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Abstract

The chemisiry background of the Maillard reaction focused on pyrazines and factors affecting the reaction
products were reviewed. The Maillard reaction, also called a non—enzymatic browning reaction, is quite com-
plex and generaies numerous reaction products. In processed foods, it is generally accepted as a key reaction
1o produce flaver components. Specially, pyrazines possess an important impact characler on the roasted
foods with other heterocyclic compounds. The Maillard reaction is initiated by condensation between reducing
sugar and amino group, and N-glycosylamines are produced via Schiff base with dehydration of water, After
the rearrangement of the N-glycosylamines, they follow transformation into deoxyhexosones which are re—
active intermediates. Degradation and fragmentation are facilitated by rearranged compounds. By con-
densation, pyrazine, one of the final Maillard products, is generated as a relatively stable form to provide spe-
cific aromas. During the processes of the reaction, chemical or physical environmental parameters affect the

formation of the products.
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INTRODUCTION

The Maillard reaction is a non-enzymatic browning
reaction, and generally considered as a key reaclion for
the {ormation of flavors in processed foods as well as lip-
id oxidation. Much interest has been focused on the Ma-
illard reaction from the flavor chemistry point of view
over past decade. Food aromas are primarily generated
cither by enzymatic and/or microbiological processes or
by thermal treatment. Most processed foods usually pro-
duce their characteristic flavors through the Maillard re-
action{1). The principal reaction steps involved in the Ma-
illard reaction have fairly well described by Hodge(2), and
the scheme of the reaction is generalized. Although the
mechanism of the Maillard reaction is quite complex, it
is generally known that the process is initiated by the con—
densation reaction between an amine and a reducing sugar
(3.

Heterocyelic compounds such as pyrazines, pyrroles,
pyridines, thiazoles and oxazoles have an important im-
pact on the flavar of many foods, and are specially gener—
ated by a series of these reactions{4). Pyrazines are con-
sidered to he fairly representative of the flavor of roasted
foods, amaong these heterocycelic compounds, even though
relatively few of the pyrazines are character-impact flavor
compounds. They commonly possess the sensory pro-—

perties of roasted, toasted, and nutty character(5-7).

Numerous studies have subsequently been reported on
the formation of pyrazines through the Maillard reaction
by reacting single amino acid with an equal mole of sugar
in simple model systems{8-10). However, since real food
syslems consist of mixtures of different amino acids and
sugars with complex environment, the study of pyrazine
formation through the Maillard reaction based on various
environmental factors have generated a great deal of in-
terest.

The main objective of the study is to review the chem-
istry background of the Maillard reaction, and also scru-
tinize the factors affecting the pyrazine formation via Mail-
lard reaction.

CHEMISTRY OF THE MAILLARD REACTION

The mechanism of the Maillard reaction could be bri-
efly summarized as followes(11). Initially, N-glycosyl-
amines are produced via the Schiff base from the addi-
tion of amino compounds into sugars with dehydration of
water. It is followed by the rearrangement to form Ama-
dori and Heyns products. These rearranged intermediates
underga either dehydration reaction to form furfurals or
reductones. or fragmentation to produce dicarbonyl com-
pounds by retro—aldolization reaction. These fission pro—
ducts such as diacetyl, acetal, and pyruvaldehyde trans-
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form to further fragmented products by the Strecker de~
gradation. From the interaction of an additional amino
compaund with efther furfural or dehydroreductone or fis-
sion product or Strecker aldehyde, heterocyclic aroma
compounds are generated besides flavoriess melanoidins
with a high molecular weight. The scheme of the prin-
ciple reaction is generalized in Fig. L.

To clearly understand the series of complex Maillard
reaction, each stage of the reaction will he discussed sep—
arately. The proposed pathways of the Maillard reaction
can he tied together and divided info three major stages;
the initial, infermediate, and [inal stage.

Initial stage

A condensation reaction occurs between a carbonyl
group of a reducing sugar and an amine group from a free
amino acid, peptide, or protein(12,13), This reaction is in—-
itiated by a nuclecphilic attack of the nitrogen in an amine
group which gives an unshared pair of electrons t the
electrophilic carbon of the carbonyl group{14). Because
the amine group acts as a micleophile, the behavior of the
attack depends on the pH of the environment, and en-
hances at more basic pH regions. In an acidic condition,
the amine group will not attack the electrophilic carbonyl
carbon due Lo the protonated form of the amino group.

The condensation reaction is considered to involve the
opening of the cyclic form of the sugar, and the addition
aof the amine to the carbonyl group as well as the subse—
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Fig. 1. General scheme of the Maillard reaction.
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Fig. 2. Formation of N—substiluted glycosylamine.

quent elimination of a molecule of water to produce a Sc-
hiff basef11.15). The formation of the Schiff base is de—
pendent on the form of sugar present as well as the am-
ount of that sugar because the Maillard reaction can only
proceed if the sugar is in the open chain form as a result
of mutarotation. This intermediate then cyclizes to give
the corresponding N-substituted glyvcosylamine. and ra-
pidly equilibrates with the cyelic isomer(Fig. 2).

By the Amadori rearrangement, N-substituted glyco-
sylamine from an aldose is then canverted to the 1-aming-
1-deoxy-2-ketose called Amadori products under acid-
catalization. When a ketose is involved instead of an al-
dose sugar, a ketosylamine is formed that undergoes the
Heyns rearrangement to formn a 2-amino-2-deoxy-1-
aldose which is called Heyns products(1,16), These pro-
ducts are coloress and non—volatile compounds which
have been isolated from sugar-amine model systems as
well as from natural products including roasted meat,
green tea, black tea, tomato powder, and apricots(3).

These two rearrangements are followed similar trans-
formation except the type of reducing sugar. N-Substituted
aldosylamine is protonated and equilibrated with the pro-
{onated Schiff base. Deprotonation ccours at carbon-2 of
the protonated Schiff base to the formation of the enal
form, which tautomerizes to the Amadori products. On the
other hand, N-substituted ketosylamine is protonated at
oxvgen of carbon-6, which equilibrated with the proton-
ated Schiff base. Throngh the tautomerization, the inter—
mediate is converted to Heyns products. The mechanisms
aof the formation of Amadori and Heyns intermediates pro-
posed by Vernin and Parkanyi{4) are shown in Fig. 3.

Ammadori or Heyns intermediates are still thermally un-
stahle although these rearranged products are more sta-
ble rather than the original N-substituted glycosylamines
(15,17). Therefore, they undergo further reactions such as
deamination and dehydration to give numerous degrada-
tion products. The products of the initial stage do not con-
iribute to the food aromas directly, however, the rear-
ranged intermediates are very important precursors of
fAavor compounds{11,15),
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Fig. 4. Decomposition of Amadori and Heyns products.

Intermediate stage

This stage is represented by the fragmeniation of a
sugar, and degradation of an amino acid or a sugar. Fig.
4 shows the proposed pathways of the decomposition of
Amadori and Heyns products which lead to mumerous
characteristic {lavor compounds or their precursors in the
Maillard reaction. In either an acidic or a basic condition,
the Amadeori and Heyns products further react to produce
1-decxyhexosones or 3-deoxyhexosones which are reac—
tive intermediate compounds(3,i 7.

Amadori products proceed 1,2-enolization to give 1,2-
enaminels in an acidic environment. By the sinhsequent
dehydration and ehmination of an amine molecule from
the intermediate, 3-deoxyhexoscnes are formed. These
o-dicarbonyl intermediates yield dehydroreductones hy
the loss of one molecule of water. In addition to the rear-
vangeraent from the Amadori products, 2-Aming-2-deoxy -
1-aldoses(Heyns products) also give the 3-deoxyhexosones
by 1,2-enalization and elimination of the amine from car-
ban-2, which lead to the formaticn of dehydroreductones.
This latter compounds can lose ancther molecule of waler
and cyclize to yield either furfural from ventoses or 5-
hydroxymethylfurfural (IME)} from 2-ketohexoses(11).

The rearranged intermediates undergo 2,3~enolization,
i1 & basic candidarn, to give @ 1-amino—2 3-epdio) which
elirminates the amine at C-1 to form a I-deoxyhexosone
intermediate. This dihydroreductone is in equilibrium
wilh corresponding reductone that has strong antioxidative
properties. Through the further cyclization reactions, these
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intermediates also produce characteristic sugar degra-
dation products such as maltol and isomaltol.

In spite of the presence of the several other interme—
diates, 1-deoxyhexosones and 3-deoxyhexoscnes are
common intermediates produced as the result of catalytic
and nucleophilic pathways confirmed by Yaylavan(15).
These important decxyhexosones are further fragmented
into a-dicarbonyl] intermediates mainly by the retro—al-
dolization reaction, pyruvaldehvde from 3-deoxvhexosones
and diacetyl or glyoxal from 3—deoxyhexoscnes

Strecker degradaton is also considered as another im-
portant reaction to form flavor compounds 1 addition
10 those pathways(18.19). The proposed mechanism is
shown in Fig. 5. Strecker degradation involves the oxi-
dative deamination and decarboxylation of an ¢-ammo
acid in the presence of a dicarbonyl compounds. This com-
pound then rearranges and liberates a carhon dioxide to
form an aldehyvde being reduced a number of carbon,
which is called the Strecker aldehyde(Table 1), The final
amino carbonyl compotnd then reacts with another a-
mino carbonyl, which results in the formation of a dihy-
dropyrazine which is an unstable intermediate. By the
oxidation process or cther proposed pathways, this in-
termediale converts to helerocyelic compounds such as
pyrazines(14). These compounds are very important in
processed foods because of their characteristic sensory
properties(20.21), Depending on the location and the kinds
of substitution, these compounds possess a typical roasied,
toasted, or nutty aroma character(22,23).

Final stage

The aldol condensation and the polymerization are
main processes for each fragmented compounds or each
reactive intermediates in the final stage of the Maillard
reaction(24). It is described and divided into three cate-
gories the transformation pathwavs of the intermediates
into final products by Weir(5), Dehydraticn and degra-
daton reactions are predominantly involved in these pro-
posed mechanisms, and amino compounds are commonly
required to generate the final products.

FACTORS AFFECTING THE PYRAZINE FOR-
MATION

The study of the factors to affect the formation of the
products from the Maillard reaction focused on pyrazines
have heen extensively reported. These factors include
chemical and physical parameters and can he categorized
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Fig. 5. Proposed mechanism of Strecker degradation
from dicarhonyls and amino acids.

Table 1. Volatile Strecker aldehydes from the Reaction
of d=amino acids and o—dicarbonyl compounds

Strecker aldehydes

Amino acids

Glycine Formaldehyde

a-Alanine Acetaldehyde
d-Aminobutyric Propionaldehyde

Valine Isobutylaldehyde

Leucine {sgvaleraldehyde

Iscleucine 2-methylbutanal

Serine Glycolaldehyde

Threonine Lactaldehyde

Methionine Methional
S-methylmethionine  Acrolein

Cysteine Acet or 2-Mercaploacetaldehyde
Phenvlglycine Benzaldehyde

Phenylalanine 2-Phenylethanal

Tyrosine 2—(p-hydroxyphenyl}-ethanal

as 1) composition of the system which includes amino
acids, sugars, and reaction medium, ii) moisture content
or water activity, iil} processing conditions including re-
action time and temperature, and iv) other factors such
as pH(acid-base effect), and reactani ratio.

System composition

The role of amino acids has throughly examined be-
cause they are not only one of the major reactants for
initiating the Maillard reaction, but also required for the
formation of pyrazine compounds(23). In the backbone
of the structure of the pyrazines, nitrogen atom can only
come from amino compound or free ammonia.

To the formation of the Maillard products including
pyrazines, the type and the reactivity of amino acids should
be importantly considered. Most of the amino groups in
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aming acids are primary amines but proline and hydroxy-
proline are particularly secondary amines. They react with
carbonyls differently compared to the reaction manrer
of other primary amne compounds. Tressl{26,27) studied
the characteristics of reaction particularly during the
Strecker degradation stage, and showed the differences
in products affecting the flavor development. Specific
hi-cyclic and tri—cvclic hetero compounds were pro-
duced from either proline or hydroxyproline by the re-
sults of their study. This is due to the presence of the
acid group around the secondary amine portion of the mol-
ecule. The reactivity as well as the amount of amino acids
also affect the generation of pyrazines. The reactivity
of the amino acids are changed by the functicnal group
of the @¢-carbon atom reporied(28). Piloty and Baltes
explained every amino acid possesses its own reaclion
rate in the Strecker degradation allhough the common
structure of the amino acids is identical. It is demonst-
rated that arginine, histidine, glvcine, and lysine are rel-
atively reactive. Threonine, serine, phenylalanine. and B~
alanine possess average reactivities while the reactivities
of amino acids not mentioned here are comparatively
low. The reactivities of the amino acids can be generally
described as both basic and hydroxy amino acids have
strong reactivity while the reactivity of the acidic and
non-polar amino acids is weak.

The sugar-amino acid model systems were used to
demonstrate the reactivity of amino acids(29), The amount
of pyrazines was measured and compared. Higher amount
of pyrazines was produced when asparagine was reacted
with glucose instead of aspartic acid. The result could
be explained that the effect is due to the total ammonia con-
centration in the reaction medium released from each am-
ino acid. Some amino acids have more than one reactive
nitrogen in the molecule which participaled in the Mai-
llard reaction, However, it is not necessary all the con—
stituent nitrogen of each amino acid should he reactive,
because o-amino group of the amino acids is more reactive
than others. The effect of the nitrogen source on pyra—
zine formation was also investigated by reacting glucose
and several type of bases(30). Wong and Bernhard con—
cluded the distribution of pyrazines strongly depended on
the nature of the each nitrogen source.

The type and the amount of sugar affect the Maillard
reaction since sugar is also one of the initial reactants
as well as amino compounds. Different type of sugar owns
different reactivity based on the rate of ring opens to the

reducible form, because only a cpen-chain form of the su-
gar can condensate with amines in the initial step of the
Maillard reaction(31). In most reducing sugars, an open-
chain form rapidly equilibrates with its closed—chain form
of the @ and b isomers by mutarotation, and the reactivity

f the sugar strongly depends on the rate of mutarota-
tion. Tt is reported pentoses are more reactive than hex-
oses, and disaccharides are less reactive rather than either
of the monosaccharides. Among the hexoses, D-galactose
has the highest ring open rate and highest browning rate,
followed by D-mannose, D-glicose, and D-fructose(32),
Non reducing sugars such as sucrose can not involve in
the Maillard reaction, however, at high temperatures, the
glycosidic bond of the sucrose is hydrolyzed to release
its monosaccharides and the reactions could proceed in
the normal way. The amount of available reducing sugar
also affects the rate of the Maillard reaction. In general,
the rate of browning reaction increased as glucose level
increased due to the closer proximuty of glucese to the
reactant amino groups. It is suggested that increased pro-
ximity overcome the greater diffusion barrier caused by
the higher viscosity associated with increased gliucose
levels.

To elucidate the influence of each sugar on the gener—
ation of roast aromas, the total yield and distiibuticn of
pyrazine formation were examined(33,34). When asparagine
was reacted with either glucose, fructose, sucrose or ara-
binose, the alkylpyrazne yields were higher with fructose
than with glucose, and the ratio of dimethylpyrazine to
methylpyrazine was much higher. The higher vields could
be due to the fact that fructose forms carbon fragmen-
tation units more readily than glucose. Sucrose also pro-—
duced good yields of alkylpyrazine compeounds, although
less than either glucose or fructose, While a 5~carbon su-
gar must vield one 2-carbon fragment for each 3~carbon
unit upon fragmentation, it might be expected more me-—
thylpyrazine from a pentose and more dimethylpyrazine
from a hexose(34,35).

Moisture content

Water generally acts as both a solvent and a reactant
so that it is considered as an important factor in chemical
reactions. In the Maillard reaction. water can play as both
a positive and a negative role in a number of steps. As
a negative effect, water is known to retard several steps
in the Maillard reaction. Since the elimination of water
is required in either the condensation step between a re-
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ducing sugar and an amine in the inilial stage of the Mail-
lard reaction, or the dehydration steps in the degradation
processes, the excessive amount of water present m the
reaction system is likely to inhibit these steps{36). Ac-
cording to the study of the role of water in both dry and
aqueocus system, rearrangement of N-glvcosylamine is
less dependent cn the presence of water,

In general, the optimal moisture content for the for-
mation of pyrazines is at intermediate moisture level(37,
and 38), The effect of water on the products from the
Maillard reaction seems to depend on a halance hetween
the formation of ketoseamina acid and their decomposition.
The former reaction is favored by & low moisture content,
while the latter favored by a higher moisture content. The
influence of water on the Maillard resction is also explained
as followes. The increase of water conient to an optimal
amount helps 1o locate the active groups of reactants close
to each other, however, excessive amount of water con-
tent in turns inhibits the reaction by diluting the concen-
tration of those reactants, or reducing the possihility of
reacting each other. Moisture content also provided a sig—
rificant effect on the sensary character of aroma compound.

The formation of pyrazines was investigated with an
aspect of water activity(Aw). Through the kinetic study
of pyrazine formation at Aw ranging from Q.32 to 0.84,
it is found that pyrazine and 2-methylpyrazine- produc—
tion appeared to a maximum at Aw of 0,75, In the previous
study by Hartman, the sensory resulis indicated that the
higher Aw systems gave more boiled aroma, while the
lower Aw systems provided more roasted aroma char—
acter(37,39).

With respect to the Maillard reaction, water can retard
the rate of the initial glycosylamine reaction in which
water was a product. This effect, known as product in—
hibition, reported that the maximum vield of the Maillard
reaction was at a water activity of 0.7 and that no reac-
tion occurred when it was less than 0.2. At low water ac—
tivity, water was tightly bound to surface polar sites by
chemisorpfion and was generally unavailable for reaction
and solution(4a).

Processing conditions

The formation of the Maillard products can varied
with the food composition and the range of the temper-
ature which is processed. The Maillard reaction does not
require high temperatures and proceeds even room tem-—
perature or below of it(41). However, the rate of the Ma-

illard reaction is markedly increased with temperature,
and the formation of flavor compounds generally occurs
at the temperatures associated with cocking or roasting.

For appreciable pyrazine formation, temperature above
100°C was required(42). Pyrazine formation increased as
the temperature of aguecus reaction solutions, however,
pyrazines were detected even in the solutions reacted at
50°C. A recent study on the effect of reaction temperature
and on the formation of roast aromas has shown that the
formation of pyrazines dominated, especially, at higher
temperatures, which is the result of the higher formation
of a-aminoketones by the Strecker degradation of amino
acids with e-dicarbony! compounds(43,44).

The reaction time, likewise temperatiure, is an impor—
tant faclor to control the extent of the Maillard reaction.
In general, at a given temperature, the farmation of brown
pigments increased with the reaction time, and the pro-
duction of pyrazire compounds also increased rapdly as
the length of heating period. It is investigated the pro-
duction of pyrazine compounds at 120°C increased rapidly
as the length of the heating period was increased up to
24hr, and the ratio of dimethylpyrazine to methylpyrazine
produced continued to increase although methylpyrazine
was the major product in the early stage of the reaction.
Reineccius(45) also mentioned that processing time most
obviously influences flavor by influencing the amount
of each flavor constituent which is present, and thus
flavor halance. The senscry properties of pyrazines to
affect roast arcmas are shown in Table 2 with a wide
range of sensations.

The yields of pyrazines and brown pigments increased

Table 2. Sensory Properties of typical alkylpyrazines

Pyrazines Odor descriptions
Methyl Green, nutty, reasted, sweet
Ethyl Buttery, nutty, sweet, green
2,3-Dimethyl Meaty, nutty
2,0-Dimethy] Strong nutty, musty, meaty rcasted

2,6-Dimethyl
2-Ethyl-3-methyl

Green nutty

Fragrant, floral, earthy, raw,
nut-like

Raw green, sickly, fruity, coffee

Mild roasted, raw green, fruity,
coffee

2-Ethyl-5-methyl
2~FEthyl-6-methyl

Trimethyl Musty, nutty, sweet, caramel,
potato-like
Tetramethyl Walnuts, green

2 5-Dimethyl-3-ethy] Roasted, nutty, earthy, walnuts,
baked potato-like

2,6-Diethyl Steam cooked
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with the temperature and time, but the optimal processing
conditions will be varied or determined on the reaction
systems which are chosen,

Others

The Maillard reaction as well as the formation of ny-
razines is effectively controlled by the pH of the reaction
system(16,45). Generally, the rate of the formation of the
Maillard products and pyrazines are accelerated by in-
creasing pH. The yield of methylpyrazine and dimethyl-
pvrazine were dramatically increased when base was
incorporated into the media{46). It could be explained that
changing the pH of the reaction sysiem influenced both
the reactivity of the amino group of the amina acid toward
the carbonyl of sugar, and the rearrangement and frag-
mentation of sugar itself, At low pH, the carbonyl-amino
condensation to the Shiff base is slowed because of the
loss of the basic amine groups. The effect of pH on the
flavor character and strength was also evaluated. Besides
the effect of pH as well as that of composition of the sy-
stem including amine acids and sugars, moisture contents,
processing conditions, other factors such as lipid, reactant
ratio, and medium were also investigated by a number of
groups as factors affecting the formation of pyrazines
through the Maillard reaction{47-49).

SUMMARY

The mechanism of the pyrazine formatiou during the
Maillard reaction and envirenmental factors affecting the
reaction products were thoroughly reviewed. The Maillard
reaction which generates numerous characteristic reaction
products provides important meaning fo the flavor in-
dustries. Pyrazines frequently generating the roast aromas
are mainly formed by Strecker degradation after conden-
sation and rearrangement of the precursors. The pyrazine
formation is affected by different reaction factors during
processing. The specific Maillard products, pyrazines,
which are heterocyclic compounds, could be finely regu-
lated and controlled by understanding the chemistry back-
ground of the each steps and factors which ruling the
reaction products.
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