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SOLID PHASE REACTIONS FOR DERIVATIZATION IN HPLC (HPLC-SPR) 

K-H. Xie, S. Colgan, and I.S. Krull 
Institute of Chemical Analysis and 

Department of Chemistry 
Northeastern University 
360 Huntington Avenue 

Boston, Massachusetts 02115 USA 

* 

I. INTRODUCTION 
As in all other forms of chromatography, high performance liquid 

chromatography (HPLC) has come to rely quite heavily on derivatization of 
individual analytes for improved qualitative and quantitative identifications 
(1-13). Virtually all of this work has involved the use of homogeneous type 
derivatizations, wherein the sample solution to be injected, in the pre- 
column approach, or the HPLC effluent, in the post-column approach, are fully 
mixed with the derivatization reagents in solution. Clearly, homogeneous 
type derivatizations can be done off-line or on-line, in either the pre- 
or post-column modes, but in general, pre-column methods have been done off- 
line, and post-column approaches have been done both on-line and off-line. On- 
line type derivatizations, in either the pre- or post-column modes, appear to 
offer some very significant advantages. Major among these is the ability to 
perform d e r i v a t i z a t i o n - s e p a r a t i o n - d e t e c t i o n  or separation-derivatization- 
detectlon following injection of the sample mixture. The other off-line approach 
requires an initial derivatization off-line, then injection-separation- 
detection, in the pre-column mode. Off-1 ine, post-column methods require 
i n j e c t i o n - s e p a r a t i o n - d e r i v a t i z a t i o n  off-line, then detection. Ideally, for any 
derivatization method, be this pre- or post-, on-line or off-line, one would 
like to be able to avoid any additional sample pre-treatment before injection, 
and any extra samplelanalyte handling after the point of injection. Unfortunate- 

*Author to whom correspondence and reprint requests should be 
addressed. 
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126 XIE, COLGAN, AND KRULL 

ly, on-line, pre-column derivatizations are very rare in the existing litera- 
ture, and this has t o  do with the major problem of using solvents for the 
derivatization step that will be compatible with the separation needed via 
the HPLC step. Most recently, various instrument manufacturers have attempted 
to automate off-line, pre-column derivatizations with automated sample injec- 
tions-separation-detection of a large number of samples. Automated on-line, 
post-column derivatizations have also now become available, wherein a homo- 
geneous reaqent solution is mixed, after the analytical column, with the HPLC 
effluent, in a small dead volume, high mixing efficiency chamber before the 
elevated temperature reaction coil. The final, derivatized eluent solution 
with unreacted derivatizing reagent are then passed into the detector for the 
final analyte detection/identification. 

derivatizations, althouqh, by far, these are the most commonly employed 
approaches for HPLC derivatizations. This approach will generally require the 
use of additional instrumentation, HPLC pumps, mixinq chamber, reaction chamber, 
heatina arrangements, connectors, plumbing lines, etc., dependinq on whether 
the pre- or post-column modes are to be utilized. Additional extra dead volume 
is often encountered, which can/will adversely affect the overall HPLC perfor- 
mance, total apparent plate count, resolution, peak shape, peak heights, and 
minimum detection limits. In general, this homogeneous approach also increases 
the overall time for each analysis, along with the correspondinq cost per 
analysis. The addition of extra reaqent solutions introduces another possible 
source of contamination, thus reducing the qualitative validity of the overall 
analysis. Finally, homogeneous derivatizations often require additional sample 
handlinq and manipulations, especially in the off-line form. Despite these over- 
all problems, many, if not most, analytical chemists who use HPLC in one or 
another form, have used and will continue to use some sort of homoqeneous 
derivatization for their analyses. Derivatizations of any sort are extremely 
useful, especially wherein the analyte of interest cannot be detected with then 
available HPLC detectors. The derivatives formed and derivatization reactions 
employed should be designed to provide a final analyte entering the detector 
which will provide practical, low levels of detection with high analyte 
specificity. Thus, in general, any type of derivatization should improve analyte 
qualitative and quantitative determinations, as well as improving the overall 
specificity/selectivity of the analysis employed. 

novel approaches for performing on-line or off-line, pre- or oost-column 
derivatizations that employ some sort of solid based reactions. We prefer 
to refer to this field as solid phase reactions or solid phase reactors, 

There are a number of disadvantages possible 2 homogeneous type 

Within the past few years, certain investiqators have described more 
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DERIVATIZATION IN HPLC 127 

hence t h e  a b b r e v i a t i o n  o f  SPR o r  HPLC-SPR t o  i n d i c a t e  t h a t  such s o l i d  phase 

approaches a r e  used i n  comb ina t ion  w i t h  HPLC. We have r e c e n t l y  rev iewed,  i n  

p a r t ,  t h e  area o f  s o l i d  phase r e a c t o r s  i n  HPLC, a l t hough  t h i s  was somewhat 
l i m i t e d  t o  j u s t  t hose  papers t h a t  had a c t u a l l y  used HPLC-SPR methods (14).  
I n  t h e  p resen t  rev iew ,  we have at tempted t o  d e s c r i b e  v i r t u a l l y  a l l  l i t e r a t u r e  
r e p o r t s  r e l a t e d  t o  HPLC-SPR, and t o  p resen t /d i scuss  v a r i o u s  s o l i d  phase 
r e a c t i o n s  t h a t  have been r e p o r t e d  f o r  s y n t h e t i c  o r g a n i c  a p p l i c a t i o n s ,  b u t  may 

n o t ,  as y e t ,  have been u t i l i z e d  i n  HPLC a p p l i c a t i o n s l a n a l y s e s .  S o l i d  phase 
r e a c t i o n s  would appear  t o  p r o v i d e  a l a r g e  number o f  r a t h e r  s i g n i f i c a n t  advan- 

tages w i t h  r e g a r d  t o  improved HPLC opera t i ons .  I n  genera l ,  t h e  t y p e  and 
amount o f  a d d i t i o n a l  i n s t r u m e n t a t i o n ,  hardware, m i x i n g  chambers, r e a c t i o n  
chambers, e t c . ,  w i l l  be l e s s  i n  SPR approaches than i n  homogeneous methods o f  
d e r i v a t i z a t i o n .  What i s  r e q u i r e d  i n  HPLC-SPR a r e  t h e  s o l i d  phase r e a c t o r  i t s e l f ,  
a dummy r e a c t o r  column, va r ious  end f i t t i n g s ,  and perhaps a low-cost ,  l ow  
dead volume, o n - l i n e  s w i t c h i n g  va l ve .  The method does n o t  i n t r o d u c e  any 

a d d i t i o n a l  ext ra-co lumn dead volume o t h e r  than  t h a t  n o r m a l l y  i n t r o d u c e d  w i t h  

any conven t iona l  HPLC guard column. The t i m e  o f  a n a l y s i s  w i t h  SPR d e r i v a t i z a -  
t i o n s  u s u a l l y  w i l l  n o t  i nc rease  pe r  a n a l y s i s .  There i s  a s l i g h t  i n c r e a s e  i n  t h e  

o v e r a l l  c o s t  p e r  a n a l y s i s ,  b u t  t h i s  i s  always l e s s  than  t h a t  i n c u r r e d  
homogeneous d e r i v a t i z a t i o n s .  W i th  rega rd  t o  contaminat ion,  t h e r e  w i l l  be v e r y  

l i t t l e ,  i f  any, con tamina t ion  i n t r o d u c e d  by  t h e  SPR, and t h i s  can be e l i m i n a t e d  
o r  prevented by c a r e f u l  pre-washing and s u i t a b l e  t rea tmen t  b e f o r e  i t  i s  p u t  

o n - l i n e .  SPRs can be used b o t h  o n - l i n e  and o f f - l i n e ,  w i t h  somewhat d i f f e r e n t  

advantages i n  t h e  o f f - l i n e  mode. There i s  no excess d e r i v a t i z i n g  reagen t  p r e s e n t  
i n  t h e  mbb i l e  phase w i t h  t h e  SPR, and thus  t h e  background n o i s e  l e v e l  shou ld  be 

t h e  same w i t h  o r  w i t h o u t  t h e  SPR o n - l i n e .  D e t e c t i o n  l i m i t s  shou ld  always be  
max ima l l y  improved via o n - l i n e  HPLC-SPR approaches. When used i n  t h e  pre-column 

mode, F i g u r e  1, then  d i f f e r e n c e  chromatography can be employed t o  improve 
a n a l y t e  i d e n t i f i c a t i o n .  Such d i f f e r e n c e  chromatography employs two separa te  

i n j e c t i o n s  o f  t h e  sample m i x t u r e ,  one w i t h  a dummy column and t h e  o t h e r  w i t h  
t h e  SPR o n - l i n e .  I n  t h e  post-column mode, F i g u r e  2, d i f f e r e n c e  chromatography 

cannot  be employed, s i n c e  r e t e n t i o n  t imes  cannot ,  be a f f e c t e d  via d e r i v a t i z a t i o n  
a f t e r  t h e  separa t i ons ,  b u t  d e t e c t o r  responses between t h e  i n i t i a l  a n a l y t e  and 

i t s  d e r i v a t i v e  can be used f o r  improved analyte/compound i d e n t i f i c a t i o n .  W i t h  
HPLC-SPR, t h e r e  i s  no a d d i t i o n a l  sample h a n d l i n g  o r  m a n i p u l a t i o n  as compared 
w i t h  a n a l y s i s  i n  t h e  absence o f  d e r i v a t i z a t i o n .  The o n l y  a d d i t i o n a l  r e q u i r e -  

ment i s  f o r  a separate a n a l y s i s  * t h e  dummy column t o g e t h e r  with t h e  a n a l y s i s  
wi th  t h e  SPR o n - l i n e .  I n  genera l ,  SPRs a r e  compa t ib le  w i t h  a wide v a r i e t y  o f  
HPLC so lven ts ,  b u t  t h i s  i s  n o t  always t h e  case t h a t  a l l  SPRs w i l l  be use fu l  

and/or  usab le  w i t h  b o t h  normal phase and reve rsed  phase t y p e  s o l v e n t s .  Many 
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Figure 1. HPLC-SPR with the  so l id  phase r eac to r  i n  the  pre-column mode 
of opera t ion ,  before the  ana ly t i ca l  column. 

PRESSURE GAME 

Figure 2. HPLC-SPR with the  s o l i d  phase r eac to r  i n  the post-column mode 
of operation, a f t e r  t he  ana ly t ica l  column. 

SPR i n i t i a t e d  de r iva t i za t ion  reac t ions  will  occur in real-t ime, with no 
increased analytelsample hold-up within the  SPR p r i o r  t o  the separa t ion-  
detection s teps .  However, i t  i s  always possible t o  allow the sample so lu t ion  
t o  remain i n  contact w i t h  the SPR, a t  ambient o r  elevated temperatures,  before 
o r  a f t e r  the ana ly t ica l  column, in  order t o  increase  the  percent conversion 
t o  the desired der iva t ive .  Most  SPR methods will  lead t o  de r iva t i za t ion  a t  or 
s l i g h t l y  above room temperature, in  real-t ime o r  hold-up time. SPRs can be held 
a t  elevated temperatures via the use of a constant temperature water bath or 
s imi l a r  column hea ter  device already commercially ava i lab le  via many supp l i e r s .  
In many instances,  de r iva t i za t ion  reac t ions  a r e  more se l ec t ive  and spec i f i c  
than with the corresponding reac t ions / reagents  i n  homogeneous so lu t ion  
approaches. T h u s ,  from the ana ly t ica l  point of view, qu i t e  of ten  improved 
ana ly te  iden t i f i ca t ion  can r e s u l t  via the use of more se l ec t ive / spec i f i c  
de r iva t i za t ions  using the so l id  phase approach. Since so l id  phase de r iva t i za t ions  
can be designed t o  improve de tec t ion  
approaches a r e  not l imi ted  t o  improved overall  ana lys i s  f o r  a pa r t i cu la r  detec- 

v i r t u a l l y  any HPLC de t ec to r ,  these  
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t i o n  method. I t  i s  e n t i r e l y  p o s s i b l e  t h a t  one p a r t i c u l a r  SPR w i l l  l e a d  t o  
improved d e t e c t i o n  via u l t r a v i o l e t - v i s i b l e  (UV-VIS), f luorescence (FL) ,  o r  

e lec t rochemica l  (EC) methods. Other  SPRs may p r o v i d e  enhanced d e t e c t a b i l  i t y  

f o r  more than one p a r t i c u l a r  d e t e c t i o n  method (UV/FL, UV/EC, e t c . ) .  The 
dec id ing  f a c t o r s  a re  t h e  n a t u r e  o f  t h e  f u n c t i o n a l  group w i t h i n  t h e  a n a l y t e  
be ing  mod i f ied ,  and t h e  na ture  o f  t h e  d e r i v a t i z a t i o n  r e a c t i o n  l e a d i n g  t o  an 

a l t e r e d  chemical s t r u c t u r e .  Some SPR r e a c t i o n s  may j u s t  change one p a r t i c u l a r  
f u n c t i o n a l  group w i t h  t h e  ana ly te ,  such as o x i d i z i n g  an aldehyde t o  a 
c a r b o x y l i c  a c i d  o r  reduc ing  an aldehyde t o  an a l c o h o l .  S t i l l  o t h e r  d e r i v a t i z a t i o n  
methods may t a g  an ana ly te ,  by t h e  a d d i t i o n  o f  a s p e c i f i c  chromophore/ f luoro-  

phore /e lec t rophore  t o  t h e  o r i g i n a l  compound's s t r u c t u r e .  I n  genera l ,  d e r i v a t i z a -  
t i o n  via compound s t r u c t u r e  a l t e r a t i o n ,  as opposed t o  tagg ing ,  w i l l  p r o v i d e  

f o r  improved q u a l i t a t i v e  identification/specificity, b u t  n o t  n e c e s s a r i l y  f o r  

improved d e t e c t i o n  l i m i t s .  Tagging r e a c t i o n s ,  w i t h  o r  w i t h o u t  SPRs, a r e  
designed t o  improve t h e  d e t e c t a b i l i t y  o f  t h e  f i n a l  product ,  so t h a t  o v e r a l l  

d e t e c t i o n  l i m i t s  w i l l  be reduced/improved. 

suppor ts  f o r  improved separa t ion  o f  b i o l o g i c a l  m a t e r i a l s ,  but, i n  genera l ,  

these have n o t  i n v o l v e d  chemical a1 t e r a t i o n s  o f  t h e i r  s t r u c t u r e s .  However, 

t h i s  use o f  enzyme bound suppor ts  has encouraged var ious  i n d i v i d u a l s  t o  employ 
s i m i l a r  s o l i d  phase reagents, employing enzymes, f o r  SPR t y p e  d e r i v a t i z a t i o n s  

i n  HPLC. C l e a r l y ,  t h i s  i s  an area f o r  v a s t  development over  t h e  coming years .  
S o l i d  phase r e a c t i o n s  can most e a s i l y  be broken down i n t o  two genera l  f i e l d s  

o r  areas, those which u t i l i z e  s o l i d  suppor ted reagents and r e a c t i o n s ,  and 

those which use polymer bound/attached reagents and r e a c t i o n s .  We te rm these 
two approaches as s o l i d  suppor ted and po lymer ic  SPRs, w i t h  t h e  understanding 

a t  t h e  s t a r t  t h a t  t h e  na ture  o f  the  s o l i d  suppor t  o r  po lymer ic  backbone can 
vary  f rom one t y p e  o f  SPR t o  another .  Most s o l i d  supported SPRs w i l l  be 

compat ib le  w i t h  normal phase type separa t ions  and organ ic  m o b i l e  phases. They 

w i l l  no t ,  i n  genera l ,  be a t  a l l  compat ib le  w i t h  reversed phase type c o n d i t i o n s  
i n  HPLC. The po lymer ic  SPRs w i l l  o r  can be compat ib le  w i t h  b o t h  normal phase 

and reversed phase type separat ions,  depending e n t i r e l y  on t h e  n a t u r e  o f  t h e  
reagent / reac t ions  employed. The very  na ture  o f  t h e  i n o r g a n i c  o r  o rgan ic  
reagent  on t h e  s o l i d  suppor t  o r  po lymer ic  backbone can o f t e n  d i c t a t e  whether 
normal o r  reversed phase HPLC can be used with a p a r t i c u l a r  SPR. T h i s  i s  perhaps 

one o f  t h e  most impor tan t  cons idera t ions  t o  be met i n  a l l  o f  HPLC-SPR, what 
i s  t h e  c o m p a t i b i l i t y  o f  the  HPLC mobi le  phase w i t h  t h e  s o l i d  suppor ted o r  
po lymer ic  SPR? That  i s ,  t h e r e  may very  w e l l  be t imes when t h e  so lvents  needed 

f o r  successfu l  SPR d e r i v a t i z a t i o n s  w i l l  j u s t  n o t  be those i d e a l  f o r  t h e  
d e s i r e d  separat ions.  There may be o t h e r  t imes when t h e  s o l v e n t s  necessary f o r  

A f f i n i t y  chromatography has l o n g  employed enzyme bound/modif ied s o l i d  
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130 XIE, COLGAN, AND KRULL 

a g i v e n  separa t ion  a r e  n o t  a t  a l l  compat ib le  w i t h  the  SPR needed f o r  t h a t  

p a r t i c u l a r  d e r i v a t i z a t i o n .  There w i l l  y e t  be o t h e r  t imes when t h e  s o l v e n t  

c o n d i t i o n s  f o r  the  SPR and those f o r  t h e  HPLC separa t ions  can be met by t h e  
same s o l v e n t  o r  s o l v e n t  mix tu re .  Some amount o f  s o l v e n t  sc reen ing  o r  evalua-  

t i o n  may very  w e l l  be c a l l e d  f o r  i n  t h e  development o r  p e r f e c t i o n  o f  any new 
HPLC-SPR system, and t h i s  can r e q u i r e  a cons iderab le  amount o f  t i m e  and e f f o r t .  
However, t h i s  i s  n o t  n e c e s s a r i l y  any more t ime o r  e f f o r t  than what i s  needed 

f o r  t h e  development and o p t i m i z a t i o n  o f  a new homogeneous d e r i v a t i z a t i o n  method. 

o f  a d e r i v a t i z a t i o n  s o l u t i o n  t h a t  must be prepared f r e s h  f o r  each a p p l i c a t i o n .  
It i s  e n t i r e l y  p o s s i b l e  t o  s t o r e  an SPR i n  an i n e r t  atmosphere, o r  under an 
3 p p r o p r i a t e  i n e r t  so lvent ,  and t o  have i t  remain a c t i v e  f o r  severa l  hundred 

analyses l a s t i n g  over  many months. Thus, an i n d i v i d u a l  SPR can and should be 

usable over  and over, e s p e c i a l l y  where in t h e  p e r c e n t  l o a d i n g  o f  t h e  reagent (s )  

can be i n t e n t i o n a l l y  designed t o  be q u i t e  h i g h  (mg/q). The l o a d i n g  o f  t h e  reagent  

on t h e  s o l i d  or po lymer ic  suppor t  can be var ied ,  by a p p r o p r i a t e  p r e p a r a t i o n  
designs, t h e  s i z e  of the  SPR column i t s e l f  can a l s o  be var ied ,  j u s t  as i s  now 

done w i t h  a commonly used guard column before  t h e  a n a l y t i c a l  column. It i s  a l s o  
p o s s i b l e  t o  u t i l i z e  more than one t y p e  o f  SPR, e i t h e r  i n  s e r i e s  o r  p a r a l l e l ,  

o n - l i n e ,  i n  HPLC, so as t o  improve a n a l y t e  i d e n t i f i c a t i o n  y& a number o f  
r e l a t e d  compound/analyte m o d i f i c a t i o n s  o r  d e r i v a t i z a t i o n s .  Wi th  t h e  use o f  

a p p r o p r i a t e  s w i t c h i n g  v a l v e s  o n - l i n e ,  i t  i s  e n t i r e l y  p o s s i b l e  t o  vary  t h e  
n a t u r e  o f  the  a n a l y t e  m o d i f i c a t i o n ,  j u s t  by  pass ing  t h e  i n j e c t e d  s o l u t i o n  t o  
one o r  another  of e x i s t i n g ,  o n - l i n e  SPRs, p re-  o r  post-column. T h i s  would be 

the  p a r a l l e l  mode o f  SPR opera t ion .  I n  t h e  case o f  s e r i e s  opera t ions ,  a s e r i e s  
o f  a p p r o p r i a t e  SPRs c o u l d  be p laced one a f t e r  t h e  o ther ,  aga in  e i t h e r  pre-  o r  
post-column, so t h a t  t h e  i n i t i a l  a n a l y t e  would be mod i f ied ,  m o d i f i e d  again, 

perhaps m o d i f i e d  again, each t ime s e l e c t i v e l y ,  so t h a t  perhaps o n l y  one 
p a r t i c u l a r  analytelcompound c o u l d  p o s s i b l y  undergo t h e  r e a c t i o n s  d e s i r e d  t o  
produce a known, f i n a l l y  d e t e c t i b l e  product .  

and a v a i l a b l e  d e t e c t i o n  methods, b u t  they  a r e  designed t o  improve a n a l y t e  
i d e n t i f i c a t i o n  and o v e r a l l  s e l e c t i v i t y .  C l e a r l y ,  SPRs can be u t i l i z e d  i n  an 

o f f - l i n e  as w e l l  as an o n - l i n e  fash ion ,  as d iscussed above. I n  t h e  case o f  

o f f - l i n e  d e r i v a t i z a t i o n s  via SPRs, a l though o f  l e s s  s i q n i f i c a n c e  than f o r  

o n - l i n e  approaches, t h e r e  a r e  s t i l l  ser ious  advantages as compared w i t h  
homogeneous, o f f - l i n e  d e r i v a t i z a t i o n s .  It i s  e n t i r e l y  conce ivab le  t h a t  SPRs 

can be developed f o r  o f f - l i n e  approaches, where in t h e  sample m i x t u r e  i s  

s imply  i n j e c t e d  on to  the  SPR, t h i s  i s  heated f o r  a g iven p e r i o d  o f  t ime,  

cooled t o  room temperature, e l u t e d  w i t h  a mob i le  phase compat ib le  s o l v e n t  

I n  many instances,  the  l i f e t i m e  o f  SPRscan be v a s t l y  g r e a t e r  than t h a t  

SPRs are  n o t  e n t i r e l y  npw HPLC detec tors ,  they  employ c u r r e n t l y  known 
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DERIVATIZATION I N  HPLC 131 

o r  the mobile phase i t s e l f ,  and an a l i q u o t  o f  t h i s  f i n a l  e lua te  i s  then 
in jec ted  onto the  HPLC. Such SPR columns f o r  o f f - l i n e  de r i va t i za t i ons  cou ld  be 
used over and over again, moved from one labora tory  t o  another, and could 
form a bank o f  r e a d i l y  accessible and ava i l ab le  d e r i v a t i z a t i o n  systems t h a t  
cou ld  beused a t  a moment's no t ice .  There could, i n  f a c t ,  be a bank o f  SPRs 
present w i t h i n  any given labora tory ,  from which i nd i v idua l  SPRs could be 
drawn by an aualyst ,  u t i l i z e d  o f f - l i n e  o r  on- l ine,  and then returned t o  the  
SPR bank f o r  f u t u r e  use by others.  Such SPR approaches t o  d e r i v a t i z a t i o n  could 
r e a d i l y  be automated, so t h a t  samples could au tomat ica l l y  be de r i va t i zed  by 
passage, o f f - l ine ,  through a p a r t i c u l a r  SPR se t  i n  a l abo ra to ry  rack, and the 
e f f l u e n t  would then be co l l ec ted  fo r  subsequent work-up, separation, detect ion,  
o r  re la ted  ana ly t i ca l  steps. Thus, i t  would appear t h a t  the f u t u r e  o f  SPRs i n  
ana ly t i ca l  chemistry, and espec ia l l y  w i t h i n  HPLC app l ica t ions ,  appears very 
b r i gh t ,  and t h a t  these somewhat newer methods o f  d e r i v a t i z a t i o n  should f i n d  
much more widespread acceptance and u t i l i z a t i o n  i n  the  coming years. 

11. SOLID SUPPORTED REAGENTS I N  HPLC (NON-POLYMERIC) 
We def ine  s o l i d  supported reagents as those organic o r  inorganic 

reagents t h a t  a re  phys i ca l l y  o r  chemical ly adsorbed onto an inorgan ic  
type GC o r  HPLC s o l i d  support, such as s i l i c a  gel ,  alumina, c lay ,  F l o r i s i l ,  
etc., wherein such supports a re  no t  syn the t ic  organic/ inorganic polymers. 
I n  general, most o f  the s o l i d  supported reagents already descr ibed i n  the  

syn the t ic  organic l i t e r a t u r e  a re  adsorbed onto the  support, ra the r  than being 
cova len t ly  attached/bonded. It i s  a l so  poss ib le  t o  use s i l i c a  based i o n  exchange 
mater ia ls  fo r  the  i o n i c  attachment o f  o rgan id ino rgan ic  reagents, and t o  then 
u t i l i z e  such s o l i d  supported, b u t  r e a l l y  i o n i c a l l y  attached, reagents f o r  
syn the t ic  o r  HPLC app l ica t ions .  However, as o f  yet ,  very few such s i l i c a  
based ion  exchange packings have indeed been u t i l i z e d  f o r  any type o f  HPLC 
de r i va t i za t i ons .  There i s  some i n t e r e s t  a t  the  present t ime i n  demonstrating 
the po ten t i a l  usefulness o f  t h i s  approach f o r  on- l ine  o r  o f f - l i n e  HPLC reac t ions .  
I n  general, so l  i d  supported reagents have some d i s t i n c t  advantages when 
compared w i t h  polymeric type supported mater ia ls ,  espec ia l l y  w i t h  regard t o  the  
type o f  mobile phases t h a t  a re  compatible w i t h  t h i s  type o f  support. Usual ly,  
HPLC app l ica t ions  w i t h  s i l i c a  supported reagents w i l l  be l i m i t e d  t o  normal 
phase type solvents,  hydrocarbons, ch lo r i na ted  organics, e t c .  I t  may prove 
poss ib le  t o  u t i l i z e  s i l i c a  based i o n  exchange packings f o r  HPLC-SPR, wherein 
the pH o f  the mobi le phase does no t  exceed 2-9 i n  reversed phase approaches. 
Polymeric based SPRs appear t o  be more compatible w i t h  reversed phase needs, 
assuming t h a t  the  chemical reac t i on  t o  be conducted i s  a l so  compatible w i t h  
t h i s  type o f  so lvent  mixture (MeOH/HOH, EtOH/HOH, ACN/HOH, e t c . ) .  I n  s o l i d  
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supported reagents, t h e r e  are  a t  l e a s t  two impor tan t  c r i t e r i a  t h a t  must be 
met i n  HPLC-SPR work: 1) t h a t  t h e  s o l i d  suppor t  be s t a b l e  and compat ib le  w i t h  

t h e  HPLC mobi le  phase; and 2 )  t h a t  t h e  reagents / reac t ions  be ing  employed are  

a l s o  compat ib le  w i t h  t h e  mob i le  phase. I f  e i t h e r  o f  these requi rements cannot 

be met w i t h  a p a r t i c u l a r  HPLC so lvent ,  then t h a t  HPLC-SPR approach i s  doomed t o  
f a i l u r e .  A l t e r n a t i v e  SPR methods would have t o  be i n v e s t i g a t e d  f o r  t h a t  HPLC 

mobi le  phase, o r  an a l t e r n a t i v e  HPLC approach would have t o  be found which i s  
compat ib le  w i t h  the  SPR t o  be employed. 

I n  t h e  s y n t h e t i c  o rgan ic  l i t e r a t u r e ,  t h e r e  has evolved cons iderab le  
i n t e r e s t  i n  t h e  use of reagents suppor ted on i n s o l u b l e  i n o r p a n i c  m a t e r i a l s  

f o r  per fo rming  v a r i o u s  types o f  r e a c t i o n s  (15, 16 ) .  There a r e  severa l  p o s s i b l e  

reasons f o r  t h e  widespread use o f  these suppor ted reagents,  many o f  which have 

become commerc ia l ly  a v a i l a b l e ,  such as: 1) t h e  inc rease i n  the  e f f e c t i v e  sur face  
area whereon the  r e a c t i o n  can take  p lace;  2) t h e  presence o f  v a r i o u s  s i z e d  pores 

i n  the  m a t r i x  which can h o l d  the  two r e a c t i n g  species i n  the  same general 

p r o x i m i t y ,  thus l o w e r i n g  t h e  energy o f  a c t i v a t i o n  f o r  a g iven r e a c t i o n ;  3 )  t h e  
s e l e c t i v i t y  o f  t h e  r e a c t i o n  i s  o f t e n  enhanced; and 4 )  t h e  r e a c t i o n s  a r e  o f t e n  

much c leaner  w i t h  fewer  s ide  produc ts .  Desp i te  a w e l l  developed and recognized 

l i t e r a t u r e  i n  s y n t h e t i c  o rgan ic  chemis t ry  f o r  s o l i d  supported reagents,  t h e  

use o f  HPLC-SPR w i t h  such reagents/suppor ts  i s  n o t  very  w e l l  developed n o r  
recognized a t  t h i s  p a r t i c u l a r  t ime.  There a r e  some obs tac les ,  as suggested 
above, t h a t  must be overcome b e f o r e  t h i s  technique can r e a d i l y  be a p p l i e d  t o  
HPLC appl  icat ions/problems.  Some o f  these requi rements are:  1) t h e  i n o r g a n i c  
suppor t  and the  suppor ted reagent  must be s t a b l e  under t h e  g i v e n  HPLC opera t -  
i n g  c o n d i t i o n s ;  2 )  t h e  i d e a l  s o l v e n t  f o r  t h e  d e r i v a t i z a t i o n  may n o t  be t h e  
bes t  mob i le  phase f o r  separa t ing  t h e  d e r i v a t i z e d  ana ly tes ,  thus  o f ten  a 
compromise i s  needed; 3) i f  the  r e a c t i o n  i s  t o  be c a r r i e d  o u t  o n - l i n e ,  i n  

r e a l  t ime,  i t  must be f a s t  a t  ambient o r  s l i g h t l y  above ambient temperatures; 

4) the  r e a c t i o n  should q u a n t i t a t i v e l y  conver t  a l l  o f  t h e  s t a r t i n g  compound 
i n t o  a s i n g l e ,  known product ,  o r  a t  l e a s t  r e a c t  a determined, r e p r o d u c i b l e  

percentage o f  the  s t a r t i n g  compound t o  t h e  product ;  5) by-products  of t h e  
r e a c t i o n  should e i t h e r  remain adsorbed on t h e  suppor t  o r  n o t  i n t e r f e r e  w i t h  
e i t h e r  t h e  separa t ion  or d e t e c t i o n  o f  the  d e s i r e d  produc t .  React ions t h a t  w i l l  

form produc ts  t h a t  a r e  e i t h e r  gases o r  i n s o l u b l e  p r e c i p i t a t e s a r e  c l e a r l y  

incompat ib le  w i t h  HPLC-SPR requ i rements f o r  c o n t i  nued/cont i  nuous o p e r a t i  on. 

t h e r e  a r e  s t i l l  many, a l ready  descr ibed,  suppor ted reagents t h a t  a r e  

c u r r e n t l y  be ing used a lmost  e x c l u s i v e l y  f o r  o r g a n i c  syn thes is  t h a t  migh t  be 

w e l l  a p p l i e d  i n  HPLC-SPR. S o l i d  suppor ted reagents can be e i t h e r  adsorbed onto,  
i n t e r c a l a t e d ,  d ispersed i n  t h e  i n o r g a n i c  suppor t ,  o r  i o n i c a l l y / c o v a l e n t l y  

Desp i te  t h e  above requirements, which a r e  c l e a r l y  n o t  insurmountable, 
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DERIVATIZATION IN HPLC 133 

attached/bonded. Examples o f  some i n o r g a n i c  suppor ts  t h a t  c o u l d  be used i n  
HPLC-SPR i n c l u d e :  s i l i c a  ge l ,  alumina, C e l i t e ,  F l o r i s i l ,  g r a p h i t e ,  c l a y ,  
and molecu la r  s ieves.  The types o f  chemical r e a c t i o n s  t h a t  c o u l d  be used i n  

HPLC-SPR a r e  a lmost  1 i m i t l e s s .  The suppor ted reagents descr ibed and d iscussed 
below were o n l y  chosen t o  i l l u s t r a t e  those SPRs t h a t  can be most d i r e c t l y  

a p p l i c a b l e  t o  HPLC-SPR. However, they  do no t ,  by f a r ,  represent  a l l  o f  t h e  

l i t e r a t u r e  r e p o r t s  on s o l i d  suppor ted reagents.  

I 1  .A. HPLC-SPR CHEMICAL REDUCTIONS V I A  NON-POLYMERIC, SOLID SUPPORTED REAGENTS 

By and l a r g e ,  the  v a s t  m a j o r i t y  o f  s o l i d  supported reagents i n  syn- 

t h e t i c  chemis t ry  have t o  do w i t h  e i t h e r  o x i d a t i o n  o r  r e d u c t i o n  type  r e a c t i o n s .  
Remember t h a t  we have a r b i t r a r i l y  d i v i d e d  d e r i v a t i z a t i o n s  i n  HPLC i n t o  two major  

types o r  ca tegor ies :  1 )  those r e a c t i o n s  t h a t  w i l l  conver t  one o r  more f u n c t i o n a l  
groups i n t o  another  type  o f  f u n c t i o n a l  g roup(s ) ,  perhaps b e s t  termed f u n c t i o n a l  
group convers ions;  and 2) those r e a c t i o n s  t h a t  w i l l  t a g  an a n a l y t e  by adding 

t o  t h e  i n i t i a l  compound's s t r u c t r e  another  compound o r  p a r t  o f  a d e r i v a t i z i n g  
reagent  t h a t  p r o v i d e s  enhanced UV, FL, and/or EC d e t e c t a b i l i t y .  E i t h e r  o f  these 
approaches t o  HPLC d e r i v a t i z a t i o n  w i l l ,  i n  e f f e c t ,  improve a n a l y t e  i d e n t i f i c a -  

t i o n  and/or d e t e c t i o n  l i m i t s .  A very  l a r g e  number o f  o rgan ic  f u n c t i o n a l  groups 

a r e  amenable t o  s o l i d  supported reduc t ions ,  and many papers have a l r e a d y  
appeared d e s c r i b i n g  a wide v a r i e t y  o f  s u i t a b l e  o r g a n i c / i n o r g a n i c  reduc ing  

agents on s o l i d  suppor ts  (17-21). 

h y d r i d e  p r e c i p i t a t e d  onto s i l i c a  ge l  (NaBHg/Si02) as an o n - l i n e ,  pre-column 

o r  post-column d e r i v a t i z i n g  agent  i n  HPLC (17) .  D i f f e r e n c e  chromatography was 
used here t o  mon i to r  the  o v e r a l l  r e a c t i o n  on t h e  SPR f o r  v a r i o u s  carbonyl  

compounds. Standard compounds were i n j e c t e d  o n t o  a combinat ion o f  a dummy 

(no reagent)  pre-column p l u s  a n a l y t i c a l  column, and then o n t o  a combinat ion 
o f  t h e  s o l i d  phase r e a c t o r  (SPR) pre-column p l u s  a n a l y t i c a l  column. The HPLC- 

UV chromatogram o f  t h e  SPR p l u s  a n a l y t i c a l  column shows a decrease o r  complete 

disappearance, depending on the  p a r t i c u l a r  ana ly te ,  o f  the  s t a r t i n g  compound's 
peak heiqht /area,  w i t h  a concomi tant  inc rease o r  appearance o f  t h e  produc t  
peak ( F i g u r e  3).  Th is  NaBH4/Si02 type  SPR was found t o  be q u i t e  r e a c t i v e  
towards most aldehydes, ketones, and some a c i d  c h l o r i d e s .  The SPR was un- 
r e a c t i v e  towards es ters ,  n i t r o ,  N-n i t roso ,  a l k y l l a r y l  h a l i d e s ,  o r  amides. 

The percent  r e d u c t i o n s  o f  var ious  aldehydes and ketones was moni tored as a 
f u n c t i o n  o f  temperature, and t h i s  c o u l d  then be used t o  d i f f e r e n t i a t e  between 

these two c lasses  o f  compounds. Products o f  these reduc t ions ,  t h e  a lcoho ls ,  

have l o n g e r  r e t e n t i o n  t imes i n  normal phase HPLC, and these had t o  be e l u t e d  
w i t h  f l o w  programming. The borohydr ide  reagent  was s t a b l e  w i t h  mob i le  phases 

Q u i t e  r e c e n t l y ,  K r u l l  gal. have descr ibed t h e  use o f  sodium boro-  
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F i g u r e  3. ( A )  HPLC-UV chromatogram o f  benzaldehyde u s i n g  dummy column and 
s i l i c a  g e l  a n a l y t i c a l  column w i t h  0.3% IPA/hexane a t  1 ml/min; ( B )  

HPLCUVchromatogram o f  benzal dehyde i n j e c t e d  on to  r e d u c t i o n  column 
and s i l i c a  g e l  a n a l y t i c a l  column w i t h  0.3% IPA/hexane a t  1 ml/min 

t o  8 mins, and then  f l o w  r a t e  o f  4.3 ml/min t o  32 mins.  Pre-column 
mode o f  HPLC-SPR opera t i on .  
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DERIVATIZATION IN HPLC 135 

having as much a s  15% isopropyl 
elution could have been used in order t o  reduce the overall time of analysis 

HPLC-SPR for  the alcohol reduction products. The long retention time of 
the product i s  not necessarily a disadvantage a n d  may actually prove useful 
in certain applications. I f ,  fo r  example, an aldehyde or ketone eluted a t  the 
same time as another component of in te res t ,  then a NaBH4/Si02 pre-column 
would/could eliminate the peak and thus serve to  "clean-up", in an on-line 
manner, the overall chromatogram and improve f inal  select ivi ty .  This same 
approach could easi ly  be used t o  monitor impurities in commercial preparations 
of aldehydes or ketones. Analysis of the aldehyde would only show the impuri ies  
i n i t i a l l y  present, assuming that  these have not been derivatized, together 
with the product alcohol peak coming from the original aldehyde. Krull 
have used th i s  NaBH4/Si02 approach t o  detect cinnamaldehyde in a commercial 
food product, cinnamon, as well as in a commercial mouthwash product (17) .  
This same HPLC-SPR approach was used t o  monitor for vitamins K1 and K3, 
although not in actual samples or food products. 

Judging from the existing synthetic organic l i t e ra ture ,  there are 
many other reports of supported reducing reagents that  could be direct ly  
applicable for  HPLC-SPR analyses/purposes. Some examples of these reagents 
would be: 1) NaBH4/alumina; 2 )  NaBH4/Celite; and 3) potassium or other act ive 
metals/reagents intercalated into graphite. However, whichever supported 
reagents are t o  be considered f o r  HPLC-SPR ut i l iza t ion ,  c lear ly  such materials 
must be pressure stable, so t h a t  there i s  no bed collapse in the pre-column 
mode during actual operations. All of the other requirements of SPRs in HPLC 
must also be met, as summarized above. 

alcohol in hexane, and therefore gralient 

1I.B. HPLC-SPR CHEMICAL OXIDATIONS VIA NON-POLYMERIC, SOLID SUPPORTED REAGENTS 
The synthetic orqanic l i t e ra ture  i s  replete with references to  the use 

of solid supported oxidizing reagents. Each specif ic  combination of solid 
support and chemical reagent has different se lec t iv i t ies  and react ivi t ies .  
The most qeneral and widespread use of supported oxidizing reagents has been 
to  convert alcohols to  the corresponding aldehyde, ketone, or lactone deriva- 
t ive.  Nef type oxidations have also been described, wherein primary and/or 
secondary ni t ro  compounds are converted t o  the i r  aldehydes o r  ketones (15). 
Oxidative rearrangements are also possible using solid supported oxidizing 
agents ( 2 2 ) .  

Regen and Koteel have described the use o f  activated potassium per- 
manganate ( KMn04) impregnated onto organic supports, such a s  molecular sieves, 
s i l i c a  gel ,  and clays, for  the oxidation of various alcohols (23). Such 
oxidations were carried o u t  in benzene, although other nonpolar solvents of 
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136 X I E ,  COLGAN, AND KRULL 

more rout ine  HPLC use (e .g . ,  hexane), m i g h t  a l so  be e f f e c t i v e  here.  In genera l ,  
high y i e lds  of ketones and modest y i e lds  of aldehydes were obtained. T h u s ,  
supported permanganate should be idea l ly  su i t ed  f o r  normal phase HPLC-SPR, 
because i t  i s  v i r t u a l l y  insoluble in  most organic solvents.  In addi t ion ,  i t  
i s  a powerful oxidizing agent and should r e a c t  very quicklywith alcohols i n  
organic mobile phases. The oxidation products, e., aldehydeslketones, wi l l  
not be i r r eve r s ib ly  bound t o  the s o l i d  support ,  t he  reac t ions  a r e  generally 
very c lean ,  and the reduced reagent,  manganese dioxide (Mn02), should a l s o  
remain bound t o  the  support and not i n t e r f e r e  with e i t h e r  the  separa t ion  o r  
detection of oxidation products. Such approaches have not,  a s  y e t ,  been 
described f o r  HPLC-SPR purposes, although work i s  now underway in the au tho r s '  
laboratory re la ted  t o  the  use of permanganate supported polymeric reagents f o r  
organic oxidations.  

Santan ie l lo ,  Ponti ,  and Manzocchi have reported t h a t  chromic acid 
(H2Cr04) adsorbed onto s i l i c a  instantaneously oxidizes hydroxyl compounds i n  
e the r  t o  t h e i r  corresponding carbonyl de r iva t ives  (24) .  Pyridinium chromate 

on s i l i c a  gel can oxidize a l l y l i c  and benzylic a lcohols ,  a s  well a s  sa tura ted  
primary or secondary alcohols,  even when these  contain o ther  ac id  sens i t i ve  
groups ( 2 5 ) .  Pyridinium chromate on s i l i c a  i s  a s t a b l e  reagent and showed no 
de ter iora t ion  even a f t e r  one year of s torage  a t  room temperature. 

One of the  most thoroughly inves t iga ted  supported reagents has been 
s i l v e r  carbonate prec ip i ta ted  o n t o c e l i t e  (15 ) .  Aq2CO3/Celite i s  a very versa- 
t i l e  oxidizing agent capable of oxidizing primary and secondary a lcohols ,  d i o l s ,  
t r i o l s ,  hydroquinones, phenols, and amines. Reaction times vary depending on 
the ease of oxidation, but these  can be a s  f a s t  a s  one minute. The most common 
so lvent  used f o r  such oxidations has been benzene, although heptane, toluene, 
and dichloromethane can a l s o  be used. 

in to  c lay  i s  a spec i f i c  oxidizing agent f o r  the  conversion o f  primary alcohols 
t o  the corresponding aldehydes ( 2 6 ) .  Sens i t ive  s t r u c t u r e s ,  such a s  terpenes 
and a l l y l i c  systems can be oxidized w i t h  t h i s  type o f  a reagent ,  but secondary 
and t e r t i a r y  alcohols a re  unreactive.  Some o ther  supported oxidizing agents 
t ha t  can oxidize alcohols t o  t h e i r  corresponding carbonyl compounds a r e  
chromyl ch lor ide  chemisorbed onto s i l i ca /a lumina  (27) and manganese dioxide 
on carbon, but t h i s  l a t t e r  example may not be s t a b l e  t o  high back pressures i n  
HPLC (28) .  

possible using supported reagents,  and these  might be ideal f o r  HPLC-SPR 
purposes. Taylor and Chiang have described such oxida t ive  rearrangements f o r  
alkyl a ry l  ketones by Thallium (111) n i t r a t e  (TTN) adsorbed on montmorillo- 

Lalancette fi a. have reported t h a t  chromic anhydride incorporated 

Oxidative rearrangements, a s  opposed t o  simple oxida t ions ,  a r e  a l s o  
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DERIVATIZATION IN HPLC 137 

n i t e  K-10 c l a y  (22) .  The f i n a l  p roduc t  i n  t h i s  case was a d i f f e r e n t  a l k y l  a r y l  

e s t e r .  Th is  p a r t i c u l a r  r e a c t i o n  i s  rap id ,  s e l e c t i v e ,  and can be c a r r i e d  o u t  
i n  heptane, methylene c h l o r i d e ,  carbon t e t r a c h l o r i d e ,  to luene,  o r  dioxane. 

Ox ida t ions  o f  s imp le  o l e f i n s ,  such as cyclohexene, a r e  very  r a p i d .  I n  non- 
p o l a r  so lvents ,  b o t h  Tha l l ium (111) n i t r a t e  on t h e  suppor t  and T h a l l i u m  ( I )  
n i t r a t e  which i s  generated d u r i n g  t h e  r e a c t i o n  a r e  t i g h t l y  bound t o  t h e  
suppor t  throughout  t h e  r e a c t i o n .  

1 I . C .  HPLC-SPR CHEMICAL DERIVATIZATIONS OF A MISCELLANEOUS NATURE V I A  NON- 
POLYMERIC, SOLID SUPPORTED REAGENTS 

Ribhood and Ruthven r e p o r t  t h a t  bromine adsorbed on molecu la r  s ieves 

i s  a s e l e c t i v e  reagent  f o r  t h e  brominat ion  o f  t e r m i n a l  double bonds (29). T h i s  

t y p e  o f  an SPR, i n  the  post-column mode, cou ld  be used t o  improve t h e  response 
o f  an e l e c t r o n  capture  d e t e c t o r  (ECD) i n  HPLC-SPR. By choosing a molecu la r  

s i e v e  w i t h  a pore d iameter  t h a t  i s  o n l y  l a r g e  enough t o  admi t  s t r a i g h t  c h a i n  

hydrocarbons, t h e  brominat ing  agent  i s  then capable o f  d i f f e r e n t i a t i n g  between 

a double bond l o c a t e d  i n  a s t e r i c a l l y  unhindered s i d e  cha in  and one i n  an 

access ib le  p o s i t i o n  i n  an a l i c y l i c  r i n g .  A mo lecu la r  s i e v e  w i t h  a l a r g e r  pore 
s i z e  would be a more general b rominat ing  reagent  f o r  HPLC-SPR. 

1I.D. HPLC-SPR CATALYTIC REACTIONS V I A  NON-POLYMERIC, SOLID SUPPORTED REAGENTS 

Crown e t h e r s  have been shown u s e f u l  i n  o rgan ic  syn thes is  because o f  t h e i r  

a b i l i t y  t o  s e l e c t i v e l y  c h e l a t e  meta l  ions  f rom d i l u t e  s o l u t i o n s .  They have been 

used t o  concent ra te  i o n i c  species/ reagents by i m m o b i l i z a t i o n  on a s o l  i d  suppor t .  

S i l i c a  ge l  immobi l i zed  crown e t h e r s  cou ld  a l s o  have an impor tan t  impact  on 
metal i o n  chromatography and on-1 i n e  c a t a l y t i c  r e a c t i o n s .  Dibenzo-18-crown-6 

i s  a t y p i c a l  crown e t h e r  t h a t  has been c o v a l e n t l y  bonded t o  s i l i c a  g e l ,  F i g u r e  

4, and has been found t o  concent ra te  potassium ions  f rom d i l u t e  aqueous 

s o l u t i o n s  o f  potass ium c h l o r i d e  (30) .  Crown e t h e r s  o f  d i f f e r i n n  r i n g  s i z e  

could/would s e l e c t i v e l y  concent ra te  o t h e r  meta l  ions  and c o u l d  conce ivab ly  

c a t a l y z e  d i f f e r e n t  r e a c t i o n s .  

111. POLYMER SUPPORTED DERIVATIZATION REACTIONS I N  HPLC 
A very  l a r q e  number o f  po lymer ic  reagents have been descr ibed i n  

r e c e n t  years,  and many o f  these have been summarized i n  a r e c e n t  book (31) .  
There a r e  a very  l a r g e  number o f  p o s s i b l e  polymers t h a t  c o u l d  be used as p o l y -  
mer ic  reagents, and a l a r g e  number o f  reagents t h a t  c o u l d  be a t tached t o  any 

g i v e n  polymer. Hence, the  t o t a l  p o s s i b l e  combinat ions o f  polymers and reagents 

t o  f o r m  polymer ic  reagents a r e  very  l a r g e ,  and many o f  these cou ld /shou ld  be 
compat ib le  w i t h  HPLC-SPR requirements/needs. A l though most po lymer ic  reagents 
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138 X I E ,  COLGAN, AND KRULL 

F i g u r e  4. Dibenzo-18-crown-6 c o v a l e n t l y  bonded t o  s i l i c a  ge l  suppor t  (30) .  

t h a t  have a l ready  been u t i l i z e d  i n  HPLC-SPR a r e  orqan ic  polymers, t h e r e  i s  no 

reason why i n o r g a n i c  polymers o r  s i l i c a  ge l  based, i o n i c a l l y  a t tached reagents 
c o u l d  n o t  be used i n  HPLC-SPR. These would be s u f f i c i e n t l y  d i f f e r e n t  f rom 
s i l i c a  ge l  suppor ted reagents, as descr ibed above, t o  f a l l  i n t o  t h e  c l a s s  o f  
polymer suppor ted/at tached reagents,  r a t h e r  than s i l i c a  o r  s o l  i d  suppor ted 
reagents f o r  HPLC-SPR. Polymer suppor ted reagents,  o raan ic  polymers, have 
c e r t a i n  s i g n i f i c a n t  advantages as compared w i t h  s o l  i d  suppor ted reagents, n o t  

t h e  l e a s t  o f  which should be t h e i r  qenera l  c o m p a t i b i l i t y  w i t h  reversed phase 
tyoe so lvents .  Another advantage i s  t h a t  po lymer ic  reagents can o f t e n  be r e -  
generated by a s i n g l e  s y n t h e t i c  s tep,  and i n  some instances,  t h i s  migh t  be 

accomplished on the  HPLC system, mere ly  by pass inq  t h e  a p p r o p r i a t e  regenera t -  
i n q  s o l u t i o n  through t h e  spent SPR. Polymer ic  reagents,  i o n i c a l l y  o r  c o v a l e n t l y  
a t tached,  should be usable i n  a ba tch  process o r  o n - l i n e  i n  HPLC-SPR. Severa l  

polymer a t tached reagents have been descr ibed t h a t  i n c o r p o r a t e  an immobi l i zed  

enzyme on the  sur face  o f  t h e  polymer beads. Th is  type  o f  po lymer ic  reagent  a c t s  
as a b i o l o g i c a l  c a t a l y s t  f o r  c e r t a i n  decon juqat ion  reac t ions ,  f o r  example, 

where in the  c a t a l y s t  i s  n o t  consumed, and such SPRs c o u l d  be used f o r  many 

separate analyses and/or  sample prepara t ions ,  on-1 i n e .  The idea o f  us inq  p o l y -  
mer a t tached enzymes f o r  o n - l i n e  c a t a l y t i c  r e a c t i o n s  has been used b u t  r a r e l y ,  
a l though i t  should have s u b s t a n t i a l  p o t e n t i a l s  i n  much o f  HPLC work. Other  
po lymer ic  c a t a l y s t s  have a l r e a d y  been descr ibed i n  t h e  s y n t h e t i c  o rgan ic  
l i t e r a t u r e ,  b u t  very  few o f  these, i f  any, have ever  been u t i l i z e d  i n  HPLC- 
SPR type  work. 

group w i t h i n  an a n a l y t e ' s  s t r u c t u r e ,  and thereby conver t  i t  t o  a s u i t a b l e  
d e r i v a t i v e  f o r  improved i d e n t i f i c a t i o n ,  as above f o r  s o l i d  suppor ted reagents.  

Again, a very  l a r g e  number o f  po lymer ic  suppor ted/at tached reagents have been 

described, many o f  which should be immediate ly  a p p l i c a b l e  t o  HPLC-SPR. 

i s  c o v a l e n t l y  o r  i o n i c a l l y  a t tached t o  t h e  po lymer ic  backbone, which can be 
t r a n s f e r r e d  t o  a s u i t a b l e  subs t ra te ,  thereby  fo rming  a new d e r i v a t i v e  t h a t  

Polymer ic  reagents can a l s o  be used t o  mod i fy  a p a r t i c u l a r  f u n c t i o n a l  

Another type  o f  po lymer ic  reagent  c o n s i s t s  o f  a l i g a n d  o r  molecule t h a t  
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DERIVATIZATION IN HPLC 139 

incorporates a l l  o r  most of the i n i t i a l  ana ly te  and the  tagging molecule. 
Several of these po ten t i a l  tagging polymeric reagents have a l s o  been descr ibed 
i n  the syn the t ic  organic l i t e r a t u r e ,  a l though very few o f  these have ever been 
used i n  HPLC-SPR app l ica t ions .  

Polymers provide some very use fu l  features,  as opposed t o  s o l i d  supports, 
such as being ab le  t o  be custom designed so as t o  provide a micro-environment 
fo r  spec i f i c / se lec t i ve  reac t ions  o f  the pendant groups. Thus, special  e lec t ron i c  
and s t e r i c  cond i t ions  can be created i n  c lose prox imi ty  o f  t he  reac t i ng  species, 
lead ing  t o  enhanced ra tes  o f  reac t i on  and improved reagent s p e c i f i c i t y .  The 
chemical and s t e r i c  s t ruc tu re  o f  the polymer can a f f e c t  i t s  o v e r a l l  p o l a r i t y ,  
and t h i s  may f u r t h e r  in f luence the  ove ra l l  r e a c t i v i t y  o f  the  at tached organic/  
inorgan ic  reagents. The spec i f i c  s t e r i c  requirements o f  the  channels and pores 
o f  a cross- l inked polymer may impart  s ize  and s t ruc tu re  s e l e c t i v i t y  on c e r t a i n  
reac t ions  of reagents o r  pendant groups at tached t o  the  polymer o r  d i f f u s e d  in- 
t o  i t s  pores/channels. This area o f  polymeric reagents i n  HPLC has recen t l y  

been reviewed (14). 

1I I .A.  POLYMER SUPPORTED REDUCTIONS FOR DERIVATIZATION I N  HPLC-SPR 
The syn the t ic  organic l i t e r a t u r e  i s  r e p l e t e  w i t h  descr ip t ions  o f  

var ious polymeric reducing reagents, se lec t i ve  f o r  the conversion of  aldehydes, 
ketones, and o ther  carbonyl compounds i n t o  the  expected a lcoho l  product (31). 
Borohydride, cyanoborohydride, and r e l a t e d  reducing agents have a l l  been used 
as polymeric reagents, and polymeric borohydride res ins  a re  even used comner- 
c i a l l y  f o r  removing traces o f  aldehydes from process streams o f  var ious a lco-  
ho l s  being produced commercially (32, 33). Since borohydride i s  a stronger 
anion than e i t h e r  ch lo r i de  o r  borate, when a s o l u t i o n  o f  sodium borohydr ide i s  
s t i r r e d  i n  the presence o f  a su i tab le  anion exchange res in ,  t h i s  r e s i n  i s  con- 
verted t o  the  borohydride form, as below. 

P-h(CH3)3C1- + NaBH4 - P-fi(CH3)3BH4- + NaCl 

K r u l l  sfi. have recen t l y  described the  u t i l i z a t i o n  o f  t h i s  type o f  a 
sol i d  phase reac tor  f o r  performing on-1 ine, pre-column der iva t iza t ions / reduc-  
t i ons  o f  aldehydes under reversed phase HPLC separat ion cond i t ions  (34). 
Various classes o f  carbonyl de r i va t i ves  were evaluated as p o t e n t i a l  substrates 
f o r  these react ions,  using e i t h e r  IleOH/HOH o r  ACN/HOH as the  mobi le phases, 
inc lud ing :  aldehydes, ketones, amides, ac id  ch lo r ides ,  a r y l  ha l ides ,  and N- 
n i t r o s o  der iva t ives .  Only the aldehydes cou ld  be reduced, under r e a l  t ime ,  
ambient temperatures, using reversed phase t ype  solvents.  I d e n t i f i c a t i o n  o f  an 
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140 XIE, COLGAN, AND KRULL 

aldehyde was based on disappearance of the  s t a r t i n a  subs t r a t e  on the SPR p l u s  
ana ly t ica l  column, along w i t h  the  formation of the expected, known reduction 
product (a lcohol ) .  Retention times and d i f fe rence  chromatography were obtained 
using an ana lys i s  on the dummy column plus ana ly t i ca l  column toge ther  with the  
same ana lys i s  of t he  aldehyde on the SPR plus ana ly t i ca l  column. No work has 
been done, thus f a r ,  with t h i s  polymeric borohydride SPR i n  t h e  post-column 
mode, nor has i t  been evaluated a s  a possible SPR f o r  normal phase HPLC. 
Analysis of the  borohydride loading on any given polymeric borohydride SPR 
was accomplished 2 elemental boron ana lys i s  (ICP) and in-house t i t r a t i o n s  
f o r  borohydride by es tab l i shed  1 i t e r a t u r e  methods ( 3 4 ) .  A number of appl ica-  
t i ons  o f  t h i s  s e l ec t ive  method of ana ly te  iden t i f i ca t ion  have been described, 
including the ana lys i s  f o r  cinnamaldehyde in both cinnamon sp ice  and a commer- 
c i a l  mouthwash sample. Because of the  heavy loading o f  borohydride poss ib le  on 
the  anion exchange r e s ins  u t i l i z e d  i n  th i s  study, the  f i n a l  SPRs had very long 
l i f e t imes  and chemical r e a c t i v i t i e s ,  extending over several  months and 
several hundred individual anlayses.  Figure 5 i l l u s t r a t e s  the u t i l i z a t i o n  of 
t h i s  polymeric borohydride SPR i n  the  ana lys i s  f o r  cinnanaldehyde from a hexane 
ex t r ac t  of cinnamon (34) .  This f i g u r e  ind ica tes  the  i n i t i a l l y  present peak f o r  
cinnamaldehyde in  t h i s  ex t r ac t  on the  dummy plus ana ly t ica l  column, followed by 
the complete disappearance ( reduct ion)  of t h i s  same peak and the  appearance of 
the expected peak f o r  cinnamyl alcohol on the  SPR plus ana ly t ica l  column. 

Sodium cyanoborohydride (Na+CNBH3-) i s  known t o  be a much milder 
and more se l ec t ive  reducinq aqent than sodium borohydride. An anion exchange 
res in  incorporating sodium cyanoborohydride has a l so  been described in  the  
l i t e r a t u r e ,  and t h i s  i s  a l so  more se l ec t ive  than the  polymeric borohydride 
r e s in  indicated above. There i s  a commercially ava i l ab le  polymeric borane 
complex, sold by Aldrich Chemical Co., t h a t  i s  a l s o  somewhat s e l e c t i v e  f o r  
aldehydes and ketones (35) .  This pa r t i cu la r  polymeric reducing aaent was 
prepared by t r e a t i n g  poly(2-vinylpyridine) w i t h  a borane-methyl s u l f i d e  complex 
in tetrahydrofuran (THF) .  The f i n a l  polymeric reagent i s  capable of reducing 
both aldehydes and ketones in to  the  expected a lcohols  a t  room temperature, but 
only in the presence of boron t r i f l u o r i d e  e the ra t e .  Some of t he  above poly- 
meric reducinq agent might f ind  d i r e c t  appl ica t ions  in HPLC-SPR work. 

1II.B. POLYMER SUPPORTED OXIDATIONS FOR DERIVATIZATION IN HPLC-SPR 
A number of polymeric oxidizinq reagents have been described in  the  

ex i s t ing  l i t e r a t u r e ,  and these have shown s ign i f i can t  advantages when compared 
with homogeneous oxidation type reac t ions  (31, 36).  Caine l l i  g a. have des- 
c r ibed  the  preparation and u t i l i z a t i o n  of a macroreticular anion exchange 
res in  incorporating HCr04- a s  the oxidizinq agent.  This was shown e f f e c t i v e  f o r  
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Fiqure 5. HPLC-UV chromatograms of methanolic extract of commercial sample of 
cinnamon for determination of cinnamaldehyde. HPLC conditions used 
a C-18 reversed phase column with mobile phase of 50% ACN/HOH at 
1.0 ml/min flow rate, UV detection at 254nm. (A) polymeric dummy 
column in-line with analytical column; ( B )  polymeric borohydride 
reducing column in-line before analytical column. 

the complete oxidation of primary and secondary alcohols to the expected alde- 
hydes and ketones. The nature o f  the solvent used i s  crucial for effective 
oxidations, and the most effective ones were: hydrocarbons, chlorinated hydro- 
carbons, benzene, and ethers. However, acetonitrile with water in various ratios 
was not as effective as the organic solvents. The rate o f  the reaction depends 
both on the structure of the alcohol and on the substrate:resin ratio, this 
rate being faster for the allylic and benzylic alcohols. Higher ratios of 
resin:substrate, as expected, also leads to greater overall conversions for such 
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142 XIE, COLGAN, AND KRULL 

r e a c t i o n s .  Regenerat ion of t h e  spent  r e s i n  can be  r e a d i l y  accompl ished via 
s imp le  t rea tmen t  w i t h  2N chromic a c i d .  

An a1 t e r n a t e ,  non -ac id i c  po l ymer i c  reagent ,  p o l y ( v i n y 1 p y r i d i n i u m )  
d ichromate (PVPDC), can be e a s i l y  prepared by  t rea tmen t  o f  a p o l y ( v i n y 1 p y r i d i n e )  

r e s i n  w i t h  a s l i g h t  excess o f  chromium t r i o x i d e  (Cr03)  i n  wa te r  a t  room 

temperature.  A f t e r  s u i t a b l e  washinq, t h e  f i n a l  polymer can be u t i l i z e d  d i r e c t l y .  

F reche t  et. have r e c e n t l y  desc r ibed  t h i s  po l ymer i c  reagent ,  p y r i d i n i u m  
d ichromate,  

(37, 38). 
as an e f f e c t i v e  o x i d i z i n g  reagen t  f o r  a l c o h o l s ,  as below 

PVDPC i s  q u i t e  s t a b l e  t o  pro longed s to rage .  Bes t  o x i d a t i o n  r e s u l t s  

a r e  ob ta ined  by u s i n g  t h e  wet  reaqen t  i n  a nonpo la r  s o l v e n t ,  such as c y c l o -  

hexane a t  e l e v a t e d  temperatures, as  expected. It i s  y e t  p o s s i b l e  t h a t  t h i s  t y p e  

o f  a po l ymer i c  o x i d i z i n a  reagent  w i l l  be compa t ib le  w i t h  reve rsed  phase HPLC. 
Recyc l i ng  o f  t h i s  reaqen t  can be done by  u s i n g  a s imp le  washing r e a c t i v a t i o n  

procedure,  i n  which t h e  spent  reagen t  i s  washed w i t h  a c i d  t o  remove t h e  spen t  

chromium s a l t s .  A f t e r  r e g e n e r a t i o n  o f  t h e  p o l y ( v i n y 1 p y r i d i n i u m )  r e s i n ,  a d d i -  
t i o n  o f  Cr03 and wa te r  r e a c t i v a t e s  t h e  PVPDC. 

r e s i n ,  which has been used i n  HPLC-SPR f o r  t h e  s e l e c t i v e  o x i d a t i o n  o f  b o t h  

a l c o h o l s  and aldehydes (39 ) .  T h i s  m a t e r i a l  can be used o n - l i n e ,  pre-column 

fash ion ,  a t  room temperature and above, f o r  t h e  success fu l  o x i d a t i o n  o f  v a r i o u s  

a l c o h o l s  and aldehydes. D e r i v a t i z a t i o n s  can be accompl ished u s i n g  reve rsed  

phase, ACN/HOH, s e p a r a t i o n  c o n d i t i o n s ,  as i n d i c a t e d  i n  F i g u r e  6.  T h i s  i s  a 
t y p i c a l  HPLC-SPR a p p l i c a t i o n  o f  t h e  po lymer i c  permanganate o x i d i z i n g  column, 

here f o r  t h e  o x i d a t i o n  o f  p - n i t r o b e n z y l  a l c o h o l  t o  p-n i t robenzaldehyde,  u s i n g  

50% HOH/ACN as t h e  mob i l e  phase. The maximum p e r c e n t  o x i d a t i o n  f o r  t h i s  

p a r t i c u l a r  a l coho l ,  a t  about 46OC, i n  r e a l - t i m e ,  o n - l i n e  w i t h  t h e  HPLC, has 
been about  60%. Other  a l c o h o l s  can be o x i d i z e d  i n  a m o u n t s / e f f i c i e n c i e s  
rang ing  f rom 10% t o  502, ve ry  much dependent on t h e  p a r t i c u l a r  s t r u c t u r e s .  

Aldehydes, i n  most cases thus f a r  s tud ied ,  a r e  o x i d i z e d  t o  much g r e a t e r  e x t e n t s ,  

u s u a l l y  about  100% a t  e l e v a t e d  temperatures,  a g a i n  o n - l i n e ,  i n  r e a l - t i m e  via 
HPLC-SPR. Normal phase a p p l i c a t i o n s  o f  t h i s  SPR have y e t  t o  be determined and/or  

eva lua ted  f u l l y .  C l e a r l y ,  t h e r e  a r e  a ve ry  l a r g e  number o f  p o s s i b l e  a p p l i c a -  

t i o n s  f o r  b o t h  a l c o h o l s  and a ldehydes via t h i s  p a r t i c u l a r  HPLC-SPR approach, 

and i t  i s  p o s s i b l e  t h a t  o t h e r  c lasses  o f  compounds, such as c a t e c h o l s  and 
catecholamines, m i g h t  be s u i t a b l e  s u b s t r a t e s  f o r  these d e r i v a t i z a t i o n  methods (39)  

K r u l l  eJ a. have r e c e n t l y  developed a po lymer i c  permanganate o x i d i z i n g  
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Figure 6. HPLC-UV chromatograms for the polymeric permanganate oxidation o f  
p-nitrobenzyl alcohol to p-nitrobenzaldehyde using C-18 RP-HPLC 
with 50% HOH/ACN at 0.8 ml/min flow rate, SPR at 46OC on-line, pre- 
column mode. 
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1 I I . C .  POLYMER SUPPORTED TAGGING REACTIONS FOR DERIVATIZATION I N  HPLC-SPR 

Despi te  t h e  f a c t  t h a t  severa l  po lymer ic  reagents have a l r e a d y  been 
descr ibed f o r  tagg ing  s p e c i f i c  c lasses  o f  ana ly tes ,  none o f  these have, as y e t ,  

been descr ibed f o r  HPLC-SPR d e r i v a t i z a t i o n s  (31, 40-42). Gelbard and Colonna and 
Iversen and Johansson have descr ibed t h e  p r e p a r a t i o n  and u t i l i z a t i o n  o f  c e r t a i n  

polymer1 c r e s i n s  c o n t a i n i n g  phenoxi de, p - n i  t rophenox i  de, and naphthox i  de 
anions. These w i l l  undergo SN2 type  d e r i v a t i z a t i o n  r e a c t i o n s  w i t h  a wide 

v a r i e t y  o f  s u i t a b l e  subs t ra tes ,  such as a l k y l  h a l i d e s ,  a l l y 1  h a l i d e s ,  b e n z y l i c  

h a l i d e s ,  and r e l a t e d  compounds, a t  room temperature o r  above i n  e thano l  o r  
benzene as the  so lvent .  The produc ts  i n  a l l  cases have been aromat ic  e thers ,  
which has sugqested t h e  p o s s i b l e  use o f  these po lymer ic  reagents f o r  HPLC-SPR 

d e r i v a t i z a t i o n s  under e i t h e r  reversed phase or  normal phase c o n d i t i o n s .  C l e a r l y ,  
by s u i t a b l e  m o d i f i c a t i o n  of t h e  aromat ic  phenoxide o r  naphthox ide moie ty  

a t tached t o  t h e  an ion  exchange r e s i n ,  i n  t h i s  case Amber lyst  A-26 o r  A m b e r l i t e  
I R A  900, the  f i n a l  a romat ic  e t h e r s  c o u l d  improve d e t e c t i o n  l i m i t s  f o r  s u i t a b l e  

subs t ra tes  y& UV, FL, o r  EC d e t e c t i o n .  These remain areas f o r  f u t u r e  develop- 
ment i n  HPLC-SPR d e r i v a t i z a t i o n s ,  w i t h  e i t h e r  normal phase o r  reversed phase 
c o n d i t i o n s .  D e r i v a t i z a t i o n s  y& polymer ic  t a g g i n g  r e a c t i o n s  i n  o n - l i n e  HPLC- 

SPR have t h e  advantage o f  conver t ing ,  i n  one f a s t ,  c lean r e a c t i o n ,  t h e  non-UV 

absorb ing s u b s t r a t e  i n t o  a s u i t a b l e  tagged d e r i v a t i v e  w i t h  p r e - t a i l o r e d  UV 
absorb ing c h a r a c t e r i s t i c s .  Th is  i s ,  i n  many ways, t h e  i d e a l  approach t o  take  
f o r  improved s p e c i f i c i t y  and s e l e c t i v i t y  i n  HPLC analyses. 

Another approach t o  o n - l i n e  d e r i v a t i z a t i o n s  i n  HPLC has been descr ibed 

by Werkhoven-Goewie 

i n v o l v e d  a polymer ic  reagent, a l though i n  t h e  f u t u r e  such a m o d i f i e d  approach 
i s  q u i t e  poss ib le .  I n  t h e  work r e p o r t e d  here, c a l c e i n ,  a s t r o n g l y  f l u o r e s c e n t  
compound, i s  complexed w i t h  v a r i o u s  d i v a l e n t  meta l  species, such as pal lad ium, 

copper, and n i c k e l .  These complexes a r e  non- f luorescent ,  b u t  once t h e  c a l c e i n  
i s  re leased,  i t  can then be de tec ted  a t  t r a c e  l e v e l s  FL methods i n  HPLC. 
I f  t h e  ca lce in-Pd complex i s  reac ted ,  o f f - l i n e  o r  o n - l i n e ,  w i t h  t h i o l s ,  t h i o -  

e thers ,  th ioketones,  and d isu lph ides ,  these w i l l  q u a n t i t a t i v e l y  r e l e a s e  t h e  
c a l c e i n  p r i o r  t o  t h e  FL d e t e c t o r .  Thus, t h i s  d e r i v a t i z a t i o n  approach does n o t  
a c t u a l l y  t a g  the  a n a l y t e  w i t h  a f luorophore ,  b u t  r a t h e r  i t  re leases  a f l u o r o -  
phore f rom another  complex i n  t h e  presence o f  t h e  a n a l y t e  o f  i n t e r e s t .  D e t e c t i o n  

o f  t h e  re leased f l u o r o p h o r e  i s  then an i n d i r e c t  method o f  a n a l y z i n g  f o r  t h e  
i n i t i a l ,  su lphur  c o n t a i n i n g  a n a l y t e  o f  i n t e r e s t .  C lear ly ,  such methods a r e  

eminent ly  adaptable t o  po lymer ic  r e a c t i o n s  i n  HPLC-SPR. 

a. (42) .  However, t h i s  p a r t i c u l a r  method has n o t  y e t  

1 I I .D.  POLYMER SUPPORTED ENZYME CATALYZED DERIVATIZATIONS I N  HPLC-SPR 
By t r e a t i n g  r e a c t i v e ,  i n s o l u b l e  po lymer ic  c a r r i e r s  w i t h  enzymes, 

i t  i s  p o s s i b l e  t o  prepare c o v a l e n t l y  bonded, i n s o l u b l e ,  and immobi l i zed  
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enzymes that re ta in  the i r  biological ac t iv i ty  (43-46). Immobilization by co- 
valent attachment of the enzyme t o  the solid support or polymer i s  the most 
important method of immobilization. For th i s  purpose, insoluble polymers tha t  

swell only s l ight ly  in water are required, together with reactive groups t h a t  
will covalently bond to  the enzyme under mild reaction conditions. If t h i s  
polymeric binding does not occur a t  the biologically active center of the 
enzyme, then the catalyt ic  ac t iv i ty  of the f inal  bound enzyme should be re- 
tained, perhaps t o  a s l ight ly  reduced extent. Some enzyme bound polymers have 
ut i l ized cellulose or Sephadex as  the backbone using a cyanogen bromide coup- 
ling method. Poly(amin0styrene) has also been converted into an enzyme 
car r ie r  by diazotization of the amine followed by reaction with the enzyme, 
or treatment of the aniline portion of the polymer with thiophosgene t o  form 
the thiocyanate and  reaction of th i s  with the enzyme (47,  48). 

off- l ine use of polymer supported/attached enzymes in HPLC-SPR, and the work 
of most recent importance i s  tha t  of Bowers and Johnson, although others have 
also ut i l ized similar approaches (49-52). In general, enzyme catalyzed reactions 
in HPLC-SPR will release an analyte of in te res t  from i t s  biological conjugate, 
on-line, and often provide a more simple and convenient sample clean-up 
procedure for  d i rec t  analysis of the released analytes. However, i t  i s  very 
d i f f i c u l t  to  imagine an enzyme supported reagent tagging an analyte for  
improved overall detection. Other chemical reactions, enzyme in i t ia ted ,  are  
another possibi l i ty ,  other than deconjugation. Bowers and Johnson have described 
the use of an immobilized enzyme, beta-glucuronidase, as an on-line, pre-column 
modification reagent in the HPLC-SPR analysis of certain s teroids  and steroidal- 
glucuronide conjugates. In the t race analysis f o r  the f ree  s teroid,  i t  i s  often 
required t o  cleave ei ther  the glucuronide or sulfate  conjugates i n i t i a l l y ,  
prior t o  extraction, derivatization, and/or pre-concentration steps in the 
sample preparation. The reaction catalyzed here i s  the enzymatic hydrolysis of 
the glucuronide conjugates of the analytes of in te res t ,  here es t r io l  and estra-  
diol .  These steroids, once released, can then be separated and detected u s i n g  
standard reversed phase HPLC conditions and procedures. The beta-glucuronidase 
was immobilized on controlled pore glass or polyacrylamide. The release of the 
steroids from the i r  conjugates does n o t  chemically alter/change the structures 
of the steroid molecules, b u t  only the i r  i n i t i a l  attachment t o  the glucuronide 
moiety i s  altered. Difference HPLC would provide information regarding the 
relat ive ra t io  of bound 5 free steroids present in the i n i t i a l  sample matrix, 
using SPR to  provide chromatographic differences. Thus, analysis of the sample 
without any i n i t i a l  enzymatic cleavage of conjugates would indicate how much 
f r e e  steroids are  i n i t i a l l y  present in the sample. Analysis of the same sample 

Some work has already been described with regard t o  the on-line or 
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with enzymatic hydrolysis of the conjugates, followed by analysis for  the 
newly formed/released s teroids ,  would then provide the amount of i n i t i a l l y  
conjugated steroids present in the same sample. 

onto  the SPR in one mobile phase tha t  has a low methanol content, and there i s  
then complete conversion of the gl ucuronide conjugates before the sample t ravels  
1% of the reactor length/bed. The excess enzyme present in the reactor assures 
a long operational lifetime for  the reactor. With the in i t ia l  mobile phase o f  
0.05M phosphate buffer, pH 6.8, the cleaved steroids are immediately trans- 
ferred t o  the t o p  of the C18 analytical column. Once several column volumes 
of th i s  f i r s t  mobile phase have passed th rough  the SPR, the reactor bypass 
valve i s  turned, removing the SPR from the analytical system. Now a gradient 
elution mobile phase pattern i s  s tar ted,  and  th i s  eventually reaches 100% 
of a strong solvent consisting of 42.5/57.5 phosphate buffer/methanol. As each 
deconjugated steroid i s  eluted from the analytical column and reaches the UV 

detector, i t  i s  detected using a wavelength of 280 nm. The inimobilized enzyme 
cannot tolerate  a mobile phase consisting of more than 15% methanol, for above 
th i s  level, i t  becomes permanently denatured a n d  useless for  fur ther  reactions. 
Difference chromatograms for  the analysis of es t r io l  and estradiol from t h e i r  
conjugates in bioloqical matrices have been presented by Bowers and Johnson in 
the l i t e ra ture  (49 ,  50).  This i s  an excellent example of a solid phase reactor 
system used in the pre-column mode, together with conventional reversed phase 
HPLC-UV detection. Immobilized enzyme technology has developed to  the point 
where a very large number of comnercially available enzymes could be used in 
th i s  type o f  SPR f o r  improved HPLC qual i ta t ive analyses. 

I n  a typical operation of the enzyme bound SPRY a sample i s  introduced 

1I I .E .  POLYMER SUPPORTED TRANSESTERIFICATION OR DISULFIDE INTERCHANGE TYPE 
REACTIONS FOR DERIVATIZATION IN HPLC-SPR 

In principle, polymeric t ransester i f icat ion reactions should be quite 
similar t o  polymeric disulfide interchange type reactions, both of which have 
already been described in synthetic organic chemistry (31). In principle, a 
t ransester i f icat ion reaction can t a g  a carboxylic or sulfonic acid substrate 
with an alcohol i n i t i a l l y  bound t o  the polymeric es te r ,  wherein the ester  
was bound t o  the polymer via the carboxylic (sulfonic) acid portion. If the 
es te r  i s  bound t o  the polymer via the alcohol end, then a t ransester i f icat ion 
reaction with another alcohol would release the carboxylic acid portion in 
the form of a f ree  es te r  with the substrate alcohol. Another possible scenario 
might be wherein an es ter  bound t o  the polymer via the carboxylic acid portion 
i s  reacted with an alcohol, th i s  alcohol substrate undergoes t ransester i f ica-  
tion, displaces the i n i t i a l  alcohol bound to  the polymer, and t h i s  released 
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alcohol i s  then detected a f t e r  the HPLC column. In one type of t ransester i f ica-  
tion reaction, the in i t ia l  substrate i s  tagged, while in the other type of 
reaction, one portion of the i n i t i a l  es te r  i s  displaced and the f inal  compound 
t o  be detected i s  released from i t s  i n i t i a l  attachment t o  the polymeric SPR. 
This same type o f  a scenario i s  also possible with disulfide interchange type 
reactions, which involve the replacement of one thiol group in the i n i t i a l  
disulfide by another th io l ,  or the tagqing of an in i t ia l  thiol by another 
thiol i n i t i a l l y  on a polymer bound disulfide, leading t o  a new disulf ide 
which i s  then detected. All of these various sequences are indeed theoretically 
possible, b u t  very few of them have ever been ut i l ized in HPLC-SPR type 
derivatizations. This i s  despite the fac t  that  a very large number of poly- 
meric t ransester i f icat ion type reactions have already been described in the 
synthetic organic l i t e ra ture ,  especially by Patchornik g, 1. (53-55). In 
view of the relat ively mild conditions often needed for  t ransester i f icat ion 
type reactions, we would expect t h a t  polymer supported reactions of th i s  
nature in HPLC-SPR applications will shortly be described (56 ) .  

described with regard t o  HPLC-SPR interfacing, most notably tha t  of Stude- 
baker 
th io ls ,  disulfides, and proteolytic enzymes in HPLC eluates. In each case, the 
analytes of interest  release a chromophoric reagent from the polymeric SPR 
a f t e r  the analytical column (post-column mode). This once released chromo- 
phoric reagent i s  then detected with a conventional UV-VIS detector in HPLC, 
a t  412 nm for  th io ls  and disulfides or 520 nm for  certain enzymes. 

I n  the area o f  disulfide interchange reactions, some work has been 

z. (57,  58). This approach has proven useful for  the detection of 

. These SPRs contain Sepharose polymers with covalently bound thiol 
groups. Such thiol-Sepharose groups can then form mixed disulfides with a 
strong chromophore such as m-dinitrophenylcysteine (DNP-cysteine). Clearly, 
a fluorophore or  electrophore could just as  readily be incorporated within 
the mixed disulfide attached t o  the Sepharose backbone. Wherein th i s  mixed 
disulf ide SPR i s  placed af te r  the analytical column, individually eluting 
th io ls ,  the analytes in th i s  case, will undergo, as a function of pH, a rapid 
and e f f ic ien t  disulf ide interchanqe reaction w i t h  the polymer bound disulf ide.  
The eluting thiol thereby forms a new mixed disulf ide with the DNP-cysteine 
moiety, which i s  now released from the polymeric backbone. The newly formed 
disulfides, a l l  of which will now have the same chromophoric moietY, then 
elute  from the SPR and enter the U V - V I S  detector. This i s  the basic method 
for  the analysis and identification of thiols  by disulfide interchange, b u t  
i t  may a l so  be possible t o  u t i l i z e  t h i s  same approach f o r  alcohols/phenols. 

modification of the above described system must be made, on-line. A separate 
For the application of th i s  SPR approach t o  disulfide analysis, one 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



148 X I E ,  COLGAN, AND KRULL 

column o f  Sepharose- th io l  i s  p laced o n - l i n e  b e f o r e  t h e  Sepharose-d isu l f ide  
SPR, a f t e r  t h e  HPLC separa t ion  column and b e f o r e  t h e  d e t e c t o r .  I n  opera t ion ,  
as a d i s u l f i d e  e l u t e s  f rom the  HPLC column, i t  f i r s t  e n t e r s  t h e  po lymer ic  
t h i o l  SPR. Here, t h e  e l u t i n g  d i s u l f i d e  undergoes a d i s u l f i d e  in te rchange 

r e a c t i o n  w i t h  t h e  polymer bound t h i o l .  Th is  forms a polymer bound d i s u l f i d e  

and a newly re leased t h i o l a t e  an ion  f rom t h e  i n i t i a l l y  e l u t i n g  d i s u l f i d e .  
From t h i s  p o i n t  forward,  t h e  r e a c t i o n s  a l r e a d y  descr ibed f o r  t h e  d i r e c t  

a n a l y s i s  o f  a t h i o l  apply ,  as above. That  i s ,  t h e  newly formed t h i o l a t e  
an ion now e n t e r s  t h e  second SPR, c o n t a i n i n g  t h e  DWP-cysteine bound 
chromophore t h a t  w i l l  undergo another  d i s u l f i d e  in te rchange r e a c t i o n  w i t h  
t h e  formed t h i o l a t e  anion. A new d i s u l f i d e  i s  then formed, c o n t a i n i n g  t h e  

t h i o l a t e  an ion i n i t i a l l y  re leased f r o m  t h e  a n a l y t e  d i s u l f i d e  t o g e t h e r  w i t h  

the  DNP-cysteine i n i t i a l l y  polymer bound t o  t h e  d i s u l f i d e  SPR. T h i s  new 
UV a c t i v e  d i s u l f i d e  then e l u t e s  f rom t h e  second SPR and i s  detected,  as above. 

One f i n a l  a p p l i c a t i o n  o r  m o d i f i c a t i o n  o f  t h e  above polymer bound d i -  
s u l f i d e  in terchange r e a c t i o n s  has been descr ibed by Studebaker e t f l . ,  and 

t h i s  a l l o w s  f o r  t h e  a n a l y s i s  o f  h y d r o l y t i c  enzymes via HPLC-SPR. I f  we have 

a t  t h e  s t a r t  a hydro lyzab le  subs t ra te ,  UV a c t i v e ,  bound t o  a s o l v e n t  i n -  

s o l u b l e  support,  then t h i s  cou ld  be c leaved by an a p p r o p r i a t e  enzyme i n  
s o l u t i o n .  The o v e r a l l  s e n s i t i v i t y  o f  t h i s  p a r t i c u l a r  method would depend on 
how many chromophoric s u b s t r a t e  f ragments a r e  c leaved by an enzyme molecule 

d u r i n g  i t s  l i f e t i m e  w i t h i n  the  SPR. I n  t h e  a p p l i c a t i o n  descr ibed,  Azoco l l ,  
a s t r o n g  v is -absorb ing  dye molecule i s  a t tached t o  a polymer via an amide 
l i n k a g e  (-CO-NHRAz, Az = A z o c o l l ) .  S ince t h i s  i s  b a s i c a l l y  a p e p t i d e  bond, 
a s u i t a b l e  pept idase enzyme c o u l d  hydro lyze  t h i s  bond, thus  r e l e a s i n g  a 
p ro tonated  amine-dye molecule (NHiRAz). The amine-dye molecule then e n t e r s  

t h e  o p t i c a l  d e t e c t o r  and i t s  response i s  recorded a t  a p a r t i c u l a r  wavelength. 
The f o r m a t i o n  and d e t e c t i o n  o f  t h e  amine-dye molecule thus  i n d i c a t e s ,  i n  an 

i n d i r e c t  manner, an i n i t i a l  presence o f  t h e  c o r r e c t  enzyme i n  t h e  i n i t i a l  
sample s o l u t i o n .  Since t h e  enzyme i t s e l f  has n o t  been consumed i n  t h i s  r e a c t i o n ,  

i t  e l u t e s  a long w i t h  t h e  amine-dye molecule, and i t  can t h e r e f o r e  be ana- 
l y z e d  by an a l t e r n a t i v e  method, i f  d e s i r e d  (57, 58). It should be p o s s i b l e  t o  

u t i l i z e  an analogous approach f o r  t h e  HPLC-UV-VIS a n a l y s i s  o f  o t h e r  s u i t a b l e  

enzymes, assuming t h a t  they  can a l s o  r e l e a s e  a d e t e c t o r - a c t i v e  moie ty  f r o m  t h e  

SPR. 

Th is  e n t i r e  a rea  o f  t r a n s e s t e r i f i c a t i o n  or  d i s u l f i d e  in te rchange type 
r e a c t i o n s  has been r a r e l y  u t i l i z e d  i n  HPLC-SPR, d e s p i t e  t h e  v e r y  l a r g e  number 

o f  p o s s i b l e  r e a c t i o n s  t h a t  have a l r e a d y  been u t i l i z e d  on a po lymer ic  suppor t .  
One would hope t h a t  w i t h  t h e  wide a v a i l a b i l i t y  o f  po lymer ic  and s i l i c a  bound 
i o n  exchanqe pack ing m a t e r i a l s  a v a i l a b l e  today, some e n t e r p r i s i n g  a n a l y t i c a l /  
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organic chemists w i l l  c r e a t i v e l y  u t i l i z e  such mater ia ls  fo r  s o l i d  phase 
reac t ions  and de r i va t i za t i ons  i n  improved HPLC q u a l i t a t i v e  and q u a n t i t a t i v e  
analyses. 
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