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The formation of volatile compounds from an aqueous glucose-lysine model system heated in the
presence of either a free radical initiator (pro-oxidant) or an antioxidant was investigated.
R-Tocopherol, 2,6-di-tert-butyl-4-methylphenol (BHT), and rosemary extract were used as antioxi-
dants, and R,R′-azobis(isobutyronitrile) (AIBN) was used as a free radical initiator. The experiments
were performed at pH 4 and 6, which were constantly maintained during the heating time by the
addition of diluted NaOH. Principal component analysis was used to find similarities and differences
among the model systems. Especially at pH 6 AIBN produces a depletion of pyrazine, 2-meth-
ylpyrazine, and 2,3-dimethylpyrazine, whereas the three antioxidants enhance the same compounds.
This could be due to an autoxidation of the already formed pyrazines or of some intermediate: in
particular, the sensitive material could be the C2 fragment necessary for the formation of pyrazine,
2-methylpyrazine, and 2,3-dimethylpyrazine, but not of 2,5-dimethylpyrazine.
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INTRODUCTION

The reaction between amino acids and sugars, the
Maillard reaction (Ledl and Schleicher, 1990), produces
many volatile heterocyclic compounds, the structures,
odor thresholds, and concentrations of which affect
extensively the aroma of a food (Fors, 1983). The
formation of the initial intermediates deriving from the
interaction between an amino group and an R-hydroxy-
carbonyl moiety produces a cascade of complex reac-
tions. Very recently, Yaylayan (1997) has proposed a
new conceptual approach to the Maillard reaction,
introducing the idea of a sugar fragmentation pool (S),
an amino acid fragmentation pool (A), and an Amadori
and Heyn’s fragmentation pool (D), which react together
to produce the compounds of the advanced and final
stage of the Maillard reaction.

Food lipids are another important source of reactive
intermediates: especially through autoxidation (Grosch,
1982, 1987) they produce many compounds that, ex-
tending the terminology suggested by Yaylayan (1997),
could be named as a lipid fragmentation pool (L). Ho
and co-workers (Chiu et al., 1990; Ho et al., 1989; Huang
et al., 1987; Kim et al., 1996) and Mottram and co-
workers (Farmer and Mottram, 1990, 1992; Farmer et
al., 1989; Mottram and Whitfield, 1995) gave basic
contributions in this field. An excellent review provides
current information on the volatiles coming from the
interaction of the Maillard reaction and lipids (Whit-
field, 1992).

However, the relationship between the Maillard reac-
tion and lipids is even more complex because some
Maillard reaction products can exert an antioxidative
effect and may be used to protect food lipids from
oxidation (Namiki, 1988).

Much less effort has been devoted to the study of the
direct effects on the Maillard reaction of the free radicals

deriving from lipids through autoxidation. Most of the
steps of the Maillard reaction are based on ionic
mechanisms, but Namiki and co-workers showed by
ESR that free radicals are formed in the very early stage
of the sugar-amino acid interaction (Namiki, 1988).
They observed clear ESR signals having hyperfine struc-
ture that disappears with heating time. The spectral
characteristic permitted them to be assigned the struc-
ture of N,N′-disubstituted pyrazine radical cations. A
possible pathway for their formation was proposed by
Namiki and Hayashi (1983) and Hayashi et al. (1986).
These intermediates would produce, besides other com-
pounds, pyrazines that, owing to their high volatility
and very low odor threshold, are very important con-
stituents of food aroma. The presence of radicals has
been confirmed recently by other techniques (Cämmerer
and Kroh, 1995; Roberts and Lloyd, 1997).

To our knowledge, nobody has studied the relation-
ship between this radical mechanism and lipid autoxi-
dation and its subsequent effect on food aroma. As a
first step in this direction, we decided to study the
formation of volatile compounds from an aqueous glu-
cose-lysine model system heated in the presence of
either a free radical initiator (pro-oxidant) or an anti-
oxidant. R-Tocopherol, 2,6-di-tert-butyl-4-methylphenol
(BHT), and rosemary extract (Chang et al., 1977) were
used as antioxidants, and R,R′-azobis(isobutyronitrile)
(AIBN) was used as a free radical initiator. This
compound is thermally decomposed to give gaseous
nitrogen (N2) and two alkyl radicals that can initiate a
free radical chain (Figure 1).

A previous paper from our laboratory (Arnoldi and
Corain, 1996) has presented some data on the same
subject. However, recently the experimental methodol-
ogy was changed because the Maillard reaction is very
sensitive to pH. Previous model systems were heated
at 120 and 100 °C in closed tubes after the pH had been
set to the desired value: under these conditions, the pH
slowly decreases to reach values below pH 4. To prevent
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the drop in pH, model systems were heated at 100 °C
in a flask equipped with an autoclavable electrode; pH
was monitored during all heating steps and maintained
constant by the addition of dilute base using a procedure
proposed by Ames and co-worker (Apriyantono and
Ames, 1990).

MATERIALS AND METHODS

Materials. D-(+)-Glucose, L-lysine hydrochloride, BHT,
AIBN, and R-tocopherol were of analytical grade. Water was
prepared with a Milli-Q (Millipore), and dichloromethane was
Ultra Resi-Analyzed (Baker, Deventer, The Netherlands).
Rosemary extract was a gift of Soremartec, Belgium.

Model Systems. Mixtures containing equimolar amounts
of glucose and lysine (70 mL of 0.5 M water solution) and a
variable amount of additive (0 or 60 mg, and in some case 120
and 180 mg) were heated under reflux for 2 h in a flask
equipped with an autoclavable electrode (ATI Russel). During
this time the pH was monitored and kept constant at the
desired value by the addition of diluted sodium hydroxide
(NaOH). At the end of the heating time, the pH was adjusted
to 8.0. Tetradecane was added as a first internal standard,
and the volatile compounds were recovered by continuous
extraction with dichloromethane (CH2Cl2). The solvent was
carefully concentrated to 1 mL, and pentadecane was added
as a second internal standard.

Analysis by GC and GC/MS. The volatiles were quanti-
fied by gas chromatography/flame ionization detection (GC/
FID) on a DANI 86.10 gas chromatograph. Two internal
standards, tetradecane and pentadecane, were used. Com-
pound concentrations were calculated after determination of
the correction factors and were expressed in milligrams per
model system. Peaks were identified by GC/MS on a Shi-
madzu QP-5000 by comparison with the NIST62 spectra
library and commercial standards as far as possible. Ions were
generated by EI at 70 eV. A capillary column SPB-1701 (30
m × 0.2 mm, film 1 µm) was used in both cases. The
temperature program was as follows: 37 °C for 10 min, raised
at 4 °C/min to 200 °C, and then isothermal. Each experiment
was repeated at least three times.

Analysis by Spectrophotometry. Drawings from the
same model systems (one every 15 min) were analyzed with
an UV-visible spectrophotometer (Jasco, model 7800) at 360
and 420 nm.

Principal Component Analysis (PCA). PCA was per-
formed with the program SYSTAT 1992 (SYSTAT, Inc.) using
the default procedure with standardization of the variables
prior to analysis. Factors were extracted using the default
principal component method and then rotated using EQUA-
MAX, QUARTIMAX, and VARIMAX equations. The rotated
factor patterns were very similar: the discussed results were
derived with VARIMAX.

RESULTS

pH is a very important parameter in the Maillard
reaction. The common procedure adopted to maintain
the pH constant is the use of buffers, but some prelimi-
nary experiments with continuous monitoring of the pH
showed that, even with concentrated buffers, there is a
slow decrease of the pH value (data not shown). We
decided therefore to adopt a different procedure: all of
the experiments were performed with the pH value kept
constant during the heating time by the addition of
diluted NaOH (the values indicated throughout the text
refer to the actual pH read at 100 °C).

Standard glucose/lysine model systems were heated
for 2 h at 100 °C at pH 3, 4, 5, 6, or 7. The volatile
compounds were extracted continuously with dichlo-
romethane to avoid progression of the Maillard reaction.
Table 1 is a listing of the compounds detected and their
Kovats indices (KI). The most interesting Maillard
compounds were quantified by the internal standard
method after determination of all the necessary re-
sponse factors, except for 2,3-dihydro-2,3-dihydroxy-6-
methyl-4H-pyran-4-one (DHMP). Table 2 collects the
results of the model systems expressed as mean values
and standard errors (obtained with Student t test).

2-Methylpyrazine, 2,5-dimethylpyrazine, 2,3-dimeth-
ylpyrazine, and Furaneol increase with the pH, and
DHMP increases until pH 6 and then remains stable;
pyrazine reaches a plateau between pH 5 and 6 and
then decreases. 2-Furancarboxaldehyde, 5-(hydroxy-
methyl)-2-furancarboxaldehyde (HMF), and 2-acetylfu-
ran were detected only at pH 3 and 4.

pH 4 and 6 were selected to study the effect of the
anti- or pro-oxidants on the Maillard reaction. As a first
step, to have an idea of their overall effect, the color
development (at 360 and 420 nm) was monitored during
heating in the presence of 60 mg of the additive.
Experiments were performed with no attempt to exclude
oxygen. The curves obtained in the presence of AIBN,
R-tocopherol, and rosemary extract were very close to
those of the standard model systems. BHT, on the
contrary, produced a small increase in the absorbance
at both pH values, which suggested that other concen-
trations should be investigated. Figure 2 shows the
increase in the absorbance at 420 nm in model systems
at pH 4 and 6 due to the addition of 60, 120, and 180
mg of this antioxidant. Increasing BHT concentrations
appear to favor browning, especially at pH 4.

The discussion on the volatiles will be limited to
selected compounds. Tables 3 and 4 compare the
amounts of these volatiles extracted from the systems
containing 60 mg of additive at pH 4 and 6, respectively.
The differences in volatile formation between the stan-
dard model systems and those with additives are
relatively small.

At pH 4 R-tocopherol and rosemary extract produce
a decrease of most compounds, except for 2-methylpyra-
zine in the case of R-tocopherol. BHT, instead, increases
2-methylpyrazine, 2,5-dimethylpyrazine, and 2-acetylpyr-
role, whereas it decreases pyrazine, 2-furanmethanol,
Furaneol, and 3-methyl-1,2-cyclopentanedione. The free
radical initiator AIBN increases 2-furanmethanol,
DHMP, and 2-acetylpyrrole and decreases pyrazine.

At pH 6 all of the antioxidants increase pyrazine and
2-methylpyrazine, whereas 2,5-dimethylpyrazine and
2,3-dimethylpyrazine are only slightly influenced;
2-furanmethanol is increased by BHT and rosemary
extract but is reduced by R-tocopherol. Furaneol is
reduced by R-tocopherol and rosemary extract, and
2-acetylpyrrole is reduced by R-tocopherol and increased
by BHT. AIBN decreases most of the compounds,
except for 2-acetylpyrrole, 2-furanmethanol, and 3-meth-
yl-1,2-cyclopentanedione.

DISCUSSION

The standard error is sometimes rather large: this
is particularly true in the case of 2,3-dihydroxy-6-meth-
yl-4H-pyran-4-one and Furaneol. The latter is an im-
portant naturally occurring food flavor with a caramel-
like note; its quantitative analysis is known to be a

Figure 1. Thermal decomposition of AIBN.

Autoxidation in the Formation of Volatiles from Glucose−Lysine J. Agric. Food Chem., Vol. 46, No. 7, 1998 2555



challenging task because of its fragile nature and deli-
cate gas chromatographic behavior (Pickenhagen et al.,
1981; Blank et al., 1992). To solve this, very recently
an isotope dilution assay was proposed by Blank et al.
(1997).

An important feature of the methodology adopted in
this work is that the pH is kept constant during the
thermal treatment. This produces a depletion of the
compounds formed because when the pH varies, the
mechanism of the Maillard reaction changes and dif-
ferent compounds are more or less favored (Ledl and
Schleicher, 1990); for example, the formation of 2-furan-
carboxaldehyde, HMF, and 2-acetylfuran takes place
only at low pH values. The comparison with literature
data is difficult, because we refer to the actual pH values
read at high temperature.

Although a generic feature of the model system such
as browning is favored by an increase of the pH, the
different classes of volatile compounds are dependent
on the more or less extensive formation of the interme-
diates belonging to the sugar fragmentation pool (S),
the Amadori fragmentation pool (D), and the amino acid
fragmentation pool (A). The Amadori degradation
product 3-deoxyglucosone, favored at low pH, produces
HMF, 2-furancarboxyaldehyde, and 2-furanmethanol,
whereas 1-deoxyglucosone produces DHMP. At higher
pH values the sugar fragmentation pool prevails. Ha-
yashi and Namiki (1986) quantified C2 and C3 carbonyl
products in a glucose/â-alanine reaction mixture and
showed that the production of these compounds was
greatly influenced by the pH: production was negligible
at acidic pH and increased greatly at alkaline pH. The
C2 and C3 fragments are assumed to be glycolaldehyde,

glyoxal, glyceraldehyde, methylglyoxal, or their imine
derivatives, which are the key intermediates for the
formation of pyrazines. These intermediates are pro-

Table 1. Compounds Identified in the Glucose-Lysine Model Systems

peak KI SPB-1701 standard KI SPB-1701 interpretation label in the charts

1 785 1-hydroxypropan-2-one
2 810 813 pyrazine
3 837 831 3-hydroxybutan-2-one
4 913 919 2-methylpyrazine 2-MP
5 963 ethyl acetate
6 969 960 2-furancarboxaldehyde 2-furaldehyde
7 986 980 4-hydroxy-4-methylpentan-2-one
8 1000 994 2,5-dimethylpyrazine 2,5-DMP
9 1011 1017 2,3-dimethylpyrazine 2,3-DMP

10 1013 1007 2-furanmethanol 2-FM
11 1041 2-acetylfuran
12 1050 4-cyclopentene-1,3-dione
13 1159 1157 3-methyl-1,2-cyclopentanedione 3-MCPD
14 1069 2,4-dimethyl-1,3-dioxane
15 1084 1089 trimethylpyrazine TMP
16 1199 1200 2,5-dimethyl-4-hydroxy-3(2H)-furanone Furaneol
17 1207 1212 2-acetylpyrrole 2-AP
18 1279 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one DHMP
19 1391 1383 5-(hydroxymethyl)furan-2-carboxaldehyde HMF

Table 2. Volatile Compounds Formed from Glucose-Lysine after 2 h of Heating at 100 °C at Different pH Valuesa

compound pH 3 pH 4 pH 5 pH 6 pH 7

pyrazine 0.019 ( 0.003 0.758 ( 0.113 2.375 ( 0.866 2.388 ( 0.379 1.167 ( 0.190
2-MP 0.110 ( 0.071 0.029 ( 0.016 0.435 ( 0.360 2.055 ( 0.200 5.051 ( 0.537
2,5-DMP 0.034 ( 0.003 0.016 ( 0.001 0.075 ( 0.008 0.165 ( 0.067 1.098 ( 0.173
2,3-DMP ndb nd 0.004 ( 0.001 0.025 ( 0.004 0.217 ( 0.036
2-FM nd 0.009 ( 0.002 0.067 ( 0.043 0.067 ( 0.016 c
Furaneol 0.012 ( 0.009 0.024 ( 0.015 0.600 ( 0.224 2.672 ( 0.636 7.695 ( 3.769
2-AP 0.066 ( 0.013 0.018 ( 0.003 0.062 ( 0.007 0.056 ( 0.037 nd
DHMP 0.240 ( 0.125 0.758 ( 0.142 4.685 ( 0.908 9.095 ( 4.263 8.452 ( 5.698
3-MCPD nd 0.006 ( 0.001 0.008 ( 0.003 0.028 ( 0.006 0.190 ( 0.053
2-furaldehyde 0.0012 ( 0.0003 0.0009 ( 0.0004 nd nd nd
HMF 2.950 ( 0.950 0.012 ( 0.008 nd nd nd
2-acetylfuran 0.007 ( 0.003 nd nd nd nd

a Amounts expressed as milligrams per model system. Means and standard errors (P < 0.5%) were obtained at least in triplicate
experiments. b nd, not detected. c In the chromatogram the peak of interest was covered by other compounds.

Figure 2. Absorbance at 420 nm of model systems with
different amounts of BHT.
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duced very rapidly in the early stage of the reaction
before the Amadori compound formation. Nevertheless,
similar C2 and C3 fragments (such as enaminals of
glyceraldehydee and hydroxyacetone) can derive also
from the retro-aldol fragmentation of the Amadori
compound (Yaylayan and Huyghues-Despointes, 1994).

With respect to pH, the presence of the pro- or anti-
oxidants produces only minor variations: BHT at the
concentration used in this work seems to be favorable
for browning, but this does not happen with the other
two antioxidants.

The effect on volatiles depends on the pH. The three
antioxidants have different behaviors, especially at pH
4: the two natural antioxidants, R-tocopherol and rose-
mary extract, inhibit practically the formation of all the
compounds, whereas BHT decreases pyrazine, 2-furan-
methanol, Furaneol, and 3-methyl-1,2-cyclopentanedi-
one but increases 2-acetylpyrrole and DHMP. At pH 6
their diversity is less evident because besides BHT also
R-tocopherol and rosemary extract increase pyrazine
and 2-methylpyrazine.

To find similarities and differences among the model
systems, we tried to use PCA, a methodology which
finds the underlying factors (principal components) that
influence a chemical system (Dillon and Goldstein, 1984;
Malinowski and Howery, 1980). These factors are linear
combinations of a set of orthogonal vectors that are the

eigenvectors of the variance-covariance matrix of the
original data matrix. The procedure creates from the
original ones a new set of variables, which are called
principal components (PC) and are orthogonal to each
other. PC1 accounts for the largest proportion of the
variation in the original set; the other PCs account for
smaller and smaller proportions of the variation. If the
first two (three) eigenvalues obtained from the data
matrix are large enough that they account for a sub-
stantial fraction of the total variance in the data set,
the overall structure of the data set may be revealed
by generating a two-dimensional (or three-dimensional)
plot of PC1 vs PC2 (vs PC3).

Often the information contained in the data matrix
contains redundancy (correlation between variables)
that is easily identified by comparing the weighted
contributions (loadings) of the original variables in the
principal components. In our study redundancy means
that two or more volatile compounds are influenced in
a similar way by the presence of the additives.

At pH 4 PC1 and PC2 account for 78.29% of the
original variance of the system, whereas by adding PC3
93.83% of the variance is explained. Table 5 shows the
eigenvectors for each PC. PC1 is dominated mainly by
2-furanmethanol, 2-acetylpyrrole, DHMP, and HMF,
whereas PC2 is dominated by 2-methylpyrazine, 2,5-
dimethylpyrazine, and 2-furancarboxaldehyde; PC3 is
particularly related to pyrazine. In general, it can be
said that the very important PC1 is related to the
oxygenated compounds, whereas PC2 and PC3 are
related to pyrazines, and that the unsubstituted pyra-
zine undergoes effects that are dissimilar from those of
2-methylpyrazine and 2,5-dimethylpyrazine. Figure 3
shows the loading plot for the first two PCs, useful to
discuss the differences among the effects of the addi-
tives. AIBN (which has a positive value) and R-toco-
pherol (which has a negative value) are well separated
from the standard system and those with BHT and
rosemary extract by the very significant PC1 (the
oxygenated compounds component). BHT and rosemary

Table 3. Volatile Compounds Formed at pH 4 in the Presence of AIBN or an Antioxidant (60 mg)a

compound reference BHT tocopherol rosemary extract AIBN

pyrazine 0.758 ( 0.113 0.424 ( 0.215 0.266 ( 0.204 0.348 ( 0.065 0.290 ( 0.211
2-MP 0.029 ( 0.016 0.048 ( 0.034 0.036 ( 0.013 0.017 ( 0.011 0.034 ( 0.020
2,5-DMP 0.016 ( 0.001 0.024 ( 0.011 0.013 ( 0.006 0.007 ( 0.002 0.017 ( 0.010
2-FM 0.009 ( 0.002 0.006 ( 0.004 0.004 ( 0.003 0.003 ( 0.002 0.016 ( 0.009
Furaneol 0.024 ( 0.015 0.018 ( 0.013 0.012 ( 0.009 0.018 ( 0.001 b
2-AP 0.018 ( 0.003 0.044 ( 0.003 0.008 ( 0.006 0.007 ( 0.002 0.045 ( 0.001
DHMP 0.758 ( 0.142 0.804 ( 0.278 0.435 ( 0.260 0.500 ( 0.442 0.910 ( 0.018
3-MCPD 0.006 ( 0.001 0.004 ( 0.002 0.002 ( 0.001 ndc b
2-furaldehyde 0.009 ( 0.004 0.0010 ( 0.0004 0.0010 ( 0.0005 nd 0.0010 ( 0.0004
HMF 0.012 ( 0.008 0.040 ( 0.015 0.008 ( 0.002 0.010 ( 0.009 0.054 ( 0.025
a Amounts expressed as milligrams per model system. Means and standard errors (P < 0.5%) were obtained at least in triplicate

experiments. b In the chromatogram the peak of interest was covered by other compounds. c nd, not detected.

Table 4. Volatile Compounds Formed at pH 6 in the Presence of AIBN or an Antioxidant (60 mg)a

compound reference BHT tocopherol rosemary extract AIBN

pyrazine 2.388 ( 0.379 3.255 ( 1.047 3.282 ( 1.108 3.027 ( 0.222 1.960 ( 0.306
2-MP 2.055 ( 0.200 2.402 ( 0.832 2.422 ( 0.615 2.247 ( 0.514 1.595 ( 0.252
2,5-DMP 0.165 ( 0.067 0.156 ( 0.044 0.016 ( 0.001 0.167 ( 0.044 0.110 ( 0.025
2,3-DMP 0.025 ( 0.004 0.029 ( 0.009 0.025 ( 0.007 0.026 ( 0.021 0.017 ( 0.007
2-FM 0.067 ( 0.016 0.071 ( 0.023 0.033 ( 0.025 0.071 ( 0.012 0.073 ( 0.023
Furaneol 2.672 ( 0.636 2.735 ( 0.233 1.832 ( 0.629 1.802 ( 0.310 2.215 ( 0.328
2-AP 0.056 ( 0.037 0.065 ( 0.027 0.041 ( 0.010 0.053 ( 0.003 0.162 ( 0.045
DHMP 9.095 ( 4.263 10.935 ( 2.287 10.128 ( 4.052 3.917 ( 2.163 9.080 ( 0.935
3-MCPD 0.028 ( 0.006 0.019 ( 0.006 ndb 0.016 ( 0.006 0.055 ( 0.003

a Amounts expressed as milligrams per model system. Means and standard errors (P < 0.5) were obtained at least in triplicate
experiments. b nd, not detected.

Table 5. Eigenvectors of Principal Components for the
Volatiles Obtained from Model Systems at pH 4 (See
Table 3)

descriptor PC1 PC2 PC3

pyrazine 0.011 0.066 0.985
2-MP 0.147 0.976 -0.156
2,5-DMP 0.397 0.890 0.110
2-FM 0.921 0.073 0.107
2-AP 0.806 0.536 -0.144
DHMP 0.901 0.336 0.243
2-furaldehyde 0.257 0.816 0.214
HMF 0.874 0.353 -0.317

% of total variance explained 41.481 36.807 15.560
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extract have significant differences with respect to the
standard system in PC2 (the 2-methyl- and 2,5-dimeth-
ylpyrazine component). Taking into account together
PC1 and PC2, the pro-oxidant AIBN appears to have an
opposite behavior, especially with respect to the anti-
oxidant R-tocopherol, except for their effect on pyrazine.

At pH 6 PC1 and PC2 account for 79.22% of the
original variance, whereas by adding PC3 97.4% of the
variance is explained. Table 6 shows the eigenvec-
tors for each PC. At this pH, PC1 is dominated mainly
by pyrazine, 2-methylpyrazine, 2,3-dimethylpyrazine,
2-acetylpyrrole, and 3-methyl-1,2-cyclopentanedione,
even if the first three compounds have negative coef-
ficients and the others positive; PC2 is dominated by 2,5-
dimethylpyrazine and 2-furanmethanol, and PC3 is
particularly related to DHMP and Furaneol. Figure 4
shows the loading plot for the first three PCs. AIBN is
very well discriminated by PC1 (high positive value); the
three antioxidants have a very similar negative value
(around -0.5), whereas the standard system has a value
close to zero. PC2 is useful to separate R-tocopherol from
BHT and rosemary extract, whereas PC3 separates BHT
from rosemary extract.

Even if at the two pH values the variables contribute
in different ways to the PCs, the model system with the
pro-oxidant AIBN is well discriminated by PC1 in both
cases. The difference of the behavior of the three

antioxidants may be due to their different solubility and
reactivity.

It is always very difficult to discuss the mechanism
of a reaction when the products are obtained in 0.01-
0.1% yields. Unexpectedly sometimes even with the free
radical initiator some compounds are increased (in
particular 2-acetylpyrrole), whereas with the antioxi-
dants some compounds decreased. These phenomena
could be explained by the fact that the Maillard reaction
is in reality a very complex network of competitive
reactions and the actual yield of each compound derives
from a complicated combination of many reaction con-
stants. Sometimes even specific reactions could take
place, such as alkylation by some electrophilic species
of the phenolic nucleus of the antioxidants.

Perhaps the most interesting observation is that at
pH 6 AIBN produces a significant depletion of pyrazine
and 2-methylpyrazine (which are particularly abundant

Figure 3. Loading plot of PC1 vs PC2 for all of the volatiles
obtained from model systems at pH 4 (see Table 3).

Table 6. Eigenvectors of Principal Components for the
Volatiles Obtained from Model Systems at pH 6 (See
Table 4)

descriptor PC1 PC2 PC3

pyrazine -0.924 -0.220 -0.053
2-MP -0.981 -0.160 0.034
2,5-DMP -0.015 0.997 -0.045
2,3-DMP -0.960 0.240 0.139
2-FM 0.370 0.909 -0.020
Furaneol 0.020 0.553 0.825
2-AP 0.943 0.068 0.088
DHMP 0.032 -0.349 0.934
3-MPCD 0.916 0.374 0.133

% of total variance explained 51.161 28.054 17.825

Figure 4. Loading plots of PC2 vs PC3 vs PC1 for all of the
volatiles obtained from model systems at pH 6 (see Table 4).
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at this pH) and of 2,3-dimethylpyrazine, whereas the
three antioxidants enhance the same compounds. This
could be due to an autoxidation of the already formed
pyrazines or of some intermediate: in particular, the
sensitive material could be the C2 fragment necessary
for the formation of pyrazine, 2-methylpyrazine, and 2,3-
dimethylpyrazine, but not of 2,5-dimethylpyrazine.
This autoxidation seems to be independent of the N,N-
dialkylpyrazinium radical cations, which were observed
by some groups by ESR in the reaction of primary
(Namiki and Hayashi, 1983; Hayashi et al., 1986) and
secondary (Roberts and Lloyd, 1997) amines with sug-
ars, because in our experiments the pyrazines are
enhanced when the free radical formation is inhibited.

In conclusion, autoxidation may have a role in volatile
formation, but great caution must be used in considering
results, because, depending on the concentration, anti-
oxidants can become pro-oxidants (Pokorny, 1987), and
in our model systems it is almost impossible to know
the concentration and activity of the additives during
the thermal treatment.

Nevertheless, in these kinds of systems in which gas
chromatography furnishes a multivariate set of vari-
ables, PCA is a promising tool suitable to put in evidence
the contribution of various parameters on product
formation.
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