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Thermal generation of volatiles in nine model reactions was studied and compared. Each of the
model systems contained one amino acid and one monosaccharide. The amino acid was serine,
threonine, or glutamine, and the monosaccharide was ribose, glucose, or fructose. More unsubstituted
pyrazine was generated in serine-sugar systems than threonine-sugar systems. The formation of
several furfuryl-substituted pyrazines and pyrroles was observed in some of the studied systems.
Total pyrazines were generated more in glutamine-containing systems than in serine- and threonine-
containing systems, and the reverse was true for generation of furfuryl-substituted compounds.
Acetylpyrazine was generated in serine/threonine/glutamine-glucose and serine/glutamine-fructose
systems.
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INTRODUCTION

Serine and threonine are â-hydroxy R-amino acids,
which are specific precursors in nitrogen-containing
heterocyclic compound generation. The formation of
several pyrazines was observed when serine or threo-
nine was pyrolyzed alone (Wang and Odell, 1973).
Baltes and Bochmann have published a series of papers
on the generation of volatiles from serine, threonine, and
sucrose under coffee-roasting conditions (Baltes and
Bochmann, 1987a,b,c,d). In their experiment, serine,
threonine, and sucrose were mixed thoroughly with 10%
water and 10% sand, and the roasting was carried out
by heating the mixture at 20 °C/min to a final temper-
ature of 225 °C. Approximately 350 compounds have
been identified, and they included alkyl-, alkenyl-, and
acyl-substituted furans, pyrroles, pyrazines, pyridines,
oxazoles, and other compounds. Almost all of these
compounds, except furans and oxazoles, were observed
when serine and threonine were heated without sucrose,
demonstrating the role of pyrolysis of amino acids on
volatiles generation. Many of these identified volatile
compounds exist in roasted coffee. Reese and Baltes
studied the model reactions involving serine and fruc-
tose, glucose, diacetyl, or cyclotene in an aqueous
solution (Reese and Baltes, 1992). Their results showed
that the generation of pyrazines, pyridines, and carbonyl
compounds increased, while furans, furanones, and
pyranones decreased with rising temperature.

Ammonia is an important precursor for nitrogen-
containing flavor compounds. It can be released from
amino acids, peptides, and proteins by deamination and/
or deamidation processes. It is known that glutamine
can undergo both processes, release ammonia easier
than other amino acids during thermal reactions (Sohn
and Ho, 1995), and serve as a good ammonia provider.
Several papers have reported volatile, especially pyra-
zine, generation in glutamine-containing systems (Koe-

hler et al., 1969; Koehler and Odell, 1970; Huang et al.,
1995; Yoo and Ho, 1997; Chun and Ho, 1997).

High temperature and weak basicity are favorable
conditions for Maillard reaction (Ellis, 1959). In this
study, we compared the volatile generation among nine
model systems, which included one amino acid (serine/
threonine/glutamine) and one monosaccharide (ribose/
glucose/fructose). Experiments were performed at 160
°C in pH 8 aqueous solutions. The structural effect of
amino acid and sugar on flavor compound generation
was discussed.

MATERIALS AND METHODS

Materials. Serine, threonine, glutamine hydrochloride,
ribose, glucose, and fructose were purchased from Aldrich
Chemical Co. (Milwaukee, WI).

Model Reaction of Amino Acid with Monosaccharide.
Equimolar amounts (10 mmol) of amino acid (serine, threonine,
or glutamine) and monosaccharide (ribose, glucose, or fructose)
were dissolved in 50 mL of distilled water, and the pH of the
solution was adjusted to 8.0 using 1 M NaOH. The solution
was then sealed in a 300 mL Hoke stainless steel vessel and
heated at 160 °C for 2 h in an incubating oven. After being
cooled to room temperature, the heated mixture was trans-
ferred in a beaker, and the pH was adjusted from ap-
proximately 4.5 to 8.0. The solution was extracted with 3 ×
30 mL of CH2Cl2 after spiking with tridecane as an internal
standard. The organic phase was dried over anhydrous sodium
sulfate and concentrated to approximately 0.5 mL under a
gentle stream of nitrogen gas. The concentrated sample was
subjected to GC and GC/MS analysis.

Gas Chromatography (GC) and Gas Chromatography/
Mass Spectrometry (GC/MS) Analysis. Gas chromatogra-
phy was performed on a Varian model 3400 equipped with a
flame ionization detector (FID) and a nonpolar fused silica
capillary column (DB-1, 60 m × 0.32 mm (i.d.), 1.0 µm film
thickness, J&W Scientific). The column temperature was
programmed to rise from 40 to 260 °C at a rate of 2 °C/min.
The injector and detector temperatures were maintained at
270 and 300 °C, respectively. The flow rate of the helium
carrier gas was 1 mL/min. The volume of the injected sample
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was 1 µL, and the split ratio was 25:1. GC/MS analysis was
performed using an HP model 5790 GC coupled with an HP
5970A mass-selective detector. The capillary column and
temperature program were the same as the conditions for the
GC analysis. Mass spectra were obtained by electron ionization
at 70 eV and mass scan from 33 to 300. Compound quantifica-
tion was based on GC/FID data, and identification was based
on mass spectra obtained from the GC/MS.

RESULTS AND DISCUSSION

The composition of the isolated volatiles in the nine
reaction mixtures is listed in Table 1. The compounds
are listed according to their elution order. The abbrevia-
tions of S-R, S-G, S-F, T-R, T-G, T-F, G-R, G-G,
and G-F in the following text represented the nine
systems, which were serine-ribose, serine-glucose,

Table 1. Identified Volatile Compounds in the Nine Systems

concn (mg/mol)c

compounda RIb S-Rd S-Gd S-Fd T-Rd T-Gd T-Fd G-Rd G-Gd G-Fd

2,3-butanedione <600 1.0 1.4 1.4 1.4 1.3 4.0 5.0 5.0
2-butanone <600 3.5 2.0 3.4 2.0 2.5 3.0
2-methylfuran <600 2.5 7.0 1.0 1.5
1-hydroxy-2-propanone 632 40 45 72 2.7 × 102 1.5 × 102 1.5 × 102 1.3 × 102 1.1 × 102 1.2 × 102

3-methyl-2-butanone 638 3.1
2,3-pentanedione 668 4.1 2.7 2.8 5.0 8.5
3-hydroxy-2-butanone 682 12 9 8.9 13 7.7 8.8 35 5.5
pyrazine 701 41 69 36 1.4 5.7 38 1.1 × 102 17
(E)-3-penten-2-one 712 1.8
2-methyl-2-butenal 722 4.3 2.2 1.2
1-hydroxy-2-butanone 739 1.9
4-methyl-2,3-pentanedione 763 1.4
dihydro-2-methyl-3(2H)-furanone 780 4.0 1.5 4.0 7.8 16 26
methylpyrazine 804 18 20 28 13 9.0 2.0 × 102 5.5 × 102 5.7 × 102

furfural 817 8.1 × 102 9.0 9.5 2.6 × 103 7.6 7.9 1.5 × 103 70 1.1 × 102

1-(acetyloxy)-2-propanone 838 2.5 4.2 7.4 5.2 7.5
2-furanmethanol 839 76 4.5 9.7 17 5.7 11 18 23 34
dihydro-2(3H)-furanone 871 84 22 24
2(5H)-furanone 876 20 4.5 6.8
2-acetylfuran 890 18 4.0 4.5 7.4 2.5 1.0 39 8.5 15
2,5-dimethylpyrazine 895 15 24 1.1 × 102 80 22 1.5 × 102 30 73 2.2 × 102

2,6-dimethylpyrazine 898 4.5 0.7 6.8 2.0 1.0 4.0 9.0 3.0
2,3-dimethylpyrazine 902 1.5 0.8 19 3.2 0.9 7.5 10 7.0
vinylpyrazine 912 0.9 9.0 8.0
2,5-dimethyl-3(2H)-furanone 924 20 3.1
1-(2-furanyl)-1-propanone 931 7.5 trace 1.0
5-methyl-2-furfural 937 11 0.9 2.2 15 1.2 8.0
1H-pyrrole-2-carboxaldehyde 983 3.5 2.4 1.1 × 102 3.5
trimethylpyrazine 986 4.5 13 2.7 5.0 26 13
2-ethyl-6-methylpyrazine 988 2.5
acetylpyrazine 1000 trace 3.0 1.8 1.9 trace 1.0 3.5
2-vinyl-6-methylpyrazine 1002 3.0 7.0
2-hydroxy-3-methyl-2-cyclopenten-1-one 1014 2.5 22 6.5 2.5 12 9.5 6.5 9.5
1-(2-furyl)-1,2-propanedione 1035 5.5
2-pyrrolidione 1045 12
2,5-dimethyl-4-hydroxy-3(2H)-furanone 1049 2.7 8.3 1.1 2.6 28
1-(2-furyl)-butan-3-one 1059 4.0 1.7 1.5
benzoxazole 1067 22
1-(2-furyl)-2-hydroxyethanone 1070 2.3 2.7 6.7 55
3-ethyl-2,5-dimethylpyrazine 1072 0.8 0.6 3.5
2-methyl-5-propylpyrazine 1078 0.2
2(1H)-pyridinone 1094 5.8 14
2,3-dihydro-3,5-dimethyl-6-methyl-4H-

pyran-4-one
1133 17 15 7.0 37 68

1-methyl-2-acetylpyrrole 1144 2.6
1-(2-Furfuryl)-1H-pyrrole 1155 6.0 1.3
2-methylfuro[2,3-c]pyridine 1188 9.2
5-methyl-2(1H)-pyridinone 1191 8.2
1H-pyrrolo[2,3-b]pyridine 1192 9.5
5-(hydroxymethyl)-2-furfural 1200 99 85 1.2 × 102 67 4.6 × 102 9.6 × 102

2,3-dihydroxyacetophenone 1255 3.5
2-(2-furfuryl)pyrazine 1279 11 2.5
3(4)-methylpyrrolo(1,2-a)pyrazine 1317 3.0
2-(2-furfuryl)-5-methylpyrazine 1346 3.5 2.3 3.5
2-(2-furfuryl)-6-methylpyrazine 1361 4.5 4.9 1.5
1-(2-furfuryl)pyrrole-2-carboxaldehyde 1374 43 2.2 × 102 3.5
1-(3-furfuryl)pyrrole-2-carboxaldehyde 1399 16 22
3-(2-furfuryl)-2,5-dimethylpyrazine 1409 6.0 11
3-(2-furfuryl)-2,6-dimethylpyrazine 1418 2.5
1,3-dimethylpyrrolo(1,2-a)pyrazine 1420 1.1
2-(2-(5-(hydroxymethyl)furfuryl))-2,5-

dimethylpyrazine
1702 1.0 6.4 0.9 5.3

a Identification refers to the Wiley mass library and one of our previous papers (Chen and Ho, 1998). b Retention index, calculated
according to the retention time of n-alkanes on a DB-1 column. c mg of volatile/mol of amino acid. d S-R, S-G, S-F, T-R, T-G, T-F,
G-R, G-G, and G-F represented the nine systems, which were serine-ribose, serine-glucose, serine-fructose, threonine-ribose,
threonine-glucose, threonine-fructose, glutamine-ribose, glutamine-glucose, and glutamine-fructose, respectively.
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serine-fructose, threonine-ribose, threonine-glucose,
threonine-fructose, glutamine-ribose, glutamine-
glucose, and glutamine-fructose, respectively. A total
of 60 compounds were identified in these reactions. They
can be classified as furans, furanones, pyrazines, pyr-
roles, and others.

The reactions of S-R and S-G have been discussed
in our previous paper (Chen and Ho, 1998). In this work

they were compared with seven other reaction systems
to study the effect of reactant structure on volatile
generation. In Figure 1, the formation of some nitrogen-
containing compounds is compared; they are unsubsti-
tuted pyrazine, acetylpyrazine, furfuryl-substituted pyra-
zines, total pyrazines, and pyrroles.

Pyrazine is one of the most important groups among
the identified volatiles in the nine studied systems. They

Figure 1. Comparison of nitrogen-containing heterocyclic compounds generation in the nine studied systems. Blank bar indicates
1H-pyrrole-2-carboxaldehyde, gray bar indicates 1-(2-furfuryl)-1H-pyrrole and dark bar indicates 1-(2-furfuryl)-1H-pyrrole-2-
carboxaldehyde. Note: The abbreviations of S-R, S-G, S-F, T-R, T-G, T-F, G-R, G-G, and G-F represented the nine systems,
which were serine-ribose, serine-glucose, serine-fructose, threonine-ribose, threonine-glucose, threonine-fructose, glutamine-
ribose, glutamine-glucose, and glutamine-fructose, respectively.
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are widely distributed in food systems, especially foods
processed at high temperatures and low water environ-
ment. Extensive reviews on pyrazines in food have been
published (Maga, 1982, 1992).

There are several precursors or pathways for pyrazine
compounds generation. The R-amino carbonyls, which
can be formed from the reactions between dicarbonyl
compounds and amino acids during Strecker degrada-
tion, are generally considered to be the precursors of
pyrazines. During Maillard reactions and thermal deg-
radation of sugars, some active intermediates such as
acetol (1-hydroxy-2-propanone) and acetoin (3-hydroxy-
2-butanone) can be produced. These intermediates react
with ammonia to generate R-amino ketones and then
form pyrazines. According to this pathway, more pyra-
zine generation is expected in the systems involving
amino acids such as glutamine, which release ammonia
easily during thermal reactions (Sohn and Ho, 1995).
An alternative pyrazine formation pathway is also
recognized in pyrolysis of such â-hydroxy amino acids
as serine and threonine. These R-amino carbonyls may
react with each other to generate pyrazines during
thermal processing without reducing sugar (Wang and
Odell, 1973; Baltes and Bochmann, 1987c).

As shown in Figure 1, it is obvious that more unsub-
stituted pyrazine was generated in serine-monosac-
charide systems than in threonine-monosaccharide
systems. Previous study on thermal reactions of some
amino-hydroxy compounds also showed similar results
(Wang and Odell, 1973). The chemical structure differ-
ence in the methyl group between serine and threonine
may be used to explain this phenomenon.

Another interesting result is the difference in acetyl-
pyrazine generation among some of the studied systems.
Acetylpyrazine was generated in glucose- and fructose-
containing systems (serine/threonine/glutamine-glu-
cose and serine/glutamine-fructose systems), but not
in ribose-containing systems. On the basis of this result,
the formation mechanism of acetylpyrazine was pro-
posed in Figure 2. The retro-aldol condensation products
from monosaccharides were supposed to be important
intermediates for acetylpyrazine formation. Acetylpyra-
zine is one of the R-acetyl-N-heterocyclic compounds,
which are important flavor compounds due to their
desirable roasty note and low thresholds in food. One
extensive review on this class of compounds was pub-
lished recently (Kerler et al., 1997). Acetylpyrazine was
described as a nutty and popcornlike flavor (Fors, 1983)
and was identified in bread volatiles (Schieberle and
Grosch, 1987).

Several furfuryl-substituted pyrazines were formed
in some of the studied systems. The identification of
those compounds was reported in one of our previous
papers (Chen and Ho, 1998). As shown in Table 1, there
was big difference in such furfuryl-substituted pyrazines
generation among those model reactions: 2-(2-furfuryl)-
pyrazine was formed in S-R and G-R systems; 2-(2-
furfuryl)-5 (and 6)-methylpyrazine were observed in
S-R, T-R, and G-R reactions; 3-(2-furfuryl)-2,5 (and
2,6)-dimethylpyrazine were produced only in S-R and
T-R systems, and T-R was more productive in furfuryl
dimethylpyrazine generation; and 2-(2-(5-hydroxy-
methyl)-furfuryl)-2,5-dimethyl-pyrazine was the char-
acteristic compound in six-carbon sugar model reactions
(S-G, S-F, T-G, and T-F).

For furfuryl-substituted pyrazine formation, as shown
in Figure 1, it was obvious that the systems containing
a â-hydroxy R-amino acid such as serine or threonine
with ribose were more productive than the other seven
systems. The reason for this phenomenon was still
unclear.

The structure difference of furfuryl-substituted pyra-
zines between the five-carbon and six-carbon systems
may be explained by the difference in the large amount
of aldehydes formed from monosaccharides: furfural
derived from ribose and 5-hydroxymethyl-2-furfural
derived from glucose and fructose.

Figure 1 also indicates that more total pyrazine was
generated in glutamine-containing systems than in
serine- and threonine-containing systems. The reverse
was true for generation of furfuryl-substituted pyra-
zines. It is known that glutamine and asparagine
release more free ammonia during thermal reactions
than other amino acids (Sohn and Ho, 1995). Our results
indicated that ammonia can be an important precursor
of pyrazine and methyl-substituted pyrazines but not
the determining factor for furfuryl-substituted pyrazine
formation.

The formation of several pyrroles was observed in this
study. They included 1-H-pyrrole-2-carboxaldehyde in
S-R, T-R, and G-R systems and 1-(2-furfuryl)-1H-
pyrrole and 1-(2-furfuryl)pyrrole-2-carboxaldehyde in
S-R and T-R systems. Even though G-R generated
the largest amounts of 1-H-pyrrole-2-carboxaldehyde,
no furfuryl-substituted pyrroles were observed in this
model reaction. It seems that ribose and â-hydroxy
amino acid were good precursors for such furfuryl-
substituted pyrrole formation. Those furfuryl-substitut-
ed pyrroles were previously found in coffee (Reichstein
and Staudinger, 1926; Gianturco et al. 1964) and in
heat-treated cereals, and they may contribute to the
aroma of popcorn (Walradt et al., 1970; Shen and
Hosenney, 1995). These N-2-furfurylpyrrole compounds
were also reported in some model reactions such as
roasted mixture of serine, threonine with sucrose (Baltes
and Bochmann, 1987b), and the reaction mixture of
tryptophan with glucose or xylose under the conditions
of coffee roasting (Baltes and Knoch, 1993).

Pyrroles are very important aroma compounds in
food. Two general pathways of pyrrole formation in the
Maillard reaction have been defined (Baltes and Boch-
mann, 1987b). One is the reaction of furans with amino
acids or amines, and the other is the reaction between
3-deoxyglycosone with amino acids. Other pathways
may also exist for pyrrole compound generation, such
as pyrolysis of amino acids. When serine and threonine
are pyrolyzed alone, a lot of alkylpyrroles and N-

Figure 2. Suggested mechanism of acetylpyrazine formation.
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pyrroloalkanols can be generated (Baltes and Boch-
mann, 1987b).

The formation mechanism of furfurylpyrroles was
proposed before (Baltes and Knoch, 1993). They were
suggested as the reaction products between 2-(amino-
methyl)furan with furfural or 2-methylfurfural. This
mechanism can be used to explain the formation of
1-alkyl-2-pyrrolecarboxaldehydes in other studied sys-
tems (Kato, 1966; 1967; Shibamoto, 1977; Shibamoto
and Bernhard, 1978), but it cannot be extended to
explain the result in this study. The reason for more
N-2-furfurylpyrrole generation in serine-ribose and
threonine-ribose systems needs to be further investi-
gated.
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