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A B S T R A C T

The composition of volatile compounds generated by the thermal decomposition of Amadori rearrangement 
products (ARPs) in the Maillard reaction between glucose and alanine was investigated by using a combination of 
thermal desorption cryo-trapping system and gas chromatography–mass spectrometry. A total of 25 volatile 
compounds were detected and identified, including 15 pyrazines, 3 pyridines, 1 pyrrole, and 6 complex nitrogen- 
containing compounds. The results indicated that pyrazines are the predominant products of the thermal 
decomposition of ARPs, and the specific formation temperatures of the various volatiles were determined. 
Additionally, density functional theory (DFT) was employed to study the formation mechanism of 3-ethyl-2,5- 
dimethylpyrazine in depth, and the structures of the reactants, transition states, and products were elucidated. 
Furthermore, by comparing the rate constants and reaction energy barriers of the different reactions, it was 
concluded that the synthesis of deoxyglucosones and the ring-forming reaction of pyrazines are the key reactions 
in the generation pathway of 3-ethyl-2,5-dimethylpyrazine.

1. Introduction

The Maillard reaction is a non-enzymatic browning phenomenon 
that occurs during food processing, involving the reaction between 
carbonyl compounds (reducing sugars) and amino compounds (Cui 
et al., 2021; Lu et al., 2014). This reaction can be delineated into three 
distinct stages (Nagai et al., 2014). Initially, condensation between 
amino-containing compounds and carbonyl-containing compounds 
leads to the formation of Schiff bases, which then cyclize to produce N- 
glucosylamines. These intermediates undergo Amadori rearrangement 
to generate dicarbonyl compounds. (Won & Lee, 2001). Subsequently, 
the rearrangement triggers the degradation of deoxyglucosone, 
involving the strecker reaction of the amino acid with the dicarbonyl 
compound. (Guerra & Yaylayan, 2012). The final stage involves 

condensation and polymerization of hydroxyaldehyde to form the 
characteristic brown pigment. Notably, the Amadori rearrangement 
reaction is considered the pivotal step in the entire Maillard reaction 
(Jalbout et al., 2007).

Meanwhile, ARPs have been identified as stable intermediates of the 
Maillard reaction, capable of undergoing further thermal decomposition 
to yield a plethora of aroma substances (Yu et al., 2019). Consequently, 
ARPs are regarded as potential food flavor enhancers, often incorpo
rated into food during thermal processing to augment the Maillard re
action and subsequent aroma development (Gaudette & Pietrasik, 
2017). Among the thermal decomposition products of ARPs, pyrazines 
are particularly abundant. Notably, 3-ethyl-2,5-dimethylpyrazine stands 
out as a flavor-active compound characterized by a roasted, nutty 
aroma, and is considered as a key aroma compound in thermally 
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processed foods such as coffee, chocolate, and roasted meats (Motoyama 
et al., 2021). Its remarkable stability under heat and low odor threshold 
renders it invaluable for flavor enhancement, surpassing less stable or 
more ubiquitous volatiles like simple aldehydes or furans. Moreover, the 
alkyl-substituted pyrazine core of 3-ethyl-2,5-dimethylpyrazine pro
vides a judicious balance of stability and reactivity, rendering it an ideal 
candidate for mechanistic studies (Cho & Kays, 2013; Mortzfeld et al., 
2020). Consequently, investigating the formation mechanism of 3-ethyl- 
2,5-dimethylpyrazine holds profound theoretical significance for com
prehending the genesis of pyrazines within the Maillard reaction and 
elucidating the intricate mechanisms governing the Maillard reaction 
itself.

Density functional theory (DFT), a cornerstone in theoretical chem
istry, has gained widespread application across various fields in recent 
years (Parr, 1980; Wang et al., 2023). It empowers the calculation of 
molecular structures, reaction parameters, transition states, and prod
ucts during chemical reactions. Additionally, DFT facilitates the iden
tification of active sites within functional groups and the determination 
of reaction activation energies (Quapp, 2010). The integration of DFT 
into the study of the Maillard reaction offers a powerful tool for eluci
dating the formation mechanisms of aroma substances (Orhan et al., 
2005; Takken et al., 1975). In this study, we initially analyzed the 
composition of thermal decomposition volatiles generated by ARPs in 
the glucose-alanine Maillard reaction. We determined the generation 
temperatures of various volatiles and elucidated the influence of tem
perature on their formation. Subsequently, DFT was employed to 
investigate the generation mechanism of 3-ethyl-2,5-dimethylpyrazine, 
the most abundant thermal decomposition product, thereby providing a 
theoretical foundation for revealing the flavor formation mechanism of 
the Maillard reaction.

2. Experimental

2.1. Chemicals

D-glucose (99.5 %), L-alanine (99 %), o-dichlorobenzene (99 %), 
NaHSO3 (AR), and ethanol (95 %, AR) were purchased from Macklin 
(Shanghai, China). Glycerol and acetic acid were purchased from Damao 
Chemical Reagent Co. Dowex 50WX4 ion exchange resin-H+ type was 
purchased from Aladdin (Shanghai, China). Ultrapure water (UPW) was 
used for all experiments.

2.2. Preparation and purification of ARPs in the alanine-glucose Maillard 
reaction

ARPs of glucose-alanine Maillard reaction was prepared by following 
the method of Glinsky et al. with certain modifications (Glinsky et al., 
1996). 0.2 mol of D-(+) glucose, 2.0 g of sodium bisulfite, 60 mL of 
anhydrous ethanol, and 30 mL of glycerol were added to a round- 
bottomed flask, and were heated in a water bath and subjected to 
condensation reflux. When the solution reaches 100 ◦C, 0.05 mol of L- 
alanine and 8 mL of acetic acid were added. The mixed solution was 
heated at 80 ◦C for 5 h and then cooled to room temperature with ice 
water. Then, samples were taken by loading activated H+ Dowex 50WX4 
ion exchange resin onto a 40 mm × 400 mm column. The column was 
eluted with water (2 mL/min) and stopped when the eluate was negative 
for TTC, and then eluted with 1 mol/L ammonia (1 mL/min). The eluate 
was concentrated on a rotary evaporator and then freeze-dried to a solid 
powder.

2.3. Extraction and collection of volatile compounds from ARPs during 
heating by using a thermal desorption cryo-trapping system

Simulative heating was conducted using a certified micro-chamber/ 
thermal extractor (M-CTE, M-CTE250, Markes International, UK). The 
M-CTE250 serves as a quality control instrument for the screening of 

volatile and semi-volatile organic compounds emitted from organic 
materials. Prior to use, the M-CTE was decontaminated to eliminate any 
residual pollutants. The chambers, o-rings, and sample holders of the M- 
CTE were initially rinsed with ethanol and cyclohexane. Subsequently, a 
20-mL glass vial was positioned in the sample holder, and 0.01 g of ARPs 
along with 10 μL of diluted ortho-dichlorobenzene (0.5 mg/L) as the 
quantitative internal standard were directly introduced into the vial. 
The sample holder’s lid was then promptly sealed. Three sample holders 
were employed concurrently for parallel experiments (one sample per 
chamber) and were heated at 60, 80, 100, 120, 140, 150, 160, 170, and 
180 ◦C for 30 min each. Following the heating period, the air valve was 
opened at a flow rate of 100 mL/min for 30 min per temperature setting 
to extract volatiles from the samples. These compounds were captured in 
250 mg Tenax TA adsorbent tubes (60–80 mesh). After trapping, the 
volatile compounds were thermally desorbed from the sorbent tubes 
using an automated thermal desorber (TD100-xr, Markes International) 
at 280 ◦C for 5 min, cryo-focused on a cold trap at 10 ◦C, and desorbed 
from the cold trap onto the GC–MS column by flash heating at 280 ◦C for 
3 min, with a flow path temperature of 200 ◦C.

2.4. GC–MS analysis

An Agilent 6890/5975C GC–MS system (Santa Clara, CA, USA), 
furnished with an HP-5 ms column (30 m × 0.25 mm i.d., 0.25 μm film 
thickness; J&W Scientific), was employed for the analysis of volatiles 
desorbed from the cold trap. Helium was utilized as the carrier gas in 
splitless mode, with a flow rate of 1 mL/min. The desorption duration in 
the injection port was set at 5 min at 250 ◦C. The temperature program 
entailed an initial hold at 35 ◦C for 3 min, followed by a ramp to 280 ◦C 
at a rate of 5 ◦C/min. The mass selective detector functioned in electron 
impact ionization mode at 70 eV, scanning the mass range 40–400 m/z. 
The interface temperature was set at 230 ◦C. The retention times of the 
volatiles were converted to Kovats retention indices using n-alkanes 
(Sigma, Co.) as standards. Tentative identification of the volatile com
pounds was achieved by comparing their mass spectra with those of 
reference compounds in both the Wiley MS library (8th edn) and the 
NIST/EPA/NIH MS library (2014 version). Confirmation was based on 
literature mass spectra and comparison of calculated Kovats retention 
indices with published data. The accuracy of identification was ascer
tained by analyzing relevant standard compounds via GC–MS under 
identical operational conditions.

2.5. MALDI-ToF/ToF mass spectrometry

The DHB matrix was prepared at 15 mg/mL in 50 % methanol 
(aqueous) and 0.1 % trifluoroacetic acid. 3–5 mg of glucose-alanine 
ARPs was dissolved in 1 mL of ultrapure water. After centrifugation at 
10,000 rpm for 5 min, 1 μL of the supernatant is mixed with 1 μL of the 
matrix. Then, 1 μL of the mixture was deposited onto a ground stainless 
steel 384-density MALDI plate and allowed air dry naturally. The 
AutoflexTM Speed ToF/ToF mass spectrometer (Bruker Daltonics, Ber
lin, DE) was used in positive ion mode with the following specific pa
rameters: voltage of 4500 V; Nebulizer at 0.3 Bar; Dry Gas at 4.0 L/min, 
with a drying temperature of 200 ◦C; laser: nitrogen laser with a 
wavelength of 335 nm; relative laser intensity of 90 % as used; frequency 
of 1000 Hz; Ion source 1 at 19.62 kV; Ion source 2 at 18.29 kV; Lens at 7 
kV; Pulsed Ion Extraction of 350 ms; linear 10×.

2.6. Computational methods

All computations in this study were performed using the Gaussian16 
software package. Geometry optimizations for molecular ions, in
termediates, and fragments were conducted at the UB3LYP density 
functional theory level with the 6-311G (d,p) basis set. This basis set was 
widely employed for structural optimization and transition state calcu
lations due to its balance of accuracy and computational efficiency. 
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Transition state (TS) geometries were located at the same theoretical 
level, and the resulting TSs were confirmed to possess a single imaginary 
frequency, indicative of a true TS. All identified TS geometries were 
validated by calculating the intrinsic reaction coordinate (IRC). Point 
singlet state energies were computed using the high-level Def2TZVP 
basis set, and these data were combined with frequency calculation re
sults using the Gibbs free energy plugin, Shermo 2.0.8, to construct 
precise reaction potential energy surfaces. The energy value closest to 
the reaction saddle point was identified as the Gibbs free energy 
required for the reaction to proceed. Reaction rate constants were 
determined from the characterized potential energy surfaces, the prop
erties of the reactants, and the TSs. The activation free energy (ΔG*) was 
estimated from the relative energies, including zero-point energy (ZPE) 
corrections, between the TSs and reactants. The TST calculator was 
utilized to calculate the reaction rate constants. The Multiwfn package 
was employed to compute the approximation functions for molecular 
structures.

2.7. Statistical analysis

All experiments were conducted in triplicate. The measured data 
were analyzed using PCA by the MetaboAnalyst 3.0. Significance be
tween related samples was analyzed according to the one-way ANOVA 
test at the level of 0.05 (p < 0.05) using the SPSS 18.0 (Chicago, IL, 
USA).

3. Results and discussion

3.1. Analysis of ARPs based on MALDI-ToF/ToF mass spectrometry

The structure of ARPs in the alanine-glucose Maillard reaction is 
shown in Fig. 1 (A). As depicted in Fig. 1 (B), the molecular weight of 
this compound is 251 Da. Moreover, its imino group readily associates 
with protons in the positive ion mode, forming a parent ion with m/z =
252 ([M + H]+). This corresponds to the fragment peaks at m/z =
251.0012 and m/z = 252.0055 in the spectrum. Therefore, this sub
stance can be confirmed as the ARPs of the glucose-alanine Maillard 
reaction.

3.2. Composition of volatile compounds from ARPs decomposition during 
heating

As shown in Table 1, based on the chromatographic peak mass 
spectra and the standard spectra of NIST standard mass spectral library 
as well as the comprehensive comparison of standard compounds, a total 
of 25 volatile compounds were identified, including pyridine (3), 

pyrrole (1), pyrazine (15), and complex N-containing compounds (6). 
The total ion flow diagram of the volatiles is shown in Fig. 2. As can be 
seen from Table 1, pyrazines are relatively large in both quantity and 
relative abundance among all volatile compounds, which suggests that 
pyrazines are the main products of the ARPs thermal decomposition. It 
was also found that among these pyrazines the main ones were alkyl 
pyrazines, including 11 species, and all of them had simple alkyl side 
chains. In addition, there were two pyrazines with alkenyl side chains 
and one pyrazine with an acetyl group. The generation of alkenyl as well 
as acyl groups is considered to be the product of Strecker reaction (Ma 
et al., 2022). Pyrazines are usually colorless with some weak basicity 
and are isomers with pyrimidines and pyridazines (Long et al., 1973). 
Pyrazines do not readily undergo electrophilic substitution but react 
readily with nucleophilic reagents (Brittain et al., 1979). They are 
commonly used as pharmaceutical, flavors and fragrances intermediates 
(Higashio & Shoji, 2004). Besides, among the thermal decomposition 
products of ARPs, pyrroles are another N-containing substance that are 
usually colorless or slightly yellowish liquids with a nutty and fruity 
flavor (Mizuguchi, 2005). And pyridines, a series of six-membered het
erocyclic compounds, are used as an industrial denaturant and dyeing 
aid (Portella et al., 2015).

3.3. Impact of temperature on volatile compounds forming from ARPs 
decomposition during heating

The food heating process is usually very complex, with many 
chemical reactions occur. In order to explore the thermal decomposition 
process of ARPs, a thermal desorption cryo-trapping system was used to 
simulate the heating process in this study, and nine temperature points 
(60 ◦C, 80 ◦C, 100 ◦C, 120 ◦C, 140 ◦C, 150 ◦C, 160 ◦C, 170 ◦C, and 
180 ◦C) were chosen to evaluate the effect of temperature on the volatile 
compounds formed from ARPs thermal decomposition. Results show 
that 2, 1, 2, 3, 11, 1, 2, and 3 newly generated volatiles were identified at 
different temperature points, respectively. Fig. 3 visualized the forma
tion temperatures of the different volatiles from ARPs during heating, as 
well as the composition of the volatiles in each temperature point.

As shown in Fig. 3(A), two substances were detected to be produced 
at 60 ◦C (2,4,6-trimethylpyridine, 2,5-dimethylpyrazine). Compared to 
the reported literature, the formation temperature of 2,5-dimethylpyra
zine is significantly lower, and its contents is higher (Lu et al., 2005; van 
Lancker et al., 2010). As the temperature increased to 80 ◦C, one newly 
produced substance was detected (3-ethyl-2,5-dimethylpyrazine). This 
compound is colorless with the aroma of peanuts, nuts, and coffee 
(Evershed et al., 1982). It also has the lower forming temperature and 
higher content compared to the literature reported (Cai et al., 2016; Lu 
et al., 2005). Two newly formed substances (2-ethyl-5-methylpyrazine, 

Fig. 1. Alanine - Glucose - ARPs structure information. A: Structure; B: MALDI-ToF/ToF mass spectrum of ARPs.
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3,5-diethyl-2-methylpyrazine) were detected at 100 ◦C. 2-ethyl-5-meth
ylpyrazine was reported to be generated at 130–140 ◦C (van Lancker 
et al., 2012; Yu et al., 2013). 3,5-diethyl-2-methylpyrazine is usually 
used in bakery products (Tan & Yu, 2012). It can be seen that when the 
temperature was lower than 100 ◦C, the products were only alkyl pyr
azines with a relatively simple side chain structure. When the temper
ature increased to 120 ◦C, three substances were formed, including 
2,3,5-trimethyl-6-propylpyrazine, 2-(1-oxobut-2-ynyl)-cyclohexanone, 
2,3,5,6-tetramethyl-1,4-phenylenediamine.

As the temperature continue to increase, a total of 11 new substances 
were detected at 140 ◦C, including 2,3,5-trimethyl-6-ethylpyrazine, 2- 
acetyl-3-ethylpyrazine, 2,3-dimethyl-5-n-propylpyrazine, 2,5-dimethyl- 

3-(1-methylpropyl)-pyrazine, 2-butyl-3,5- dimethylpyrazine, 2,3,5-tri
methyl-1-propenyl-(Z)-pyrazine, 3,6-dipropyl-2,5-dimethylpyrazine, 2- 
ethylpyrrole, 2-methyl-5-(2-propenyl)-pyridine, N4,N4-diethyl-2- 
methyl-1,4-benzenediamine and 8-aminoquinaldine. It is clearly that 
in this temperature point the relative content of most volatiles have a 
significant increase to reach at their highest, and their structures also 
show a tendency to become more complex in their side chains such as 
pyrazines (Gómez-Míguez et al., 2007). Therefore, 140 ◦C was consid
ered to be a crucial temperature point for the pyrazine formation. Only 
one (2,3-dimethyl-5-(1-methylpropyl)-pyrazine) and two (N-ethyl
pyridine, 5,6-dimethyl-2-benzimidazolinone) new substances were 
generated at temperatures of 150 ◦C and 160 ◦C, respectively. When the 

Table 1 
Volatile compounds generated in Alanine - Glucose - ARPs thermal decomposition process.

No. compound RI Identification 
method

Concentration(ug/g)

60 ◦C 80 ◦C 100 ◦C 120 ◦C 140 ◦C 150 ◦C 160 ◦C 170 ◦C 180 ◦C

1 N-ethylpyridine 821 RI,MS nd nd nd nd nd nd
49.68 ±
13.25b

69.15 ±
1.19a

57.89 ±
12.82b

2 2,4,6- trimethylpyridine 991 RI,MS,STD
7.94 
±

1.86a

5.74 ±
1.03a

8.12 ±
1.18a

1.92 ±
1.78b nd nd nd nd nd

3
3-methyl-5- 
ethylpyridine 1023 RI,MS,STD nd nd nd nd nd nd nd

21.70 ±
1.18a

23.58 ±
4.12a

4 2-ethylpyrrole 850 RI,MS,STD nd nd nd nd
40.85 ±
20.48a nd nd nd nd

5 2,5-dimethyl pyrazine 917 RI,MS,STD
2.78 
±

1.18f

8.98 ±
2.02e

27.68 
±

19.43d

57.96 ±
31.62c

229.24 ±
23.62a

63.40 ±
30.62c

209.63 ±
26.37a

197.91 
± 8.47a

171.60 ±
33.72b

6 2-ethyl-5- 
methylpyrazine

1005 RI,MS,STD nd nd
18.63 
±

15.12d

47.89 ±
11.13c

295.08 ±
58.47a

76.09 ±
23.55c

209.27 ±
48.13b

222.78 
± 9.70b

195.75 ±
32.43b

7
3-ethyl-2,5- 
dimethylpyrazine 1082 RI,MS,STD nd

11.04 
± 8.16e

62.46 
±

52.72d

189.68 
± 33.39d

1243.25 
± 378.62a

495.40 
± 21.07c

1010.61 
± 142.90a

860.32 
± 99.22b

788.14 ±
162.36b

8 2-methyl-5-(2- 
propenyl)-pyrazine

1090 RI,MS,STD nd nd nd nd 29.37 ±
23.04a

19.28 ±
1.55a

30.53 ±
5.51a

19.93 ±
7.52a

27.47 ±
2.46a

9
3,5-diethyl-2- 
methylpyrazine 1162 RI,MS,STD nd nd

9.36 ±
8.13d

28.68 ±
15.83d

674.58 ±
262.91a

119.65 
± 35.61c

367.45 ±
139.91b

384.98 
± 36.94b

291.83 ±
129.15b

10
2,3,5-trimethyl-6- 
ethylpyrazine 1163 RI,MS,STD nd nd nd nd

249.27 ±
91.04a

112.93 
± 12.06b

263.41 ±
96.77a

223.17 
± 0.69a

198.02 ±
27.00a

11 2-acetyl-3-ethylpyrazine 1168 RI,MS,STD nd nd nd nd 73.25 ±
26.66a

21.28 ±
2.01c

49.73 ±
17.78b

48.16 ±
0.27b

48.35 ±
6.58b

12 2,3-dimethyl-5-n- 
propylpyrazine

1166 RI,MS,STD nd nd nd nd 33.23 ±
17.41a

nd nd 7.74 ±
1.32b

8.74 ±
0.84b

13
2,5-dimethyl-3-(1- 
methylpropyl)-pyrazine 1194 RI,MS nd nd nd nd

83.81 ±
35.95a nd

16.54 ±
6.10b

14.87 ±
1.87b

18.00 ±
2.64b

14
2,3-dimethyl-5-(1- 
methylpropyl)-pyrazine 1187 RI,MS,STD nd nd nd nd nd

10.48 ±
4.24b

36.60 ±
17.35a

41.81 ±
2.58a

44.42 ±
7.34a

15 2,3,5-trimethyl-6- 
propylpyrazine

1257 RI,MS,STD nd nd nd 1.67 ±
0.66d

89.93 ±
40.52a

14.33 ±
5.78c

43.41 ±
19.88b

45.30 ±
2.26b

48.97 ±
7.19b

16 2-butyl-3,5- 
dimethylpyrazine

1254 RI,MS,STD nd nd nd nd 37.03 ±
6.93a

9.20 ±
2.05c

22.92 ±
10.76b

23.75 ±
0.93b

16.31 ±
7.24b

17
2,3,5-trimethyl-1- 
propenyl-(Z)-pyrazine 1434 RI,MS nd nd nd nd

52.72 ±
42.70a

24.16 ±
7.46b

50.79 ±
26.56a

54.11 ±
2.76a

68.11 ±
11.39a

18
3,6-dipropyl-2,5- 
dimethylpyrazine 1663 RI,MS,STD nd nd nd nd

41.40 ±
24.12a

5.42 ±
1.96c

18.34 ±
10.60b

21.14 ±
2.11b

30.26 ±
7.31a

19
6,7-dihydro-2,5- 
dimethyl-5H- 
cyclopentapyrazine

1225 RI,MS nd nd nd nd nd nd nd
16.46 ±
1.33b

21.73 ±
3.17a

20
2-(1-oxobut-2-ynyl)- 
cyclohexanone 1663 RI,MS nd nd nd

6.17 ±
4.23d

288.54 ±
89.13a

35.82 ±
13.20c

90.06 ±
39.37b

91.09 ±
8.30b

90.37 ±
11.98b

21
2,3,5,6-tetramethyl-1,4- 
phenylenediamine 1430 RI,MS nd nd nd

8.92 ±
5.81d

500.88 ±
206.68a

35.86 ±
17.73c

193.57 ±
97.55b

227.26 
± 21.79b

217.29 ±
32.99b

22 N4,N4-diethyl-2-methyl- 
1,4-benzenediamine

1636 RI,MS nd nd nd nd 141.36 ±
72.95a

25.87 ±
11.66c

66.62 ±
30.82b

71.38 ±
97.47b

74.56 ±
32.99b

23 3-(pyrrolidine-1-yl)- 
aniline

1566 RI,MS nd nd nd nd nd nd nd 25.24 ±
1.79b

35.26 ±
5.60a

24
5,6-dimethyl-2- 
benzimidazolinone 1267 RI,MS nd nd nd nd nd nd

28.40 ±
14.91b

28.89 ±
1.94b

38.34 ±
5.99a

25 8-aminoquinaldine 1488 RI,MS nd nd nd nd
34.39 ±
16.67c

48.37 ±
27.91b

71.73 ±
30.45a

59.55 ±
7.56a

79.49 ±
5.14a

Nd = Compound not detected in the sample. MS = Identification by MS spectra, RI = Kovat’s retention indexes, STD = Comparison with a standard compound; 
Concentration is the mean ± standard error of three replicates; “a,b, c, d” indicates a significant difference (p < 0.05).
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temperature was higher than 170 ◦C, there was no new pyrazines 
formed, and nearly all volatiles could be detected in the highest amount 
(Fig. 3(B)). Meanwhile, a heat map was drawn to assess the trends of 
each volatile compound at different temperatures. As shown in Fig. 3(B), 
the colors of the heat map show a graduation from cool to warm. Cooler 
colors represent lower content and warmer colors represent relatively 
higher content. As the temperature increases, the color of most volatile 
compounds gradually warms from cold, which indicates that the content 
of most volatiles increases with increasing temperature.

In order to better understand the composition of ARPs thermal 
decomposition and changing characteristics during heating, a principal 
component analysis (PCA) was applied, and the scoring scatter and 
loading scatter plots are shown in Figs. 4(A) and 4(B), respectively. The 
first two major components, PC1 and PC2, accounted for 89.8 % of the 
total variation, with PC1 explaining 83.8 % of the variation and PC2 
explaining 6 % of the variation. As shown in Fig. 4(A), the scoring points 
for different temperature were evenly distributed in each quadrant of 
the plot. This result suggests that the volatile composition and the 
character of the changes resulting from the ARPs decomposition during 
heating are variable with a U-shaped score curve. Meanwhile, as can be 
seen from Fig. 4(A), higher temperature scores such as 140 ◦C, 150 ◦C, 
160 ◦C, 170 ◦C, and 180 ◦C were located in the positive region of PC1, 
while lower temperature scores like 60 ◦C, 80 ◦C, 100 ◦C, and 120 ◦C 
were located in the negative region. Among them, 60 ◦C and 80 ◦C points 
were distributed in the third quadrant, 100 ◦C and 120 ◦C points were 
distributed in the second quadrant, 140 ◦C and 150 ◦C points were 
distributed in the first quadrant, and 160 ◦C, 170 ◦C and 180 ◦C points 
were distributed in the fourth quadrant. This result suggests that tem
perature has a large effect on volatile composition of ARPs thermal 
decomposition. Moreover, the relative content of volatiles in the tem
perature ranges from 60 ◦C to 140 ◦C showed a positive correlation with 
temperature. Corresponding to the loading plot Fig. 4(B), it can be seen 
that 2,5-dimethylpyrazine, 3-ethyl-2,5-dimethylpyrazine contributes 
more to the 140 ◦C temperature point. 2,5-dimethyl-3-(1-methyl-pro
pyl)-pyrazine and 2,3-dimethyl-5-n-propylpyrazine contributes more 
to the 150 ◦C temperature point. While n-ethylpyridine, 5,6-dimethyl-2- 
benzimidazolinone and 2,3-dimethyl-5-(1-methylpropyl)-pyrazine con
tributes more to the 180 ◦C temperature point.

The research demonstrates that temperature and time, as processing 
conditions, as well as water activity and pH, as intrinsic properties of 
food systems, significantly influence the extent of the Maillard reaction. 
Additionally, temperature plays a crucial role in determining the for
mation of pyrazines (Yu et al., 2021). By comparing our findings with 
the literatures, it is evident that the composition of pyrazines in the 
thermal decomposition products of ARPs is fundamentally consistent 
with previous reports. However, a notable discrepancy is observed in the 
formation temperature of pyrazine compounds during the ARPs thermal 
decomposition, which is distinctly lower than that reported in the 
literature, accompanied by a significantly higher content (Lu et al., 
2005; Van Lancker et al., 2010; Van Lancker et al., 2012). This phe
nomenon can be attributed to the fact that the Amadori rearrangement 
reaction serves as the rate-limiting step of the entire Maillard reaction 
(Jalbout et al., 2007). Furthermore, compared to the Maillard reaction 
substrates reported in the literature, glucose and alanine, as reactants, 
possess simpler structures, which facilitate the occurrence of the Mail
lard reaction to a greater extent.

3.4. DFT study on forming mechanism of 3-ethyl-2,5-dimethylpyrazine 
from ARPs thermal decomposition

The mechanism of 3-ethyl-2,5-dimethylpyrazine formation from the 
thermal decomposition of ARPs in the alanine-glucose Maillard reaction 
was investigated by using DFT. As illustrated in Fig. 5(A), a compre
hensive analysis yielded a total of 23 distinct reactions and 17 corre
sponding transition states (TS). Additionally, the potential energy 
distributions and geometrical conformations of each reactant, transition 
state, intermediate, and product were meticulously determined. The 
structures of these transition states are depicted in Fig. 5(B).

At the onset of the reaction, an addition reaction ensues between the 
carbonyl group of the glucose molecule and the amino group of the 
alanine molecule, leading to the elimination of one water molecule and 
the formation of a Schiff base (Spanneberg et al., 2010; Zhao et al., 
2017). Subsequently, this intermediate cyclizes to yield an N-substituted 
aldolylamine, which is transformed into the reactive ARPs 1# via the 
Amadori rearrangement reaction (Su et al., 2023). This ARPs 1# then 
undergo thermal decomposition to yield various cleavage products 

Fig. 2. Total ion current chromatograms of Alanine - Glucose - ARPs thermal decomposition based on GC–MS.
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Fig. 3. Results of the temperature effect. A: The forming temperature of different volatile compounds from Alanine - Glucose - ARPs thermal decomposition process. 
B: Heatmaps of volatile compounds from ARPs decomposition during heating.
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under both alkaline and acidic conditions. As depicted in Fig. 5(A), 
under alkaline conditions, the C1 and C2 positions of ARPs 1# undergo 
enol isomerization (R1) (Sloop et al., 2006). Specifically, the H atom on 
C1 attacks the carbon‑oxygen double bond, transitioning from the keto 
form to the enol form with the involvement of transition state TS1#. The 
energy barrier for this transformation is 249.53 kJ/mol. Subsequently, 
the rapid loss of an OH− group from the enol form of the resulting 
compound 2# generates the Schiff base cation 3# (Shipar, 2004a). 
Owing to the electron-deficient nature of the N-atom, a nucleophilic 
addition reaction takes place between OH− and this N-atom, leading to 
the formation of compound 4# (Kaya & Kaya, 2015; Shipar, 2006). 
Compound 4# then loses one molecule of alanine via transition state 
TS2#, yielding the enol form of 3-deoxyglucosone (R4). The energy 
barrier for R4 is relatively low at 131.66 kJ/mol (Table S1). Conse
quently, as illustrated in Fig. 6(B), the rate constant for R4 is 

significantly higher overall compared to other reactions, indicating that 
this reaction is more favorable than the others. Following this, 3-deoxy
glucosone undergoes enol isomerization (R5) (Wei et al., 2010). Spe
cifically, the transfer of the H atom on the C2 hydroxyl group to C3, via 
transition state TS3#, results in the conversion of 3-deoxyglucosone 
from the enol form to the ketone form 6#. The energy barrier for this 
transformation is 232.32 kJ/mol.

Under acidic conditions, the C2 and C3 positions of ARPs 1# undergo 
enolic isomerization. Specifically, the H atom on C3 attacks the car
bon‑oxygen double bond via transition state TS5#, generating com
pound 7# with a reaction energy barrier of 279.44 kJ/mol. 
Subsequently, protonation of the molecule (7#) yields the cationic 
adduct (8#), from which alanine is eliminated to produce the ionic 
compound 9# (R9) (Southwick & Anderson, 1957). Compound 9# is 
then deprotonated to form the enol form of 1-deoxyglucosone (10#). 
Finally, the H atom on the C2 hydroxyl group of compound (10#) 
transfers to C1 via transition state TS6#, resulting in the keto form of 1- 
deoxyglucosone (11#). The energy barrier for this transformation is 
203.62 kJ/mol.

The decomposition of ARPs represents a pivotal step in the Maillard 
reaction (Weenen, 1998). Typically, the concentrations of ARP cleavage 
products are minute; however, their reactivity is pronounced, facili
tating the facile formation of more stable products such as glyoxal, 
acetone aldehyde, and butanedione (Hurt et al., 2013; Zhou et al., 
2014). These dicarbonyl compounds are frequently implicated as key 
intermediates in the synthesis of pyrazines. Furthermore, the degrada
tion of ARPs is predominantly mediated by the reverse aldolization of 
deoxyglucosone (Shipar, 2004b). Notably, both 1-deoxyketoses and 3- 
deoxyketoses generate pyruvic aldehydes through retro-aldolization 
reactions at the C3 and C4 positions of ARPs, respectively. These pro
cesses are characterized by transition states, TS4# and TS7#, with 
corresponding reaction energy barriers of 269.57 kJ/mol and 269.40 
kJ/mol.

As depicted in Fig. 5(A), pyruvic aldehyde undergoes a subsequent 
reaction with alanine in the Strecker reaction, yielding acetaldehyde and 
carbon dioxide (Kato et al., 2004). The mechanism initiates with the 
transfer of a hydrogen atom from the nitrogen of alanine to the oxygen of 
the double bond on the pyruvic aldehyde molecule at the C1 position, 
thereby forming a hydroxyl group (Vitkovskaya et al., 2017). This is 
followed by the formation of an addition compound (13#) through the 
transition state TS8#, with an associated reaction energy barrier of 
89.30 kJ/mol. Subsequently, the addition compound (13#) eliminates a 
molecule of water to generate a Schiff base (14#) via the transition state 
TS9#, with an energy barrier of 151.26 kJ/mol. The hydrogen atom on 
the C2 position of the Schiff base (14#) migrates towards the double 
bond oxygen on the C5 position, adopting an enol configuration (15#) 
through the transition state TS10#, with a reaction energy barrier of 
270.12 kJ/mol. The enol form (15#) then proceeds through a decar
boxylation reaction via TS11# to produce compound (16#), with an 
energy barrier of 192.29 kJ/mol (R16) (Carlsson & Lindqvist, 1962). 
Compound (16#) undergoes an addition reaction with water molecules 
at the carbon-ammonia double bond to form compound (17#) via 
TS12#, with a reaction energy barrier of 91.69 kJ/mol. Compound 
(17#) is subsequently converted to amino propanone (18#) by the 
elimination of one molecule of acetaldehyde via TS13#, with an energy 
barrier of 42.09 kJ/mol. Research has elucidated that Strecker alde
hydes serve as crucial flavor substances and significant intermediates in 
the biosynthesis of numerous other aroma compounds (Turner et al., 
2021). Finally, two molecules of amino propanones, in their enol forms, 
undergo dehydrocyclization to form the unstable 2,5-dimethyl-dihydro
pyrazine via TS14#, with an energy barrier of 109.37 kJ/mol. This in
termediate is further transformed into the stable 3-ethyl-2,5- 
dimethylpyrazine (23#) through a series of reactions mediated by 
TS15#-TS17#, with respective energy barriers of − 79.17 kJ/mol, 
115.67 kJ/mol, and 207.24 kJ/mol.

Fig. 6 (A) illustrates the total potential energy surface for the 

Fig. 4. PCA plots of volatile compounds from Alanine - Glucose - ARPs thermal 
decomposition process. A: Score scatter plot; B: Loading scatter plot.
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Fig. 5. DFT calculation results. A: Potential forming pathway of 3-ethyl-2,5-dimethylpyrazine during Alanine - Glucose - ARPs thermal decomposition process; B: 
Transition states involved in the forming pathway of 3-ethyl-2,5-dimethylpyrazine in the ARPs thermal decomposition reaction.
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formation of 3-ethyl-2,5-dimethylpyrazine. It reveals that the highest 
energy barriers for reactions under basic and acidic conditions are 
492.71 kJ/mol (R2) and 279.44 kJ/mol (R7), respectively. The energy 
barriers in the basic pathway are notably higher than those in the acidic 
pathway, and most of the reaction energy barriers in the basic pathway 
are generally higher than those under acidic conditions, suggesting that 
the acidic pathway is more favorable than the basic pathway. Addi
tionally, the ring-closure reaction (R20) of 2,5-dimethyl-dihydropyra
zine (20#) is also a reaction with a substantial energy barrier of 
453.32 kJ/mol. Consequently, R2, R7, and R20 are identified as critical 
reactions in the formation pathway of 3-ethyl-2,5-dimethylpyrazine. 
Furthermore, as depicted in Fig. 6(B), the rate constants of various re
actions are profoundly influenced by temperature, with an increase in 
rate constants as temperature rises. For instance, R23 is a reaction 
characterized by a relatively high energy barrier and a correspondingly 
lower reaction rate constant.

4. Conclusions

Pyrazines are the predominant products of the ARPs thermal 
decomposition derived from the glucose-alanine Maillard reaction, with 

alkyl pyrazines being particularly abundant. DFT was utilized to inves
tigate the detailed mechanism of 3-ethyl-2,5-dimethylpyrazine forma
tion during the thermal decomposition of ARPs. Results demonstrate 
that DFT is a powerful tool for analyzing the molecular structures, re
action energy barriers, and reaction rate constants of each reactant, 
product, intermediate, and transition state involved in the pathway 
leading to the generation of 3-ethyl-2,5-dimethylpyrazine. Incorpo
rating DFT into the study of Maillard reactions facilitates a compre
hensive analysis of the reaction mechanism and the formation of aroma 
substances. The results indicate that the synthesis of deoxyglucosones 
can proceed under either acidic or basic conditions, with the acidic 
pathway being favored over the alkaline pathway. Furthermore, the 
synthesis of deoxyglucosones and the ring-forming reaction of pyrazines 
are identified as the critical steps in the overall generation pathway.
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