers ib le ,  one-electron oxidat ion a t  platinum, gold 

and glassy carbon working e lec t rodes  i n  ace toni t r i le /water  mobile phases. 

Detection limits were reported a s  about 1 ngi in jec t ion  of Cu. A subsequent 

paper in t h i s  series demonstrated t h a t  metals such as n icke l ,  coba l t ,  chromium 

(1111, and chromium (VI) form d t c  complexes, and these too could be detected 

using reversed phase LCEC [611. Detection l i m i t s  s u b s t a n t i a l l y  below 1 ng/in- 

jec t ion  of m e t a l  were achieved for  a l l  metals. In order  to  determine a l l  f i v e  

metal species ,  it was necessary to  form the d t c  complexes of f - l ine ,  p r i o r  to 

in jec t ion  onto the column. For some metals, it was s t i l l  possible  t o  use 

s i t u  formation followed by U E C ,  depending on the r a t e s  of formation of the 

various metal complexes and the f i n a l  equilibrium constants  involved. Other 

dialkyldithiocarbamates were s tudied as  w e l l .  In a 1983 publ icat ion Bond and 

Wallace described an automated determination of n icke l  and copper by K E C  and 

K U V ,  again making use of in s i t u  generat ion of dithiocarbamate complexes 1621. 

In t h i s  repor t ,  both U V  and s ingle  e lectrode EC de tec t ion  were used as compo- 

nents  of the t o t a l  monitoring system. All of the EX detec t ion  involved oxida- 

tion a t  a glassy carbon electrode.  These authors  a l s o  described an automated, 

microprocessor based system developed f o r  multielement determination, again 

with e i t h e r  spectrophotometric or electrochemical de tec t ion  [631. L i m i t s  of 

detect ion of 1 ng/lO p injected were rea l ized  with spectrophotometric detec- 

t i o n ,  and depending on the par t icu lar  metal, higher or lower l h i t s  were pos- 

s i b l e  by EC. Pre-column and in s i t u  formation of the metal complexes with 

diethyl-  o r  dipyridyldithiocarbamate were performed, depending on the  applica- 

t i o n ,  and it was found tha t  EC detec t ion  was considerably more s e n s i t i v e  f o r  Ni 

a d  Cu than for  the  other elements determined. 

- 

In a separate  study, Roston described the  a p p l i c a b i l i t y  of 4-(2-pyridyl- 

azo)resorcinol  (PAR) a s  a pre-column che la t ing  agent for  LCEC multielement 

determinations [66]. Fixed-wavelength W absorpt ion and oxidat ive thin- layer  

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



DERlVATlZATlON AND POST-COLUMN REACTIONS 2857 

amperometry were used together  f o r  d e t e c t i o n  of t h e s e  PAR che la t e s .  Prel imi-  

nary s t u d i e s  showed t h a t  determinat ion of metal  i ons  such as CU'~, C O ' ~  and 

Fe'2 a s  PAR c h e l a t e s  could be r e a l i z e d  a t  t h e  ppb l e v e l s .  

Post-Column Photochemical React ions 

A number of d i f f e r e n t  approaches have been desc r ibed  f o r  the use  of l i g h t  

as a post-column "reagent",  together  with LCEC, but most no tab le  in t h e s e  a r e a s  

have been Johnson, Weber and K r u l l .  Johnson's approach [681 used l i g h t  t o  

gene ra t e  n i t r i t e  from N-nitrosamine ana ly t e s .  This  n i t r i t e  was pre-concentra- 

ted and co l l ec t ed  on an anion-exchange column, a f t e r  which it was q u a n t i t a t i v e -  

l y  t r a n s f e r r e d  onto a r o t a t i n g  r ing-disk e l e c t r o d e  d e t e c t o r  operated ox ida t ive -  

l y .  Krull e t  a l .  have developed t h i s  approach f u r t h e r ,  in t h a t  t he  pho to lys i s  

u n i t  is now placed d i r e c t l y  on-l ine,  between t h e  column and a conven t iona l  

amperometric d e t e c t o r  t h a t  may be operated e i t h e r  o x i d a t i v e l y  o r  r educ t ive ly .  

Figure 3 i l l u s t r a t e s  t h i s  LC-hv-EC system. Using t h i s  method, compounds which 

e x h i b i t  no inherent  e l e c t r o s c t i v i t y  a t  ox ida t ive  p o t e n t i a l s  may be d i r e c t l y  

photolyzed to  form long-l ived,  EC-active spec ie s ,  which a r e  de t ec t ed  using a 

th in - l aye r ,  amperometric d e t e c t o r  [69,701 I 

This  technique,  which appears  t o  o f f e r  s e v e r a l  advantages over  c l a s s i c  

chemical d e r i v a t i z a t i o n  methods, has  now been used to s tudy a wide v a r i e t y  of 

ana ly t e  c l a s s e s  which a r e  not d i r e c t l y  amenable t o  o x i d a t i v e  d e t e c t i o n  in LC. 

These c l a s s e s  include:  organic  n i t r o  compounds ( n i t r a t e  e s t e r s ,  aromatic  n i t r o  

compounds, ni t ramines,  e t c . )  [ 7 1 , 7 2 ] ,  organothiophosphate p e s t i c i d e s  (malathi-  

on,  pa ra th ion ,  e t c . )  [73], &-lactams ( p e n i c i l l i n s  and cefoperazone)  [74], 

b a r b i t u r a t e s  L751, cocaine [76], benzodiazepines ,  aromatic  esters and amides. 

LC-hv-EC o f f e r s  t h r e e  modes of s e l e c t i v i t y ,  i n  that the  r e t e n t i o n  t ime, 

dua l  ( p a r a l l e l )  e l e c t r o d e  response r a t i o  and t h e  a n a l y t e ' s  lamp on /o f f  behavior  

may all. be used to lend g r e a t e r  confidence in a s s ign ing  peak i d e n t i t i e s  in t h e  

chromatogram. This is portrayed i n  Figure  4 ,  which d i s p l a y s  the  two chromato- 

grams obtained by the i n j e c t i o n  of a serum e x t r a c t  con ta in ing  an unknown barbi-  

t u r a t e  and the  i n t e r n a l  s t anda rd ,  hexobarb i t a l ,  onto t h e  system i n  both t h e  

lamp on and lamp off modes. In t he  lamp-on chromatogram, the  appearance of a 

peak having a r e t e n t i o n  time and dual  e l e c t r o d e  reponse r a t i o  i d e n t i c a l  t o  t h a t  
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Figure 3.  Schematic Diagram of the LC-hv-EC System. 
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Figure 4 .  LC-hv-EC Determination of Butabarbital In Serum. See t ex t  for 
discus s ion. 

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



DERlVATlZATlON AND POST-COLUMN REACTIONS 2859 

obtained f o r  a s tandard of b u t a b a r b i t a l  i n j ec t ed  onto t h e  s a m e  s y s t e m ,  as w e l l  

as the  disappearance of t h l s  peak in t h e  second, lamp-off i n j e c t i o n  of t h e  same 

e x t r a c t ,  al lows the ana lys t  t o  e a s i l y  i d e n t i f y  t h i s  peak as b u t a b a r b i t a l .  

In a d d i t i o n  to  t h e  improved s e l e c t i v i t y  r e a l i z e d  with LC-hv-EC, minimum 

d e t e c t i o n  l i m i t s  f o r  almost a l l  of t he  a n a l y t e s  s tud ied  have been between 1 ppb 

and 100 ppb, and t h e  method e x h i b i t s  l i n e a r i t y  over rougNy 3 o r d e r s  of magni- 

tude.  A number of v a l i d a t i o n  s t u d i e s  have been performed, and q u a n t i t a t i v e  

r e s u l t s  have been obtained using LC-hv-EC f o r  t he  determinat ion o f :  malathion 

in wheat samples,  bacampici l l in  HC1 in formulat ions f o r  o r a l  suspension,  cefo-  

perazone in simulated s a l i n e  in fus ion  s o l u t i o n s ,  chlordiazepoxide and norchlor- 

dlazepoxide in human u r ine ,  b a r b i t u r a t e s  in human serum, and cocaine in  s h u -  

l a t e d  i l l i c i t  preparat ions.  A l l  have been compared t o  r e s u l t s  obtained from 

the a n a l y s i s  of these samples using accepted methods. The l e v e l s  of the ana- 

l y t e s  of l n t e r e s t  determined using the newer method have always been wi th in  f6X 

of those l e v e l s  determined using wel l -es tabl ished procedures.  

Although t h i s  hybrid technique has shown a p p l i c a b i l i t y  t o  o rgan ic s ,  t h e r e  

is evidence t o  suggest  that LC-hv-EC may have a g r e a t  d e a l  of u t i l i t y  f o r  

inorganics  a s  wel l .  Such work is now in progress ,  e s p e c i a l l y  with regard to  

the  d e t e c t i o n  of anions.  However, a s  is t h e  case  f o r  both f luo rescence  and U V  

absorbance d e t e c t i o n ,  not  a l l  c l a s s e s  of compounds which have no i nhe ren t  

e l e c t r o a c t i v i t y  may be photolyzed to  form e l e c t r o a c t i v e  products.  Therefore ,  

t o  demonstrate some poss ib l e  o f f - l i n e ,  pre-column d e r i v a t i z a t i o n s  p o s s i b l e  f o r  

such a n a l y t e s ,  a study was r ecen t ly  completed in which a number of nitroaroma- 

t i c  reagents  were used to  d e r i v a t i z e  m i n e s ,  amino a c i d s  and aminoalcohols t o  a 

form which was then amenable t o  LC-hv-EC de te rmina t ion  177 1. Amine-containing 

compounds were de r iva t i zed  with 2,4-dini t rof lurobenzene (Sanger 's  r eagen t )  in 

s o l u t i o n ,  and the  f i n a l  d e r i v a t i v e s  were i s o l a t e d ,  p u r i f i e d ,  and c h a r a c t e r i z e d ,  

and the percent formation determined. Analyses f o r  amino a c i d s  were performed 

in  spiked water ,  beer and spiked beer  samples. This study demonstrated t h a t  

a1 1 of the  n i t roa romat i c  d e r i v a t i z a t l o n  schemes and f i n a l  d e r i v a t i v e s  a l r eady  

desc r ibed  in  t h e  l i t e r a t u r e  f o r  r educ t ive  LCEC should be f u l l y  amenable t o  

ox i d a t  i v e  LC-hv-EC . 
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2860 KRULL ET AL. 

The o the r  major approach t h a t  has been used with post-column i r r a d i a t i o n  in 

LCEC involves  i r r a d i a t i o n  wi th in  t h e  thin- layer  c e l l ,  and t h e  work of both 

Weber and Krull ie r e l evan t .  Weber has i r r a d i a t e d  ac ross  t h e  working e l e c t r o d e  

su r face  of a wa l l - j e t  e l ec t rode ,  using an intermediate  Ru(byp)+i s p e c i e s  t o  

ca r ry  ou t  t he  d e r i v a t i z a t i o n s  of a n a l y t e s  i n j e c t e d  [78-801. This  is a redox 

system wherein one of t h e  intermediate  s p e c i e s  necessary f o r  d e t e c t i o n  is 

generated photochemically. The r e c e n t  approach of K r u l l  and Lacourse has  

incorporated d i r e c t  i r r a d i a t i o n  of t he  working e l e c t r o d e  s u r f a c e  i n  a thin-  

l a y e r ,  f low through, amperme t r i c  c e l l .  Their  approach involves  I r r a d i a t i o n  of 

t he  ana ly t e s  as they pass  ac ross  t h e  working e l e c t r o d e  s u r f a c e ,  as we l l  as the  

su r face  i t s e l f ,  and has  been l lmi t ed  t o  carbonyl  con ta in ing  compounds [81 ,82) .  

It is poss ib l e  that some type of ( a s  y e t  undefined) intermediate  spec ie s ,  

der ived f r a o  t h e  carbonyl ana ly t e s  in j ec t ed ,  has  been formed photochemically,  

and t h i s  spec ie s  is then de tec t ed  ox ida t ive ly .  However, s u f f i c i e n t  evidence is 

not ye t  a v a i l a b l e  t o  confirm a s p e c i f i c  mechanism involved in t h i s  type of 

photoelectrochemical d e t e c t t o n  f o r  LC (LC-PED), and a d d i t i o n a l  s t u d i e s  are now 

in progress .  Spec i f i c  a p p l i c a t i o n s  to  a c t u a l  samples,  using LC-PED, a r e  nea- 

r i n g  completion, including t r a c e  a n a l y s i s  f o r  benzaldehyde in almonds, l i q u o r s ,  

and o the r  foods [83,841. The n a t u r e  of t he  spec ie s  generated and de tec t ed  i n  

t h e  PED appears  t o  be q u i t e  d i f f e r e n t ,  a t  t h i s  t i m e ,  from the  spec ie s  generated 

in LC-hv-EC. Those compounds amenable to  one technique a r e  not u sua l ly  s u i -  

t a b l e  f o r  the o the r .  One appears  t o  involve photochemical e x c i t a t i o n  or promo- 

t i o n ,  followed by EC d e t e c t i o n  (PED), while t h e  o t h e r  involves  pho to lys i s  and 

cleavage of an ana ly t e  to  form s t a b l e  inorganic  or o rgan ic  anions and s t a b l e  

hydro lys i s  products (hv-EC). Obviously, more work is needed t o  e s t a b l i s h  t h e  

mechanisms ope ra t ive  in each post-column d e r i v a t i z a t i o n  approach. 

Post-Column Chemical React ions 

Post-column r e a c t i o n s  i n  LC have become more and more commonplace, and 

t h e r e  is a considerable  interest in the  use of novel r eagen t s  and r e a c t i o n s  f o r  

t h i s  approach [SS]. The use of post-column r e a c t i o n s  inc reases  instrument  

complexity while providing convenience and sometimes improved precis ion.  It is 
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DERIVATIZATION AND POST-COLUMN REACTIONS 2861 

of p a r t i c u l a r  advantage when chromatographic r e s o l u t i o n  i s  impaired by de r iva -  

t i v e  formation o r  d e r i v a t i v e  s t a b t l i t y  i s  e s p e c i a l l y  poor. The use of post-  

column r e a c t i o n s  is a l s o  very use fu l  for cont inuous monitoring of p r e p a r a t i v e  

sepa ra t ions  v i a  stream s p l i t t i n g .  Post-column implementation is mandatory when 

the  d e t e c t a b l e  spec ie s  generated i s  not unique to  each ind iv idua l  a n a l y t e  (e.g.  

many enzyme systems).  L i t t l e  e t  a l .  have descr ibed a low dead volume mixer 

which c o n t r i b u t e s  very l i t t l e  t o  t h e  o v e r a l l  d i s p e r s i o n  of t h e  chromatographic 

peak [ 8 6 ] .  It was e s p e c i a l l y  s u i t e d  f o r  use with fas t  post-column r e a c t i o n s ,  

such a s  the  formation of OPA d e r i v a t i v e s  of amines or amino ac ids  followed by 

W-VIS de tec t ton .  Add i t iona l ly ,  i t  was we l l  s u i t e d  f o r  use in connect ion with 

EC d e t e c t i o n  ( r educ t ive ) ,  where a d d i t i o n  of r eagen t s  t o  c o n t r o l  pH and e l e c t r o -  

l y t e  composition was very important for  s e n s i t i v e  d e t e c t i o n .  These au tho r s  

were ab le  t o  convert  a s e r i e s  of aldehydes and ketones post-column, i n t o  semi- 

carbazone d e r i v a t i v e s  by a d d i t i o n  of semicarbazj.de r eagen t ,  and d e t e c t  t he  

f i n a l  products  downstream using e l ec t ro reduc t ion .  In t he  examples p re sen ted ,  

EC d e t e c t i o n  l i m i t s  were a t  l e a s t  one order  of magnitude lower than those 

obtained using UV.  

In a 1980 paper ,  King and Kissinger  descr ibed the  use of LCEC w i t h  e l e c t r o -  

generated r eagen t s ,  wherein an amperometric o r  coulometr ic  gene ra to r  e l e c t r o d e  

could be used, post-column, t o  gene ra t e  new reagen t s  from the mobile phase 

[87] .  These reagents  then r e a c t  with an a n a l y t e  between t h e  upstream, genera- 

t o r  e l e c t r o d e  and the downstream, d e t e c t o r  e l ec t rode .  A l t e r n a t i v e l y ,  a reagent  

could be placed i n  t h e  mobile phase post-column, mixed with t h e  a n a l y t e s  of 

i n t e r e s t  a f t e r  i n t roduc t ion ,  and d i f f e r e n c e s  i n  the r e l a t i v e  l e v e l s  of  t h e  

reagent  concen t r a t ion  could then be de t ec t ed  by a downstream EC monitor.  An 

example of t h i s  was the r eac t ion  of unsaturated organic  compounds wi th  molecu- 

l a r  bromine, which could be generated in s i t u  or added post-column. The tech- 

nique was used t o  determine ng-levels of underivat ized f a t t y  a c i d s ,  p ros t ag lan -  

d i n s ,  and phenols a f t e r  i n i t i a l  s e p a r a t i o n  by reversed phase LC. 

S i m i l a r l y ,  Kok e t  a l .  have used e l ec t rochemica l ly  generated bromine f o r  t h e  

determinat ion of a number of phenolic e t h e r s  [88]. These au tho r s  a l s o  cha rac t e -  

r i zed  the  gene ra to r tde t ec to r  c e l l  with r e spec t  t o  band broadening c h a r a c t e r i s -  
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t i c s ,  conversion e f f i c i e n c y  and gene ra t ing  c u r r e n t .  With an optimized system, 

d e t e c t i o n  l i m i t s  f o r  a number of  o p i a t e s  were found to  be between 0.4 ng and 

300 ng. In the previously c i t e d  work by Takata and Muto [601, t he  workers used 

electrochemical  gene ra t ion  of f e r r i c y a n i d e  f ir  t h e  determinat ion of suga r s ,  

using a coulometr ic  cell a t  +0.08 V ~ 8 .  a fe r ro - fe r r i cyan ide  r e fe rence  elec-  

trode.  

In r e l a t e d  work, Watanabe and Inoue desc r ibed  t h e  amperometric LCEC detec-  

+2 t i o n  of reducing sugars  by the use of a copper phenanthrol ine [Cu(phen) 1 

reagent  added post-column [891. The reagent  was added in an a l k a l i n e  s o l u t i o n ,  

and reacted with e l u t i n g  sugars  i n  a r e a c t i o n  coil., placed a f t e r  t he  column and 

reagent  i n t roduc t ion  tee .  In  t h i s  r e a c t i o n ,  t h e  [ C ~ ( p h e n ) ~ l + ~  was reduced to  

[ C ~ ( p h e n ) ~ ] +  by t h e  reducing sugar  p re sen t  i n  the  r e a c t i o n  c o i l ,  and t h i s  

reduced form was detected amperometrically a t  ox ida t ive  p o t e n t i a l s .  The tech- 

nique allowed f o r  highly s e n s i t i v e  d e t e c t i o n ,  in t h a t  glucose could be de t e r -  

mined a t  l e v e l s  down t o  1 p o l  (0.2 ng / in j ec t ion ) .  In  a d d i t i o n  to  high sens i -  

t i v i t y ,  t h e r e  was s e l e c t i v i t y  only f o r  those compounds capable  of reducing the  

i n i t i a l l y  added chemical reagent .  The o v e r a l l  r e a c t i o n  sequence is ind ica t ed  

i n  equat ion 10. 

2 

+P +2 
[Cu(phen),l + reducing - CCu(phen),i - CCu(phen),I 

sugar A EC 

In  a more r ecen t  paper,  Honda e t  a l .  descr ibed another  LCEC method f o r  

d e t e c t i o n  of reducing carbohydrates  by post-column d e r i v a t i z a t i o n  wi th  Z-cyano- 

acetamide [901. This  reagent  r eac t ed  by a d d i t i o n  to  the  suga r ,  r a t h e r  than by 

a redox r eac t ion ,  and the  f i n a l  d e r i v a t i v e s  possessed UV,  FL and ox ida t ive  EC 

p rope r t i e s .  Glucose could be monitored in t h i s  manner with a d e t e c t i o n  l i m i t  

of 20 pmol and a l i n e a r  c a l i b r a t i o n  range of 50 p o l  t o  2 nmol. Other reducing 

carbohydrates  were amenable t o  the  same post-column technique,  and LC separa- 

t i o n s  could involve r eve r se  phase,  gel-permeation, ion-exchange, and o t h e r  

p a r t i t i o n  modes. The s p e c i f i c  s t r u c t u r e  o r  na tu re  of t h e  in t e rmed ia t e  der iva-  

t i v e ( s )  has  not been descr ibed as ye t .  

Elchisak descr ibed another  type of post-column d e r i v a t i z a t i o n  i n  LCEC, 

which does not involve the a d d i t i o n  OK gene ra t ion  of any r eagen t s  L911. In 
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DERIVATIZATION AND POST-COLUMN REACTIONS 2863 

t h i s  s tudy ,  dopamine conjugates ,  such as dopamine-3-0-sulfate and dopamine-4-0- 

s u l f a t e  were f i r s t  separated by reversed phase, ion-pair  LC. Each of t hese  was 

s e p a r a t e l y  hydrolyzed to  f r e e  dopamine immediately a f t e r  e l u t i o n  an ac id  

ca t a lyzed  incubat ion i n  a r e a c t i o n  c o i l  a t  an e l eva ted  temperature.  Each 

isomer could then be de t ec t ed  as f r e e  dopamine by ox ida t tve  EC us ing  a g l a s s y  

carbon working e l ec t rode .  Use of t he  technique r e s u l t e d  in a 15-fold improve- 

ment i n  SIN r a t i o  f o r  each of t he  dopamine-sulfate isomers when compared wt th  a 

previous d e t e c t i o n  method using U V  d e t e c t i o n .  

Post-Column Enzymatic React ions 

A number of r e p o r t s  have appeared in which immobilized enzymes have been 

used f o r  post-column d e r i v a t i z a t i o n  and EC de t ec t ion .  Kamada et a l .  descr ibed 

one such approach using immobilized 3-alpha-hydroxysteroid dehydrogenase togeth-  

e r  with ox ida t ive  EX, f o r  t he  de t e rmina t ion  of i nd iv idua l  b i l e  a c i d s  i n  serum 

and b i l e  [ 92 ] .  Bile  a c i d s  e l u t i n g  from the  HPLC column reac ted  with NAD, which 

had been pumped to t h e  enzyme r e a c t o r ,  t o  gene ra t e  NADH. The NADH was then 

reacted downstream wi th  a phenazine methosulphate s o l u t i o n ,  and t h e  f i n a l  

product of t h i s  r e a c t i o n  was de tec t ed  electrochemical ly .  Using t h i s  approach, 

each b i l e  ac id  could be de t ec t ed  a t  t h e  2 0  p o l  l e v e l .  Figure 5 i l l u s t r a t e s  

t he  o v e r a l l  LC-detection system, which involves  mixing of NAD wi th  t h e  column 

e f f l u e n t ,  r e a c t i o n  in t h e  mixing c o i l  a t  30°C. mixing with phenazine 

methosulphate,  and f i n a l  EC de t ec t ion .  

Post-column enzymatic r eac t ions  have a l s o  been desc r ibed  by k l g a a r d  et a l .  

f o r  t h e  LCEC d e t e c t i o n  of phenol ic  g lycos ides  [931. This work u t i l i z e d  

@-glucuronidase immobilized on porous g l a s s  beads packed i n t o  a s h o r t  column 

and placed post-column. Enzyme ca t a lyzed  cleavage of t h e  g lycos ides  occurred 

during passage of t he  a n a l y t e s  through t h e  r e a c t i o n  column a t  room temperature ,  

and t h e  newly formed phenols could then be r e a d i l y  de t ec t ed  downstream a t  

o x i d a t i v e  working p o t e n t i a l s .  De tec t ion  l i m i t s  of t h e  va r ious  phenol ic  glyco- 

s i d e s  were in the  range of 3-23 pmol. 

Immobilized g lycos idases  have a l s o  been used in the  LCEC d e t e c t i o n  of 

cyanogenic glycosides  (94).  The f i r s t  post-column r e a c t i o n  c o n s i s t s  of t h e  
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Figure 5. Schematic Diagram of Enzyme Reaction System f o r  Determination of 
Bile  Acids ( r e f .  9 2 ) .  

IL 

Waste 
Damper 

enzymatic hydro lys i s  of t he  separated cyanogenic glycosides .  Hydrolysis  l eads  

t o  the  formation of a cyanohydrin. Sodium hydroxide added to t h e  flowstream 

a f t e r  the enzyme-reactor hydrolyses  cyanohydrin y i e ld ing  cyanide,  which can be 

de t ec t ed  a t  a s i l v e r  e l ec t rode .  The d e t e c t i o n  l i m i t  was about 20 pmol f o r  a l l  

t h e  glycosides  examined. This  method was u t i l t z e d  f o r  t h e  determinat ion of 

cyanogenic glycosides  i n  crude p l an t  e x t r a c t s  (95). 

Enzymes have a l s o  been used in homogeneous post-column r e a c t i o n s  i n  LCEC, 

such a s  i n  the determinat ion of a c e t y l c h o l i n e  (ACh) and cho l ine  (Ch) in neuro- 

n a l  t i s s u e  [961. ACh and Ch were f i r s t  separated by reversed phase LC, and as 

each e lu t ed  from the  column they were mixed with a c e t y l c h o l i n e s t e r a s e  and 

cho l ine  oxidase.  Endogenous Ch, and Ch formed by t h e  enzymatic hydro lys i s  of 

ACh, were both hydrolyzed by cho l ine  oxidase to  be t a ine  (non-EC a c t i v e )  and 

hydrogen peroxide (H 0 ). The peroxide generated was then de tec t ed  downstream 

using ox ida t ive  EC. Equation I 1  i n d i c a t e s  t h e  o v e r a l l  r e a c t i o n  u t i l i z e d  i n  

t h i s  approach. The d e t e c t i o n  l i m i t s  were 1 pmol for Ch and 2 pmol f o r  ACh. 

S p e c i f i c i t y  of t h e  method was based on LC, two s p e c i f i c  enzyme ca t a lyzed  

r e a c t i o n s ,  and EC d e t e c t i o n  of hydrogen peroxide on a P t  e l e c t r o d e  a t  a f ixed  

working p o t e n t i a l .  

2 2  

Mobile 
Phase 

Phenazine 
methosu lphate 
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FI Acet l- 
CH, -N+-CH,CH,O-C-CH, tH,O choline:ferase- Choline + acetate 

y-43 

LCEC de t ec t ion  of ACh has  a l s o  been used t o  develop a s e n s i t i v e  assay f o r  

cho l ine  a c e t y l t r a n s f e r a s e  (97). This  enzyme c a t a l y z e s  the  formation of ACh 

from acetyl-CoA and Ch. Enzyme concen t r a t ion  is  p ropor t iona l  t o  t h e  amount of 

ACh formed under s tandard incubat ion cond i t ions .  The s e n s i t i v i t y  of t h e  a s say  

i s  high enough t o  determine t r a n s f e r a s e  a c t i v i t y  i n  subn i l l i g ram samples of 

b r a i n  t i s s u e .  

The homogeneous enzymatic procedure f o r  t he  d e t e c t i o n  of ACh, as  ou t l ined  

above, does not allow f o r  t he  u t i l i z a t i o n  of t h e  f u l l  c a t a l y t i c  p o t e n t i a l  of 

the enzymes. Enzyme is used f o r  a s i n g l e  de t e rmina t ion  and then d i r e c t e d  to  

waste. An h o b i l i z e d  enzyme post-column r e a c t o r  f o r  the d e t e c t i o n  of ACh and 

Ch by I L E C  has been descr ibed by Meek and Eva (98), al lowing f o r  t he  c a t a l y t i c  

a c t i v i t y  of t h e  enzymes t o  be recycled.  Ace ty lcho l ines t e ra se  and c h o l i n e  

oxidase a r e  adsorbed t o  a commerical anion-exchange c a r t r i d g e .  Conversion of 

ACh to  peroxide is q u a n t i t a t i v e  du r ing  t h e  r e s idence  time in t h e  c a r t r i d g e .  

The r e a c t o r  can be replenished by a d d i t i o n  of f r e s h  enzyme ( r equ i r ed  every 5 t o  

10 days) .  Such an enzyme-loaded c a r t r i d g e  has  been used f o r  t h e  de t e rmina t ion  

of  ACh and Ch l e v e l s  in bra in  e x t r a c t s  (99). The d e t e c t i o n  l i m i t  is l e s s  than 

5 pmol f o r  both compounds. Although performance is  not lmproved over t h e  

homogeneous enzymatic technique,  t he  r e a c t o r  does dec rease  the  amount of enzyme 

consumed r e s u l t i n g  in lower ope ra t iona l  c o s t s .  

Oxalate  oxidase also has  been immobilized on an ion-exchange r e s i n  and used 

i n  a post-column r e a c t o r  (100). Oxalate  oxidase c a t a l y z e s  t h e  ox ida t ion  of 

oxa la t e  to H 0 Peroxide is de tec t ed  amperometrically on a P t  e l ec -  

t rode  a t  +0.7 V. The enzyme was h o b i l l z e d  on a comnercial  cation-exchange 

c a r t r i d g e ,  by a simple i n j e c t i o n  procedure. Oxalate  is an ion ic  and t h e  e l u t i o n  

and COz. 
2 2  
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p r o f i l e  would be a f f e c t e d  by i t s  i n t e r a c t i o n  with an anion exchanger. The 

r e a c t o r  was s t a b l e  during 2 weeks of use,  and a f t e r  an add i t iona  2-week s t o r a g e  

period. 

Summary 

In t h i s  manuscr ipt ,  we have discussed chemical approaches t h a t  have been 

used, to da te ,  t o  expand the range of a n a l y t e s  a c c e s s i b l e  t o  LCEC. These 

involve chemical,  photochemical o r  enzymatic processes ,  and they may occur 

pre-column, post-column, o r  in s i t u .  Judging from t h e  t r ends  in the  l i t e r a t u r e  

observed during t h e  p repa ra t ion  of t h i s  manuscr ipt ,  i t  is l i k e l y  t h a t  a number 

of improved d e r i v a t i z a t i o n  techniques w i l l  be descr ibed in the near  fu tu re .  

The methods u t i l i z e d  w i l l  become more r e f i n e d ,  perhaps involving more complex 

chemistry,  but a t  the  s a m e  time w i l l  l i k e l y  become more s t r a igh t fo rward  in the  

a c t u a l  system design and a p p l i c a t i o n .  Post-column, on-l ine methods may be used 

more f r equen t ly ,  s i n c e  these  o f f e r  t he  p o s s i b i l i t y  f o r  automation and a r e  

gene ra l ly  l e s s  t h e  consuming. In any c a s e ,  r ega rd le s s  of t h e  s p e c i f i c  mode of 

d e r i v a t i z a t i o n ,  a l l  of t hese  f u t u r e  e f f o r t s  w i l l  i nc rease  the  use fu lness  of 

LCEC and enable the  a n a l y s t  to i nco rpora t e  t h t s  s e n s i t i v e  and s e l e c t i v e  method 

i n  the determinat ion of an ever  i nc reas ing  number of compounds. 
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