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ESR Study of the Alkaline Degradation of Carbohydrates in DMSO. Part 1.

Glucose

Paloma Calle, Angela Sanchez, and Carlos Sieiro”

Departamento de Quimica Fisica Aplicada, Fac. de Ciencias, Universidad Auténoma, 28049-Madrid, Spain

A mechanism for glucose degradation in alkaline media has been proposed based upon ESR spectroscopy
studies. This degradative process has been carried out with aqueous Bu,NOH in dimethyl sulphoxide
(DMSO) at room temperature. Several radicals with semidione-like structures are generated during this
process, the presence of an «-hydroxycarbonyl group in the molecule being a crucial requisite for the
formation of such radicals. Cleavage of the C(3)-C(4) bond, due to a base catalysed retroaldolization is
the first step of the degradation. The important role of DMSO in this process as a methylating agent has
also been demonstrated. The corresponding hyperfine splittings (hfs) and g-factors of the radicals

detected are given.

Many features regarding the degradation of carbohydrates
have been researched. The cleavage and rearrangement
processes able to effect the fragmentation of the carbon
chain have been studied previously,!'? and this cleavage plays
an important role in the alkaline degradation pattern. Some
kinetic aspects have also been investigated ® in order to clarify
the mechanism of these transformations. The degradation
products from sugars have been described as a cause of
important physical changes in food qualities such as
browning.* These investigations are described in the known
‘Maillard reaction’.® Some authors have found an in vitro
development of free radicals from sugars, which can cause
DNA strand scission.® It has been reported that this interaction
of a radical from sugar with DNA inhibits viral infections ’ and
could also be a plausible cause of ageing.® Due to the biological
and technological importance of the study of the reactions of
monosaccharides in alkaline media, which entail the
formation of free radicals, we have analysed these intermediates
by means of ESR spectroscopy.

The aim of this work is to propose and to justify the reaction
pathway of the degradation of sugars in alkaline media using
DMSO as solvent. The degradation process was carried out by
means of an aqueous solution of Bu,NOH in DMSO at room
temperature. In this first paper we present the results obtained
for p-glucose. All monosaccharides and disaccharides will be
analysed in further papers. The structural elucidation of
the radicals generated is described and their corresponding
magnetic parameters are given and analysed.

Results and Discussion

The conditions for the generation of long lived radical species
in the alkaline degradation of p-glucose have been analysed
by using different solvents and bases, see Table 1. Based upon
the above results, the best conditions encountered, namely
DMSO as solvent and Bu,NOH as base, have been used in
this study.

When a mixture of p-glucose and Bu,NOH in DMSO at
room temperature was placed in the cavity of the ESR
spectrometer the development of an intense ESR signal was
observed at the minimum operating time, i.e., about three
minutes after the samples had been mixed. The ESR spectrum
exhibits a complex hyperfine structure of twenty asymmetrical
lines due to the presence of more than one radical anion each
with different g-factors. The hyperfine structure consists of three
radical components, R1, R2, and R3 (Figure 1). This pattern

Table 1. Radical generation conditions.®

Solvent Base Temp./°C Signal detection time/min
Water NaOH, KOH 100 1-3

Water-ethanol NaOH,KOH 70 1-3

Water—ethanol R,NOH 50 1-3

DMSO R,NOH 25 >60

“ [p-glucose] 1-6 x 10-2 mol dm™3; [Base] 1-3 x 10~' mol dm™.

changes with time because of nonidentical evolution of the
three species involved. The ESR parameters of these radicals
and their assignments are shown in Table 2.

In order to determine certain properties of the radicals
generated, we have studied the effect of several reaction
conditions on the ESR signal development. Thus, we
established the optimal experimental requirements for signal
detection and we gained further insight into the understanding
of the p-glucose degradation mechanism.

Effect of Reaction Time—The time-dependence of the
relative intensities of R1, R2, and R3 was studied. Radical R1
is the major component in practically all ranges. The intensities
of R1 and R2 increase in an early step of the reaction and then
remain at a constant level. However, the intensity of radical R3
increases through all the intervals considered (from 3 to 70 min).
It was also observed that the R1:R2 ratio is ca. 6.5.

Effect of Tetrabutylammonium Concentration—Different
amounts of base were added to a fixed concentration of
D-glucose and the mixtures were scanned fifteen minutes later.
The results obtained indicate an important sensitivity of the
ESR signal to the concentration of the base. Moreover, the
three radicals show a similar behaviour, reaching a maximum
intensity at 150 mmol dm3 concentration of Bu,NOH.

Effect of D-Glucose Concentration.—When different amounts
of p-glucose were added to a constant base concentration and
the spectra were registered fifteen minutes later, the maximum
signal intensity of the radicals was reached at a concentration
around 70 mmol dm-3. Therefore, all experiments were carried
out at 70 mmol dm=3 p-glucose and 150 mmol dm~3 Bu,NOH.

Effect of the Solvent—When D-glucose was treated in the
same manner in different solvents (DMF, water, ethanol-
water, methanol-water, and acetonitrile) at room temperature,
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Table 2. ESR parameters of radicals analysed (see Scheme 1).
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Hyperfine splitting® (G)
Radical a, a, a, g-value® agylay
R1 7.90 (1 H) 5253 H) — 2.004 96 —
R2 8.70 (1 H) 7.60 (3 H) — 2.004 84 —
R3 5.90 (6 H) — — 2,004 72 —
R4¢ 2.65 (Ha) 2.35 (Hb) 0.8(3H) 2.004 13 —
RS 223(6H) 195QH) — 200450  —
R6 800(1H) 080(3D) — 2,004 97 6.50
R7 8.70 (1 H) 1.15(3 D) — 2.004 73 6.50
RS 085(6D) — — 2.004 71 6.60
R9 1.20(1 D) 0.803D) — 2.004 99 6.90, 6.50

¢ +0.01G, unless otherwise stated. ® +0.000 10. © Speculative assignment based on canonical structures.
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Figure 1. (@) ESR Spectrum of radicals generated by reaction of
p-glucose with Bu,NOH in DMSO: ([D-glucose] 20 mmol dm;
[Bu,NOH] 200 mmol dm™3; reaction time, 30 min); (b) subspectrum
of R1, R2, and R3; (¢) stick plot simulation.

radicals were not observed. This result suggests that DMSO
plays a more important role than just as a simple solvent.

Effect of Sugar Configuration—In order to elucidate what
kind of compounds are able to produce the same radical anions
obtained in the case of p-glucose, further ESR investigations
of a variety of sugars and related carbonyl compounds were
carried out. The sugars used for these studies were: D-mannose,
p-fructose, D-ribose, D-erythrose, and D-glyceraldehyde. The
ESR spectra of b-mannose and D-fructose exhibited hyperfine
structures which are in good agreement with those obtained

for D-glucose. Therefore, this degradative process does not
depend on the C(2) configuration of the aldose or ketose
monosaccharides. These experimental results are in good
agreement with previous reports,” where early steps in sugar
degradation were studied.

The initial processes undergone by carbohydrates in alkaline
media, including the ionization of cyclic monosaccharides,
followed by the transformation of the sugar anion into an
ene—diol anion, are assumed to proceed through open chain
intermediates. The ene—diol anion, Scheme 1, is considered to

o- H O—H
\ o
~ [e—— =
H H
R R

Scheme 1.

exist predominantly in the Z-configuration!® with rapid
exchange of the hydrogen atom between the two oxygens. This
ene-diolate species, an early step in the formation of radicals,
is a common intermediate for the three hexoses studied: D-
glucose, p-mannose, and p-fructose. The spectra obtained for
shorter chain monosaccharides such as D-ribose, p-erythrose,
and glycolaldehyde presented a more complicated structure;
however, the radicals R1, R2, and R3 were also observed.
Analogously, D-glyceraldehyde displayed identical spectral
features to the hexoses previously studied.

The ability to give the characteristic hyperfine spectrum was
only observed in compounds possessing a carbonyl group.
When inositol, p-glucitol, glycerine or ethylene glycol were
submitted to the standard conditions, no ESR signals were
detected. However, the presence of a carbonyl group was not
sufficient to obtain radical species in these processes. Indeed,
compounds lacking an «-hydroxycarbonyl functionality, such
as 2-deoxy-D-glucose, acetone, acetaldehyde or formaldehyde
failed to produce radicals.

Due to the fact that R1, R2, and R3 were obtained from
the smallest molecule studied, glycolaldehyde, it can be
assumed that the presence of an «-hydroxycarbonyl group in
the molecule is a requisite for the formation of such radicals.

Radical Structure—The formation of fragments of lower
molecular weight than p-glucose is clearly demonstrated by
HPLC and 'H NMR analysis of the reaction mixtures. From
ESR hyperfine splittings, it is deduced that radicals R1, R2,
and R3 have methyl groups. Moreover, the 'H NMR spectrum
of the degradation products of D-glucose clearly shows
butanedione to be present in the mixture. Therefore, it seems
reasonable to assume that these radicals have a semidione like
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structure: RCO=COR’, where R = CH, and R’ = H for R1
(trans) and R2 (cis) and R = R’ = CH; for R3, Scheme 2.
The cis and trans isomers were readily differentiated on the
basis of hfs published data.!!

As mentioned above, the R1:R2 ratio did not change
significantly with the experimental conditions, although the
total semidione concentration increased or decreased
considerably. This indicates that both isomers are in
thermodynamic equilibrium. With the aim of proving the
structure and origin of radicals R1, R2, and R3, the appropriate
a-dicarbonyl and «-hydroxycarbonyl model substrates were
studied:

X!COCOX? (Reduction) — X'CO=COX? ——
(Oxidation) X'COCHOHX?

In the case of R1 and R2, methylglyoxal and hydroxyacetone
were chosen whereas biacetyl and acetoin were selected for R3.

(a) Methylglyoxal and hydroxyacetone. Under standard
conditions, methylglyoxal gives rise to a complex ESR
spectrum, shown in Figure 2, in which radicals R1, R2 and a
new radical denoted as R4 were detected. The corresponding
hfs and g-factor are shown in Table 2. To determine the
structure of R4, the effect of the reaction time and substrate
concentrations on the development of the radicals were studied.
It was observed that R1 is the major species at the beginning
of the reaction but its intensity decreases suddenly, whereas
R2 and R4 show a much smaller intensity decrease.
Additionally, after fifteen minutes of reaction, radical R4
shows the most intense ESR signal. The presence of R4
can be explained!? as an aldol condensation product from
two methylglyoxal molecules and corresponds to radical
H;CCO=CHCH=COCHO. On the other hand, when
hydroxyacetone and dihydroxyacetone were submitted to the
standard conditions, the ESR spectrum obtained was composed
of radicals R1, R2, and R3. These facts confirm the proposed
structures for R1 and R2.

(b) Biacetyl and acetoin. By degradation of biacetyl in the
same conditions, radical R3 could be expected, but the spectrum
obtained was completely different, and a new radical RS with
two hfs was observed, see Table 2. These parameters and its g-
factor agree with the hfs values of the 2,5-dimethyl p-
benzosemiquinone radical anion,!? generated by a double aldol
condensation of two molecules of biacetyl.!?
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Figure 2. (a) ESR spectrum obtained by treatment of methylglyoxal
with Bu,NOH in DMSO: ([methylglyoxal] 15 mmol dm3; [Bu,NOH]
150 mmol dm™; time reaction 15 min); (b) R4 radical anion: sub-
spectrum analysis and stick plot simulation.

The trans-2,3-butane semidione isomer was identified as the
R3 radical when 3-hydroxybutanone (acetoin) was treated with
Bu,NOH in DMSO. In fact, the ESR spectrum contained seven
intense lines assigned to radical anion CH;CO=COCH,. The
hfs and g-factors comply with species R3 and the trans
conformation was confirmed by comparison with literature
data.!!

Mechanism of the Alkaline Degradation of Glucose in
DMSO.—To propose a mechanism for the degradation of
p-glucose in alkaline DMSQO, it is necessary to know the origin
of the methyl groups of radicals R1, R2, and R3. The
methylating character of DMSO under basic conditions has
already been reported.!* Therefore, if the methyl groups arise
from the solvent, a significant change in the ESR spectrum
should be observed in [2Hg]DMSO. Indeed, when the reaction
of p-glucose with Bu,NOH was carried out in [2H¢]DMSO,
a quite different and more complicated ESR spectrum than the
one obtained with DMSO was detected, see Figure 3. Since
species R1, R2, and R3 were not observed, it is fair to suppose
that the formal substitution of CH; by CD; takes place in
radicals R1, R2, and R3, this fact being the origin of an in-
creased number of lines and a shorter spectrum (from 36
to 16 G). The radicals present in this spectrum were denoted
as R6, R7, R8, and R9, where the three former ones arise from
formal subsitution of CH; by CD, in R1, R2 and R3
respectively. On the other hand, the origin of R9 is explained
in Scheme 3.
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Figure 3. ESR spectra obtained in [2H4]DMSO; ([D-glucose] 70 mmol dm™3; [Bu,NOH] 150 mmol dm3); sub-spectrum analysis and stick plot

simulation.
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Scheme 3.

In all cases, the splitting constants due to deuterium are in
satisfactory agreement with the theoretical ratio ay:ap of 6.5.!%

In order to account for the formation of radicals R1, R2,
and R3, we propose the degradation mechanism outlined in
Scheme 4. The above reaction pathway was derived from the
following experimental evidence. (a) The precursors of the R1,
R2, and R3 radicals are the corresponding «-hydroxycarbonyl
compounds, which are generated in the degradative process. (b)
The methyl groups of these radical anions proceed from DMSO.
(¢) p-Glucose and glyceraldehyde give rise to the same radicals
under similar conditions which allows us to propose as a first step
of the degradation, the cleavage of p-glucose at the C(3)-C(4)
bond, due to a base catalysed retroaldolization process. This isin
agreement with previously postulated mechanisms.!*!¢

The cleavage of D-glucose gives rise to glyceraldehyde and
its corresponding anion Al. Next, Al is attacked by the
DMSO anion, generating A2, HCHO, and CH;SO~. The
species A2 is the anion of hydroxyacetone which gives rise
directly to R1 and R2. On the other hand, if A2 incorporates
a new molecule of DMSO, by loss of CH;SO ™~ dianion A3,
which subsequently gives rise to radical R3, is obtained.

Experimental

Materials—The monosaccharides and related substances
used were commercial products: D-glucose, D-mannose,
p-fructose, D-ribose (for biochemistry, Merck); D-erythrose
(60%), D-glyceraldehyde (80%), dihydroxyacetone, hydroxy-
acetone, methylglyoxal (40%), glycolaldehyde, 2-deoxy-b-
glucose, acetoin (Aldrich); biacetyl (Fluka); tetrabutyl-
ammonium hydroxide solution (40%) (BDH); DMSO (for
analysis, Merck); [?H¢]DMSO (for NMR spectroscopy,
Merck).

Spectroscopic Data—A Varian E-12, X-band spectrometer
operating at 100 kHz field modulation was employed.
Measurements were carried out using low microwave power
(2-5 mW). An optimum modulation width of 0.05-0.12 G was
used. The g-factor was determined by means of a high precision
frequencymeter and gaussmeter. In the case of complex spectra
the splitting constants were obtained by comparing the
experimental spectra with those simulated by means of the
program EPRISM.!” Relative intensities of ESR signals were
calculated from the following relation: '8

D.
YAHZ,R 2P

= ——— = j

GMg*(scan)? -Bk—

where [ is proportional to the spin concentration of the
paramagnetic species, Y is half the peak-to-peak amplitude of
the first derivative line, AH,,, is the peak-to-peak line width, D,
is the degeneracy of the most intense line, D; is the sum of the
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Scheme 4. Compounds: (1) p-glucose; (2) p-mannose; (3) D-fructose;
(4) p-glyceraldehyde.

degeneracies of all the lines in the spectrum, G is the gain of the
signal amplifier and M is the modulation amplitude in Gauss.
The NMR spectra were recorded in the Fourier transform
mode with a Varian XL-300 spectrometer.

Chromatography.—The analysis of glucose fragmentation
was carried out by HPLC using a Waters 510 chromatograph
equipped with a Waters 420 differential refractometer as
detector. The reaction mixture (glucose, 70 mmol dm=3 and
Bu,NOH, 150 mmol dm~?) was chromatographed on a column
(040 x 30 cm) of Sugar Park 1 with water as eluant
(0.5 cm?3 min™).
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