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Chemically reducing species formed during phosphate ion catalyzed degradation of reducing sugars
were directly quantified by titration with 2,6-dichloroindophenol (Tillman’s reagent) and by measurement
of open circuit electrical redox potentials. Both techniques demonstrated a time-dependent increased
production of chemically reducing species in 0.1 M phosphate buffer at 100 °C and the increasingly
negative redox potentials observed were consistent with the formation of reductones. Cyclic voltam-
metry (CV) was investigated in an attempt to generate and observe the sugar-derived highly reactive
reducing species in situ. CV analysis of a model Amadori compound, N-(1-deoxyfructos-1-yl)piperidine,
indicated oxidative waves consistent with reductone formation, but chemical instability of the oxidation
products formed precluded the electrochemical detection of highly electrophilic reducing species such

as reductones.
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INTRODUCTION

The degradation of reducing sugars is a fundamental process
for the formation of aroma, taste, and visual color compounds
during food processing. The breakdown of reducing sugars gener-
ally involves dehydration or oxidation reactions, often leading to
highly reactive a-dicarbonyl intermediates known collectively
as deoxyosones. The key role of deoxyosones as reactive inter-
mediates in carbohydrate chemistry suggested a further need
to develop less invasive means for their detection and analysis
and provided the incentive for this research. Deoxyosones have
long been recognized as intermediates in food related and medic-
ally significant in vivo Maillard reactions (/). One generic class of
deoxyosones, the a-hydroxymethylglyoxals (3-hydroxy-1,2-pro-
panediones) or reductones, exhibit chemical reducing properties
and have attracted particular attention both as flavor precursors
and as potential redox coupling agents in related flavor-forming
reactions (2). Deoxyosone formation by dehydration may be
catalyzed by nitrogen bases or inorganic agents. In the Maillard
reaction common to foods and biological systems, aldose and
ketose sugars react with amines, amino acids, or proteins to form
3-deoxy-1,2-osones and reductones such as the 1-deoxy-2,3-
osones. Similar products are formed catalytically from sugars
via inorganic acid/base sugar degradation reactions in the ab-
sence of nitrogen bases. Because of their high reactivity, reduc-
tones are difficult to quantify per se in complex systems. For this
reason, reductones are often detected and quantified as more
stable derivatives such as quinoxalins or 1,2,4-triazines. Deriva-
tization techniques are useful when applied with care, but artifacts
frequently result from concomitant sugar/reagent reactions (3).
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Reducing species including Amadori compounds and presum-
ably reductones have been estimated directly in Maillard reac-
tions by titration with ferricyanide (4) or Tillman’s reagent
(2,6-dichloroindophenol) (5) and by color changes in formazan-
forming redox indicators (6). The presence of highly reactive
reductones has also been observed electrochemically during polar-
ography of sugars (7) or by open circuit potential measurements
in model Maillard reactions of $-alanine and reducing sugars (8) .
In theory, the cyclic voltammetry (CV) of Amadori compounds
can also provide qualitative information of reductones formed in
situ during the oxidation cycle by observing current responses in
subsequent cycles. However, a recent CV analysis of Fru-Val
[N-(1-deoxy-f-p-fructopyranose-1-yl)-L-valine] displayed a sole
anodic (oxidation) wave at ca. 1.0 V but no evidence of reduction
products (9). In a previous study, we observed and grossly quanti-
fied (by OPD derivatization) the formation of a-dicarbonyls in
the phosphate-ion catalyzed degradation of reducing sugars (10).
In this earlier work, OPD derivatives representing nine a-di-
carbonyls including thee reductones, namely 3-hydroxy-2-oxo-
propanal, 4-hydroxy-2,3-butanedione, and 4,5-dihydroxy-2,3-pen-
tanedione, were isolated and identified (by UV and proton NMR)
from a phosphate-ion catalyzed degradation of p-ribose. In the
present work, we describe the direct analysis of chemically
reducing species in phosphate-ion-catalyzed sugar degradation
reactions by the use of Tillman’s reagent. In addition, we present
open circuit electrochemical potential data to confirm the relative
levels of reducing species present. Finally, a reexamination of the
CV approach to reductone detection/analysis is described using a
model Amadori compound, N-(1-deoxyfructos-1-yl)piperidine.

MATERIALS AND METHODS

Materials. Sugars p-xylose, p-glucose, D-ribose, D-galactose, b-man-
nose, D-arabinose, D-fructose, and sugar alcohols p-xylitol and p-sorbitol
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as well as L-ascorbic acid, [2,6-dichloro-4-[(4-hydroxyphenyl)imino]-2,5-
cyclohexadiene-1-one, Na salt (DCIP), aka 2,6-dichloroindophenol so-
dium, o-phenylenediamine (OPD), potassium monohydrogen phosphate,
and potassium dihydrogen phosphate were all analytical grade commercial
products and used directly without further purification. N-(1-Deoxyfruc-
tos-1-yl)piperidine was synthesized as described previously (§). Phosphate
buffer (0.10 M), pH 7.1 was prepared by adding 0.10 M KH,PO, to 0.10 M
K,HPO,. Preparative TLC was done as previously described on Sigma-
Aldrich silica gel GF plates (0.25 mm layer thickness) using 95:5 v/v
acetonitrile/water as solvent (/0).

Reaction Procedures. For electrochemical measurements, 30.0 mL of
pH 7.1 0.10 M phosphate buffer was added to solid sugars or sugar
alcohols to obtain initial concentrations of 0.10 M. Solutions were heated
at reflux for various times (7) and cooled rapidly ( < I min) to 23 °C before
measuring final potentials, E;. Data are reported as changes in EMF,
E¢— Ey, where Ey, was the potential observed in unheated buffer at the time
of each experiment. Xylose and xylitol data plotted in Figure 3 are mean
values from three independent experiments shown +1 SD. Data for 4 h
reactions shown in Figure 4 were obtained from single experiments with
exception of the already mentioned triplicate xylose/xylitol measurements
(Figure 3).

Titrimetric analyses of reducing species content employed similar, but
separate reactions. During each reaction, 1.00 mL aliquots were with-
drawn at various times and rapidly cooled to ca. 23 °C using a prechilled
hypodermic syringe. The cooled, pale-yellow aliquots were rapidly titrated
under inert atmosphere (propane was used in lieu of more common inert
gases which were unavailable at the time) to a sharp blue or blue—green
end point with standardized 1 mM DCIP solution in the common pho-
sphate buffer. Small volumes of titrant were accurately measured by dis-
pensing them from tared hypodermic syringes. DCIP solution was stand-
ardized periodically by titrating weighed quantities of L-ascorbic acid in
phosphate buffer. DCIP solution was stored at 23 °C in actinic glassware
to minimize photo decomposition and freshly prepared every 2—3 days.
Data points in Figure 2 expressed in umol of ascorbic acid equivalents/
mmol of initial carbohydrate are averages of values from two independent
experiments. Measurement precision in replicate titration experiments was
ca. £15%.

Isolation of Deoxyosones as OPD Derivatives. In two separate
experiments, 30.0 mL of pH 7.12 0.10 M phosphate buffer was added to
461 and 467 mg of D-xylose, and the mixtures were heated at reflux for 2 h.
After being cooled rapidly to 23 °C, the reaction mixtures were combined,
treated with ca. 50 mg OPD (30 min at 50 °C), extracted with 3 x 5SmL of
CH,Cl,, and solvent evaporated to afford 10.5 mg of solid residue. Pre-
parative TLC afforded ca. 2 mg of polar quinoxalin derivatives from the Ry
region (ca. 0.40—0.60) previously associated with pentose-derived deoxy-
osone OPD derivatives (1/0). UV—vis analysis confirmed the presence of
quinoxalins with characteristic absorptions at 237 and 318 nm (/0). The
major TLC product, Ry 0.50, was isolated by repeated preparative TLC
and tentatively identified as a quinoxalin, possibly 2-(1,2-dihydroxyethyl)-
3-methylquinoxalin, the OPD derivative of 4,5-dihydroxy-2,3-pentane-
dione, by its positive ion electrospray mass spectrum: MH™ 205 and MH,*
206 amu; C11H1,N>O,, MW = 204 amu.

Instrumental Analyses. Open circuit potential measurements were
made similar to those previously described (§). Briefly, a combination Pt
redox electrode (Orion model 977800) containing a Pt working electrode
and a Ag/AgCl reference electrode was coupled with a Corning model 240
pH meter (millivolt mode). Observed potential changes are expressed as
the difference Ey — Ey, where E¢and E, are voltages (in mV) observed at
23 °C in cooled reaction solutions and in unheated buffer respectively.
Data from xylose and xylitol (Figure 3) are averaged values from three inde-
pendent experiments 1 SD. Results with other carbohydrates (Figure 4)
were obtained from single measurements with an approximate precision of
£15% of stated values. UV—vis data were obtained in MeOH solution
using a computer interfaced Perkin-Elmer Lambda 35 spectrophotometer
using a slit width of 1 nm. Electrospray ionization MS (EI/MS) employed a
Micromass Platform LCZ instrument using direct injection diffusion with
source and desolvation temperatures of 130 and 300 °C, respectively. Both
positive (+) and negative (—) modes were used to optimize the detection of
analyte ions examined in MeOH solution. For cyclic voltammetry, a rota-
ting disk electrode RDE-2 workstation and BAS-100B/W software were
used to obtain electrochemical measurements. A three-electrode system was
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Figure 1. Formation of 1,2-dicarbonyl compounds from reducing sugars.

used for all experiments. The working electrode was a glassy carbon rotating
disk electrode tip (3 mm diameter) from Bioanalytical Systems Inc. The
reference electrode was a Ag/AgCl wire (0.5 mm diameter) and the auxiliary
electrode was a Pt wire (0.5 mm). A 2 mM solution of N-(1-deoxy-p-
fructose-1-yl)piperidine was made in pH 7.14 0.10M phosphate buffer,
and the working electrode was lowered onto a 30 uL drop of analyte
solution on a hydrophobic (siliconized) slide to provide sufficient electrode
contact. The applied-potential was initially scanned anodically from —1.5V
to +1.5V, followed by a similar but reversed polarity (cathodic) scan, both
at a rate of 50 mV/s. Because experiments were done in the presence of air,
small cathodic peaks were always observed (—0.6 V) due to the reduction
of dioxygen.

RESULTS AND DISCUSSION

Previously we observed how the presence of phosphate ion
accelerated the formation of visible color in Maillard reactions of
f-alanine with various reducing sugars (/0). It was then established
that phosphate had catalyzed sugar degradation and assisted
color formation by contributing to the formation of 1,2-dicarbo-
nyl Maillard reaction intermediates. Reducing sugars, e.g. aldoses
1 and ketoses 2 shown in Figure 1 (portrayed in open-chain
reactive form), are susceptible to myriad isomerization, dehydra-
tion, or oxidation reactions, leading to relatively more reactive
1,2-dicarbonyl products. Many of these reactions are catalyzed by
acid/base reactions or by bidentate polyatomic anions like
phosphate. A key step in the formation of 1,2-dicarbonyls is the
enolization of 1 and 2 to form ene-diols 3 and 4, respectively. De-
hydration of ene-diols leads directly to the well-established Mail-
lard reaction intermediates 3-deoxy-1,2-osones 5 and 1-deoxy-
2,3-osones 6. Oxidation of ene-diols can also form carbohydrate
osones 7, and this particular transformation, e.g. glucose —
glucosone, has been extensively studied for its possible role in
in vivo processes (/7). Chemically, ene-diols can be powerful
reducing agents, and their involvement in coupled redox processes
within the Maillard reaction is highly likely. Reductones, i.e.
o-hydroxymethylglyoxals (3-hydroxy-1,2-propanediones) like com-
pounds 6 and 7, are especially prone to ene-diol redox activity as
evidenced by their previously observed chemical and electroche-
mical behavior(7).

Titration Experiments Using 2,6-Dichloroindophenol (DCIP).
The formation of reducing species was quantified in model systems
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Figure 2. DCIP titration of reducing species generated from aldose sugars
in 0.10 M pH 7.1 phosphate buffer at 100 °C.

consisting of aldose sugars (Cy = 0.10M) in 0.10 M potassium
phosphate buffer initially at pH 7.1. Mixtures were heated at re-
flux (ca. 100 °C), and aliquots taken at time intervals were rapidly
cooled to ca. 23 °C and immediately titrated with standardized
I mM DCIP in common phosphate buffer. DCIP, also known as
Tillman’s reagent, is often used to quantify ascorbic acid (a com-
pound with reductone properties) in foods. Ascorbic acid served
to standardize DCIP solution in this work. DCIP reagent is deep-
blue (Amax 605 nm) in its commercially available oxidized form.
During titration, each drop of reagent was rendered instantly
colorless by reaction with reducing species present. Return of blue
color signaled the stoichiometric end point. Sharp color change
end points were observed over a 10—300 min reaction span rang-
ing initially from colorless = >deep blue in 10—60 min but
becoming pale-yellow = > greenish—blue in latter stages due
to the coformation of yellow-colored reaction products. Evidence
from control experiments suggested that the observed DCIP re-
action was due to the presence of reductones in the phosphate-
catalyzed reaction mixtures. Thus control experiments using two
independent buffers had shown that reductones were formed
from an aldose (ribose) in pH 7.1 aqueous solution at 100 °C and
that phosphate ion was required for their formation under these
conditions (/0). In the present study, the DCIP titrant showed no
evidence of reaction with unheated sugar solutions in phosphate
buffer or with previously heated and cooled aqueous sugar solu-
tions. Moreover, the DCIP reagent showed zero titer with our
model Amadori compound, N-(I1-deoxyfructos-1-yl)piperidine,
in pH 7.1 phosphate buffer at 22 °C. Reaction pH remained
nearly constant during 300 min, occasionally falling to as low as
6.8 in final aliquots taken. Formation of reducing species shown
in Figure 2 is expressed as umol of ascorbic acid equivalents
(AAE) produced per initial mmol of carbohydrate. The stoichi-
ometry of the DCIP/reducing sugar reaction product(s) was as-
sumed to be the same as for DCIP/ascorbic acid. A smooth acce-
lerated increase of reducing species with time was seen for four
aldose sugars (Figure 2). Pentose sugars favored glucose in the
production of reducing species with a yield trend in the order
ribose > arabinose > xylose > glucose. Glucose was selected as
a representative aldohexose for comparison because of its homo-
logous stereochemical relationship to xylose. The high degree of
reactivity observed for ribose and arabinose may have resulted
from the relatively large percentages of free carbonyl (0.05% and
0.03% open-chain form, respectively) exhibited by these sugars in
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Figure 3. Comparison of open-circuit electrode potentials developing with
time by xylose and xylitol (control) in aqueous 0.10 M pH 7.1 phosphate
buffer solution at 100 °C.

aqueous solution (/2). The relatively low reactivity of glucose
may have been a consequence of its extremely low (0.002%)
percentage of free carbonyl in solution (/2). Reducing species
formation seemed to level off at 300 min, and no maxima in pro-
duction were observed. Titration beyond 300 min was not feasible
due to excessive reaction color, and the maximum chemical yield
of reducing species observed was 1.7%, with ribose after 300 min.
Previously, Hofmann et al. used DCIP to analyze an equimolar
(1.5 molar) glucose/alanine Maillard reaction (§) and reported a
maximum yield of ca. 60 umol of AAE/mmol glucose (6.0% yield)
after 50 min at reflux temperature in 0.5 M phosphate buffer at
pH 7. The presence of a reductone in the xylose reaction was tenta-
tively confirmed by a trapping experiment with o-phenylenedia-
mine (OPD). OPD treatment of a 2 h xylose/buffer reaction, fol-
lowed by methylene chloride extraction and preparative TLC,
provided a mixture of quinoxalin derivatives recognized by TLC
Ry values and characteristic UV absorptions at 237 and 318 nm.
Further TLC analysis afforded a single homogeneous compound,
R; 0.50, tentatively identified as a quinoxalin, possibly 2-(1,2-
dihydroxyethyl)-3-methylquinoxalin [M = 204 amu], the OPD
derivative of 1-deoxy-2,3-xylosone (6, Z = H) [ 4,5-dihydroxy-
2,3-pentanedione] via its positive ion electrospray MS signature
at MH" 205 and MH," 206 amu.

Electrochemical Potential Measurements. Electrical redox mea-
surements were used to estimate the degree of reductone forma-
tion during phosphate-catalyzed degradation of reducing sugars.
Reductones will exhibit open circuit potentials, as indicated by
the half-cell reaction described in (§). For EMF (electromotive
force) measurement, solutions of carbohydrates (0.10M) in pH
7.1 0.10 M phosphate buffer were heated at reflux for various
times followed by rapid cooling to room temperature. EMF
values were obtained at ca. 23 °C with a combination electrode
containing a platinum working electrode [cathode (+)] and an
Ag/AgCl (saturated KCI) reference electrode [anode (—)]. The
open circuit voltage E,. was taken as the difference £y — E},, where
Erwas the reaction EMF and Ej, the voltage observed in unheated
buffer. And, as in the case of Maillard reactions (§), increased
negative values of E,. were correlated to increasing concentration
of reductones. Results obtained for xylose and related sugar alco-
hol xylitol shown in Figure 3 show for xylose a rapid buildup of
reductones with time. With xylose, E,,. ranged from —42 + 19 mV
initially to —346 £+ 15 mV after 4 h at 100 °C. A parallel ex-
periment with (nonreducing) xylitol showed nearly complete
absence of reductone activity with E,. of only —52 &+ 19 mV at 4 h.
Similar results were obtained after 4 h at 100 °C with ribose
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Figure 4. Changes in open-circuit electrode potential for various aldo-
hexose sugars after 4 h heating in 0.10 M pH 7.2 phosphate buffer at
100 °C. Unreactive sugar alcohols sorbitol and xylitol served as electro-
inactive controls.

and arabinose and with hexoses glucose, galactose, and mannose
and a related (nonreducing) sugar alcohol, sorbitol (Figure 4). In
general hexoses, e.g. glucose (E,.: 242 mV) produced less reduc-
tones than pentoses under comparable conditions, facts that are
consistent with our DCIP titration results, which indicated a
steady increase of chemically reducing species as a function of
reaction time.

Cyclic Voltammetry of an Amadori Compound. Cyclic voltam-
metry (CV) was investigated as a possible method for observing
and measuring highly reactive reducing materials like reductones
in situ. In this automated, cyclic redox process, a compound is
first oxidized by exposure to a gradually increasing positive
voltage and oxidation products are immediately reduced with
applied voltage of reversed polarity. The short duration between
cycles makes CV an ideal method for observing certain highly
reactive reaction intermediates. Amadori compounds 8 (Figure 5)
are key intermediates in Maillard reactions of amino acids and
reducing sugars. Under oxidative conditions, Amadori com-
pounds have been shown to generate reductones by various
electron transfer processes (13), which can be described generally
as shown in Figure 5. Because it is also possible to oxidize
Amadori compounds electrochemically, we sought to test the
possibility of using cyclic voltammetry (CV) to study the forma-
tion and behavior of reductones generated in situ. The oxidative
formation of glucosone 7 (Z = CH,OH) from an Amadori
compound has been known since the 1950s and was most recently
reviewed and studied by Baker et al. (/4). A series of reactions
describing the observed oxidation is shown in Figure 5. Appar-
ently, the reaction proceeds via 1,2-enolization of 8 to form an
eneaminol 9 followed by electron transfer (oxidation) and hydro-
lysis to form the osasone (reductone) 7. In cases reported, the
highly reactive reductone products were identified and/or quan-
tified only after chemical derivatization.

For our CV experiments, we chose as a model compound a
previously synthesized Amadori compound, N-(1-deoxyfructos-
1-yl) piperidine (§). The compound was chosen because of its
availability in a highly purified crystalline state and because it had
been thoroughly characterized previously. Furthermore, it was
anticipated that the relatively simple structure of a model Ama-
dori compound would facilitate the interpretation of electroche-
mical results. Results of CV analysis of N-(1-deoxyfructos-1-
yl)piperidine are shown in Figure 6. A 2 mM solution of the
Amadori compound in 0.1 M pH 7.14 phosphate buffer was sub-
jected to analysis with a glassy carbon electrode. As the potential
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Figure 5. Reductone formation via oxidation of Amadori compounds.
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Figure 6. Cyclic voltammogram of N-(1-deoxyfructos-1-yl)piperidine in
0.10 M pH 7.14 phosphate buffer. Lower curves represent oxidative scans.

was scanned positively from —1.5 V to +1.5 V at 50 mV/s, two
anodic waves were observed at ca. + 0.7 V and +0.9 V (vs Ag/
AgCl reference) [lower curve]. Conceivably, the two oxidation
waves represent sequential oxidation of the eneaminol 9 and its
immediate oxidation product, the iminoosone 10. However, when
the applied potential was immediately swept negatively from +1.5
V to —1.5 V [upper curve], no waves (other than the reduction of
dissolved oxygen) were observed to indicate that the oxidation
process was reversible. That is, products with expected reductone
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electrochemical behavior were not observed. The same CV results
were obtained in replicate experiments, and both oxidation waves
were also observed at a faster scan rate of 100 mV/s. Similar CV
results were reported by Chuang and Chou (9) in the analysis of
the Amadori compound, Fru-Val, i.e. N-(1-deoxy-f-p-fructo-
pyranos-1-yl)-L-valine. For Fru-Val, a single anodic wave was
observed at ca. + 1.0 V, and likewise no evidence was found for
reductone products in the cathodic scan. The irreversible nature
of the CV results indicated that the oxidation products once
formed were not available for subsequent electrochemical reduc-
tion. The expected reductone product may have reacted rapidly
with piperidine liberated in the reaction (Figure 5) to form more
stable products incapable of electrochemical detection. Apart
from the failure of CV to detect reductone-like products per se,
the method does offer a useful noninvasive way to quantify
Amadori compounds themselves. The positive anodic waves
associated with oxidation do offer a method for the detection
and measurement of Amadori compounds. A recent practical
example of this aspect is the development of a selective electrode
for the measurement of glycated hemoglobin (HbA1C) in the
blood of diabetic patients (15). In this example, CV was used to
detect the oxidation wave associated with an Amadori compound
derived from blood glucose and the pendant amino groups of
blood protein. On the basis of our observations and those of
others, we believe that CV methodology could be a useful
noninvasive technique for quantifying the levels of Amadori
compounds in foodstuffs or in model Maillard reactions.
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