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and 

U. Neue, B. Bidlingmeyer, and A. Newhart 
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ABSTRACT 

On-line or off-line oxidations of various alcohols, aldehydes, and 
ketones can now be performed in conjunction with high performance liquid 
chromatography (HPLC), utilizing a newly developed polymeric permanganate 
solid phase reactor (SPR). These derivatization reactions are compatible 
with most reversed phase and normal phase solvents for HPLC separations, 
and many of these oxidations can be accomplished in real-time, on-line, at 
or above room temperature. Such HPLC-SPR approaches for chemical modifications 
and derivatizations of various oxidizable analytes provide a useful and 
quite practical newer approach for the HPLC-ultraviolet (UV) detection of 
appropriate analyte species. Difference chromatography, often with improved 
UV detection, can be used to confirm the suspected presence of a particular 
oxidizable analyte in a complex sample matrix. All of these solid phase 
derivatizations utilize conventional, comnercial ly available HPLC instruments 
and accessories. These HPLC-SPR oxidation methods for chemical derivatiza- 
tion have also been applied to certain real world samples, in order to 
demonstrate the overall value and applicability of such analytical approaches. 

INTRODUCTION (1) 
A1 though a very large number of derivatization approaches have already 

been described for HPLC appl ications/utilization, perhaps more than 9Y6 of 
these have utilized standard, homogeneous type approaches (2-10). Indeed, most 
conventional homogeneous derivatizations for HPLC are still done of f -1  ine, in 
the pre-injection/column mode, wherein the desired derivative(s) and excess 
derivatizing reagent(s) are injected together. More recently, automation of 

*Author to whom correspondence and reprint requests should be addressed. 
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2110 X I E  ET AL. 

both pre-column and post-column homogeneous d e r i v a t i z a t i o n s ,  o f f - 1  ine and on- 

1 i n e  respec t i ve l y ,  have become q u i t e  popular  and widespread. Nevertheless, it 

i s  c l e a r  t o  us and others t h a t  homogeneous d e r i v a t i z a t i o n s  have c e r t a i n  i n -  
herent, d i f f i c u l t  t o  avoid/overcome, disadvantages i n  t r a c e  ana lys i s .  We have 

recen t l y  summarized many of these more ser ious disadvantages, and a t  the same 
time, we have discussed i n  depth what we b e l i e v e  are some o f  t he  more s i g n i f i -  

cant advantages of u t i l i z i n g  s o l i d  phase d e r i v a t i z a t i o n s  i n  HPLC (2, 3, 11-15). 
I n  previous pub l i ca t i ons ,  we have descr ibed two d i s t i n c t  approaches t o  per-  
forming, on- l ine,  i n  rea l - t ime ,  pre- o r  post-column chemical reduct ions o f  

var ious aldehydes o r  ketones (11, 12). I n  one o f  these approaches, we used 
an in-house prepared polymeric borohydride so l  i d  phase reac to r  (SPR) , which 

could then be u t i l i z e d  f o r  t he  e f f i c i e n t  reduct ions o f  aldehydes i n  reversed 

phase (RP) HPLC separations. I n  the o the r  p u b l i c a t i o n  o f  ours i n  t h i s  area, we 
described the preparat ion and use o f  a s i l i c a  supported borohydride reagent f o r  

performing s i m i l a r  reduct ions o f  aldehydes and ketones, now us ing normal phase 
HPLC solvents  and separat ion cond i t i ons  (11). A t  the same time, F r e i ' s  group 

i n  Amsterdam have j u s t  descr ibed s i m i l a r  approaches i n  HPLC-SPR, wherein the  
alumina support commonly used f o r  HPLC separations has been u t i l i z e d  f o r  
c e r t a i n  c a t a l y t i c  react ions,  pre-column, on-1 ine, i n  rea l - t ime  d e r i v a t i z a t i o n s  

(14). Our own i n t e r e s t  i n  HPLC-SPR has now been extended t o  the development, 
opt imizat ion,  and a p p l i c a t i o n  o f  a newer polymeric o x i d i z i n g  SPR f o r  on-1 i n e  

and o f f - l i n e  d e r i v a t i z a t i o n s  i n  HPLC. 
We descr ibe here the  preparat ion,  cha rac te r i za t i on ,  evaluat ion,  opt imiza-  

t i on ,  and a p p l i c a t i o n  of a polymeric permanganate r e s i n  f o r  performing a wide 
v a r i e t y  o f  s o l i d  phase ox ida t i ons  o f  s u i t a b l e  a lcohols  (primarylsecondary), 

aldehydes, and some ketones. Such d e r i v a t i z a t i o n  approaches have been developed 

f o r  both on - l i ne  and o f f - l i n e  app l i ca t i ons ,  w i t h  both reversed phase and 
normal phase HPLC cond i t i ons  and separations. Percent ox ida t i ons  have been 
determined as a func t i on  o f  the d e r i v a t i z a t i o n  cond i t i ons  and solvents, and 
where possible, these have been opt imized w i t h  regard t o  t ime and temperature. 
A t  t he  same time, i t  has now been poss ib le  t o  evaluate what o the r  classes o f  
organic compounds do n o t  undergo ox ida t i ons  w i t h  t h i s  p a r t i c u l a r  SPR. I n  
a l l  o f  these HPLC-SPR studies,  d i f f e r e n c e  chromatography has been u t i l i z e d ,  
wherein the ana ly te  o r  sample m a t r i x  i s  f i r s t  i n j e c t e d  onto a dummy SPR p l u s  

the  a n a l y t i c a l  column, and then i n  a separate i n j e c t i o n ,  onto a combination o f  
t he  o x i d i z i n g  SPR p l u s  the  same a n a l y t i c a l  column. I n  both instances, the on ly  

change i n  the two chromatograms thus generated i s  due t o  the presence o f  t he  
o x i d i z i n g  reagent (permanganate) on the  o x i d i z i n g  SPR, b u t  a l l  o the r  HPLC- 

SPR operat ing cond i t i ons  remain constant. Although UV de tec t i on  has been 
emphasized throughout these p a r t i c u l a r  s tud ies,  o f t e n  w i t h  enhanced UV de tec t i on  
f o l l o w i n g  SPR ox idat ions,  i t  i s  i nd i ca ted  t h a t  these approaches are t o t a l l y  

amenable and app l i cab le  t o  v i r t u a l l y  any known/comnercial HPLC detector .  Th i s  
i s  t rue,  as l ong  as e i t h e r  the s t a r t i n g  ma te r ia l  and/or the product can be 
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POLYMERIC PERMANGANATE OXIDATIONS 2111 

detected with the particular HPLC detector of choice or ava i lab i l i ty  ( 2 ) .  In- 
deed, a combination of HPLC detectors could be uti l ized with HPLC-SPR, and the 
overall analytelproduct spec i f ic i ty  could be considerably enhanced over the 
use of a single such detector. 

two real world samples, resulting in the partial  or complete oxidation of 
the s ta r t ing  alcohol present. In one such instance, i t  has been possible t o  
oxidize benzyl alcohol present i n  a particular hair  shampoo, and to  observe 
the formation of the expected aldehyde and carboxyl i c  acid following HPLC-SPR 
oxidation. In the second instance, riboflavin has been oxidized to  a variety 
of products, perhaps due to  the presence of a sugar moiety capable of under- 
going oxidations of the various alcohol functionali t ies simultaneously. I t  i s  
suggested t h a t  a large number of other possibly interesting applications for 
t h i s  particular oxidizing SPR will be developed i n  the very near future. 

Finally, these HPLC-SPR oxidation approaches have now been applied to  

EXPERIMENTAL 
Reagents and Chemicals 

Certain preliminary studies on SPR oxidations were performed w i t h  a 
commercially available sample of chromic acid on Amberlyst A-26 (2.2 meq 
Cr03/g reagent), obtained from Alfa Products, Ventron Division, Thiokol Corp. 
(Danvers, Mass.). This material was used directly i n  on-line and off-l ine 
work with various alcohols, but i t s  oxidizing efficiency was less than 
adequate or desirable fo r  most HPLC-SPR applications. The polymeric permanganate 
SPR was prepared using an analytical grade anion exchange resin,  AG 1-X8, minus 
400 mesh (Bio-Rad Laboratories, Richmond, California). This i s  a styrene- 
divinyl benzene based quaternary amnonium (Cl- form) anion exchange resin which 
has proven useful i n  t h i s  and previous polymeric SPR studies ( 1 2 ) .  

HPLC solvents were obtained from Waters Associates, Inc. (Milford, Mass.), 
as the i r  HPLC grade materials, dist i l led-in-glass.  All such solvents were used 
as  received, with de-gassing and f i l t e r ing  through a 0.45um solvent f i l t r a t i o n  
k i t / f i l t e r  (Millipore Corp., Bedford, Mass.). A t  times, HPLC grade water was 
obtained from MCB Manufacturing Chemists, Inc. (Gibbstown, N.J.), as  t he i r  
Omnisolv brand HPLC solvent. 

a variety o f  comnercial suppliers, of the highest purity available, and were 
used as received, w i t h o u t  further purification. These were obtained as  follows: 
potassium permanganate (Aldrich Chemical Co., Milwaukee, Wise.); benzoquinone 
(Aldrich); acetophenone (Aldrich); benzhydrol (Aldrich); benzyl alcohol (Aldrich); 
trans-cinnamaldehyde (Aldrich); cinnamyl alcohol (Aldrich); benzaldehyde (J.T. 
Baker Chemical Co., Phillipsburg, N.J.); benzophenone (Fisher Sci. CO. ,  Medford, 
Mass.); p-nitrobenzaldehyde (Sigma Chemical Co., St. Louis, Mo.); p-nitro- 
benzyl alcohol (Aldrich); Faberge Hair Shampoo (MediMart Drugs, Boston, Mass.); 
- sec-phenethyl alcohol (Aldrich) ; sal icylaldehyde (Aldrich) ; hydroquinone 

The various chemicals and reagents uti l ized here were obtained from 
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2112 XIE ET AL. 

(Aldrich); 2-aminobenzyl alcohol (Aldrich); paminobenzaldehyde (Aldrich); 
benzoic acid (Aldrich); riboflavin (Vitamin B2)(Sigma Chemical Co.). Lanthanum 
n i t r a t e  [La(N03)3] was obtained from Matheson, Coleman, and Bell, Inc., 
(Norwood, Ohio). 

The polymeric oxidizing resin (permanganate) was prepared by u s i n g  
the AG 1-X8 resin (591, potassium permanganate (1.5g), and La(N03)3 (0.59) 
in 80ml of d i s t i l l ed  water. T h i s  solution was then s t i r red  for  lhr a t  room 
temperature, f i l t e r ed ,  and washed extensively w i t h  water t o  remove excess, 
non-ionically attached Mn04. I t  is  essential  t o  fu l ly  remove a l l  excess, 
physically adsorbed permanganate by water washing/extraction, before th i s  
resin i s  used i n  any SPR studies/applications. Washing was done i n  a batch 
process, until the wash water was to t a l ly  f ree  of the violet  color of Mn04. 
A t  tha t  point, the resin could be loaded in to  an SPR column. 

Apparatus 

U6K syringe loading injection valve (Waters Associates, Inc., Milford, Mass.), 
a Waters 6000A solvent delivery system/pump, a Waters Model 480 variable wave- 
length UV-VIS detector, and a Houston Omniscribe, Model 5510 dual pen recorder 
(Houston Instruments, Inc., A u s t i n ,  Texas). All HPLC separations were performed 
with uBondapak C18 reversed phase columns, l O u m ,  30-cm x 3.9-mm i.d. (Waters 
Assocs.). The dummy SPR column and the solid phase reactor (SPR) column were 
prepared using glass lined s ta in less  steel  tubing, 6-cm x 4.6-m i .d. ,  from 
Alltech Associates, Inc. (Deerfield, I l l . ) .  All dummy, solid phase reactor, 
and analytical column end f i t t i n g s  were zero dead volume (Cambridge Valve & 
Fitt ing,  Inc., Bi l le r ica ,  Mass.)(Waters Assocs., Inc.). Wherein both the dummy 
and SPR were both on-line simultaneously, individual injections were switched 
t o  e i ther  the dumny o r  SPR \ria a Rheodyne Model 7000 switching valve (Rheodyne 
Corp., Cotati,  Calif .) .  The switching valve was located ju s t  a f t e r  the HPLC 
injection valve and before the dumny and SPR columns, a l l  o f  which was located 
just before the analytical column. 
instrumentation arrangement has been pub1 ished el  sewhere (11, 12). 

The HPLC system ut i l i zed  fo r  most o f  these studies consisted of a Waters 

A schematic diagram of the overall 

Methods 

of a l l  organic compounds being analyzed were injected as  solutions in e i ther  
t h e  mobile phase or neat acetonitri le.  Such standard solutions, in known 
concentrations, were generally injected in 20ul aliquots,  f i r s t  onto a combina- 
tion o f  the dumny column p l u s  analytical column, and then onto the polymeric 
SPR oxidation column and the same analytical column. The dumy column consisted 
of the commercial anion exchange resin,  usually the AG 1-X8, i n  i t s  original 
chloride (Cl-) form. The polymeric permanganate resin in the solid phase 
reactor and the dummy column were both slurry packed, a t  pressures of about 

In a l l  of these studies w i t h  the polymeric permanganate resin,  standards 
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POLYMERIC P E W G A N A T E  OXIDATIONS 2113 

2000 psi. During normal operations, both the dumy and SPR columns were stable 
a t  pressures of a t  l eas t  1500-2000 psi .  I t  i s  probable that these polymeric 
packings a re  stable t o  higher HPLC back pressures, when used in the pre-column 
mode, b u t  we have n o t  had t o  determine maximum pressure s t ab i l i t i e s .  All 
retention times on both dummy and SPR columns, pre-analytical column mode, 
were determined by duplicate or tr ip1 icate injections of the analyte of 
in te res t  along with the expected oxidation product(s), the aldehydes or ketones 
or carboxylic acids, wherever standards f o r  these were known and/or available. 
In a l l  cases, with various mixtures of mobile phases, the retention times of 
the alcohols, aldehydes, and ketones on both the dumy and SPR columns agreed 
very well (+5% or l e s s ) .  Retention times of a l l  compounds were based on the 
HPLC chromatograms and an external automatic timer started a t  the point of 
injection and measured a t  the point of maximum peak height(s).  

benzyl alcohol via i t s  off-l ine oxidation, the in i t i a l  sample o f  shampoo was 
f i r s t  diluted 100-fold in the HPLC mobile phase of 50/50 ( v / v )  water/aceto- 
n i t r i l e  (HOH/ACN).  The oxidation in th i s  case was performed off-l ine,  a t  room 
temperature, i n  10 mins, by injecting lOOul of the i n i t i a l l y  diluted hair 
shampoo onto a column of the oxidizing resin.  After oxidation o f  the sample, 
the en t i re  material and oxidation products were eluted from the SPR w i t h  an 
excess o f  the HPLC mobile phase (10mls). This f ina l ,  diluted solution was 
then injected directly onto the HPLC system, w i t h  only the analytical column 
on-line, since the SPR oxidation had taken place off-l ine here. In the applica- 
t ion involving the off-l ine oxidation of riboflavin, a standard o f  t h i s  vitamin 
was dissolved in 2OOul of 50/50 HOH/ACN, and t h i s  solution was then placed 
onto the oxidizing SPR, off-l ine,  a t  room temperature, fo r  10 mins. A t  the 
end of t h i s  time period, the oxidized products were eluted with 5mls of 50/50 
HOH/ACN. An aliquot (20-25u1) of t h i s  eluted solution was then injected 
d i rec t ly  onto the analytical HPLC system, in  order t o  determine remaining 
riboflavin and i t s  oxidation products. 

performed i n  a number of possible manners, including: 1) off-l ine,  10 mins or 
less ,  a t  room temperature or 46OC (elevated temperature), followed by elution 
of the reaction mixture w i t h  mobile phase, t h e n  HPLC injection; 2) on-line, 
pre-analytical column mode, room temperature or above, real -time or extended 
time in SPR, followed by HPLC elution of  the oxidized products onto RP 
analytical column. SPR reactions performed a t  elevated temperatures were done 
using a constant temperature water bath, Precision ScientifidGCA Corp. 
(VWR Scientific,  Inc., Boston, Mass.). Although SPR oxidations, i n  principle, 
could be performed on-line, real-time, post-column, we have not made use of 
such approaches in these studies. Previous pub1 ications have described and 
discussed how post-column, on-1 ine SPR derivatizations can be performed, and 
what so r t  o f  qualitative/quantitative resu l t s  might be expected (2, 11, 12). 

In the case of the commercial hair  shampoo used fo r  the determination of 

SPR oxidations of various standard dlcohols, aldehydes, or ketones were 
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Elemental analyses f o r  manganese (Mn) content, and the re fo re  an i n d i c a t i o n  

o f  permanganate loading on t h e  f i n a l  polymeric SPR, were performed a t  Ga lb ra i th  
Laboratories, I nc .  (Knoxv i l l e ,  Tenn.). Fur ther  cha rac te r i za t i on  o f  t he  f i n a l  
SPR was done in-house, us ing a permanganate t i t r a t i o n  method developed 

independently. This invo lved weighing a c e r t a i n  amount o f  the permanganate 
r e s i n  i n t o  a 2501111 t i t r a t i o n  f l a s k  w i t h  20ml d i s t i l l e d ,  deionized water. To 
t h i s  was added an excess o f  a ferrous s u l f a t e  (FeS04.7HOH, 0.05M) so lu t i on ,  
the e n t i r e  mix ture was s t i r r e d ,  w i t h  a f i n a l  pa le ye l l ow  c o l o r  developing. 
The excess fe r rous  i o n  (Fe 
so lu t i on  (KMn04, 0.05M) u n t i l  t he  f i n a l  s o l u t i o n  changed c o l o r  from pale 
ye l low t o  pa le v i o l e t .  I n  general, r e s u l t s  o f  these t i t r a t i o n s  i nd i ca ted  an 

average percent l oad ing  o f  Mn04 on t h e  polymeric SPR o f  about 9.8% (n=4), 
which t rans la tes  i n t o  about 100-125mg permanganate i n  one t y p i c a l  loaded 
SPR column. A t y p i c a l  permanganate loaded SPR would requ i re  about 1.29 o f  
polymeric ma te r ia l  t o  completely load the  empty, glass-1 ined, s ta in less  
s tee l  tubing. The elemental analyses f o r  manganese (Mn) performed a t  Ga lb ra i th  
Labs invo lved i n d u c t i v e l y  coupled plasma ( I C P )  emission spectroscopic 
methods f o r  t o t a l  Mn. These resu l t s ,  on the same batch o f  SPR r e s i n  used fo r  
the abov’e t i t r a t i o n  determinations, i nd i ca ted  a somewhat h igher  loading of 

t o t a l  Mn/MnOi. Th i s  may be due t o  the t i t r a t i o n  method measuring on ly  surface 
avai lab le/ loaded permanganate, w h i l e  t h e  elemental analys is ,  ICP method, 

measures t o t a l  Mn, surface and i n t e r n a l l y  loaded. I n t e r n a l l y  loaded Mn0; may 

no t  be t i t r a t a b l e  us ing the procedure described above. 

+2 ) was back t i t r a t e d  w i t h  a standard permanganate 

RESULTS AND DISCUSSION 
I n  general, on-1 ine, rea l - t ime,  ambient temperature s o l i d  phase 

oxidations/derivatizations are t o  be p re fe r red  over o f f - l i n e ,  delayed/ 
stopped-time, e levated temperature approaches w i t h  the  same polymeric per- 
manganate SPR. That i s ,  on - l i ne  approaches permi t  o v e r a l l  analyses i n  j u s t  

two simple i n j e c t i o n s ,  one w i t h  the  dumy column p lus  a n a l y t i c a l  column i n -  
l i n e ,  and the  second w i t h  the  polymeric SPR p lus  a n a l y t i c a l  column i n - l i n e .  
The two o v e r a l l  chromatograms obtained these two separate i n j e c t i o n s  o f  
the same sample so lu t i on  o r  s o l u t i o n  o f  standards, then leads t o  the d i f f e rence  
chromatography usefu l  f o r  i n d i c a t i n g  the presence o r  absence o f  the suspected 
analy te capable o f  undergoing ox ida t i on  w i t h  t h i s  p a r t i c u l a r  SPR under HPLC 
condit ions. Such on - l i ne  approaches do no t  r e q u i r e  any sample manipulat ion 
p r i o r  t o  SPR ox idat ion,  o the r  than t h a t  normally used/required f o r  HPLC 
in jec t i ons ,  and the re  i s  a minimal chance o f  sample l oss  o r  contamination. 
Thus, on- l ine approaches have always been the  des i red goal i n  t h i s  and previous 

HPLC-SPR research and deyelopment work (2, 11, 12). However, a t  times, i t  has 
not  been poss ib le  t o  u t i l i z e  on-l ine, rea l - t ime  approaches w i t h  t h i s  type o f  
SPR, and thus i t  has been necessary t o  go t o  o f f - l i n e ,  delayed t ime,  above 
room temperature ox ida t i on  condi t ions,  a t  times. This i s  a completely feas ib le  

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



POLYMERIC PERMANGANATE OXIDATIONS 2115 

and p r a c t i c a l  approach, and s t i l l  possesses some s i g n i f i c a n t  advantages over 
conventional, homogeneous de r i va t i za t i ons  now performed o f f - l i n e ,  as w e l l .  

Since polymeric o x i d i z i n g  reagents can be s tored i n  the SPR column almost 
i n d e f i n i t e l y ,  they represent a ready source o f  an e f f i c i e n t  ox id i z ing  system 
f o r  many orqanic subst rates lanaly tes.  This then avoids the necessity o f  
separately preparing the ox id iz ing so lu t i on  each t ime t h a t  an ox ida t i on  i s  
needed, and i n  p r i n c i p l e ,  t h i s  and other  SPRs could be s tored i n  a r e a d i l y  
ava i l ab le  and usable bank o f  d e r i v a t i z i n g  reagents. Because o f  the r e l a t i v e l y  

high loading o f  permanganate on t h i s  p a r t i c u l a r  o x i d i z i n g  SPR, o f t e n  i n  the 
range o f  100-125mg/SPR, we have found the  f i n a l  o x i d i z i n g  columns t o  be 

s tab le and usable/pract ica l  f o r  extended per iods o f  time, o f t e n  months. Clear ly ,  
they cannot be used on - l i ne  o r  o f f - l i n e  w i t h  an HPLC mobile phase o r  so lvent  
t h a t  could i t s e l f  undergo ox idat ion,  since t h a t  would r a p i d l y  and i n e f f i c i e n t l y  

consume the  permanganate loading on the SPR. A t  the same time, impur i t i es  
i n  the  HPLC mobile phase, i f  these are ox id izable,  could a l so  q u i c k l y  consume 
and exp i re  the SPR. Also, s ince these polymeric o x i d i z i n g  res ins  are der ived 
from an anion exchange support mater ia l ,  the permanganate reagent i s  on l y  
i o n i c a l l y  bound t o  the polymeric support. Thus, wherein inorganic  o r  organic 
an ion ic  s a l t s  are included i n  the HPLC mobile phase, i t  is t o  be expected t h a t  

these may lw i l l  d isp lace the permanganate loading, and t h a t  eventual ly  the f i n a l  
SPR w i l l  be i ne f fec t i ve  as an o x i d i z i n g  reagent. This i s  o f ten  evident by an 

i n a b i l i t y  t o  s t a b i l i z e  the  UV detector, since Mn04 has some absorbance a t  
manylmost U V - V I S  wavelengths of i n t e r e s t  i n  HPLC. Also, t he  f i n a l  mobile 
phase e luen t  e x i t i n g  from the  SPR and/or detector  has a s l i g h t  v i o l e t  t i n g e  
t o  it if the permanganate i s  being released/exchanged from the SPR. Not on l y  

can inorganic /organic  anions i n  the  mobile phase cause t h i s  displacement o f  

t he  reagent from the  SPR, b u t  a l so  c e r t a i n  i o n i c  analytes can have the same 
effect. Thus, i n  general, we have n o t  r e a l i z e d  much success i n  the attempted 
ox idat ions of i o n i c  o r  z w i t t e r i o n i c  analytes, such as catecholamines, catechol s, 
o r  phenols. It i s  n o t  t h a t  such compounds cannot be ox id ized by permanganate 
i n  so lut ion,  j u s t  t h a t  they a l so  w i l l  d isp lace the reagent from the  SPR i n t o  

t h e  mobile phase, and then t h e  UV detector  becomes unusable and unmanageable 

f o r  normal HPLC operations and de tec t i on  o f  the expected products o r  analytes. 
HPLC-SPR ox idat ions o r  any such de r i va t i za t i ons  are most usefu l  wherein 

there i s  a change i n  the  peak area/peak he igh t  o f  the s t a r t i n g  analyte, and a 
concomitant appearance o f  one o r  more expected/known products o f  such an 
ox ida t i on  reac t i on .  A t  t he  same time, the  percent disappearance o f  the s t a r t i n g  
analy te should c l o s e l y  match t h e  percent appearance of t he  expected product, 
i n  a q u a n t i t a t i v e  sense, i n  order t o  t r u l y  opt imize the  s e l e c t i v i t y  and 
o v e r a l l  s p e c i f i c i t y  o f  t h e  analy te i d e n t i f i c a t i o n .  However, o f t e n  q u a l i t a t i v e  

disappearance/appearance r e s u l t s  s u f f i c e  t o  conf i rm a suspected analyte, i n  
add i t i on  t o  the conventional use o f  r e t e n t i o n  t imes a known external  standard. 
I n  a l l  o f  t h i s  work, we have used changes i n  both peak areas and/or peak 
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2116 XIE ET AL 

heights in order to determine percent oxidations of starting materiallanalyte. 
It is not always necessary to have 100% oxidations of all analytes, often 50% 
derivatizations will suffice for confirmation purposes, but such less than 
100% results must be highly reproducible in order to be useful and reliable. 
In using this approach to derivatization on a particular analyte that is not 
fully oxidized in the sample, it can be most helpful for confirmatory purposes 
to demonstrate that the analyte in the sample and the external standard of 
that same analyte are oxidized to the same approximate degree in separate 
HPLC-SPR experiments. It is also possible that a particular alcohol analyte 
will undergo an initial oxidation to the aldehyde or ketone, and that in 
either on-line or off-line approaches, this product will/could then undergo 
a second stage oxidation to a carboxylic acid. Indeed, we have already seen 
this type of dual stage oxidation occurring with standards and actual 
sample matrices. Such multiple oxidations can provide additional confirmation 
of the nature/structure of the original analyte under investigation via HPLC-SPR. 

In all of the work that follows, it must be emphasized that the nature 
of the HPLC mobile phase used must meet at least two criteria, at least for on- 
line derivatizations. First, it must be compatible with the required oxidation 
reaction and polymeric reagents, and it must not react or dissolve the reagent 
present. Second, the mobile phase must be suitable for the desired separations 
of the starting analyte from its expected/known oxidation products and/or other 
materials present in the sample matrix/solution. If these two criteria can be 
met with a single mobile phase composition, then it is quite likely, all other 
things being equal, that the desired oxidation can be performed on-line, in 
either real- or extended-time, at room or above temperatures. In certain cases, 
it may be worthwhile to determine which mobile phase composition maylwill provide 
compatibility with the above suggested requirements for on-line HPLC-SPR work. 

HPLC-SPR, Figure 1 contains two separate chromatograms with analytical column 
plus reagent SPR on-line. In Figure l A ,  a standard solution of only p-nitro- 
benzyl alcohol has been injected, in real-time, with the SPR maintained at 
46OC, on-line. The retention time of the starting alcohol and its known 
oxidation product, u., p-nitrobenzaldehyde, were confirmed using a dummy 
column plus analytical column set-up with separate injections of each standard 
compound. In Figure I B ,  the same HPLC-SPR conditions prevail as in Figure l A ,  
but now only a standard solution of the oxidation product, p-nitrobenzaldehyde 
has been injected. Under these conditions, l B ,  some of the aldehyde injected 
has been oxidized further, and this has been demonstrated in a separate set of 
experiments. However, for purely qua1 itative purposes, Figure 1 B  indicates the 
retention time of the initial oxidation product of the starting alcohol under 
actual HPLC-SPR conditions. Other HPLC-SPR conditions used here are indicated 
in Figure 1. Percent oxidations of both alcohol and aldehyde are presented 
below, Table 1. 

To demonstrate the overall approaches utilized here for oxidations in 
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Figure 1. HPLC-SPR chromatograms for the oxidation of p-nitrobenzyl alcohol to 
p-nitrobenzaldehyde using uBondapak C analytical column with 50/50 
HOH/ACN mobile phase at 0.8 ml/min flda rate: (A )  only alcohol was 
injected with SPR on-line before analytical column, SPR at 46OC; (B) 
only aldehyde was injected, with HPLC-SPR conditions as in (A) .  

Whereas p-nitrobenzyl alcohol is only partly/partially oxidized in HPLC- 
SPR on-line approaches, Figure 1 and Table 1, a similar aromatic alcohol, 
o-aminobenzyl alcohol, i s  almost fully oxidized even at room temperature to 
the expected o-aminobenzaldehyde, Figure 2. Thus, Figure 2 illustrates the 
exact same HPLC-SPR oxidation of the same starting alcohol, on-line, using 
the same permanganate SPR, same mobile phase in the HPLC separations, but now 
varying the temperature of the SPR, pre-column, from room temperature (A) to 
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TABLE 1. 
SUMMARY OF VARIOUS ALCOHOLS/ALOEHYDES STUDIED IN HPLC-SPR WITH 
POLYMERIC PERMANGANATE PRE-COLUMN ON-LINE IN REAL TIMEa 

COMPOUND NAME 

0-AMINOBENZYL ALCOHOL 
SALICYLALDEHYDE 
p-METHOXYPHENOL 
p-METHOXYNAPHTHOL 
HYDROQUINONE 
BENZYL ALCOHOL 
BENZALDEHYDE 
p-NITROBENZYL ALCOHOL 
P-NITROBENZALDEHYDE 

PERCENT  OXIDATION^ 

100%C 
lOO%C 

100% 

100% 
42% 
11% 
15% 
52% 
53% 

a. Oxidations were performed on-line, in pre-column mode, in real- 
time, using HPLC-UV with a Waters uBondapak C-18 column with mobile 
phase of HOH/ACN (50/50) at 0.8 ml/min fl8w rate, UV at 254nm. 
Polymeric permanganate SPR operated at 46 C. 

b. Percent oxidations determined by changes in peak area or peak heights 
for dummy vs oxidizing difference chromatograms. 

c. In these two analyses, the peak of starting material disappeared, but 
no new peak appeared for the oxidation product(s), Such products may 
have remained on ion-exchange support of SPR or not eluted under HPLC 
mobile phase conditions used here. 

46OC (B). In Figure 2A, some of the starting o-aminobenzyl alcohol is still 
visible at the correct retention time of about 6 mins, but in Figure 28, with 
the SPR kept at a higher temperature, there is no remaining alcohol visible, 
concomitant with an increased peak height for the product aldehyde. The same 
amounts of alcohol were injected in both (A) and (B), Figure 2, and thus it can 
be safely assumed that at the higher SPR working temperature used in (B),  
complete oxidation o f  the alcohol has now been realized, with an additional 
observed formation o f  the known oxidation product, the aldehyde indicated. 
Clearly, HPLC-SPR oxidations are or can be greatly affected as a function of 
the temperature of the SPR on-line, in real-time. 

We have attempted to demonstrate the linearity of these oxidations over 
a wide range of concentrations of at least two alcohols injected under HPLC-SPR 
conditions, as above. Figure 3 illustrates a log-log plot of the amount (ng) 
of o-aminobenzaldehyde derived/formed from the on-line, real-time, 46OC SPR 
oxidation of the o-aminobenzyl alcohol already described above. We have here 
plotted the amount of oxidation product expected peak height, rather than 
amount of alcohol injected, since in this example, even at room temperature, 
all of the starting alcohol is completely oxidized at all levels injected. 
Thus, it was only possible to utilize amount of product expected 
heights, in order to demonstrate the linearity of the oxidation reaction over 

peak 
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Figure 2. HPLC-SPR chromatograms for the oxidation of o-aminobenzyl alcohol t o  
o-aminobenzaldehyde using analytical column o f  uBondapak C with 
50/50 HQH/ACN mobile phase at 0.8 ml/min flow rate with SPR'on-line, 
just before analytical column: ( A )  only alcohol was injected with SPR 
ke t at room temperature; (B) only alcohol was injected with SPR at 46 8 C throughout. 
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Log Nanograms of Oxidation Product of o-Aminobenzyl Alcohol 

Figure 3. Plot of amount (ng) of expected oxidation product formed as a 
function of varying amounts of starting alcohol injected onto HPLC- 
SPR, on-line, real-time, at 46OC, starting alcohol was 100% oxidized 
at all levels injected onto HPLC-SPR to the expected o-aminobenzaldehyde. 

at least 4-5 orders of magnitude of amount (ng) injected 
might have been expected based on the known/demonstrated absolute amount (mass) 
of permanganate loaded onto a typical SPR oxidizing column (100-125mg/column). 
The correlation coefficient for linearity of the plot in Figure 3 is 0.995. 
A similar study is described/summarized in Figure 4, which is another log-log 
plot of peak heights observed at various levels/amounts (ng) of the oxidation 
product expected from the HPLC-SPR derivatization of p-nitrobenzyl alcohol. 
In this instance, the starting alcohol is not fully oxidized at room tempera- 
ture, Table 1, and thus we have also been able to use peak heights for the 
alcohol injected at various levels together with peak heights for the oxida- 
tion product expected/observed. Again, using either peak heights for the 
alcohol or aldehyde at various amounts/levels injected, the calibration plot 
is linear over about 2-3 orders of maqnitude. The correlation coefficient of 
linearity for this plot o f  Figure 4 is in excess o f  0.900. However, in this 
example, there is observed some degree of non-linearity at the higher ranqes/ 
levels of alcohol injected. This is probably due to the fact that this alcohol 
is incompletely oxidized at lower levels, and thus requires a lonqer residence 
time or higher SPR reaction temperature to provide linearity at the higher 
levels injected. As in all types of derivatizations, it is desirable to utilize 

HPLC-SPR. This 
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Figure 4. Plot of amount (ng) of expected oxidation product formed, p-nitro- 
benzaldehyde, as a function of varying amounts of starting alcohol 
injected onto HPLC-SPR, on-1 ine, real-time, room temperature. 
Starting alcohol was not 100% oxidized at all levels initially 
injected in these studies. 

ratios of reagent/substrate that will provide for maximum possible conversion/ 
derivatization at all times/levels. Hence, in this particular case, it might 
be advantageous to inject amounts o f  the startinq alcohol that would fall on 
the linear portion o f  the plot in Fiqure 4. 

oxidative HPLC-SPR approaches, and these are summarized in Table 1, along 
with the percent oxidations determined for each starting compound. The percent 
oxidations were cal culated/determined by measuring changes in either peak 
areas or peak heights, or both, for the same starting material injected onto the 
d u m y  column plus analytical column and the SPR plus the same analytical column. 
In most o f  these studies, disappearance of the starting material peak was 
concomitant with appearance of the expected/known oxidation product. However, 
in two cases, salicylaldehyde and p-methoxyphenol, there was no evidence of 
any oxidation product formed. This may have been due to retention of the 
oxidation product on the anion exchange support of the SPR, because on the 
dumny column, each o f  these two starting materials were unretained and eluted 

We have now studied a fairly large number o f  alcohols and aldehydes in 
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TABLE 2. 
COMPARISON OF ON-LINE AND OFF-LINE HPLC-SPR OXIDATIONS OF VARIOUS COMPOUNDS 
USING NORMAL PHASE SOLVENT CONDITIONS IN HPLC FOR OXIDATION/SEPARATION 

COMPOUND STUDIED PERCENT O X I D A T I O N  
ON- LINE^ OFF- LINE^ 

BENZYL ALCOHOL 4.3% 66% 

BENZALDEHYDE 3.4% 46% 
CINNAMYL ALCOHOL 3.1% 71% 
CINNAMALOEHYDE 6.7% 83% 

a. HPLC cond i t i ons  used a uPoras i l  column (lourn) w i t h  5% THF/HEXANE as mobile 
phase a t  f l o w  r a t e  of 1.1 ml/min a t  room temperature, w i t h  polymeric 
permanqanate SPR i n  pre-column mode o f  operat ion.  I n j e c t i o n s  made on- l ine,  
i n  rea l - t ime,  a t  room temperature, w i t h  percent ox idat ions i nd i ca ted .  

b. Oxidations performed o f f - l i n e ,  prepar ing THF s o l u t i o n  o f  compound studied, 
placed onto o x i d i z i n g  column f o r  10 mins a t  room temperature, ana ly te  
e l u t e d  from SPR o f f - l i n e ,  i n j e c t e d  d i r e c t l y  onto HPLC-UV, as above. 

i n  reproducib le  r e t e n t i o n  times. Hence, we suspect t h a t  it i s  the products o f  
the SPR o x i d a t i o n  t h a t  are beinq held-up on the  polymeric anion exchange 
support i n  the  SPR only .  I n  Table 1, these analyses were a l l  done w i t h  the 
SPR on- l ine,  rea l - t ime,  w i t h  the SPR maintained a t  46OC, w i t h  o the r  condi t ions 
as ind icated.  Percent ox ida t i ons  have va r ied  from a low o f  11% f o r  benzyl 

a lcohol  t o  a h igh  o f  100% f o r  several o f  these s t a r t i n g  ma te r ia l s lana ly tes .  

Whereas the  above s tud ies,  Table 1, invo lved the use o f  reversed phase 

solvents, %., HOH/ACN, i t  was a l s o  impor tant  t o  determine i f  normal phase 

orqanic so lvents  cou ld  be used w i t h  t h i s  p a r t i c u l a r  o x i d i z i n g  SPR i n  HPLC. 
These r e s u l t s ,  Table 2, sugqest t ha t ,  a t  l e a s t  i n  the on - l i ne  mode, a t  room 
temperature, t he  percent  ox ida t i ons  observed w i t h  5% te t rahyd ro fu ran  (THF)/ 
hexane as the mobile phase, were less  than adequate o r  s a t i s f a c t o r y  f o r  most 
app l i ca t i ons .  However, these same ox ida t i ons  could be adequately performed i n  
the o f f - l i n e  manner, Table 2, us ing THF alone as the r e a c t i o n  solvent, and then 

analyz ing f o r  the product and s t a r t i n g  ma te r ia l  by i n j e c t i n g  onto an a n a l y t i c a l  
HPLC system, us ing again 5% THF/HEX as the mobile phase. I n  the o f f - l i n e  mode 
o f  SPR d e r i v a t i z a t i o n ,  the exact same polymeric permanganate mater ia l  was used 
f o r  the ox ida t i on  react ions,  b u t  the ox ida t i on  was a l lowed t o  proceed f o r  10 
mins a t  room temperature. The extended pe r iod  o f  t ime t h a t  the a n a l y t e l  
alcohol(a1dehyde) was a l lowed t o  remain i n  con tac t  w i t h  the polymeric SPR 
was presumably responsib le  fo r  t he  increased percent ox ida t i ons  observed, 

Table 2. I t  would therefore appear feas ib le /poss ib le  t o  u t i l i z e  t h i s  p a r t i c u l a r  
SPR i n  an o f f - l i n e  mode/approach, even w i t h  normal phase so lvents  such as THF 

fo r  the d e r i v a t i z a t i o n  step, fol lowed by normal phase HPLC separations/methods. 

have no t  y e t  described the p o s s i b i l i t y  o f  o x i d i z i n g  secondary a lcohols .  Table 
I n  a l l  of t he  above examples o f  HPLC-SPR w i t h  s u i t a b l e  substrates, we 
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TABLE 3. 
SOLID PHASE OXIDATIONS OF SECONDARY ALCOHOLS I*IITH HPLC-SPR OFF-LINE OR ON-LINE 

COMPOUNDS STUDIED PERCENT OXIDATION 
OFF- LINE^ ON- LINE^ 

BENZHYDROL 83.8% 30% 

sec-PHENETHYL ALCOHOL 83.0% 16% 

a. Oxidations performed off-1 ine by preparing ace toni t r i le  solution of analyte 
(secondary alcohoi), injecting th i s  onto polymeric oxidizing SPR, holding 
fo r  10 mins a t  46 C, eluting and injecting onto HPLC. HPLC conditions used 
a uBondapak CI8 column w i t h  mobile phase of ACN/HOH (65/35) a t  0.9 ml/min 
flow ra te ,  UV detection a t  254nm. 

b. On-line oxidations performed a t  46OC in real-time, using HPLC-UV conditions 
as above with ACN/HOH was mobile phase a t  0.9 ml/min flow rate.  

3 indicates the sol i d  phase oxidations of two such secondary alcohols, again 
comparing off-l ine with on-line approaches. And again, i t  i s  clear tha t  the on- 
l ine  derivatizations a re  l e s s  effective/complete overall than the off-l ine 
approaches, even when now both approaches use an elevated temperature of 46OC. 
In each of these two examples of secondary alcohol SPR oxidations, the expected 
ketone derivatives were observed a t  the end of each reaction, off-l ine or on- 
l ine ,  and thus we are f a i r l y  certain t h a t  these a re  indeed SPR caused oxidation 
type reactions of the substrates indicated. Additional experimental conditions 
for these particular studies a re  indicated i n  Table 3. 

lilith regard t o  specific applications of the use of  t h i s  oxidizing SPR 
in H P L C ,  Figure 5 indicates the analysis of benzyl alcohol present in a 
commercial hair  shampoo. In Figure 5A, the original,  diluted shampoo sample 
has been analyzed 2 reversed phase HPLC, with a peak a t  the correct retention 
time fo r  standard benzyl alcohol. However, use of just chromatogram 5A to  
confirm the presence o r  amount of benu1 alcohol i n  t h i s  particular sample 
would be d i f f i cu l t ,  since there are so many other UV absorbing compounds/ 
peaks present close t o  the peak of interest .  Improved HPLC resolution 
conditions could be developed in crder t o  further resolve the suspected 
benzyl alcohol peak from other materials in th i s  sample. However, Figure 58 
indicates the considerably simpler overall chromatogram fo r  the same sample 
injected now onto the permanganate SPR, o f f - l ine ,  with oxidation a t  room 
temperature fo r  10 mins. There i s  now no longer a peak a t  the correct retention 
time for  benzyl alcohol, b u t  there a re  peaks now present for  the expected 
oxidation products, Q., benzaldehyde and benzoic acid. The benzaldehyde is  
the expected in i t i a l  oxidation product of the alcohol, while the benzoic acid 
i s  the expected/known oxidation product of t h i s  aldehyde. The retention times 
fo r  these two oxidation products were confirmed by injecting separate standards 
of each compound onto the HPLC system alone. 
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Figure 5. HPLC-UV chromatograms using Waters uBondapak CI8  analytical column 
with mobile phase of HOH/ACN (50/50) a t  a flow ra te  of 1.0 ml/rnin, 
UV a t  254nm. fo r  off-l ine polymeric perrnanganate oxidation of benzyl 
alcohol i n  a c o m r c i a l  hair shampoo: ( A )  di rec t  analysis of the 
diluted shampoo sample before oxidation; (5) a f t e r  off-l ine oxidation 
a t  room temperature for  10 mins, showing disappearance of the alcohol. 
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F igure  6. HPLC-UV chromtograrns using Waters uBondapak C a n a l y t i c a l  column 
w i t h  mobile phase o f  HOH/ACN (85/15) a t  f l o w  r @ e  o f  1.0 ml/min, 
UV detect ion a t  254nm. f o r  o f f - 1  i n e  polymeric permanganate oxidat ion 
o f  r i b o f l a v i n :  (A) standard o f  r i b o f l a v i n  before SPR oxidat ion o f f -  
l i n e ;  (6 )  HPLC analys is  o f  ox idat ion products o f  r i b o f l a v i n  oxid ized 
o f f - l i n e  a t  room temperature f o r  10 mins i n  ACN/HOH (50/50). 
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A second a p p l i c a t i o n  o f  HPLC-SPR techniques i s  i nd i ca ted  i n  F igure 6, 
which i s  t he  o f f - l i n e  SPR o x i d a t i o n  o f  a standard of r i b o f l a v i n ,  v i t am in  B2. 
This p a r t i c u l a r  subs t ra te  was chromatographed be fo re  ox idat ion,  F iqu re  5A,  
and then fo l l ow ing  o f f - l i n e  ox idat ion,  F igure 58, w i t h  the  s p e c i f i c  cond i t i ons  
as ind icated.  I n  t h i s  case, s ince r i b o f l a v i n  has a sugar s ide-chain on the 
parent  molecule, t he re  a re  several s i t e s  f o r  ox ida t i on ,  and thus several 
poss ib le  o x i d a t i o n  products. Indeed, the  chromatogram of Figure 6B i nd i ca tes  
the  format ion o f  a number o f  ox ida t i on  products, w i t h  e s s e n t i a l l y  no s t a r t i n g  
r i b o f l a v i n  present. Thus, the format ion of m u l t i p l e  o x i d a t i o n  products, Figures 
5 and 6, provides a d d i t i o n a l  con f i rma t ion  f o r  the presence o f  the o r i g i n a l  
analyte, as long as a standard o f  t h i s  compound i s  a v a i l a b l e  t o  demonstrate i n  
a separate se t  o f  experiments the nature/complex i ty  o f  the reac t i on  products 
formed HPLC-SPR. We have not, as ye t ,  attempted t o  analyze f o r  r i b o f l a v i n  
i n  an actual  v i t am in  supplement sample o r  a b io loq i ca l / f ood  sample, b u t  such 
app l i ca t i ons  are being planned and should be p rac t i ca l / success fu l  i n  the fu tu re .  

CONCLUSIONS 
We have now demonstrated the preparat ion o f  a polymeric permanganate 

o x i d i z i n g  reagent t h a t  i s  usefu l  i n  var ious HPLC-SPR d e r i v a t i z a t i o n s  f o r  
a lcohols  and aldehydes. Although we have n o t  f u l l y  de l ineated what o the r  
classes o f  organic compounds might  be s u i t a b l e  f o r  these o f f - l i n e  o r  on - l i ne  
reactions, it should be poss ib le  t o  a t  l e a s t  ox id i ze  var ious ketones, based 
on c e r t a i n  p re l im ina ry  r e s u l t s .  These approaches a re  compatible w i t h  both 

reversed and normal phase solvents, i n  e i t h e r  o n - l i n e  o r  o f f - l i n e  modes, a t  

room temperature o r  above. Percent ox ida t i ons  o f  var ious subst rates are 
in f luenced by a number o f  f ac to rs ,  i nc lud ing :  so lvent ,  analy te s t ruc tu re ,  
residence t ime  w i t h i n  the  SPR, temperature o f  SPR, nature o f  HPLC mobile 
phase, and r a t i o  o f  reagent /subst rate i n jec ted .  I t  i s  suggested t h a t  these 
d e r i v a t i z a t i o n  approaches should f i n d  wide acceptance and a p p l i c a t i o n  i n  the 
area o f  HPLC de r i va t i za t i ons ,  e s p e c i a l l y  when the  ease and convenience o f  
sol i d  phase react ions/ reagents becomes b e t t e r  recognized and appreciated. 

Addi t ional  app l i ca t i ons  of t h i s  p a r t i c u l a r  HPLC-SPR approach are now under 
i nves t i aa t i on  and development. 
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