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and 

U. Neue, R .  King, and B. Bidlingmeyer 
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Milford, Massachusetts 01757 USA 

ABSTRACT 

Sodium borohydride adsorbed onto s i l i c a  gel has now been u t i l i z e d  
f o r  on-line, pre- and post-analyt ical  column chemical der iva t iza t ions  2 
reductions of various organic carbonyl compounds. These on-line react ions 
have been performed using normal phase HPLC condi t ions,  involving conventional 
s i l i c a  gel packings, organic mobile phases, and commercially ava i lab le  HPLC 
equipment and instrumentation. This approach f o r  on-line HPLC der iva t iza t ions  
has been evaluated f o r  a la rge  number o f  organic carbonyl compounds, a t  a 
var ie ty  of temperatures f o r  aldehydes and ketones. The overal l  r a t e s  of such 
carbonyl reductions via  sodium borohydride/s i l ica  a r e  s u f f i c i e n t l y  d i f f e r e n t  
as  a funct ion o f  t e m F a t u r e  of the  react ion t o  permit f o r  compound/class 
i d e n t i f i c a t i o n s .  Analyte i d e n t i f i c a t i o n  can be both q u a l i t a t i v e  and quant i ta -  
t i v e ,  even wherein an analyte  co-elutes  with a non-carbonyl compound. In-house 
prepared borohydridelsil i ca  gel reac tors  can be character ized via standard 
iodine t i t r a t i o n  procedures along w i t h  induct ively coupled plasma (ICP) 
elemental boron ana lys i s .  These normal phase der iva t iza t ion  approaches have 
been applied t o  c e r t a i n  standard vitamins, and t o  cinnamaldehyde found in  a 
commercial sp ice  product. Such approaches t o  on-line HPLC der iva t iza t ions  

*Author t o  whom correspondence and r e p r i n t  requests  should be addressed. 
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1016 KRULL ET AL. 

complement the  use of polymeric borohydride reducing reagents  f o r  reversed 
phase HPLC type separa t ions ,  a s  previously described. 

INTRODUCTION (1) 

In general ,  the  development of d e r i v a t i z a t i o n s  f o r  h i g h  performance 
l i q u i d  chromatography (HPLC) 
of the  sample so lu t ion  and the der iva t iza t ion  s o l u t i o n ( s ) ,  be this pre- 
in jec t ion  or  post-column (2-8) .  Although some progress has been made i n  the 
area of automated, post-column, on-l ine,  homogeneous d e r i v a t i z a t i o n s ,  much 
l e s s  advancement has been rea l ized  in  automated, pre-column, on- l ine ,  
homogeneous d e r i v a t i z a t i o n s .  The use of heterogeneous, on-l ine or  o f f - l i n e ,  
so l id  phase derivatizations/reactions i n  HPLC has been described only a few 
times in  the l i t e r a t u r e  
phase der iva t iza t ion  reac t ions  i n  HPLC o f f e r  c e r t a i n  very a t t r a c t i v e  advan- 
tages over the more conventional and widely used homogeneous methods. In 
general ,  as  descr ibed below, the  s o l i d  phase approach does not requi re  
addi t ional  instrumentat ion,  hardware, mixing chambers, o r  reac t ion  chambers. 
Instead,  a l l  t h a t  i s  needed a r e  the s o l i d  phase reac tor ,  a dummy reac tor  
column, and var ious HPLC f i t t i ngs  f o r  connecting these  react ion columns t o  the  
HPLC system, on-l ine.  The s o l i d  phase reac tor  (SPR) should not introduce any 
addi t ional  extra-column dead volume, o ther  than t h a t  normally introduced w i t h  
any conventional guard column, a s  now used i n  HPLC. There may be a s l i g h t  
overal l  increase i n  t h e  c o s t  per  a n a l y s i s ,  but t h i s  i s  no more than t h a t  
a l ready encountered w i t h  homogeneous d e r i v a t i z a t i o n s .  When compared w i t h  a l l  
o f f - l i n e ,  homogeneous d e r i v a t i z a t i o n s ,  the  SPR approach wi l l  not increase the  
overal l  time per ana lys i s  beyond t h a t  a l ready needed f o r  the  d i r e c t  ana lys i s  
i n  the  absence of d e r i v a t i z a t i o n .  Contamination caused by the  SPR should, i n  
general ,  be much l e s s  than t h a t  a l ready rea l ized  
approaches. W i t h  the  SPR, t h e r e  i s  no der iva t iz ing  reagent being mixed w i t h  
the  mobile phase, and therefore  de tec t ion  l i m i t s  a r e  not adversely a f fec ted  
because of an increased baseline/background noise  l e v e l .  T h u s ,  an SPR d e r i v a t i -  
zat ion w i t h  the  same reagents used i n  homogeneous d e r i v a t i z a t i o n s ,  assuming an 
equal degree o f  q u a n t i t a t i v e  d e r i v a t i z a t i o n ,  should provide f o r  b e t t e r  overa l l  
detect ion l i m i t s .  The SPR method can a l s o  be used i n  e i t h e r  the pre- o r  post-  
ana ly t ica l  column mode, on-l ine,  u s i n g  d i f fe rences  i n  the  overal l  chromatography 
(pre-)  o r  d i f fe rences  i n  t h e  de tec tor  responses w i t h  and without the  SPR 
present  ( p o s t - ) .  Derivat izat ions w i t h  the SPR approach do not requi re  any added 
sample handling or  manipulation, but r a t h e r  only requi re  d i r e c t  in jec t ion  onto 
the HPLC system, w i t h  and without the SPR present  on-l ine.  Depending on t h e  
nature of the  reagent  support ,  -. , polymeric o r  s i l i c a  g e l ,  the  SPR can be 
f u l l y  compatible w i t h  a wide var ie ty  of mobile phases, both normal phase and 
reversed phase. Since reac t ions  occur on a s o l i d  support ,  most such reac t ions  
wi l l  occur a t  o r  s l i g h t l y  above room temperature, and general ly  in  real- t ime,  

has involved mostly o f f - l i n e ,  homogeneous mixing 

and reviewed, t h u s  f a r ,  only twice (8, 9 ) .  Sol id  

convent ional ,  homogeneous 
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BOROHYDKIDEISILICA REDUCTIONS 1017 

without analytelsample hold-up on the SPR. Finally, in many instances described 
in the synthetic organic l i t e r a tu re ,  SPR reactions for  derivatization are 
more selective and specific than for  the same reagent(s) in homogeneous, 
solution type reactions. 

polymeric borohydride SPR fo r  performing on-line, real-time, aldehyde reductions 
w i t h  reversed phase columns and mobile phases (10, 11). This particular approach 
has been fu l ly  compatible with methanol/water (MeOH/HOH), ethanol/water ( E t O H /  

H O H ) ,  and  acetonitrile/water ( A C N / H O H )  reversed phase type solvents. I t  has n o t  
yet  been possible t o  determine the compatibility of t h i s  polymeric borohydride 
SPR for normal phase HPLC interfacing. However, in view of the already rather 
extensive l i t e r a tu re  describing the use of borohydride(s) on s i l i ca  ge l ,  alumina, 
and related solid supports, i t  appeared advantageous t o  u t i l i ze  these very SPRs 
with normal phase HPLC (12-20) .  Although the synthetic organic chemistry 
1 i t e ra ture  has described these supported borohydride reducing reagents for  many 
years, they have apparently never been uti l ized o r  applied for  on-line HPLC 
derivatizations,  as described herein. 

We have recently described in some detail  the u t i l i za t ion  of a certain 

I t  has now been possible t o  prepare, in-house, various loadings of 
sodium borohydride on commercially available,  HPLC grade s i l i ca  gel,  of varying 
particle s ize  and  surface area, and t o  characterize such SPR materials 
in-house iodine t i t r a t ion  procedures and  external elemental boron analysis via 
inductively coupled plasma emission spectroscopy (ICP). These were the same 
approaches already described for  the polymeric borohydride SPR (10,  11). These 
borohydride/silica SPRs have now been evaluated with regard to  the i r  s t a b i l i t y ,  
reproducibility, run-to-run precision, and chemical reactivity fo r  a number 
of classes of organic compounds. I n  addition, a study has been made on the 
ab i l i t y  of borohydridelsilica SPRs t o  d i f fe ren t ia te  between aldehydes and  
ketones, as a function of percent reductions temperature for  members of 
each class as a function of the carbonyl group present. Indeed, i t  i s  now 
possible to  d i f fe ren t ia te  between classes of carbonyl compounds via these 
methods. We have also determined the compatibility of th i s  SPR for  various 
ratios of iso-propanol ( I P A )  in hexane as the mobile phase for  the HPLC separa- 
t ions.  Finally, the borohydride/silica gel SPR has been applied to  the analysis 
of cinnamaldehyde found in the spice product cinnamon. Also of in te res t  i s  the 
fac t  tha t  these approaches can be uti l ized for  the analysis of various vitamins, 
such as the vitamin K se r ies ,  as standards and presumably in real samples. 
This should provide for  greatly improved specific identifications of these 
compounds in vitamin formulations, over-the-counter products, and in actual food 

or beverage samples or biological matrices. Although a l l  of these studies 
have thus f a r  uti l ized only u l t rav io le t  ( U V )  detection in H P L C ,  i t  i s  clear 
that  the SPR approach described here i s  fu l ly  compatible with all/any other 
commonly used HPLC detectors, such as fluorescence or electrochemical ( E C ) .  

Studies are now in progress t o  demonstrate t h i s  compatibility, and  to  further 
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1018 KRULL ET AL. 

e luc ida te  and d e t a i l  the app l i ca t i ons  poss ib le  via the  on- l ine,  rea l - t ime  use 
o f  b o r o h y d r i d e l s i l i c a  based s o l i d  phase reac to rs  and reac t i ons  i n  HPLC. 

EXPERIMENTAL 

Reagents 

b o r o h y d r i d e l s i l i c a  SPRs was obtained from Waters Associates ( M i l f o r d ,  Mass.), 
as t h e i r  37-55 um p a r t i c l e  s ize,  HPLC grade s i l i c a .  Other s i l i c a  gel was 
obtained from E. Merck & Co. (Darmstadt, Germany) as t h e i r  Per isorb A HPLC 
grade packing ma te r ia l ,  30-40 um p a r t i c l e  s i ze .  The sodium borohydride 

reducing reagent was obtained from A l d r i c h  Chemical Co. (Milwaukee, Wisc.). A 
sample o f  sodium borohydride adsorbed onto s i l i c a  gel was obtained from A l f a  
Products (Thiokol  Corp., Danvers, Mass.), and t h i s  was used f o r  some o f  the 

very e a r l y l p r e l i m i n a r y  s tud ies.  However, most o f  these s tud ies have been done 

w i t h  in-house prepared and evaluated NaBH4/si l ica gel ma te r ia l s .  

grade mobi7e phase so lvents ,  i n c l u d i n g  isopropanol and hexane. The var ious 
chemicals and reagents u t i l i z e d  i n  eva lua t i ng  the  r e a c t i v i t i e s  o f  the boro- 
h y d r i d e / s i l i c a  SPR were obta ined from a number o f  commercial supp l i e rs ,  
o f  the h ighest  p u r i t y  commercial ly ava i l ab le .  These were a l l  used as received, 
w i thou t  f u r t h e r  p u r i f i c a t i o n .  They were obta ined as fo l l ows :  acetophenone 
( A l d r i c h ) ;  benzhydrol ( A l d r i c h ) ;  2-naphthaldehyde ( A l d r i c h ) ;  2-naphthol 

( A l d r i c h ) ;  I- indanone ( A l d r i c h ) ;  1-indanol ( A l d r i c h ) ;  sa l icy lamide (Sigma 

Chemical Co., S t .  Louis, Mo.); cinnamoyl c h l o r i d e  ( A l d r i c h ) ;  benzyl a lcohol  
(A ld r i ch ) ;  trans-cinnamaldehyde ( A l f a  Products); cinnamyl a lcohol  ( A l d r i c h ) ;  
benzaldehyde (J .T.  Baker Co., P h i l l i p s b u r g ,  N.J.); benzophenone (F isher  Sc i .  Co., 
Medford, Mass. 1; p-nitrobenzaldehyde (Sigma); p-diethylaminobenzaldehyde 
(A ld r i ch ) ;  p-n i t robenzoyl  c h l o r i d e  ( A l d r i c h ) ;  cinnamon (R.T. French Co., 
Rochester, N.Y.); N-nitrosodiphenylamine ( A l d r i c h ) ;  BCNU ( B r i s t o l  Labs, Inc., 
Syracuse, N.Y .); benzan i l i de  ( A l f a  Products); phenyl benzoate (Chem Service, 
West Chester, Pa.); methyl benzoate (F isher  S c i e n t i f i c ) ;  e t h y l  benzoate (MCB 
Chemicals, Inc. ,  Cinc., Ohio); chlorobenzene ( A l d r i c h ) ;  3-cyclohexenone ( A l d r i c h ) ;  

9-nitroanthracene ( A l d r i c h ) ;  a l l y 1  i o d i d e  ( I C N  Pharmaceuticals, I nc . ,  K&K Labs, 
Plainview, N.Y. ) ;  v i t am in  K3 (Sigma). 

Most o f  t he  s i l i c a  ge l  used f o r  the in-house preparat ion o f  the 

A l l  HPLC solvents  were obta ined from Waters Associates, as t h e i r  HPLC 

Appratus 

Waters U6K syr inge load ing  i n j e c t i o n  va lve (Waters Assocs.), a Waters Model 
6000A so lven t  d e l i v e r y  system, a Waters Model 480 va r iab le  wavelength UV-VIS 
detector ,  and a L inea r  dual pen recorder  (L inea r  Instruments, Inc. ,  I r v i n e ,  
C a l i f . ) .  I n  most instances,  a uPorasi1, 10um, 30-cm x 3.9-mm i .d . ,  s ta in less  

The HPLC system u t i l i z e d  f o r  most o f  these s tud ies consis ted o f  a 
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BOROHYDRIDElSILICA REDUCTIONS 1019 

s t e e l  ana ly t ica l  HPLC column was used f o r  the separat ions,  but in  some s t u d i e s ,  
a generic ,  l O u m  s i l i c a  gel type ana ly t ica l  column was employed. The dummy and 
SPR columns were prepared using g lass  l ined  s t a i n l e s s  s t e e l  tubing,  5-01 x 
4.0-mm i . d . ,  from Alltech Assocs., Inc. (Deerf ie ld ,  I l l . ) .  All dummy, SPR, 
and ana ly t ica l  end column f i t t i n g s  were zero dead volume type (Cambridge Valve 
& F i t t i n g ,  Inc. ,  Cambridge, Mass.). 

performed using a Forma S c i e n t i f i c  Model 2095 water bath and c i r c u l a t o r  
(VWR S c i e n t i f i c ,  Inc . ,  Boston, Mass.). A t  t imes, data  from the HPLC-UV analyses 
were co l lec ted  with a s t r i p  char t  recorder together  with an HP Model 3380A 
report ing in tegra tor  (Hewlett Packard Corp., Palo Alto, C a l i f . ) .  T h i s  was done 
in  order t o  improve both accuracy and precis ion when determining percent 
reductions as  a funct ion of analyte  and SPR temperature. 

Low, ambient, and elevated temperature so l id  phase react ions were 

Methods 
In a l l  of these s tud ies  with the borohydride/silica gel SPR, standards 

of a l l  organic compounds being analyzed were injected i n  the mobile phase o r  
another mobile phase-compatible organic solvent .  Such standard so lu t ions ,  i n  
known amounts, were general ly  in jec ted  in  10 ul a l iquots ,  f i r s t  onto a combina- 
t ion  of the dummy column plus ana ly t ica l  column, and then onto the borohydride/ 
s i l i c a  SPR and the same ana ly t ica l  column ( s i l i c a  g e l ) .  The dummy column consis- 
ted of the same s i l i c a  gel packing used t o  prepare the borohydride/silica S P R ,  
in  the  ident ica l  g lass  l ined s t a i n l e s s  s t e e l  tubing and end f i t t i n g s .  All 
re tent ion times on both dummy and s o l i d  phase reac tor  columns, pre-analyt ical  
column, were determined by dupl icate  o r  t r i p l i c a t e  in jec t ions  o f  the  ana ly te (s )  
of i n t e r e s t  along with the expected reduction product, the alcohol .  In almost 
a l l  cases ,  with various mixtures of mobile phases, the retent ion times o f  the 
alcohols on both the dummy and SPR columns in- l ine  with the same analyt ical  
column, agreed very well (?5% or  l e s s ) .  

t a t i v e  determination was done by f i r s t  ex t rac t ing  the cinnamon, i n  a known 
amount, w i t h  a small volume o f  hexane (1-2 mls), f i l t e r i n g  t h i s  e x t r a c t  and then 
immediately in jec t ing  the e x t r a c t  onto both the dummy and SPR columns, i n  the 
pre-analyt ical  column mode. The i d e n t i f i c a t i o n  of cinnamaldehyde and cinnamyl 
alcohol was based on measured re ten t ion  times. Retention times f o r  a l l  compounds 
were based on HPLC chromatograms, an external automatic timer s t a r t e d  a t  the 
point of in jec t ion  and measured a t  the point  of maximum peak h e i q h t ( s ) ,  and, 
a t  times, the Hewlett Packard re ten t ion  time measurements on the  reporting 
in tegra tor .  

Elemental analyses f o r  elemental boron content were performed a t  
Galbraith Laboratories (Knoxville, Tenn.). The a c t i v e  borohydride determinations 
were done in-house, using an iodine t i t r a t i o n  method described elsewhere ( 2 1 ) .  

In the case of the analysis  of cinnamaldehyde i n  cinnamon, t h i s  qua l i -  
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1020 KRULL ET AL. 

The borohydr ide ls i l ica  gel reagent was prepared according t o  a some- 
what modified l i t e r a t u r e  procedure (16, 19) .  A known amount of f resh  sodium 
borohydride (lg) was dissolved i n  about 2 ml of d i s t i l l e d  water ,  and th i s  f i n a l  
so lu t ion  was made s l i g h t l y  basic  w i t h  2% sodium hydroxide. T h i s  was t h e n  added 
t o  about 109 of previously dr ied s i l i c a  g e l .  After vigorous shaking, the  homo- 
genized material was heated a t  39.8OC under 5-10 mm Hg, i n  a drying p i s t o l  
containing phosphorous pentoxide, un t i l  water evolut ion appeared t o  be complete. 
This general ly  required overnight  dryinq t o  remove a l l  l a s t  t r a c e s  of res idual  
water. The f i n a l  borohydride/s i l ica  reagent was s tored  i n  a vacuum dess ica tor  
over D r i e r i t e  o r  a comparable dess icant .  The actual  SPR was packed i n  a glove 
bag under dry Helium, i n  order  t o  prevent adsorpt ion and/or react ion w i t h  any 
moisture i n  the a i r .  All SPRs were dry packed using the tap-and-f i l l  approach. 
For maximum a c t i v i t y  and longevi ty ,  the  dr ied  borohydride/s i l ica  reagent must 
be protected from a l l  moisture ,  both while being packed i n t o  the SPR and i n  
actual  use on-l ine.  The mobile phases used were i n i t i a l l y  dr ied over molecular 
sieves, a t  l e a s t  overnight ,  before being used f o r  any on-l ine SPR s t u d i e s .  
This has been now shown t o  g r e a t l y  increase  t h e  overal l  l i f e t i m e  and i n i t i a l  
a c t i v i t y  of the  borohydr ide ls i l ica  reagent .  In order  t o  f u r t h e r  improve l i f e -  
times, the SPR can be freed of so lvent ,  i n  vacuo, a f t e r  HPLC involvement, 
and t h e n  s tored  i n  a vacuum dess ica tor  over a s u i t a b l e  dess icant .  A borohydride/ 
s i l i c a  SPR prepared as  indicated and s u i t a b l y  protected from water ,  can be used 
f o r  more than 50 separa te  analyses ,  even when used repeatedly with an I P A /  

hexane type mobile phase. The SPR can be g i v e n  improved l i f e t i m e s  by repeated 
borohydride coat ing of the same s i l i c a  g e l ,  before any u t i l i z a t i o n ,  i n  order  
t o  increase t h e  percent loading of a c t i v e  borohydride on the  same amount of 
s i l i c a  gel substrate/support .  For a l l  of these  s t u d i e s ,  the SPR had a s i n g l e  
coat ing of borohydride, and the  prec ise  percent borohydride o r  t o t a l  boron 
content  was determined before any u t i l i z a t i o n .  I t  is important t o  know when the 
borohydride a c t i v i t y  of the  SPR i s  i n e f f e c t i v e  f o r  on-l ine,  real- t ime reduct ions 
of even simple aldehydes, vide i n f r a .  Elemental analyses and/or a c t i v e  boro- 
hydride t i t r a t i o n  determinations should be performed on each new batch of boro- 
h y d r i d e l s i l i c a ,  just t o  ensure the i n i t i a l  a c t i v i t y  of the  SPR before i t  i s  
used on-line. I n  addi t ion ,  e f f e c t i v e  reduct ions of a s tandard aldehyde i n  a 
f ixed concentrat ion in jec ted  should be demonstrated whenever the SPR i s  put 
back i n t o  use. This wi l l  ensure t h a t  no s i g n i f i c a n t  a c t i v i t y  has been l o s t  
during s torage ,  as above. Borohydridels i l ica  reagents  a r e  much more suscept ib le  
t o  degradation via water than a r e  the polymeric borohydride SPRs described by 
us previously (10).  

RESULTS AND D I S C U S S I O N  
All of the  HPLC-UV s tudies  descr ibed here have used hexane o r  I P A /  

hexane as  the  mobile phase, w i t h  e i t h e r  i s o c r a t i c  o r  flow programming 
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condi t ions,  toqether  w i t h  a comnercial s i l i c a  ge l  a n a l y t i c a l  column. Detect ion 
i n  a l l  instances has been via a f i xed  o r  v a r i a b l e  wavelength U V - V I S  detector ,  

bu t  i t  i s  obvious t h a t  o the r  commercial HPLC detectors  could j u s t  as e a s i l y  

and r e a d i l y  been u t i l i z e d ,  depending on t he  nature o f  the analy tes o f  i n t e r e s t .  

That i s ,  s o l i d  phase reac t i ons  are compatible w i t h  v i r t u a l l y  a l l  HPLC detectors ,  
as l ong  as the s t a r t i n g  ma te r ia l  and/or r e a c t i o n  product  can be detected on 

the o r i g i n a l  detector .  It could a l s o  be t h e  case t h a t  dual de tec t i on  approaches 
could be j u s t  as compatible w i t h  HPLC-SPR, wherein the  s t a r t i n g  analy te i s  
d e t e c t i b l e  on one de tec to r ,  w h i l e  t h e  product (s)  are d e t e c t i b l e  on the  o the r  

detector .  I t  could a l so  be the case t h a t  both s t a r t i n g  analy te and reac t i on  
product (s)  are v i s i b l e  on one o r  both o f  t he  dual detectors  i n  operat ion.  
Clear ly ,  t h i s  w i l l  depend on the  i n i t i a l  chromophore, f luorophore,  o r  e l e c t r o -  
phore present i n  the s t a r t i n g  analy te,  and whether o r  n o t  i t  i t s e l f  i s  mod i f i ed  

i n  such a way as t o  increase o r  decrease d e t e c t i b i l i t y  on a p a r t i c u l a r  HPLC 

de tec to r .  There can and w i l l  be s i t u a t i o n s  wherein on l y  the s t a r t i n g  ma te r ia l  
w i l l  be v i s i b l e  o r  de tec t i b le ,  o the r  cases where both s t a r t i n g  ma te r ia l  and 
product, and s t i l l  o thers wherein on l y  the  product  w i l l  be apparent. A 
j ud i c ious  s e l e c t i o n  o f  the best  de tec to r  t o  employ i n  a g iven HPLC-SPR app l i ca -  
t i o n  i s  requ i red  i n  order  t o  f u l l y  r e a l i z e  the t o t a l  a n a l y t i c a l  advantages 
poss ib le  f o r  any g iven s i t u a t i o n .  Althouph we have n o t  y e t  u t i l i z e d  g rad ien t  
e l u t i o n  separations i n  any o f  t h i s  work, t he re  i s  every reason t o  expect t h i s  

method t o  be f u l l y  compatible w i t h  SPR d e r i v a t i z a t i o n s .  The major requirement, 
c l e a r l y ,  i s  t h a t  the mobile phases being used f o r  the o v e r a l l  separations 
be f u l l y  compatible w i t h  the  SPR reagent(s)  i n  use f o r  t h e  d e r i v a t i z a t i o n .  
With regard t o  the temperature requ i red  f o r  these SPR d e r i v a t i z a t i o n s ,  we 

have main ly  employed ambient o r  sub-ambient SPR condi t ions.  I t  i s  indeed 
poss ib le  t h a t  e levated temperatures w i l l  l ead  t o  f a s t e r  r a t e s  o f  reac t i on /  

d e r i v a t i z a t i o n ,  and t h a t  a d d i t i o n a l  classes o f  organic  compounds w i l l  undergo 
s u i t a b l e  reduct ions w i t h  t h i s  b o r o h y d r i d e l s i l i c a  SPR. To some extent ,  t h i s  
i s  i nd i ca ted  by the  r e s u l t s  below. Elevated temperatures w i l l  be l i m i t e d  by 

the nature o f  t he  HPLC mobile phase, s ince v o l a t i l i z a t i o n  o f  the so lvent  i s  
n o t  des i rab le.  I n  a l l  o f  t h i s  work, i d e n t i f i c a t i o n  o f  the s t a r t i n g  ana ly te  

i s  based on a t  l e a s t  some degree o f  chemical reduct ion,  l ead ing  t o  an a lcohol  
o r  r e l a t e d  product t h a t  has a d i f f e r e n t  r e t e n t i o n  t ime under the g iven HPLC 
condi t ions.  Wherein r e t e n t i o n  t imes f o r  both s t a r t i n g  ma te r ia l  and product  are 

i d e n t i c a l ,  which would be unusual i n  normal phase HPLC f o r  these compounds, 

d i f f e rences  i n  de tec to r  responses can a l s o  be u t i l i z e d  t o  denote a chemical 

reac t i on / reduc t i on  and compound i d e n t i f i c a t i o n .  The use o f  a dumy  column p lus  
an a n a l y t i c a l  column together  w i t h  the  SPR p lus  a n a l y t i c a l  column y i e l d s  two 
d i f f e r e n t  HPLC-UV chromatograms. The d i f f e rences  between these two chromatograms, 
hence d i f f e r e n c e  chromatography, provides the analy te i d e n t i f i c a t i o n  needed fo r  
q u a l i t a t i v e  HPLC ana lys i s  today. The greater  the s e l e c t i v i t y  o f  the SPR, the 
h igher  the assurance t h a t  the q u a l i t a t i v e  HPLC ana lys i s  i s  indeed s p e c i f i c  f o r  
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1022 KRULL ET AL. 

tha t  analyte of in te res t .  The less  selective the SPR reaction, then the less  
specific will be t h a t  quali tative HPLC analysis. Although the vast majority of 
these studies have involved the SPR in the pre-analytical column mode, i t  i s  
indeed possible and feasible t o  u t i l i ze  the borohydridelsilica reagent in the 
post-column mode. One example of t h i s  mode of operation i s  indicated below. 

As an i n i t i a l  example of the use of HPLC-SPR and difference chromatog- 
raphy for the identification of a simple aldehyde, a., benzaldehyde, Figure 1 

indicates t w o  different H P L C - U V  chromatograms. One of these, Figure l A ,  i s  the 
chromatogram for  benzaldehyde i t s e l f ,  wherein a dummy column i s  in place before 
the analytical column. The second chromatogram, Figure l B ,  indicates the use of 
the commercially available borohydridelsilica SPR before the analytical column, 
demonstrating the complete reduction of the s ta r t inq  aldehyde and the concomitant 
formation of the expected product, benzyl alcohol. Specific HPLC-UV conditions 
are indicated in Figure 1. In th i s  particular case, flow programming was used 
t o  elute the benzyl alcohol reduction product within 30 mins of injection. 
Gradient elution or step programming could also have been used here in order t o  
have the alcohol e lu te  in a shorter overall time frame. However, wherein gradient 
elution approaches are used with an SPR, i t  must be f i r s t  demonstrated tha t  more 
polar mobile phases will n o t  react with and/or e lu te  the inorganic or organic 
reagent supported on the s i l i ca  gel.  The current SPR i s  stable and  compatible 
with as much as 15% IPAlhexane, as below. 

Whereas a l l  of the aldehydes t h u s  f a r  studied are completely reduced 
a t  ambient temperatures with th i s  SPR, ketones are only par t ia l ly  reduced, as 
indicated in Figure 2A.  Figure 2A indicates the HPLC-UV chromatogram for  
standard acetophenone, with the specific conditions and retention time given. 
Figure 2B i s  the analogous chromatogram for  t h i s  same compound, b u t  now using 
a commercially available borohydridelsilica SPR before the analytical column, 
with somewhat different flow programming elution conditions for  the expected 
reduction product, in t h i s  case, I-phenylethanol. In a l l  of the cases studied 
here, identification o f  the reduction product was based on the observed 
retention time of a standard alcohol, injected onto the SPR plus analytical 
column. I n  Figure 2 ,  i t  i s  c lear  tha t  the acetophenone has the same retention 
time on both  the dummy plus analytical column as on the SPR plus analytical 
column arrangement. Thus, retention times are not being affected in going 
from the dummy case t o  the SPR arrangement, as i s  necessary for  th i s  type of 
difference chromatography t o  be re l iab le  and  useful. Since the acetophenone 
i s  n o t  completely reduced under these particular HPLC-SPR conditions, some 
of  the i n i t i a l  s ta r t ing  material remains apparent in Figure 28. One could 
readily determine the percent reduction in th i s  case, using e i ther  peak areas 
or peak heights, and th i s  has now been done for a l l  o f  those compounds which 
are n o t  completely reduced a t  ambient temperatures. The percent reductions of 
most ketones i s  temperature dependent, vide inf ra .  

available borohydridelsilica reagents, a l l  of those examples t h a t  follow have 
Whereas the above two examples of the HPLC-SPR ut i l ized  commercially 
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Figure 1. ( A )  HPLC-UV chromatogram o f  benzaldehyde using dummy column and 
silica gel analytical column with 0.3% IPA/hexane at 1 mllmin; 
(B) HPLC-UV chromatogram o f  benzaldehyde injected onto reduction 
borohydridelsilica SPR and analytical column with 0.3% IPA/hexane 
at 1 ml/min t o  8 mins and then flow rate o f  4.3ml/min to 32 mins. 
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J i 
12 8 4 0 

T I  ME (MINUTES) 

Figure 2. (A) HPLC-UV chromatogram o f  acetophenone us ing  dummy column and 
s i l i c a  gel a n a l y t i c a l  column w i t h  0.3% IPA/hexane a t  1.0 ml/min; 
( B )  HPLC-UV chromatogram o f  acetophenone on b o r o h y d r i d e l s i l  i c a  SPR 
p lus  a n a l y t i c a l  column w i t h  0.3% IPA/hexane a t  1.0 ml/min u n t i l  10 
mins, then 4.3 ml/min t o  24 mins, ambient temperatures w i t h  pre-  
column mode o f  SPR operat ion.  

u t i l i z e d  in-house prepared SPRs. Although the f i r s t  two examples u t i l i z e d  the 
pre-column mode o f  SPR operat ion,  w i t h  de tec t i on  a t  214 nm, i t  i s  a lso  poss ib le  
t o  make use o f  t he  post-column arrangement, now w i t h  de tec t i on  a t  330 nm, 
Figure 3. In both of these chromatograms, the  dummy o r  SPR are placed a f t e r  
the a n a l y t i c a l  column and before the UV de tec to r .  Thus, r e t e n t i o n  t imes are 
no t  a f f e c t e d  by the  SPR, even though some o r  a l l  o f  the s t a r t i n g  ma te r ia l  i s  
being reduced on - l i ne .  Hokrever, wherein the  UV p roper t i es  o f  the product  
d i f f e r  from those of the s t a r t i n g  ma te r ia l ,  which i s  indeed the s i t u a t i o n  i n  
Figure 3, t he re  can be e i t h e r  an increase o r  a decrease i n  the  HPLC-SPR peak 
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Figure 2B 

he igh t  o r  peak area f o r  t he  reduc t i on  product. I n  most instances, s ince we 
are now reducing a conjugated enone system, the UV absorbance a t  330 nm i s  

reduced i n  comparison w i t h  the s t a r t i n g  ma te r ia l .  Hence, F igure 38 shows the 
r e s u l t a n t  UV peak f o r  the expected reduc t i on  product ,  cyclohexanone, which 
has a reduced absorbance a t  330 nm when compared w i t h  2-cyclohexenone. Based on 
a comparison o f  Figures 3A and 38 alone, i t  i s  n o t  poss ib le  t o  determine j u s t  
how much o f  a reduc t i on  of t he  s t a r t i n g  ma te r ia l  has indeed occurred. This  
could have been determined i n  a separate experiment, wherein the  same SPR 
was used i n  the p re -ana ly t i ca l  column mode, and t h e  peak f o r  the s t a r t i n g  2- 

cyclohexenone would p a r t i a l l y  o r  completely disappear under the same HPLC 
condi t ions as i n  F igure 3. I t  seems c l e a r  t h a t  t he  HPLC-SPR us ing the pre-  

column arrangement provides much more d e f i n i t i v e  q u a l i t a t i v e  and q u a n t i t a t i v e  
i n fo rma t ion  than the post-column mode. For t h i s  very reason, we have tended t o  
emphasize i n  these i n i t i a l  s tud ies those app l i ca t i ons  which use a pre-column 
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Figure 3. Post-column mode o f  operat ion f o r  supported b o r o h y d r i d e l s i l i c a  
reduct ions w i t h  UV de tec t i on  a t  330 nm: ( A )  2-cyclohexenone i n j e c t e d  
onto dummy column a f te r  a n a l y t i c a l  column us inp hexane mobile phase 
a t  2.6 ml/min; (8) 2-cyclohexenone i n j e c t e d  onto SPR plus a n a l y t i c a l  
column us ing hexane a t  2.6 ml/min. Percent reduc t i on  by peak area 26%. 

arrangement. Nevertheless, post-column u t i l i z a t i o n  o f  HPLC-SPR should o f t e n  be 
considered wherein a known amount o f  the c o r r e c t  standard can be analyzed under 
the exact same dummy and SPR cond i t i ons .  

number o f  organic  classes and i n d i v i d u a l  members o f  each c lass,  Table 1. The 
percent reduct ions i nd i ca ted  here were determined us ing the decrease o r  complete 

disappearance o f  the peak he igh t  f o r  the s t a r t i n g  ma te r ia l .  I n  general,  most 
aldehydes w i l l  be completely reduced a t  ambient temperatures under these SPR 

condi t ions,  w i t h  t h e  so le  except ion o f  p-d ie thy lamino benzaldehyde, which i s  
unreact ive.  The s u b s t i t u t e d  benzaldehydes, and o the r  compounds, had t o  be 

The above pre-column HPLC-SPR approach has now been app l i ed  t o  a l a r g e  
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BOROHYDRIDEISILICA REDUCTIONS 1027 

Table 1. Classes o f  compounds and i n d i v i d u a l  compounds s tud ied v i a  HPLC-SPR 
w i t h  the b o r o h y d r i d e l s i l i c a  SPR.a 

CLASS OF COMPOUND/INDIVIDUAL COMPOUNDS 

ESTERS 

Phenyl benzoate 
Methyl benzoate 
Ethy l  benzoate 

NITRO 

9-Ni troanthracene 
~ 

N-NITROSO 
N-nitrosodiphenylamine 
1,3-bis( 2-ch loroethy l  ) -1-n i  trosourea (BCNU) 

ALKYL/ARYL HALIDES 
Chlorobenzenee 
A l l y 1  i od idee  

AMIDES 
Sal i c y l  ami d 
Benzani l ide 

A C I D  CHLORIDES 

Cinnamoyl c h l o r i d e  
Cinnamoyl ch lo r i de f  
o-Nitrobenzoyl ch lo r i de  
Benzoyl ch lo r i de f  

ALDEHYDES 
Benzal dehyde 
Cinnamal dehyde 
2-Naphtha1 dehyde 
p-Ni t r o  benzal dehydeg 
p-diethylami no benzaldehydeg 

KETONES 
Benzophenone 
Acetophenone 
1-Indanone 

R 

PERCENT  REDUCTION^ 

N R ~  
NR 
NR 

NR 

YR 
NR 

d -- 
NR 

NR 
NR 
100 
90 

100 
100 
100 
100 
NR 

7 1  
98 
91 

a. HPLC-UV used a uPoras i l  a n a l y t i c a l  column w i t h  0.3% IPAlhexane, 1 ml/min, 
UV a t  214 nm, bo rohyd r ide /s i l i ca  i n  pre-column mode, 25OC temperature. 

b.  Determined by decrease i n  peak heights  f o r  dummy v s  SPR chromatoorams. 
c. NR = no reac t i on  observed. 
d. I nd i ca tes  t h a t  compound could n o t  be e l u t e d  under normal Dhase HPLC. 
e. HPLC used a mobile phase o f  1CiO" hexane a t  0.65 mllmin. 
f .  HPLC used 0.3% IPA/hexane a t  f l o w  r a t e  o f  0.39 ml/min. 
9. HPLC used a mobile phase of 15% IPAlhexane a t  1 rnllrnin. 
h. HPLC used a mobile phase of 3% I?A/hexane a t  1 mllmin. 
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1028 KRULL ET AL. 

e l u t e d  from the a n a l y t i c a l  column i n  a reas inable t ime w i t h  15% IPA/hexane. 

However, even under these more po la r  e luen t  cond i t i ons ,  the bo rohydr ide /s i l i ca  
SPR i s  s t i l l  ab le  t o  f u l l y  reduce p-nitrobenzaldehyde, bu t  n o t  the p - d i e t h y l -  
aminobenzaldehyde. Thus, subs t i t uen t  e f f e c t s  f o r  aromatic aldehydes can p lay  

a s i g n i f i c a n t  r o l e  i n  determining the degree o f  reduc t i on  poss ib le  via t h i s  

p a r t i c u l a r  SPR. We have observed t h i s  same subs t i t uen t  e f f e c t  w i t h  these and 
analogous compounds us ing  an e n t i r e l y  d i f f e r e n t ,  o x i d i z i n g  SPR, t o  be described 

elsewhere ( 2 2 ) .  A l l  t h ree  ketones s tud ied here, G., benzophenone, aceto- 
phenone, and 1-indanone, are p a r t i a l l y  o r  completely reduced us ing 0.3% I P A /  

hexane as the mobile phase a t  1 ml/min. Changes i n  the f l o w  r a t e  w i l l  a f f e c t  
residence times w i t h i n  the SPR, which i n  t u r n  should a f f e c t  the degree o f  

reduct ion poss ib le  w i t h  a g iven ana ly te  and mobi le  phase composition. Clear ly ,  
increased percent reduct ions would be expected, i f  reduc t i on  i s  a t  a l l  poss ib le ,  

f o r  a g iven mobile phase a t  lower and lower  f l o w  ra tes .  I n  general,  t h i s  has 
been j u s t  what i s  observed f o r  appropr ia te analytes. A l l  o f  the other  classes 

o f  compounds, except f o r  the a c i d  ch lo r i des ,  are f u l l y  unreact ive.  O f  the 

a c i d  ch lor ides,  t he re  i s ,  as y e t ,  no c l e a r  p i c t u r e  o f  t h e i r  c o l l e c t i v e  
r e a c t i v i t i e s .  That i s ,  cinnamoyl c h l o r i d e  i s  f u l l y  unreact ive,  whereas the  

other  two a c i d  ch lo r i des  s tud ied,  o-n i t robenzoyl  c h l o r i d e  and benzoyl 

ch lo r i de ,  are reduced between 90-loo%, Table 1. There i s  no c l e a r  reason 
f o r  these vast  d i f f e rences  i n  o v e r a l l  r e a c t i v i t i e s ,  espec ia l l y  t h a t  between 

cinnamoyl and benzoyl ch lor ides,  two very s i m i l a r  compounds. 

Table 1 has begun t o  suggest t h a t  t he re  can be s i g n i f i c a n t  d i f f e rences  
i n  t h e  chemical r e a c t i v i t y  o f  s i m i l a r  classes of  compounds, such as aldehydes 
and ketones, via HPLC-SPR w i t h  the b o r o h y d r i d e l s i l i c a  SPR. It appeared t h a t  

these r e a c t i v i t y  d i f f e rences  might  be accentuated and made more usable/usefu l ,  
i f  the SPR were he ld  a t  sub-ambient temperatures, w i t h  the  other  HPLC-UV 

condi t ions he ld  constant .  Indeed, F igure 4 summarizes a l l  o f  these r e s u l t s ,  
f o r  three separate aldehydes and th ree  separate ketones, as ind icated,  va ry ing  

the SPR temperature from 1-25OC f o r  t he  aldehydes, and from 25-45'C f o r  the 

ketones. With t h i s  p a r t i c u l a r  SPR, con ta in ing  on ly  4.41% NaBH4 by elemental 
boron analys is ,  a l l  t h ree  ketones were l ess  than 2% reduced a t  25OC. This  
should be d i r e c t l y  compared w i t h  these same ketones i n  Table 1, wherein 
another SPR, con ta in ing  about 11.3% NaBH4 by the same elemental boron ana lys i s  
method, was found t o  reduce these compounds 71-98%. C lea r l y ,  borohydride content /  
loading p lays a major r o l e  i n  the o v e r a l l  percent reduct ions poss ib le  under any 

g iven HPLC condi t ions,  ho ld ing  mobile phase and f l o w  r a t e  constant  dur ing such 

a comparison. F igure 4 demonstrates t h a t  i t  i s  indeed very easy t o  d i f f e r e n t i a t e  
between a l l  ketones and aldehydes, wherein the percent borohydride present on 
the SPR i s  low enough t o  d i sc r im ina te  between these two classes o f  carbonyl 
de r i va t i ves .  As the  percent  borohydride content  of t h e  SPR, and hence i t s  
o v e r a l l  r e a c t i v i t y ,  increases, then the  d i s c r i m i n a t i n g  a b i l i t y  o f  t he  SPR 
decreases. The amounts o f  each aldehydelketone s tud ied i n  F igure 4 are somewhat 
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1030 XRULL ET AL. 

d i f f e r e n t ,  va ry ing  from 50 ng t o  about 450 ng, and i n  a separate study, we have 
shown t h a t  t he  amount o f  ana ly te  present w i l l  a f f e c t  the o v e r a l l  percent  

reduct ion r e a l i z e d  via HPLC-SPR. Thus, i t  i s  n o t  y e t  poss ib le  t o  show t h a t  t h i s  
p a r t i c u l a r  SPR can indeed d i f f e r e n t i a t e  one aldehyde from another o r  one 
ketone from another, b u t  we have reason t o  suspect t h a t  t h i s  w i l l  indeed be 

feas ib le  and p r a c t i c a l .  A t  the moment, F igure 4 and o the r  r e s u l t s  a l ready i n  
hand, c l e a r l y  demonstrate the a b i l i t y  o f  t h i s  p a r t i c u l a r  HPLC-SPR approach 
t o  d i f f e r e n t i a t e  between classes o f  compounds, e s p e c i a l l y  when such s tud ies  
are done as a f u n c t i o n  o f  t he  SPR's temperature o f  operat ion.  

d i f f e r e n t  absolute amounts (mass) o f  benzaldehyde on the percent reduc t i on  

observed via peak area 
are i nd i ca ted  i n  Table 2, he re in  us ing an SPR which contained 4.41% NaBH4 

by elemental boron ana lys i s .  It becomes immediately apparent t h a t  as the 

absolute amount o f  analy te en te r ing  the SPR i s  increased, from about 4 ng t o  

over 10,000 ng, t he  percent  reduct ions observed decrease from 100% t o  58%. 
These percent reduc t i on  d i f f e rences  would be accentuated ( increased) i f  the 

percent borohydride l oad ing  were lower than t h a t  used here. A t  t he  same time, 
w i t h  absolute amounts o f  analy tes ranging from 4.0 t o  400 ng, t he  observed 
percent reduct ions are a l l  about 90% o r  b e t t e r ,  a t  l e a s t  w i t h  a 4.41% borohydride 
l oad ing  on the SPR. Since most t race  analyses i nvo l ve  considerably  l e s s  than 
400 ng o f  any g iven analy te,  one would expect w i t h  t h i s  borohydride loading n o t  
t o  observe d r a s t i c  d i f f e rences  i n  percent reduct ions HPLC-SPR. Since any 

q u a l i t a t i v e  i d e n t i f i c a t i o n  o f  an analy te i n  a complex sample ma t r i x  would have 
t o  r e l y  on i d e n t i c a l  approaches w i t h  a standard a t  about the  same mass o r  

concentrat ion l e v e l ,  these d i f f e rences  i n  r e a c t i v i t y  as a func t i on  o f  the 

Table 2 summarizes a study designed t o  demonstrate the e f f e c t  of 

changes (decreases). The s p e c i f i c  a n a l y t i c a l  condi t ions 

Table 2. Percent reduct ions o f  benzaldehyde as a func t i on  o f  absolute amount 
i n j e c t e d  onto the HPLC-SPR system? 

AMOUNT OF BENZALDEHYDE (ng) PERCENT REDUCTION O B S E R V E D ~  

4.15 100 
41.5 95 

415 88 
1038 84 
10,380 58 

a. HPLC-SPR used a uPoras i 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, 
SPR pre-column contained 4.41% NaBH4 by weight o f  the s i l i c a  gel reapent us ing 
Waters 37-55um m a t e r i a l ,  SPR 5.0-cm x 4.0-mm i .d., UV de tec t i on  a t  214nm, SPR 
a t  ambient temperature (25.5OC) w i t h  constant temperature bath. A l l  i n j e c t i o n s  
were i n  10 u l  o f  so lu t i ons .  

b. Determined by decrease i n  measured peak areas between dummy and SPR s i t u a t i o n s .  
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BOROHYDRIDE/SILICA REDUCTIONS 1031 

amount of analyte would disappear between the sample and standard. However, i t  
then becomes te r r ib ly  important for  re l iab le  quali tative analyte identifications 
t o  employ an external standard s e t  of analyses, with dummy and SPR, tha t  mimics 
as closely as possible the quantitative levels of tha t  same analyte in the 
actual sample matrix. 

Each in-house prepared batch of borohydride/silica was analyzed for  
percent boron and percent sodium borohydride per gram of reagent, a f t e r  i t s  
preparation, using two different approaches. The f i r s t  of these used a 
conventional boron elemental analysis via inductively coupled plasma emission 
spectroscopy a t  an outside analytical laboratory. The second method used a 
more classical  iodine t i t r a t ion  procedure, previously described i n  the l i t e r a -  
ture (21). Table 3 summarizes such results for  three of the many borohydridel 
s i l i ca  reagents prepared in t h i s  study. I t  is  clearly possible t o  prepare 
different batches of borohydride/silica which contain different loadings of 
active borohydride, whichever method of analysis i s  u t i l i zed ,  as already 
described above. Second, the value of percent borohydride determined via 
elemental boron analysis and tha t  & iodine t i t r a t ion  are quite different.  
Two explanations are immediately apparent, f i r s t  tha t  the I C P  elemental boron 
analysis i s  n o t  specific for  borohydride, hence one obtains a much larger 
apparent value for  borohydride present, Table 3. The second possible answer 
i s  t ha t  the ICP approach i s  indeed providing an accurate value of percent 
borohydride present, b u t  some of th i s  i s  buried within the s i l i c a  gel matrix 
and i s  n o t  available fo r  t i t r a t ion  with iodine. This would lead t o  a correct 

value for borohydride & the elemental analysis (boron) approach, b u t  only 
surface/active borohydride i s  measured via the t i t r a t ion  method. For the current 
purposes, i t  does not really matter which values are accurate, so long as one 
can quali tatively d i f fe ren t ia te  borohydride loadings from one batch t o  another 
by the same method, be th i s  boron analysis or iodine t i t r a t ion .  

Table 3. Analysis of borohydride/silica solid phase reactors in HPLC.  

h b SAMPLE OF SPR % B O R O N ~  __ % NaBHi % BORON % NaBH4 

NaBHq/Waters 1.26 4.41 0.71 2.48 
s i l i ca  gel #1 

s i l l ca  gel #2 
NaBH /!daters 3.24 11.34 1.33 4.68 

NaBH4/Perisorb A 4.73 16.55 2.26 7.90 

a. These values were determined by elemental boron analysis 
Galbraith Laboratories, Inc. 

b. These values were determined 

I C P  a t  

a NaBH4 iodine t i t r a t ion  method (21) .  
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1032 KRULL ET AL. 

I n  order  t o  demonstrate the p o t e n t i a l  usefulness o f  t h i s  p a r t i c u l a r  
HPLC-SPR approach f o r  qua1 i t a t i v e  analy te i d e n t i f i c a t i o n  i n  o n - l i n e  HPLC 

reductions, we have app l i ed  the above approach i n  two s i t u a t i o n s .  I n  a 

previous pub l i ca t i on ,  we had demonstrated the  a b i l i t y  o f  a polymeric boro- 
hydr ide SPR t o  s e l e c t i v e l y  reduce aldehydes, and e s p e c i a l l y  cinnamaldehyde found 

i n  sp ice cinnamon (10, 11). I n  order  t o  extend t h i s  a p p l i c a t i o n  t o  normal phase 

HPLC, we have the re fo re  developed the  analogous ana lys i s  f o r  t h i s  same analy te 
i n  the  same consumer food product /sp ice.  F igure 5 i l l u s t r a t e s  the  borohydr ide l  
s i l i c a  i d e n t i f i c a t i o n  o f  cinnamaldehyde i n  a hexane e x t r a c t  o f  cinnamon, us ing 

both the dummy p lus  a n a l y t i c a l  column, F igure 5A, and then the SPR p lus  ana ly t -  

i c a l  column, F igure 58. I n  F igure 5, the s i n g l e  peak f o r  cinnamaldehyde a t  about 

10 mins i s  completely reduced i n  F igure 58, w i t h  the  expected format ion o f  the 
known reduc t i on  product, cinnamyl a l coho l .  The r e t e n t i o n  t imes f o r  both s t a r t -  
i n g  aldehyde and product  a lcohol  were confirmed, as before, * the ana lys i s  

on both dummy and SPR o f  the standard compounds. Although the  r e t e n t i o n  t ime 

f o r  the cinnamyl a lcohol  i s  somewhat long i n  F igure 58, due t o  the use of f l ow  

programming, t h i s  could have been g r e a t l y  reduced by going t o  g rad ien t  e l u t i o n  
o r  s tep programming. We have s i m i l a r l y  app l i ed  t h i s  HPLC-SPR approach t o  the 
q u a l i t a t i v e  i d e n t i f i c a t i o n  o f  cinnamaldehyde i n  a mouthwash, by i n i t i a l  hexane 
e x t r a c t i o n  o f  t he  aqueous s o l u t i o n  and i n j e c t i o n  onto normal phase HPLC-SPR. 
These o v e r a l l  r e s u l t s  were i n  e x c e l l e n t  agreement w i t h  a r e l a t e d  q u a l i t a t i v e  

ana lys i s  o f  t h i s  same consumer product  via reversed phase HPLC-SPR w i t h  a 

polymeric borohydride reagent described e a r l i e r  (10, 11). 
Vitamin K3 (menadione) i s  2-methyl-1,4-naphthoquinone, having the 

phys io log i c  p roper t i es  o f  v i t am in  K. There i s  subs tan t i a l  i n t e r e s t  i n  improved 

methods o f  t r a c e  ana lys i s  f o r  a l l  v i t am in  K analogs, e s p e c i a l l y  wherein newer 
methods possess improved s p e c i f i c i t y  f o r  t he  i n d i v i d u a l  compounds. Although 

bo rohydr ide /s i l i ca  HPLC-SPR had no t  been evaluated w i t h  regard t o  i t s  r e a c t i v i t y  

f o r  benzoquinone o r  naphthoquinone de r i va t i ves ,  t he  r e a c t i v i t y  f o r  reduc t i on  
already shown by cinnamaldehyde, suggested t h a t  t h i s  c lass  o f  compounds, v&., 

quinones, should a l s o  be r e a d i l y  reduced/der ivat ized.  Indeed, Figures 6A and 
68 i n d i c a t e  the  HPLC-UV chromatograms f o r  v i t am in  K3 analyzed f i r s t  w i t h  a dummy 

p lus  a n a l y t i c a l  column (F igure 6A), and then w i t h  the  bo rohydr ide /s i l i ca  SPR 
before the  a n a l y t i c a l  column (F igure 68). The s t a r t i n g  ma te r ia l  i s  completely 

reduced under these condi t ions,  i n  r e a l  t ime, on - l i ne ,  us ing 1% IPA/hexane 

as the mobile phase. The reduc t i on  product  o f  v i t am in  K3 does no t  appear t o  be 
e l u t e d  under these p a r t i c u l a r  HPLC cond i t i ons .  It i s  poss ib le  t h a t  w i t h  more 

po la r  mobile phases, together  w i t h  perhaps g rad ien t  e l u t i o n  approaches, t h i s  
reduc t i on  product  could be e l u t e d  and detected. However, j u s t  the disappearance 

o f  the s t a r t i n g  ma te r ia l  under these HPLC-SPR reac t i on  cond i t i ons  s u f f i c e s  t o  
suggest the presence o f  t h i s  v i t am in  d e r i v a t i v e .  Improved s p e c i f i c i t y  could 
r e l y  on ana lys i s  f o r  the product. 
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Figure 5. HPLC-UV ana lys i s  of cinnamon e x t r a c t  f o r  presence of cinnamaldehyde 
using uPorasil ana ly t ica l  column w i t h  0.3% IPA/hexane mobile phase 
a t  1 . 0  ml/min (0-13 mins), then 4 .3  ml/min. UV detect ion a t  254 nm.  
( A )  HPLC-UV chromatoqram f o r  dummy column before ana ly t ica l  column; 
( B )  borohydridels i l  i ca  SPR before ana ly t ica l  column. 
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Fiaure 6. HPLC-UV analysis for standard Vitamin K (menadione) using uPorasil 
analytical column with 1% IPA/hexane moaile phase at 1.0 ml/min 
(0-6 mins), then 4.3 ml/min. UV detection at 214 nm. 
(A) HPLC-UV chromatogram for dummy column before analytical column; 
( B )  borohydridelsilica SPR before analytical column. 
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CONCLUSIONS 
We have described here the preparation, elemental/borohydride analysis,  

derivatization properties i n  on-line, normal phase HPLC,  scope of reactions, 
reac t iv i t ies  of various classes of compounds, and certain d i rec t  applications 
of a sodium borohydride on s i l i c a  gel solid phase reactor. This particular SPR 
i s  ideal fo r  normal phase HPLC separations, and has been shown compatible with 
various ra t ios  of IPA/hexane, from 0-15% v / v .  Specific quali tative identifica- 
t ion of an individual analyte i s  based on i t s  partial  or complete reduction 
- via th i s  SPR, in e i ther  a pre- or post-analytical column orientation. Appearance 
of the expected, known reduction product, usually an alcohol, i s  additional 
confirmation for  the presence of the i n i t i a l  s ta r t ing  material. The borohydride/ 
s i l i ca  SPR can also be used for  organic class identification, especially in 
combination with high and low temperature studies for  percent reductions. I t  
may yet be possible t o  d i f fe ren t ia te  one particular ketone or aldehyde from 
related compounds, just as i t  i s  now possible to  completely d i f fe ren t ia te  
aldehydes from ketones from es te rs ,  e tc .  The in-house preparation and borohydride 
analysis of these SPRs i s  a simple matter, and repeated applications of boro- 
hydride t o  the same SPR batch leads t o  higher loadings/coatinps with greater 
reac t iv i t ies  for  individual compounds and longer l ifetimes.  Lifetime of a n  SPR 
i s  a function of i n i t i a l  loading on the s i l i c a ,  absence o f  water/moisture 
d u r i n g  packing of the SPR, dryness of the mobile phase solvents, and storage or 
care of each SPR when not in actual operation. I t  i s  indeed possible t o  have an 
SPR l a s t  for  a t  l eas t  50 individual analyses before any significant loss of 
reduction potential i s  observed. We envision the eventual development of 
several other s i l i c a  or alumina supported reagents fur  on-line, real-time 
derivatizations in HPLC. These approaches a re  fu l ly  compatible with a l l  
commercially available HPLC equipment and approaches, and should find many more 
applications for  real world samples. 
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