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ABSTRACT 

Polymeric reducinq agents, such as polymeric borohydride resins ,  
can be successfully ut i l ized in both the pre- and oost-column modes, on- 
l ine ,  a t  ambient temperatures, in real-time, for  the selective chemical 
reduction o f  a large number of aldehydes. Other classes of carbonyl deriva- 
t ives ,  such as ketones, es te rs ,  amides, e tc . ,  are to ta l ly  unreactive under 
these same polymeric reduction conditions. This particular reducing agent 
i s  ful ly  compatible with conventional reversed phase HPLC columns and 
mobile phases, such as methanol/water, ethanol/water, and acetoni t r i le /  
water, in varying proportions. The approach t o  selective detection in HPLC 
described here u t i l i zes  conventional UV-VIS detection following pre- or 
post-column reductions tha t  occur on-line. Alternative detection methods 
could jus t  as  readily be utilized. Overall reactions are rapid, quantita- 
t ive,  reproducible, and highly selective. In certain cases, i t  i s  possible 
t o  real ize  improved detection l imits  as a resul t  of aldehyde reductions. 
Difference chromatography or changes in detector responses for  unresolved 
reactant and product can be used t o  denote reactions that  have occurred on 
the original analyte(s) of interest .  Polymeric reduction columns can be 
slurry packed a t  f a i r l y  low pressures, and they are stable a t  elevated 
HPLC back pressures for  prolonged periods of time and use. The use of 
polymeric reagents in HPLC i s  a to ta l ly  qeneral approach to  improved 
specif ic i ty ,  select ivi ty ,  and detection l imits  in a l l  types of organic and 
inorganic analyses. 

*Authors t o  whom correspondence and reprint requests should be addressed. 
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606 KRULL ET AL. 

INTRODUCTION (24)  
High performance liquid chromatography ( H P L C )  has rapidly become one of 

the most powerful, useful, and p o p u l a r  methods of organic or inorganic analy- 
s i s .  Although a wide variety of packing materials and separation approaches 
have been developed over the years, there has been a serious lack of advance- 
ment made in  the important area of detectors f o r  HPLC (1-5). S t i l l  today, the 
most widely used HPLC detectors are limited t o  the following: 1) ultra- 
violet /vis ible  (UV/VIS); 2 )  fluorescence ( F L ) ;  3) refractive index ( R I ) ;  and 
4 )  electrochemical (EC). By f a r ,  the greatest  number of analyses are s t i l l  
done ut i l iz ing UV/VIS, although EC i s  rapidly becoming more and more widely 
employed f o r  those compounds that  are  or can become electrochemically active. 
I n  order t o  improve the number of applications o f  UV/VIS or E C ,  as well as t o  
improve overall specif ic i ty  and detection l imits ,  more a n d  more analysts have 
turned t o  a wide variety of readily available derivatization techniques (6-10). 
Indeed, of l a t e ,  various HPLC instrument manufacturers have developed and 
commercialized cer ta in  automated, on-line, post-column o r  pre-column (off-  
1 ine) derivatization equipment for  performing many routine homogeneous 
derivatizations automatically. Except for  a very limited number of reported 
studies, vir tual ly  a l l  of the currently used derivatization schemes for  HPLC 
u t i l i z e  homogeneous reaction conditions (10).  This requires the mixing, usually 
a f te r  the analytical column, on-line, of the individual eluting analytes with 
the derivatization reagent so lu t ion(s ) ,  followed by a reaction chamber, often 
a t  elevated temperatures, followed by the general detector (UV/VIS, e t c . ) .  
This homogeneous derivatization approach has been very widely adopted and 
adapted for  a large number of HPLC applications, despite the fac t  t h a t  i t  has 
serious disadvantages and drawbacks. These have been summarized in Table 1. 

as a sol id ,  supported on an iner t  media such as s i l i c a  gel or alumina, or 
covalently or ionically attached t o  a polymeric support, have been used in 
HPLC only a few times. This area has recently been reviewed by Krull and 
Lankmayr (10). Although supported reagents, such as sodium borohydride (NaBH4) 
on s i l i c a  gel or alumina, as well as polymeric reagents, such as polymeric 
borohydride, have been described for  many years in the synthetic organic 
l i t e ra ture ,  they have rarely been described in  any HPLC related interfacing 
or applications (11-20). We propose to  term th is  en t i re  approach for  HPLC 
derivatization, on-line or off- l ine,  as solid phase reactors (SPRs) or 
solid phase derivatization reactions. I t  should become immediately clear  that  
we have chosen t o  study b u t  one particular type of solid phase reactor, the 
polymeric borohydride reduction system, b u t  t h a t  there remain a very large 

Heterogeneous derivatization reactions, wherein the reagent i s  present 

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



POLYMERIC REDUCTIONS FOR CARBONYL COMPOUNDS 607 

TABLE 1 -- 
DISADVANTAGES OF HOMOGENEOUS DERIVATIZATIONS 

1. Requires the use of additional instrumentation, HPLC pumps, mixing chamber, 
reaction chamber, heating arrangements, connectors, plumbing lines. 

2. Introduces additional extra-column dead volume that adversely affects 
overall HPLC performance. 

3.  Increases overall time for each analysis. 

4. Increases overall costs per analysis. 

5. Possible source of contamination via reagent solutions, solvents, extra 
equi Dment and instrumentation, etc. 

6. Underivatized, excess derivatizing reagents are always present, thus 
raising background noise levels and increasing (worsening) detection limits. 

7. Cannot routinely be used as an on-line, pre-column approach. Restricted 
to post-column derivatization in, on-line mode. 

8. Often requires additional sample handling and manipulation, especially 
in the off-line approach. 

number and types of solid phase reactors that could just as easily be intro- 
duced and applied in various HPLC applications and settings. 

Sol id phase derivatization reactions provide a number of important and 
valuable advantages when compared with the more conventional homogeneous 
type derivatizations. These have been summarized in Table 2. It becomes clear 
that solid phase derivatization approaches offer significant advantages over 
most of the previously used homogeneous solution type derivatizations for 
HPLC. We describe here what would appear to be one of the first true uses 
of any supported or polymeric reagents for trace organic/inorganic analyses 
and speciation via conventional HPLC-UV methods. Although this study has been 
devoted to a polymeric type reagent, we already have sufficient data and 
information in-hand to indicate that silica gel or alumina supported reagents 
are just as useful and applicable to HPLC-detector interfacing. These results 
will be reported at a later date. We report the evaluation of a polymeric 
borohydride resin incorporating sodium borohydride, for performing on-line, 
real-time, chemical reductions of various aldehydes using reversed phase 
separation conditimsand mobile phases. At the same time, we have partially 
demonstrated the potential usefulness of this approach in the analysis of 
cinnamaldehyde in two different consumer product samples, a formulated spice 
product (cinnamon) and a mouthwash solution. 
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608 KRULL ET AL. 

TABLE 2 
ADVANTAGES OF SOLID PHASE DERIVATIZATION REACTIONS 

1. Does n o t  requ i re  add i t i ona l  instrumentat ion,  hardware, mix ing  chambers, 
o r  reac t i on  chambers. Only requ i res  s o l i d  phase reac tor ,  dummy reac tor ,  
and f i t t i n g s .  

2. Does no t  in t roduce any add i t i ona l  extra-column dead volume o ther  than t h a t  
normal ly introduced w i t h  any .conventional guard column. 

3. Usual ly w i l l  no t  increase o v e r a l l  t ime f o r  each analysis.  

4. S l i g h t  increase i n  ove ra l l  cos t  per analysis.  

5. Does no t  in t roduce contamination from s o l i d  phase reac tor .  

6. There i s  no d e r i v a t i z i n g  reagent present i n  mobi le phase lead ing  t o  
no increased background noise l e v e l .  Detect ion l i m i t s  a re  no t  adversely 
af fected, bu t  a re  genera l l y  improved. 

7 .  Can be used i n  e i t h e r  the  pre- o r  post-column modes, using d i f fe rences  i n  
ove ra l l  chromatography (pre-)  o r  differences, i n  de tec tor  responses (post-) .  

8. Does not requ i re  any add i t i ona l  sample handl ing o r  manipulations, on l y  
requires d i r e c t  i n j e c t i o n  onto HPLC w i t h  and w i thout  s o l i d  phase reac tor  
on-1 i ne. 

9. Can be f u l l y  compatible wi th wide v a r i e t y  o f  mobi le phases, f o r  both normal 
phase and reversed phase HPLC. 

10. Reactions can o f t e n  occur i n  rea l - t ime,  w i t h  no iccreased ana ly te  hold-up 
p r i o r  t o  the  column o r  detector.  

11. Since reac t ions  occur on a s o l i d  support, most w i l l  occur a t  o r  s l i g h t l y  
above room temperature. 

12. Der i va t i za t i on  reac t ions  are  more se lec t i ve  and s p e c i f i c  than f o r  same 
reagent(s) i n  so lu t ion .  

EXPERIMENTAL 
Reagents 

(2 -v iny lpyr id ine)  complex, was obtained from A l f a  Products, Ventron D iv is ion ,  
Thiokol  Corp. (Danvers, Mass.). This mater ia l  was unsu i tab le  f o r  HPLC 
app l i ca t i ons  because o f  t he  very small p a r t i c l e  s izes  present, h igh  back 
pressure, and the re fo re  was no t  s tud ied  fu r the r .  Two d i f f e r e n t  p a r t i c l e  s i ze  
anion exchange res ins  were u t i l i z e d  f o r  the  in-house prepared borohydride 
res in ,  these being AG 1-X8 ( l ess  than 400 mesh) and Aminex A-25 (17.5 + 2 um 
p a r t i c l e  s ize) .  Both o f  these polymeric res ins  were obtained from Bio-Rad 

The i n i t i a l  sample o f  the  polymeric borohydride res in ,  borane po ly -  
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POLYMERIC REDUCTIONS FOR CARBONYL COMPOUNDS 609 

Laborator ies (Richmond, Ca l i f . ) .  Such res ins  are copolymers o f  s ty rene-d iv iny l  
benzene, i n  vary ing  r a t i o s  depending on the  degree o f  c ross - l i nk ing  desired. 

HPLC solvents were obtained as fo l lows: 1) methanol was Omnisolv from 
MCB Manufacturing Chemists, Inc .  (Gibbstown, N.J.); 2) a c e t o n i t r i l e  was a l so  

Omnisolv; and 3) water was from J.T. Baker Chemical Co. (Ph i l l i psbu rg ,  N.J.). 

commercial suppl iers,  o f  the  h ighes t  p u r i t y  commercially ava i lab le ,  and were 
used as received, w i thout  f u r t h e r  p u r i f i c a t i o n .  These were obtained as fo l lows:  
sodium borohydride (A ld r i ch  Chemical Co., Milwaukee, Wisc.); acetophenone 
(A ld r i ch ) ;  benzhydrol (A ld r i ch ) ;  2-naphthaldehyde (A ld r ich) ;  2-naphthol 
( A l d r i  ch) ; I-indanone (A ld r i ch )  ; I - indano l  (A1 d r i  ch) ; sa l  i c y l  amide ( A l d r i  ch) ; 
cinnamoyl ch lo r i de  (A ld r ich) ;  benzyl a lcohol  (A ld r ich) ;  trans-cinnamaldehyde 
(A ld r ich) ;  cinnamyl alcohol  (A ld r ich) ;  benzaldehyde (J.T. Baker Co.); 
benzophenone (Fisher Sci. Co., Medford, Mass.); a s p i r i n  (Sigma Chemical Co., 
S t .  Louis, Mo.); phenacetin (Sigma); p-nitrobenzaldehyde (Sigma); p -n i t ro -  
benzal dehyde (A ld r i ch )  ; p-ni  t robenzoyl  ch lo r i de  (A ld r i ch )  ; cinnamon (R.T. 
French Co., Rochester, W . Y . ) ;  and Lavor is mouthwash (Osco Drugs, Boston, Mass.). 

The var ious chemicals and reagents u t i l i z e d  were obtained from 

Apparatus 
The HPLC system u t i l i z e d  f o r  most o f  these s tud ies  consisted o f  a 

Waters U6K syr inge load ing  i n j e c t i o n  valve (Waters Associates, Inc., M i l f o rd ,  
Mass.), a Waters 6000A so lvent  d e l i v e r y  system (pump), a Waters Model 480 
va r iab le  wavelength U V - V I S  de tec tor ,  and a Houston Omniscribe dual pen 
recorder (Houston Instruments, Inc .  , Houston, Texas). A number o f  reversed 
phase HPLC columns were used, bu t  i n  general, a lOum gener ic C18 type column 
was used, 25-cm x 4.6-mm i .d .  The dummy column and s o l i d  phase reac to r  column 
were prepared using glass l i n e d  s ta in less  s t e e l  tubing, 6-cm x 4.6-mm i .d. ,  
from A l l t e c h  Associates (Deer f ie ld ,  I11  . ) .  A l l  dummy, s o l i d  phase reac tor ,  
and ana ly t i ca l  end column f i t t i n g s  were zero dead volume (Cambridge Valve & 

F i t t i n g ,  Cambridge, Mass.). Wherein both the  dumy column and the  s o l i d  
phase reac tor  were both on - l i ne  simultaneously, i nd i v idua l  i n j e c t i o n s  were 
switched t o  e i t h e r  the  dummy o r  SPR a Rheodyne Model 7000 switching valve 
(Rheodyne Corp., Berkeley, C a l i f . ) .  The swi tch ing  valve was loca ted  j u s t  a f t e r  
the  HPLC i n j e c t i o n  va lve  and before the dummy and SPR columns, a l l  o f  which was 
loca ted  j u s t  before the  ana ly t i ca l  column. 

Methods 
I n  a l l  o f  these studies w i t h  the  polymeric borohydride res in ,  standards 

o f  a l l  organic compounds being analyzed were . in jec ted  as so lu t ions  i n  the  
mobile phase o r  neat a c e t o n i t r i l e .  Such standard so lu t ions ,  i n  known amounts, 
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610 KRULL ET AL. 

were genera l l y  i n j e c t e d  i n  20 u l  a l i quo ts ,  f i r s t  onto a combination o f  the  
dummy column p lus  a n a l y t i c a l  column, and then onto the polymeric borohydride 

reduc t ion  column (SPR) and the  same a n a l y t i c a l  column. The dummy column 
consisted o f  the  commercial anion exchange res in ,  usua l l y  the  Aminex A-25, 
i n  i t s  o r i g i n a l  ch lo r i de  (C1-) form. The polymeric borohydride r e s i n  i n  the  

s o l i d  phase reac to r  and the  dummy column were both s l u r r y  packed, a t  pressures 

o f  about 2000 ps i .  During normal HPLC operations, both the  dumy and s o l i d  

phase reac to r  columns were s tab le  a t  1500-2000 ps i .  It i s  poss ib le  t h a t  these 
packings are  s tab le  t o  higher back pressures, when used i n  the pre-ana ly t i ca l  
column mode, b u t  we have no t  had t o  determine maximum pressure s t a b i l i t i e s .  
A l l  r e ten t i on  times on both dummy and s o l i d  phase reac to r  columns, pre- 

ana ly t i ca l  column, were determined by dup l i ca te  o r  t r i p l i c a t e  i n j e c t i o n s  o f  
the  ana ly te  of i n t e r e s t  along w i t h  expected reduc t ion  produc t (s ) ,  the alcohols.  

I n  a l l  cases, w i t h  var ious mixtures o f  mobi le phases, the  re ten t i on  times o f  

the  alcohols on both the  dummy and s o l i d  phase reac to r  columns agreed very 
we l l  (i' 5% o r  l ess ) .  

I n  the  case o f  the  ana lys is  f o r  cinnamaldehyde i n  cinnamon, t h i s  was 

done by f i r s t  e x t r a c t i n g  the cinnamon, i n  a known amount, w i t h  a small volume 
o f  methanol (1-2 mls), f i l t e r i n g  t h i s  ex t rac t ,  and then immediately i n j e c t i n g  
the e x t r a c t  onto bo th  the  dummy and SPR columns, p re-ana ly t i ca l  mode. The 

i d e n t i f i c a t i o n  o f  c i  nnamaldehyde and c i  nnamyl a1 coho1 was based on measured 

re ten t i on  times. Retent ion times f o r  a l l  compoundswere based on the  HPLC 

chromatograms and an ex terna l  automatic t imer  s ta r ted  a t  the p o i n t  o f  

i n j e c t i o n  and measured a t  the  p o i n t  o f  maximum peak he igh t (s ) .  

t o  a procedure ava i l ab le  from Ventron Corp., D i v i s i o n  o f  Thiokol  Corp. 
(Beverly, Mass.) (20, 21). This i s  a standard method f o r  prepar ing the 
polymeric borohydride res in ,  and cons is ts  o f  several  d i s t i n c t  steps. These 
successive steps of p repara t ion  are: 1) p r e - p u r i f i c a t i o n  o f  t he  commercial 
chlor ide-form r e s i n  (Aminex A-25); 2) conversion t o  the borohydride r e s i n  
form: 3) p o s t - p u r i f i c a t i o n  o f  the  borohydride res in ;  and 4) d ry ing  o f  the  

f i n a l  borohydride r e s i n  and ana lys is  f o r  boron content and/or a c t i v e  boro- 
hydr ide content 3 t i t r a t i o n .  Elemental analyses f o r  boron content were 

performed a t  Ga lbra i th  Laborator ies (Knoxv i l le ,  Tenn.), and the  a c t i v e  

borohydride content determinat ions were done in-house, us ing  an iod ine  
ti t r a t i o n  procedure descr ibed e l  sewhere (22, 23). More s p e c i f i c  experimental 
cond i t ions  f o r  t he  prepara t ion  o f  t he  borohydride r e s i n  a re  ava i l ab le  from 
Ventron Corporat ion (21).  

The polymeric borohydride so l  i d  phase reac to r  was prepared accordins D
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POLYMERIC REDUCTIONS FOR CARBONYL COMPOUNDS 611 

RESULTS AND DISCUSSION 

that  have been ut i l ized with the polymeric borohydride SPR. We have studied 
other types of carbonyl derivatives, such as amides, acid chlorides, and 
es ters ,  as well as N-nitroso compounds, aryl halides, and certain drugs, 
Table 3. The overall analytical resul ts  u t i l i z ing  th i s  borohydride SPR 
are indicated in Table 3, wherein NR s ignif ies  that  no reaction was observed. 
Chemical reductions were determined by injecting a mixture of the carbonyl 
compound and i t s  expected (known) reduction product (alcohol), onto the 
dummy plus analytical 
that  yielded baseline resolution o f  the two compounds, then the same mixture 
was injected onto the SPR plus analytical column, using the same mobile 
phase and flow rate. The disappearance of the s tar t ing aldehyde and the 
concomitant increase in peak height/area for  the expected alcohol product 
were then used as suff ic ient  evidence for chemical reduction. A t  the same 
time, each carbonyl compound was injected alone onto the dummy plus 
analytical column followed by another injection o n t o  the SPR plus analytical 
column. The formation of the expected alcohol reduction product then became 
even clearer ,  i f  indeed chemical reduction had taken place. All of these 
analyses have been done a t  room temperature, b u t  in the case o f  certain 
ketones, elevated temperatures o f  40-50°C were ut i l ized,  in an e f for t  t o  
force some degree of chemical reduction. However, in no case, even with 
elevated reaction temperatures, have we been able to  effect  any on-line 
polymeric borohydride reductions except in  the case o f  the aldehydes, Table 
3. This degree o f  select ivi ty  i s  what one might have expected based on the 
known synthetic organic reports ut i l iz ing t h i s  particular borohydride resin. 

A typical SPR column contains about 1.6 g of the polymeric borohydride 
resin, b u t  obviously th i s  could be changed just by changing the dimensions of 
the glass lined s ta inless  steel cartridge. Knowing the exchange capacity of 
the Aminex A-25 resin to  be about 1.4 meq/ml, and the density of the resin t o  
be about 0.8 g/ml, the total  exchange capacity o f  the resin in a typical SPR 
column would then be 2.8 meq. This converts t o  about 38.6 mg o f  active boro- 
hydride present within a typical on-line reduction column. We have determined 
the actual borohydride content present in these columns using an accepted 
t i t r a t i o n  procedure (22, 23). For two different preparations o f  the polymeric 
borohydride resin,  the borohydride content was 1.54 t o  2.30 % (as borane), 
which i s  equal t o  24.64 t o  36.8 mg in the SPR column. The actual level of 
incorporated borohydride (borane) in any given resin preparation will depend 
on how the particular resin batch i s  prepared. However, even a t  the lower level 
indicated above (24.64 mg), t h i s  particular SPR would be active for  several 

Figure 1 indicates some typical examples of aldehydes and ketones 

column. When mobile phase conditions were obtained 
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612 KRILL ET AL. 

CHO CHZCH- CHO 

BENZALDEHYDE 

CH20H 

@ 
BENZYL ALCOHOL 

COCH3 

6 
ACETOPHENONE 

0 
ti 

BENZOPHENONE 

6 
2-CYCLOHEXENONE 

CINNAMALDEHYDE 

CH=CH-CH20H 

@ 
CINNAMYL ALCOHOL 

CHOHCH3 
I 

1-PHENYLETHANOL 

0 

CYCLOHEXANONE 

OH 

BENZHYDRDL 

Figure 1. Typical aldehydes and ketones studied v i a  solid phase reactors 
in HPLC. 
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POLYMERIC REDUCTIONS FOR CARBONYL COMPOUNDS 613 

TABLE 3 
CLASSES OF COMPOUNDS STUDIED VIA POLYMERIC BOROHYDRIDE IN H P L C ~  

CLASS OF COMPOUNDS AND MEMBERS 

1. ALDEHYDES 

POLYMERIC BOROHYDRIDE IN HPLC 

benzaldehyde 100% 
cinnamaldehyde 100% 
p-nitrobenzaldehyde 100% 
2-naphtha1 dehyde 100% 

2. KETONES 

benzophenone N R ~  
acetop henone NR 
1-indanone NR 

3. AMIDES 

sal icylamide NR 

4. ACID CHLORIDES 

cinnamoyl chloride NR 
o-nitrobenzoyl chloride NR 

5. ARYL HALIDES 

chl orobenzene NR 

6. DRUGS 
acetylsalicylic acid (aspirin) NR 
acetophentidine (phenacetin) NR 

7 .  N-NITROSO 

N-ni trosodi phenylamine NR 
N-nitrosodiethylamine NR 
1,3- bis (2-chl oroethyl ) - I-ni trosourea NR 

( BCNU ) 

a. Analytical conditions used a polymeric borohydride reaction column 
alone, 6-cm x 4.6-mm i.d., with mobile phase o f  30% HOH/MeOH at 1.0 
ml/min, no analytical column in-line. Comparisons made with dummy 
column under identical analytical conditions. 

b. NR = no reaction observed = no change in peak height for starting 
compound. 
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hundred ind i v idua l  analyses. The SPRs prepared in-house have now been e f f e c t i v e  
f o r  several months w i thout  showing any signs o f  decreased a c t i v i t y  o r  reduc t ion  
e f fec t i veness .  The i r  use has invo lved several hundred ind i v idua l  i n j e c t i o n s  
o f  var ious carbonyl compounds, w i thout  any d i sce rn ib le  loss  o f  reduc t ive  
e f f i c i e n c y  o r  capaci ty.  This suggests t h a t  SPRs i n  HPLC can have unusual ly 
long l i f e - t imes ,  and t h a t  they can be u t i l i z e d  w i t h  both standards and r e a l  

wor ld  samples f o r  hundreds o f  i nd i v idua l  analyses. A t  t he  t race  l e v e l s  o f  

analytes, these same SPRs should be a c t i v e  f o r  perhaps thousands o f  analyses. 

With regard t o  the  absolute amounts o r  concentrat ions o f  aldehydes 

t h a t  can be reduced i n  real- t ime, on- l ine,  w i t h  t h i s  p a r t i c u l a r  SPR, we have 

inves t iga ted  benzaldehyde and cinnamaldehyde. I t i s  poss ib le  t o  have 100% 

reduct ion o f  both aldehydes a t  constant volume i n j e c t e d  o r  w i t h  va r iab le  
i n j e c t i o n  volumes. I n  the  case o f  benzaldehyde, i n j e c t i o n s  from 5 n g t o  50 

ug i n  20 u l  i n j e c t i o n s  are a l l  100% reduced t o  benzyl a lcoho l .  Cinnamaldehyde 
i n  the  range o f  5 ng t o  5 uq i s  a lso  f u l l y  reduced under the  same cond i t ions .  
A l l  o f  these analyses were done us ing  a conventional 10 um C18 reversed 

phase column together w i t h  a mobile phase o f  30% MeOH/HOH a t  a f l ow  r a t e  o f  
1.0 ml/min. The polymeric borohydride column was i n  the pre-ana ly t i ca l  

column o r ien ta t i on ,  w i t h  UV de tec t ion  a t  254nm. I n  each case, the  disappearance 

o f  the  s t a r t i n g  aldehyde occurred concomitant w i t h  the  appearance o f  the  

expected alcohol  reduc t ion  product. 

although other combinations o f  organic mod i f i e rs  have a t  t imes been u t i l i z e d .  

We have used these so lvent  combinations i n  order t o  determine the  c o m p a t i b i l i t y  
and e f fec t i veness  o f  the polymeric borohydride r e s i n  towards benzaldehyde 
and cinnamaldehyde. Table 4 summarizes the  r e t e n t i o n  times (t,) and percent 

reduct ions observed as a func t i on  o f  vary ing  the  r a t i o  o f  MeOH/HOH from 100% 
MeOH t o  30% MeOH/HOH. I n  order t o  reduce the  ove ra l l  r e ten t i on  times f o r  

these two aldehydes w i th  30% MeOH/HOH, we used a C8 a n a l y t i c a l  column ins tead 
o f  the C18 column used w i t h  the  o ther  so lvent  mixtures.  These reduct ions are 
a lso  e f fec ted  using 100% HOH as the  mobi le phase, although such studies 
requ i red  the  omission o f  the  ana ly t i ca l  column because o f  very long re ten t i on  
times. 

Reversed phase HPLC u t i l i z e s  var ious mixtures o f  MeOH/HOH o r  ACN/HOH, 

Table 5 summarizes the  re ten t i on  times and percent reduct ions obtained 
f o r  the  same aldehydes, bu t  now usina var ious mixtures o f  ACN/HOH, going 
from 80% ACN/HOH down t o  30% ACN/HOH. Again, one observes 100% reduc t ion  o f  
both aldehydes regardless o f  the ACN/HOH mobile phase composition. We have 

a lso  studied, t o  a l i m i t e d  extent,  the use o f  EtOH/HOH mixtures as the HPLC 

mobile phase, and a l l  o f  the  r a t i o s  thus f a r  t r i e d  have resu l ted  i n  100% 

reduc t ion  o f  t h e  two aldehydes. Hence, f o r  p rec i se l y  those HPLC mobile phase 
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compositions o f  most i n t e r e s t  i n  reversed phase separations, i t  i s  indeed 
poss ib le  t o  e f fec t  complete reduct ions fo r  a t  l e a s t  two representa t ive  

aromatic aldehydes. It i s  expected t h a t  o ther  aromatic and a l i p h a t i c  
aldehydes should e x h i b i t  these same ove ra l l  reduct ions w i t h  the  same types 
of HPLC mobile phases, as above. 

As t y p i c a l  i l l u s t r a t i v e  chromatograms f o r  the  on- l ine ,  rea l  - t ime 
polymeric borohydr i  de reduct ions o f  a1 dehydes i n  reversed phase HPLC , Figure 
2 ind ica tes  such a study w i t h  benzaldehyde. Figure 2A i s  the  HPLC-UV 
chromatogram f o r  both benzaldehyde and benzyl a lcohol  i n j e c t e d  together,  
with a mobi le phase o f  50% HOH/MeOH a t  a f l o w  r a t e  of 1.0 ml /min ,  and w i t h  
the  dumny column before the  ana ly t i ca l  column. Approximately equal amounts o f  
each compound were i n j e c t e d  as a mixture.  Retent ion times were determined by 
i n j e c t i n g  each standard separately under i d e n t i c a l  HPLC condi t ions.  Figure 28 
ind ica tes  the  i n j e c t i o n  of t h i s  same mix tu re  onto the  polymeric borohydride 
SPR operat ing before the  a n a l y t i c a l  column, again w i t h  UV de tec t ion  a t  254nm. 
It i s  immediately c lea r  t h a t  the  benzaldehyde i s  f u l l y  reduced under such 
ana ly t i ca l  condi t ions,  and t h a t  there  i s  an increased peak he igh t  and area 
f o r  the expected reduc t ion  product, benzyl a lcohol .  

aldehyde are no t  f u l l y  resolved when co- in jec ted  onto the  dummy column p lus  
ana ly t i ca l  column. I n  Figure 3A, these two compounds are resolved on the 
ana ly t i ca l  column alone, using 30% HOH/MeOH a t  1.0 ml/min. However, i n  
Figure 3B, the same mix tu re  i n jec ted  onto dumy p lus  ana ly t i ca l  column 
leads t o  a s ing le ,  somewhat broader peak. F i n a l l y ,  Figure 3C i s  an i n j e c t i o n  
o f  the same mix tu re  onto the  polymeric borohydride SPR p lus  a n a l y t i c a l  
column. Although the  two compounds are no t  resolved i n  e i t h e r  38 o r  3C, 
the  increase i n  peak he igh t  and peak area i n  Figure 3C c l e a r l y  ind ica tes  
t h a t  a reduc t ion  o f  the  aldehyde must have occurred. Thus, wherein the  
reduct ion product has a g rea ter  e x t i n c t i o n  c o e f f i c i e n t  (Epsi lon) than t h e  
s t a r t i n g  mater ia l  a t  a p a r t i c u l a r  wavelength, the  r e s u l t a n t  increase i n  peak 
he igh t  and peak area can be used t o  demonstrate chemical reduct ion i n  
unresolved mixtures.  Obviously, wherein the  reduc t ion  product has a smal ler  
e x t i n c t i o n  c o e f f i c i e n t ,  t h i s  type o f  reac t i on  would r e s u l t  i n  a decreased 
peak he igh t  o r  complete disappearance o f  the s t a r t i n g  mater ia l  and no product 
peak formation. It i s  n a t u r a l l y  o f  i n t e r e s t  t h a t  such chemical reduct ions 
can, i n  c e r t a i n  instances, lead  t o  increases i n  peak heights and there fore  
improved de tec t ion  l i m i t s  f o r  the  s t a r t i n g  aldehyde. 

the above two aldehydes are i nd i ca ted  i n  Figures 4 and 5. Figure 4A i s  the  
i n j e c t i o n  o f  both benzaldehyde and benzyl a lcohol  onto the  dummy and a n a l y t i c a l  

Figure 3 ind ica tes  a s i t u a t i o n  wherein cinnamyl alcohol  and cinnam- 

Two add i t i ona l  i l l u s t r a t i v e  examples f o r  these same reduct ions o f  
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Figure 2 .  HPLC-UV chromatograms of benzaldehyde and benzyl alcohol using a 
mobile phase of 50% HOH/MeOH a t  a flow r a t e  of 1.0 ml/min with 
the polymeric reduction column in pre-column mode: (A )  dummy column 
in-line before analytical RP column; ( B )  polymeric reduction column 
in-line before analytical RP column. Dummy column in chloride form. 

column using 50% ACN/HOH a t  1.0 ml/min with UV detection a t  254nm. Figure 46 
i s  the same injection onto the polymeric reduction SPR plus analytical 
column, with the same mobile phase and flow rate .  Again, there is complete 
disappearance of the benzaldehyde peak and a somewhat increased peak height 
f o r  the expected reduction product, benzyl alcohol. I n  Figure 5A, bo th  
cinnamaldehyde and cinnamyl alcohol are injected together o n t o  the dummy plus 
analytical column, again using 50% ACN/HOH as the mobile phase. I n  Figure 5B, 

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



POLYMERIC REDUCTIONS FOR CARBONYL COMPOUNDS 619 

-I 
0 
I 
0 Y 
a 

a 
z 

-I > 
I 
z 
u 

I 

0 4 8 1 2  
- 
0 4 8 1 2  

TIME (MINUTES) 

Figure 3. HPLC-UV chromatograms o f  cinnamaldehyde and cinnamyl alcohol  us ing  
a mobile phase o f  30% HOH/HeOH a t  f l ow  r a t e  o f  1.0 ml/min w i t h  
polymeric reduc t ion  column i n  pre-column mode: ( A )  a n a l y t i c a l  column 
(C-18) alone; (B) dummy column i n - l i n e  before ana ly t i ca l  column; 
( C )  polymeric reduct ion column i n - l i n e  before ana ly t i ca l  column. 
Dummy column i n  ch lo r i de  form i n  a l l  cases. 
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Figure 4. HPLC-UV chromatograms of benzaldehyde and benzy’l alcohol w i t h  
polymeric reduction column in pre-column mode and RP C-18 analytical 
column with mobile phase of 50% ACN/HOH a t  1.0 ml/min: ( A )  mixture 
of compounds with dummy column and analytical column; (B) same 
mixture o f  compounds with polymeric reduction column and analytical 
column. Dummy column in chloride form in al lcases .  
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Figure 5. HPLC-UV chromatograms o f  cinnamaldehyde and cinnamyl a1 coho1 with 
polymeric reduction column in pre-column mode and RP C-18 analytical 
column and mobile phase o f  50% ACN/HOH at 1.0 ml/min: (A) mixture o f  
compounds on dummy column and analytical column; (B) mixture o f  same 
compounds on polymeric reduction column plus analytical column. 
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Figure 6. HPLC-UV chromatograms o f  methanolic e x t r a c t  o f  commercial sample o f  
cinnamon f o r  t h e  determinat ion o f  cinnamaldehyde. HPLC cond i t ions  used 
a C-18 RP a n a l y t i c a l  column w i t h  mobi le phase o f  50% ACN/HOH a t  1.0 
ml/min. UV de tec t ion  a t  254nm. (A) polymeric dummy column p lus  
a n a l y t i c a l  column; (B) polymeric borohydride reducing column i n - l i n e  
before a n a l y t i c a l  column. 

the  same mix tu re  i s  i n j e c t e d  onto a combination o f  the SPR p lus  a n a l y t i c a l  
column, and once again the re  i s  complete disappearance o f  the  aldehyde peak 
and a g r e a t l y  increased peak he igh t  f o r  the  cinnamyl alcohol  formed. 

cinnamaldehyde i n  two consumer products. I n  the f i r s t  app l i ca t i on ,  we have 
ex t rac ted  a known amount o f  the connnercial spice,  cinnamon, w i t h  a smal l ,  known 
volume o f  methanol. A f t e r  f i l t r a t i o n  o f  t h i s  ex t rac t ,  i t  was i n j e c t e d  onto 
the  dumy p lus  a n a l y t i c a l  column f i r s t ,  Figure 6A, and both cinnamaldehyde and 
cinnamyl alcohol  were both evident.  Figure 6B i s  an i n j e c t i o n  o f  the same 

We have now app l ied  the  above approaches f o r  the t race  ana lys is  o f  
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Figure 7. Analysis for  cinnamaldehyde in Lavoris mouth wash via HPLC-solid 
phase derivatization methods. LCUV chromatograms o f  m o u t h  wash 
diluted with MeOH: (A) polymeric dummy column in-line before 
analytical column; ( B )  polymeric reducing column in-line before 
analytical column. LC used C-18 analytical column, IOum, 25-cm x 
4.6-mm i .d.,  plus mobile phase of 25% HOH/ACN a t  1.0 ml/min, U V  
a t  254nm. 
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extract o n t o  the polymeric borohydride SPR plus analytical column, using the 
mobile phase of 50% ACN/HOH a t  1.0 ml/min flow rate .  There i s  a complete 
disappearance of the peak due t o  cinnamaldehyde with a concomitant increase 
in  the peak height for  the expected product, cinnamyl alcohol. Other peaks 
from the cinnamon extract are apparent, b u t  they do n o t  in terfere  in the 
analysis and confirmation for cinnamaldehyde. 

and 78, wherein a sample of Lavoris mouthwash was f i r s t  diluted 500 fold with 
methanol. Figure 7A i s  the LCUV chromatogram of th i s  sample on the dummy plus 
analytical column, using 25% HOH/ACN a t  1.0 ml/min flow rate .  Only a peak 
perhaps due t o  cinnamaldehyde i s  apparent, although there may be a small amount 
of cinnamyl alcohol present as well. I n  Figure 7B, with the same sample 
injected onto the SPR plus analytical column, a l l  of the suspected cinnam- 
aldehyde peak has disappeared, and a new peak with the retention time of 
authentic cinnamyl alcohol has appeared. Clearly, these very approaches 
could easily be ut i l ized for  cinnamaldehyde or other aldehydes present a t  
trace levels in  foods, beverages, water, environmental samples, industrial 
products or raw materials, consumer products, and so forth. 

One other application of these methods i s  demonstrated in Figures 7A 

CONCLUSIONS 
We have demonstrated the appl icabi l i ty  and usefulness of certain 

polymeric borohydride reducing resins for  the highly selective and specific 
chemical reduction, on-line, of various aldehydes. These solid phase 
reactors can be used with a wide variety of reversed phase solvents and 
conventional columns, flow rates ,  and detectors. They perform select ive 
carbonyl reductions in aldehydes alone, with no changes in the HPLC flow 
rates ,  injection volumes, or instrument operating temperature. Thus, these 
particular SPRs are fu l ly  compatible with a l l  modern day HPLC instruments, 
and they require no additional modifications in e i ther  the equipment or 
analytical approaches. The only additional work required i s  the switching 
of the dummy column for  the SPR, perhaps - via a permanently mounted switGhing 
valve a f te r  the injection valve, followed by single or duplicate injections 
of the same sample solution in each arrangement. However, there i s  no 
additional sample work-up or preparation required, no additional derivatiza- 
tion equipment or instrumentation, no mixing of HPLC eluents and derivatiza- 
tion solutions, no incubations of derivatization solution with eluents, no 
added hold-up of the sample within the chemical reactor, and i n  general, 
a much simpler and more direct  approach t o  on-line, real-time, chemical 
derivatizations. 
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I t  i s  our belief that  these approaches should find wide acceptance 
and applications for  a very large number of samples. Although these i n i t i a l  
resul ts  indicate a high select ivi ty  for  aldehydes, with no reactions yet  
observed for ketones, acid chlorides, es te rs ,  e t c . ,  i t  i s  indeed possible 
that  yet  other, already described or  t o  be developed, polymeric or  
supported reduction reagents may exhibit different  degrees of analyte 
select ivi ty .  We are ,  a t  present, investipatina yet  other possible supported 
and/or polymeric reducing reagents, and these resul ts  indeed indicate t h a t  
other apporaches provide different chemical reac t iv i t ies  for  aldehydes and 
other classes of carbonyl derivatives. I t  should also be clear  tha t  we 
are not limited in these SPR approaches t o  only chemical reductions, b u t  
that  vir tual ly  a l l  types o f  chemical reactions and derivatizations may yet  
be possible with e i ther  supported or polymeric chemical reagents and 
derivatization systems. We are  now pursuing a number of these most useful 
and interesting derivatization approaches i n  HPLC. 
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