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Abstract

By considering the formation of methyl glyoxal as one of the possible intermediates, mechanisms for the intermediate stage of the
Maillard reaction of dihydroxyacetone and glycine under different pH conditions have been proposed, following the Hodge-scheme.
Density functional theory calculations have been performed at the standard state on the proposed mechanisms to calculated the
Gibb’s free energy changes for the formation of different compounds in different steps of the reaction. Thus, the possibility for
the formation of different compounds in the proposed mechanisms has been evaluated. Electronic energy changes for the formation
of different compounds in the proposed mechanisms have been calculated to observe the internal energy changes of the reaction. The
total mass balance has been followed during the calculation of electronic and Gibb’s free energies. The result reveals that methyl
glyoxal is one of the most likely intermediates in the reaction, and dihydroxyacetone + deprotonated glycine and dihydroxyace-
tone + unprotonated glycine reactions are assumed favorable for the production of methyl glyoxal. The gaseous phase reaction
is supposed to be more feasible than the aqueous phase reaction for the production of methyl glyoxal. Glyceraldehyde + protonated
glycine and glyceraldehyde + glycine zwitterion reactions are postulated as less feasible for the formation of methyl glyoxal.

© 2005 Published by Elsevier Ltd.
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1. Introduction

a-Dicarbonyl compounds, such as methyl glyoxal
(MG), glyoxal (Gox), etc., have received intense interest
due to their link to various pathologies. MG, which is an
alkyl derivative of Gox, has been reported as more reac-
tive than Gox in the Maillard reaction (Hollnagel &
Kroh, 1998; Maillard, 1912; Meade, Miller, & Gerrard,
2003; Namiki & Hayashi, 1983). MG is a mutagenic
compound, and is one of the most common intermedi-
ates in the Maillard reaction in vivo as well as vitro
(Davidek, Velisek, & Pokorny, 1990; Eskin, 1990; Mac-
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rane, Robinson, & Saadler, 1993; Reber et al., 2002;
Uchida et al., 1997). It has been detected in many foods
and beverages (Hayashi & Shibamoto, 1985; Hirayama,
Yamada, Nohara, & Fukui, 1984), and increased con-
centrations of MG have been identified during uremia,
hyperglycemia, diabetes, atherosclerosis, oxidative
stress, aging, etc. (Odani et al., 1998; Thorpe & Baynes,
2003; Uchida et al., 1997). MG has been postulated pre-
dominantly in the Szent-Gyorgyi’s theory of cancer
(Nitzsche & Davidson, 1978; Szent-Gyorgyi, Egyiid, &
McLaughlin, 1967). It inhibits the growth of a wide
range of organisms and mammalian cells, and reduces
the synthesis of proteins, RNA and DNA (Fravel &
McBrien, 1980; Riley, 1980; Uchida et al., 1997; White
& Rees, 1982). MG undergoes a rapid reaction with pro-
teins, even under physiological conditions, and results in
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the formation of advanced glycation end products
(AGEs) (Katarina et al., 2001; Meade et al., 2003;
Thorpe & Baynes, 2003). Due to the electrophilic nature
of —CHj3 group and O-atoms, the positive charge on the
carbonyl carbon of MG is assumed to be increased.
Therefore, it may become more reactive in nucleophilic
addition reactions than other dicarbonyl compounds,
such as Gox. The browning activity of MG has been
reported as 2.77 liters/min, whereas only 0.515 liters/
min has been reported for Gox, measured as the change
in absorbance at 420 nm by using B-alanine and sugar or
carbonyl systems (Namiki & Hayashi, 1983).
Computational studies on glyceraldehyde (Gald) and
glycine (Gly) Maillard reactions have revealed that MG
is one of the most likely intermediates in the reaction
(Shipar, 2004). Gald can exist in equilibrium with its
keto form, i.e., 1,3-dihydroxyacetone or dihydroxyace-
tone (DHA) (Harrold, 1991; Holum, 1996; Lozynski,
Rusinska-Roszak, & Mack, 1997; Thornalley, Wollff,
Crabbe, & Stern, 1984; Yaylan, Majors, & Ismail,
1999). Due to the commercial and biological importance
(Brown, 2001; Feige, Ried, & Bachmann, 1996; Kobay-
ashi & Takahashi, 1979; Kobayashi, Igarashi, Takah-
ashi, & Higashi, 1976; Kurz, 1994; Marnett et al.,
1985; Mersch-Sundermann, Schneider, Klopman, &
Rosencrantz, 1994; Morita, 1991; Navratil, Tk4¢, Svitel,
Danielsson, & Sturdik, 2001; Petersen, Wulf, Gniadecki,
& Gajkowska, 2004; Pham, DeMarini, & Brockmann,
1980; Stanko & Adibi, 1986; Yamaguchi, 1982; Zhu
et al., 2003), widespread investigation on the role of
DHA in the Maillard reaction is necessary. The
DHA + Gly Maillard reaction has not been well studied,
and therefore the mechanism is still obscure. However,
computational study on the Heyns rearrangement
(HR) in the initial stage of DHA + Gly Maillard reac-
tion under different pH conditions has revealed that
DHA + DGly reaction is the most favorable for the for-
mation of the Heyns rearrangement products
[HRP(DGly)s] (Shipar, 2006). The gaseous phase reac-
tion has been found to be more favorable than the aque-
ous phase reaction in producing HRP(DGly)s.
Production of both of the enol and keto forms of the
Heyns rearrangement products (HRPE(DGly) and
HRPK(DGly), respectively) has been supposed to be
feasible in the DHA + DGly reaction. The DHA + UGly
reaction has been reported to be the second most favor-
able for the formation of the Heyns rearrangement
products (HRPs), and the gaseous phase reaction has
been supposed to be more feasible than that of the aque-
ous phase reaction (Shipar, 2006). DHA + UGly reac-
tion has been reported not to be feasible for the
formation of the enol form of the Heyns rearrangement
product (HRPE) in the aqueous state, and therefore, the
rate of browning under these conditions has been
assumed to be lower than that of the gaseous phase
DHA + UGly reaction. Formation of HRPs and

HRP(DGIly)s has been reported as unfavorable in
DHA + PGly and DHA + GlyZ reactions, respectively,
and therefore, the reaction under these conditions has
been assumed to be hindered, resulting in the lower
browning rate than DHA + UGly and DHA + DGly
reactions. Interconversion of DHA to Gald has been
reported to be unfeasible, whereas interconversion of
Gald to DHA has been stated to be more favorable in
the gaseous state than in the aqueous state. Production
of hydroxyacetaldehyde (Hald) from DHA, as a C2-
fragmentation product, has been reported as more
favorable in the aqueous phase reaction than that of
the gaseous phase (Shipar, 2006).

The Maillard reaction can follow various pathways to
produce melanoidines with different characteristics
(Davidek et al., 1990; Eskin, 1990; Macrane et al.,
1993). HRPs and/or HRP(DGly)s, produced in the ini-
tial stage of DHA + Gly Maillard reaction (Shipar,
2006), can be decomposed to deoxyosones in the inter-
mediate stage of the reaction. In this paper, by following
the Hodge-scheme (Hodge, 1953), and considering the
formation of MG as one of the possible intermediates,
mechanisms for the intermediate stage of DHA + Gly
Maillard reaction under different pH conditions are pro-
posed. Density Functional computations have been per-
formed to evaluate the possibility of the formation of
different compounds in the proposed mechanisms
through calculation of the Gibb’s free energy changes
(AG). The total mass balance for different steps of the
reaction has been maintained during the calculation of
AG®. To observe the possible internal energy changes,
electronic energy changes (AE®) for the formation of dif-
ferent compounds in different steps of the reaction have
also been calculated by following the total mass balance
of the reaction.

In the intermediate stage of DHA + Gly reaction,
HRPE and/or HRPE(DGIly) can be decomposed into
3-deoxyosones via 1,2-enolization, and HRPK and/or
HRPK(DGly) can be decomposed into 1-deoxyosones
via 2,3-enolization. In glucose—amino compound sys-
tems, the [2-enolization or 3-deoxyosone route is
appeared more important for the formation of brown
colors, whereas the 2,3-enolization or 1-deoxyosone
route results in the formation of flavor products (Hur-
rell, 1984). The 3-deoxyosone route in glucose—amino
compound systems is not only related to the production
of brown compounds, but also related to the formation
of off-flavors, which may be a factor in stored, over-
heated, or dehydrated food products (Davidek et al.,
1990; Hurrell, 1984; Macrane et al, 1993). In
DHA + UGly reaction, the 3-deoxyosone route (Fig. 1)
may involve the elimination of UGly from HRPE, lead-
ing to the formation of the enol form of 3-deoxyosone,
3DE (2-hydroxy-prop-l-al-3-ene). Through keto-enolic
tautomerization (KET), 3DE can be rearranged to its
more stable keto form, 3DK, or methyl glyoxal, MG
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Fig. 1. Proposed mechanism for the formation of methyl glyoxal
through the 3-deoxyosone route in the intermediate stage of
DHA + UGly reaction. Abbreviations: DHA, dihydroxyacetone (1,3-
dihydroxy-prop-2-one); UGly, unionized or unprotonated glycine;
PGly, protonated glycine; HRPE, enol form of the Heyns rearrange-
ment product (2-glycino-1,3-dihydroxy-prop-1-ene); 3DE, enol form of
3-deoxyosone (2-hydroxy-prop-1-al-3-ene); 3DK, keto form of 3-
deoxyosone (2-keto-propanal-1 or prop-l-al-2-one); MG, methyl
glyoxal (2-keto-propanal-1 or prop-1-al-2-one) = 3DK; KET, keto-
enolic tautomerization. The same mechanism is followed for the
3-deoxyosone route in the intermediate stage of DHA + PGly reaction
in which the eliminated UGly is instantly protonated to PGly, and
mass—energy balance is maintained accordingly during the calculation
of AG® and AE’.

(2-keto-propanal-l or prop-l-al-2-one or pyruvalde-
hyde). HRPE can also be formed in the initial stage of
the DHA + PGly reaction (Shipar, 2006), Therefore, it
is possible that the 3-deoxyosone route in the intermedi-
ate stage of the DHA + PGly reaction follows the same
mechanism proposed for the 3-deoxyosone route of the
DHA + UGly reaction (Fig. 1). The only difference is
that the eliminated UGly will instantly be protonated
to PGly in the DHA + PGly reaction. As the reactants
and products in DHA + UGly and DHA + PGly reac-
tions are different, the total mass balances, related to
the energy changes, will differ from each other. This dif-
ference in the total mass balance has been maintained
accordingly during the calculation of AG® and AE°.

In the 3-deoxyosone route of the DHA + DGly reac-
tion (Fig. 2), elimination of DGly from HRPE(DGly)
can lead to the production of 3DE, which can subse-
quently be rearranged to Mg through KET. As
HRPE(DGIy) can be formed in the initial stage of the
DHA + GlyZ reaction (Shipar, 2006), the 3-deoxyosone

He O H. O H. O
\(":/V\):H: - DGly \(l:é KET \$¢
D cd _C
- o7 07 “CH 07 cH
HO-H,C INH-CH,-CO;: | 2 g
e TR H/
3DK or MG
HRPE(DGly) 3DE

Fig. 2. Proposed mechanism for the formation of methyl glyoxal
through the 3-deoxyosone route in the intermediate stage of
DHA + DGly reaction. Abbreviations: DGly, deprotonated glycine;
GlyZ, glycine zwitterion, HRPE(DGly), enol form of the Heyns
rearrangement product (2-deprotonated glycino-1,3-dihydroxy-prop-1-
ene). For other abbreviations, see the caption of Fig. 1. The same
mechanism is followed for the 3-deoxyosone route in the intermediate
stage of DHA + GlyZ reaction in which the eliminated DGly is
instantly protonated to GlyZ, and mass—energy balance is maintained
accordingly during the calculation of AG® and AE°.

route in the intermediate stage of the DHA + GlyZ reac-
tion can follow the same mechanism proposed for the 3-
deoxyosone route of the DHA + DGly reaction (Fig. 2).
However, the eliminated DGly will immediately be pro-
tonated to GlyZ in the DHA + GlyZ reaction, and due
to the difference in reactants and products in
DHA + DGly and DHA + GlyZ reactions, the total
mass balances, related to the energy changes, will differ
from each other, which have been maintained conse-
quently during the calculation of AG® and AE°.

The 1-deoxyosone route in the intermediate stage of
DHA + UGly reaction (Fig. 3) may involve the elimina-
tion of UGly from HRPK to form the enol form of 1-
deoxyosone, IDE. Interestingly, IDE is same as 3DE,
produced through the 3-deoxyosone route (Fig. 1).
Through KET, IDE can be rearranged to its more stable
keto form, 1DK (Fig. 3). Notably, 1DK is same as 3DK
or MG, produced through the 3-deoxyosone route
(Fig. 1). HRPK can be produced in the initial stage of
DHA + PGly reaction (Shipar, 2006), and therefore
the 1-deoxyosone route in the intermediate stage of
DHA + PGly reaction can follow the same mechanism
for the 1-deoxyosone route of DHA + UGly reaction
(Fig. 3). However, the eliminated UGly will instantly
be protonated to PGly in the DHA + PGly reaction.
Due to the different reactants and products, the total
mass balances, related to the energy changes, will be dif-
ferent for DHA + UGly and DHA + UGIy reactions,
which have been maintained accordingly during the cal-
culation of AG® and AE°.

In the 1-deoxyosone route of DHA + DGly reaction
(Fig. 4), DGly can be climinated from HRPK(DGly),
resulting in the formation of IDE, which can conse-
quently be rearranged to MG through KET. The mech-
anism of the 1-deoxyosone route of DHA + DGly
reaction (Fig. 4) can also be applicable to the DHA +
GlyZ reaction as HRPK(DGly) is produced in the initial
stage of the DHA + GlyZ reaction (Shipar, 2006). How-
ever, the eliminated DGly will instantly be protonated to
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Fig. 3. Proposed mechanism for the formation of methyl glyoxal
through the 1-deoxyosone route in the intermediate stage of
DHA + UGly reaction. Abbreviations: HRPK, keto form of the Heyns
rearrangement product (2-glycino-3-hydroxy-prop-l-al); IDE, enol
form of 1-deoxyosone (2-hydroxy-prop-l-al-3-ene) = 3DE; 1DK, keto
form of 1-deoxyosone (2-keto-propanal-1 or prop-1-al-2-one) = 3DK.
For other abbreviations, see the caption of Fig. 1. The same
mechanism is followed for the 1-deoxyosone route in the intermediate
stage of DHA + PGly reaction in which the eliminated UGly is
instantly protonated to PGly, and mass—energy balance is maintained
accordingly during the calculation of AG® and AE°.
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Fig. 4. Proposed mechanism for the formation of methyl glyoxal
through the I-deoxyosone route in the intermediate stage of
DHA + UGly reaction. Abbreviations: HRPK(DGly), keto form of
the Heyns rearrangement product (2-deprotonated glycino-3-hydroxy-
prop-1-al). For other abbreviations, see the captions of Figs. 1 and 2.
The same mechanism is followed for the 3-deoxyosone route in the
intermediate stage of DHA + GIyZ reaction in which the eliminated
DGly is instantly protonated to GlyZ, and mass—energy balance is
maintained accordingly during the calculation of AG® and AE®.

GlyZ in the DHA + GlyZ reaction. The difference in the
reactants and products for DHA + DGly and DHA +
GlyZ reactions will follow different total mass balances,
which have been maintained accordingly during the cal-
culation of AG® and AE°.

2. Methodology

At the standard state, all compounds in the proposed
mechanisms (Figs. 1-4) have been studied in their gas-
eous and aqueous phases by using a Gaussian 98 pro-
gram (Becke, 1992a, 1992b, 1993, 1996; Foresman &
Frisch, 1996; Frisch & Foresman, 1998; Hehre, Radom,
Schleyer, & Pople, 1986; Larid, Ross, & Ziegler, 1996;
Miertus & Tomasi, 1982; Miertus, Scrocco, & Tomasi,
1981; Salahub et al., 1991; Springborg, 1995; Young,
2001). Only general optimized structures of the com-
pounds at a specific method (RB3LYP) [Becke, 1992a,
1992b, 1993, 1996; Foresman and Frisch, 1996; Frisch
and Foresman, 1998; Hehre et al., 1986] have been used
in both of the gaseous and aqueous phases to avoid
complexities and simplify the calculation (Shipar,
2006). A 6-31G(d) polarized basis set (Foresman &
Frisch, 1996; Frisch & Foresman, 1998; Hehre et al.,
1986; Young, 2001) has been used for all calculations.
During the optimization, all structural parameters,
e.g., bond-lengths, bond-angles and dihedral angles,
have been used as variables. The term ‘““Stationary point
found” has been verified in the geometry output to con-
firm the ground state (Foresman & Frisch, 1996; Frisch
& Foresman, 1998). During the optimization, special
care has been taken to avoid the possible intramolecular
cyclization of the compounds (Shipar, 2006). All
RB3LYP/6-31G(d) optimized structures have been
taken for RB3LYP/6-31G(d) and PCM/RB3LYP/6-
31G(d) frequency calculations to achieve the relevant
zero point energy (ZPE) and the Gibb’s free energy
(G°) in the gaseous and aqueous states, respectively
(Foresman & Frisch, 1996; Frisch & Foresman, 1998).
Opt. = Z-matrix and/or Freq. = NoRaman keywords

have been used when necessary (Foresman & Frisch,
1996; Frisch & Foresman, 1998). Single point energy
calculations in the gaseous and aqueous states have been
performed on the RB3LYP/6-31G(d) optimized struc-
tures by using RB3LYP/6-31G(d) and PCM/RB3LYP/
6-31G(d), respectively (Foresman & Frisch, 1996; Frisch
& Foresman, 1998). The dielectric constant, ¢ = 78.39
has been used to represent the aqueous solution (Fores-
man & Frisch, 1996; Frisch & Foresman, 1998).
Relevant ZPE have been added to the single point
energies to get the total electronic energies (E°). Finally,
electronic and free energy changes (AE’ = E(I’,mduct ©—
E(l){eactam ) and AG - Ggroduct G(l){eactam (s)? respec-
tively) for different compounds in the proposed
mechanisms (Figs. 1-4) have been calculated by follow-
ing the total mass balance of the reaction. Thus, the pos-
sibility and internal energy changes for the formation of
different compounds in the proposed mechanisms have
been investigated.

3. Results and discussion

AE and AG of any reaction are important as they pro-
vide for the prediction of the internal energy changes
and spontaneity of the reaction at constant temperatures
and pressures, respectively. AG® for the formation of dif-
ferent compounds in the proposed mechanisms for the
intermediate stage of the DHA + Gly reaction under dif-
ferent pH conditions (Figs. 1-4) are presented in Table
1, calculated by using DHA + Gly total free energies
(Goua + G%Gly /pGly/DGly/Gly,) 8 the standard in the equa-

tion AG® = GProduu Ggemdm (Shipar, 2006). AE” for
the formation of dlfferent compounds in the proposed
mechanisms are presented in Table 2, calculated by
using DHA+ Gly total electronic  energies
(Edpa + E%Gly [pGiy/DGly /Glyz) as the standard in the equa-

tion AE’ = Pmducl — E%eacmm (Shipar, 2006). The
total mass balance of any reactlon is important as it is
related to the energy changes. The total mass balance
of the intermediate stage of DHA + Gly reaction under
different pH conditions has been maintained during the
calculation of AE® and AG®. The main problem in bal-
ancing the total mass arises for protonation (+H™)
and/or deprotonation (—H™), particularly during the
protonation of UGly and DGly to PGly and GlyZ,
respectively. Therefore, the following equation has been
used during balancing the total mass:

H+ + Hzo — Hg,()+

Proton water hydroxoniumion

(protonation and deprotonation)

Based on AG®, formation of deoxyosones, i.c., 3DE
or 1DE (will be indicated as DE in advance), and 3DK
or 1IDK or MG (will be indicated as only MG in
advance) is plausible in both of the gaseous and aqueous
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Table 1
AG° (in kJ/mol) for the formation of different compounds in the intermediate stage of DHA + Gly Maillard reaction under different conditions,
calculated by using DHA + Gly total free energies (G, + G%Gly /pGly/DGly/Glyz) @ the standard in the equation AG = Ggroduct(s) - GUReamm(s)
Reactions — DHA + UGly DHA + PGly
Gaseous Aqueous Gaseous Aqueous
HRPE (Shipar, 2006) —0.54 10.0 192.5 64.4
HRPK (Shipar, 2006) —48.1 -36.0 145.0 82.4
1DE or 3DE -17.7 —11.1 —17.4 —11.0
1DK or 3DK or MG —55.5 —453 -55.2 —45.2
DHA + DGly DHA + GlyZ
HRPE(DGly) (Shipar, 2006) —127.8 —44.7 597.8 132.8
HRPK(DGly) (Shipar, 2006) —130.0 —82.5 595.7 95.2
1DE or 3DE —17.8 —11.2 -17.2 —10.8
1DK or 3Dk or MG —55.8 —45.5 —55.0 —45.0

For abbreviations and details of the compounds, see the captions and mechanisms of Figs. 1-4.

Table 2

AE® (in kJ/mol) for the formation of different compounds in the intermediate stage of DHA + Gly Maillard reaction under different conditions,

calculated by using DHA + Gly total electronic energies (Epy, + EYgyy /pGly/DGly/Glyz) @ the standard in the equation L E(l’(camm(s)
Reactions — DHA + UGly DHA + PGly
Gaseous Aqueous Gaseous Aqueous
HRPE (Shipar, 2006) -10.8 237 203.6 78.6
HRPK (Shipar, 2006) —55.6 —24.1 158.8 30.8
1DE or 3DE 20.8 27.4 25.1 18.2
1DK or 3DK or MG -133 —-3.58 —-10.1 -0.8
DHA + DGly DHA + GlyZ
HRPE(DGly) (Shipar, 2006) —-83.0 16.6 585.6 120.7
HRPK(DGTy) (Shipar, 2006) —80.6 —16.4 587.9 87.5
1DE or 3DE 21.1 253 249 20.4
1DK or 3DK or MG —13.5 -3.6 -8.8 -24

For abbreviations and details of the compounds, see the captions and mechanisms of Figs. 1-4.

phase DHA + Gly reactions under all pH conditions
(Table 1). This is consistent with the previous computa-
tional result for Gald + Gly reaction (Shipar, 2004). The
possibility of the formation of DE and MG is assumed
almost identical in the aqueous phase DHA + Gly and
Gald + Gly reactions under all pH conditions, whereas
this varies slightly in the gaseous phase DHA + Gly
and Gald + Gly reactions. DHA + Gly gaseous phase
reaction is assumed to be less favorable for the forma-
tion of DE and MG than Gald + Gly gaseous phase
reaction. In producing DE and MG, the gaseous phase
DHA + Gly reaction has been found to be more feasible
than the aqueous phase DHA + Gly reaction under all
pH conditions (Table 1), which is in agreement with
the prior computational finding for the Gald + Gly reac-
tion (Shipar, 2004). In both of the gaseous and aqueous
states, DHA + DGly reaction has been found to be the
most favourable for the formation of DE and MG
(Table 1). This is also consistent with the previous report
for Gald + Gly reaction that Gald + DGly reaction is
the most favourable for the formation of DE and MG
(Shipar, 2004). DHA + UGIy reaction is assumed to be
the second most favorable for the production of DE

and MG (Table 1), which is also in favor with the early
finding for Gald + UGly reaction (Shipar, 2004). How-
ever, the gaseous phase DHA + UGly reaction has been
reported not to be favorable for the production of
HRPE in the initial stage (Shipar, 2006), and therefore,
formation of DE and MG under this condition is
thought to be impeded. Formation of HRPs and
HRP(DGly)s in the initial stage of DHA + PGly and
DHA + GlyZ reactions, respectively, has been stated
as unfavorable in both of the gaseous and aqueous
states (Shipar, 2006). Therefore, it can be postulated
that DHA + PGly and DHA + GlyZ reactions are less
favorable for the formation of DE and MG than
DHA + UGly and DHA + DGly reactions.

In both of the gaseous and aqueous states, formation
of MG appears to be more favourable than the forma-
tion of DE (Table 1). According to AE® (Table 2), DE
is electronically more stable in the gaseous state than
the aqueous state DHA + UGly and DHA + DGly reac-
tions, whereas more stable in the aqueous state than the
gaseous state DHA + PGly and DHA + GlyZ reactions.
DE may have an extreme role in the Maillard reaction.
Adequate information on DE is still not available, and
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Fig. 5. RB3LYP/6-31G(d) geometric parameters of the enol form of 3-
or 1-deoxyosone [3DE or 1DE (2-hydroxy-prop-l-al-3-ene)].
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H

Fig. 6. RB3LYP/6-31G(d) geometric parameters of the keto form of
3- or 1-deoxyosone or methyl glyoxal [3DK or 1DK or MG (2-keto-
propanal-1 or prop-1-al-2-one or pyruvaldehyde)].

therefore extensive further theoretical and experimental
investigations are necessary. On the other hand, MG is
electronically more stable in the gaseous state reaction
than in the aqueous state under all pH conditions (Table
2). In both of the gaseous and aqueous states, MG is
electronically more stable than DE (Table 2). Formation
of MG is assumed more favorable than the formation of
DE (Table 1). Therefore, it can be proposed that MG is
the most likely intermediate in the reaction. This is con-
sistent with the previous computational result for the
formation of MG in Gald + Gly reaction (Shipar,
2004). It is also consistent with other literature state-
ments that MG is one of the most common intermedi-
ates in the Maillard reaction (Davidek et al., 1990;
Eskin, 1990; Macrane et al., 1993; Reber et al., 2002;
Uchida et al.,, 1997). RB3LYP/6-31G(d) geometric
parameters of HRPs and HRP(DGly)s have been
reported in the previous computational study on the ini-
tial stage of the DHA + Gly Maillard reaction (Shipar,
2006). Some important RB3LYP/6-31G(d) geometric
parameters of DE and MG, used in the present study,
are presented in Figs. 5 and 6, respectively. The dipole

moments (u) and heats of formation (AH}) are pre-
sented in Table 3.

According to the total mass balance of the reaction,
water is produced in excess during the formation of
DE and/or MG under all pH conditions. One molecule
of water has been found to be produced in excess during
the initiation step of the reaction (Shipar, 2006). Actu-
ally, this water molecule has been reported as produced
during the formation of HRPs and/or HRP(DGly)s in
the initial stage (Shipar, 2006), and remains unchanged
during the formation of DE and/or MG in the interme-
diate stage. From this finding, it can be assumed that
though water is necessary for the initiation and produc-
tion of HRPs and/or HRP(DGly)s in the initial stage of
DHA + Gly reaction under different pH conditions, this
requirement is not applicable for the production of DE
and/or MG from HRPs and/or HRP(DGly)s in the
intermediate stage.

4. Conclusion

By following the total mass balance for different steps
of the reaction, density functional computations at the
standard state have been performed on the proposed
mechanisms for the intermediate stage of DHA + Gly
reaction under different pH conditions to evaluate the
possibility of the formation of different compounds by
calculating AG®. Internal energy changes for different
compounds of the reaction have also been investigated
by calculating AE® through following the total mass bal-
ance of the reaction. MG has been found to be the most
likely intermediate in the reaction. The possibility for
the formation of MG under different pH conditions is
assumed almost identical in both of the gaseous and
aqueous states. This assumption is also applicable to
the formation of DE. However, adequate information
on DE is still unavailable. In both of the gaseous and
aqueous states, formation of MG is assumed more plau-
sible than DE. In producing MG, the DHA + DGly
reaction is supposed to be the most feasible. The
DHA + DGly reaction has been reported to be favorable
for the production of HRPE(DGIly) and HRPK(DGly)s

Table 3

Dipole moments (u, in Debye) and heats of formation (AH?, in kJ/mol) of the Heyns rearrangement products and deoxyosones

Compounds u AH{ [AM1]
Gaseous [RB3LYP/ 6-31G(d)] Aqueous [PCM/RB3LYP/6-31G(d)]

HRPE 2.98 4.134 —688.6

HRPE(DGly) 9.197 11.24 —805.247

HRPK 5.044 6.823 —692.4

HRPK(DGly) 6.61 8.659 —818.218

1DE or 3DE 1.832 2.407 —1028.846

1DK or 3DK or MG 0.953 1.118 —1132.191

For abbreviations and details of the compounds, see the captions and mechanisms of Figs. 1-4.
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in the initial stage (Shipar, 2006). Therefore, possibility
of the formation of MG in DHA + DGly reaction is
assumed more plausible, resulting in higher rate of
browning than that of the others. The DHA + UGly
gaseous phase reaction has been reported not to be fea-
sible for the production of HRPE in the initial stage
(Shipar, 2006). Hence, formation of MG under this con-
dition is assumed to be impeded. In the initial stage of
the reaction, DHA + PGly and DHA + GlyZ reactions
have been found not to be feasible for the formation
of HRPs and HRP(DGly)s, respectively (Shipar, 2006).
Therefore, the consequent formation of MG is assumed
to be inhibited under these conditions, resulting in lower
browning rate than in DHA + UGly and DHA + DGly
reactions. However, adequate information is still not
available, and therefore further widespread investiga-
tions are required. The global minima, maxima and
transition states on the potential energy surfaces of
MG, DE as well as other compounds are also necessary.
MG possesses a great importance in the Maillard reac-
tion in vivo as well as vitro (Davidek et al., 1990; Eskin,
1990; Fravel & McBrien, 1980; Hollnagel & Kroh, 1998;
Macrane et al., 1993; Meade et al., 2003; Odani et al.,
1998; Reber et al., 2002; Riley, 1980; Uchida et al.,
1997; White & Rees, 1982). Therefore, appropriate
mechanisms for the formation of MG in DHA + Gly
and other Maillard reaction systems need to be evalu-
ated, which will be helpful to find out proper techniques
for controlling the production of MG through the Mail-
lard reaction in vivo as well as vitro. Moreover, compu-
tational studies on the final stage of DHA + Gly
reaction are also necessary to evaluate the possibility
for the formation of melanoidines.
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