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ABSTRACT: A stable isotope dilution analysis based on gas chromatography−mass spectrometry analysis (SIDA-GC-MS) was
developed for the quantitative analysis of 12 alkylpyrazines found in commercially available coffee samples. These compounds
contribute to coffee flavor. The accuracy of this method was tested by analyzing model mixtures of alkylpyrazines. Comparisons
of alkylpyrazine-concentrations suggested that water as extraction solvent was superior to dichloromethane. The distribution
patterns of alkylpyrazines in different roasted coffees were quite similar. The most abundant alkylpyrazine in each coffee sample
was 2-methylpyrazine, followed by 2,6-dimethylpyrazine, 2,5-dimethylpyrazine, 2-ethylpyrazine, 2-ethyl-6-methylpyrazine, 2-
ethyl-5-methylpyrazine, and 2,3,5-trimethylpyrazine, respectively. Among the alkylpyrazines tested, 2,3-dimethylpyrazine, 2-ethyl-
3-methylpyrazine, 2-ethyl-3,6-dimethylpyrazine, and 2-ethyl-3,5-dimethylpyrazine revealed the lowest concentrations in roasted
coffee. By the use of isotope dilution analysis, the total concentrations of alkylpyrazines in commercially available ground coffee
ranged between 82.1 and 211.6 mg/kg, respectively. Decaffeinated coffee samples were found to contain lower amounts of
alkylpyrazines than regular coffee samples by a factor of 0.3−0.7, which might be a result of the decaffeination procedure.
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■ INTRODUCTION

Coffee is one of the most popular beverages, and it is estimated
that more than two billion cups are consumed worldwide every
day.1 The aroma of coffee is important for the quality and
success of this popular drink and has been the subject of much
research for more than two centuries. Most aroma compounds
such as alkylpyrazines are formed during the roasting process as
a result of the Maillard reaction between sugar and amino
acids.2 Alkylpyrazines can also arise from the pyrolysis of serine
and threonine3 and partially contribute to coffee flavor.4 Among
the steam-volatile compounds in coffee, alkylpyrazines are
quantitatively the second largest fraction, accounting for 25−
30%, furans being the largest.5 In 2001 Sanz et al. identified 22
different pyrazines in coffee samples using static headspace−gas
chromatography−mass spectrometry (SH-GC-MS).6 The
disubstituted derivates 2,3-dimethylpyrazine, 2,5-dimethylpyr-
azine, 2,6-dimethylpyrazine, and 2-ethyl-3-methylpyrazine
showed in gas chromatography−olfactometry experiments a
nutty odor and the trisubstituted derivates 2-ethyl-3,6-
dimethylpyrazine, 2,3,5-trimethylpyrazine, and 2-ethyl-3,5-
dimethylpyrazine a roasty or roasty/earthy odor.7 The latter
two have already been identified as potent odorants in coffee
powder and brew.4,8−11

There are several publications describing the importance of
Maillard reaction products as antioxidative compounds in coffee
extracts,12,13 but it is still not fully elucidated which group of
Maillard reaction products exhibit antioxidative properties.
Tetramethylpyrazine, also designated ligustrazine, is one of the
most important active ingredients of the Chinese herb
Ligusticum wallichii. In vitro experiments indicated that
tetramethylpyrazine has antioxidative and anti-inflammatory
properties, and in vivo experiments revealed its neuroprotective

properties.14−18 Therefore, structure-related alkylpyrazines
from coffee may exhibit similar properties and contribute to
the diverse physiological action of coffee. To date, there are
only a few publications dealing with the quantitative
composition of alkylpyrazines in coffee.5,10,11,19−22 The
quantitative analysis of these compounds in the complex coffee
matrix is difficult to handle. These difficulties can be overcome
by the use of stable isotopically labeled standards to perform
isotope dilution analysis.23 In this paper we describe the
synthesis of deuterium-labeled compounds and the optimiza-
tion of the extraction procedure used for the quantitative
analysis of 12 methyl- and ethyl-substituted alkylpyrazines, 1−
12, in 10 different commercially available ground coffee
samples using stable isotope dilution analysis (SIDA-GC-MS).

■ MATERIALS
Coffee. Ten commercially available vacuum-packed ground coffee

samples were purchased from local grocery markets in Germany.
Among them, seven were declared as “regular” coffees including five of
the Arabica variety (coffees 2, 3, 5, 6, and 10) and two Arabica/
Robusta blends (coffees 1 and 4); three were declared as decaffeinated
coffees including two of the Arabica variety (coffees 7 and 9) and one
Arabica/Robusta blend (coffee 8). All of them were designed to be
normal filter coffee with similar degrees of roast (medium) and also
medium-scale grinding.

Semolina. Commercially available wheat semolina was purchased
from a local grocery store in Germany. Semolina was used as model
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matrix because it contains fat, proteins, and carbohydrates similar to
coffee but none of the investigated alkylpyrazines.
Chemicals. Compounds 1−6, 9, and 10 (all of ≥98% purity) were

purchased from Sigma-Aldrich (Munich, Germany). 2-Ethyl-6-
methylpyrazine (7) and 2-ethyl-5-methylpyrazine (8) were purchased
as a 60:40 mixture (both of ≥98% purity) from Sigma-Aldrich. 2-
Ethyl-3,6-dimethylpyrazine (11) and 2-ethyl-3,5-dimethylpyrazine
(12) were purchased as a 50:50 mixture (both of ≥98% purity)
from Sigma-Aldrich. Stable isotope labeled standard [2H4]-pyrazine
(98% isotopic purity) was obtained from Sigma-Aldrich. 3-[2H5]Ethyl-
2,5-dimethylpyrazine (1 mg/mL in diethyl ether, 99% isotopic purity)
was purchased from AromaLAB (Freising, Germany). n-Alkane
standard solutions of C8−C20 (mixture 04070) was purchased from
Sigma-Aldrich.
Bromo[2H5]ethane (99% isotopic purity), 2-chloropyrazine, 2,3-

dichloropyrazine, magnesium turnings, [2H3]-methylmagnesium io-
dide (99% isotopic purity), and sodium hydroxide were purchased
from Sigma-Aldrich. 2-Bromo-5-methylpyrazine was from RihaChem
(Prague, Czech Republic), and 2-chloro-3-methylpyrazine, 2-chloro-6-
methylpyrazine, and iron(III) acetylacetonate were obtained from
Thermo Fisher Scientific (Bremen, Germany). 3-Chloro-2,5-dimethyl-
pyrazine was from TCI (Eschborn, Germany). Silica gel 60 (particle
size 40−63 μm) was from Macherey Nagel (Dueren, Germany) and
hydrochloric acid from J. T. Baker (Griesheim, Germany). Sodium
sulfate was from Th. Geyer (Renningen, Germany). All solvents
(diethyl ether, pentane, dichloromethane) were from Thermo Fisher
Scientific, Merck (Darmstadt, Germany), Sigma-Aldrich, J. T. Baker,
and Riedel-de Haen̈ (Seelze, Germany).

■ EXPERIMENTAL PROCEDURES
Synthesis. The deuterated pyrazines were prepared and purified

according to the method of Fuerstner et al.24 with modifications.
2-[2H3]Methylpyrazine ([2H3]-2). 2-Chloropyrazine (1.60 g, 14.0

mmol) and iron(III) acetylacetonate (325 mg, 0.9 mmol) were
dissolved in diethyl ether (80 mL). A solution of [2H3]-
methylmagnesium iodide (1 M in Et2O, 25 mL, 25 mmol) was
added dropwise with stirring to the ice-cooled red solution, causing an
immediate color change to dark brown. The mixture was stirred for 30
min at room temperature, diluted with Et2O (20 mL), and carefully
quenched upon the addition of aqueous HCl (1 M, ∼25 mL), resulting
in a yellow mixture. After extraction with diethyl ether (10 × 50 mL),
the organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel, 7 ×
20 cm) using diethyl ether as eluent to achieve 0.72 g (52.9% yield) of
the product as a yellow liquid: 1H NMR (400 MHz, CDCl3) δ 8.46 (d,
3J = 2.36 Hz, 2H), 8.38 (d, 3J = 2.40 Hz, 1H); GC RI (DB-WAX) =
1246; MS (EI) m/z (relative intensity, %) 97 (100, [M]•+), 70 (51),
53 (16), 45 (13), 43 (17), 42 (16), 41 (20), 40 (10), 28 (15), 26 (14).
2-Methyl-5-[2H3]methylpyrazine ([2H3]-3). 2-Bromo-5-methyl-

pyrazine (1.99 g, 11.5 mmol) and iron(III) acetylacetonate (270 mg,
0.8 mmol) were dissolved in diethyl ether (70 mL). A solution of
[2H3]-methylmagnesium iodide (1 M in Et2O, 20 mL, 20 mmol) was
added dropwise with stirring to the ice-cooled red solution, causing an
immediate color change to brown. The mixture was stirred for 1.5 h at
room temperature, diluted with Et2O (20 mL), and carefully quenched
upon the addition of aqueous HCl (1 M, ∼20 mL), resulting in a
yellow mixture. After extraction with diethyl ether (10 × 50 mL), the
organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel 7 ×
18 cm) using a mixture of diethyl ether and pentane (1:1 v/v) as
eluent to give 0.73 g (54.5% yield) of the product as a brown liquid:
1H NMR (400 MHz, CDCl3) δ 8.33 (s, 2H), 2.51 (s, 3H); GC RI
(DB-WAX) = 1299; MS (EI) m/z (relative intensity, %) 111 (100,
[M]•+), 84 (14), 45 (52), 43 (56), 42 (16), 41 (20), 40 (16), 39 (27),
38 (10), 28 (26).
2-Methyl-6-[2H3]methylpyrazine ([2H3]-4). 2-Chloro-6-methyl-

pyrazine (1.14 g, 8.8 mmol) and iron(III) acetylacetonate (220 mg, 0.6
mmol) were dissolved in diethyl ether (40 mL). A solution of [2H3]-
methylmagnesium iodide (1 M in Et2O, 14 mL, 14 mmol) was added

dropwise with stirring to the ice-cooled red solution, causing an
immediate color change to brown. The mixture was stirred for 1.5 h at
room temperature, diluted with Et2O (20 mL), and carefully quenched
upon the addition of aqueous HCl (1 M, ∼20 mL), resulting in a
yellow solution. After extraction with diethyl ether (8 × 30 mL), the
organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel, 5.5
× 17 cm) using diethyl ether as eluent to give 2.00 g (52.7% yield) of
the product as an orange-brown liquid: 1H NMR (400 MHz, CDCl3)
δ 8.26 (s, 2H), 2.53 (s, 3H); GC RI (DB-WAX) = 1304; MS (EI) m/z
(relative intensity, %) 112 (8), 111 (100, [M]•+), 45 (35), 43 (46), 42
(15), 41 (20), 40 (22), 39 (26), 38 (9), 28 (25).

2,3-Bis[[2H3]methyl]pyrazine ([2H6]-6). 2,3-Dichloropyrazine
(0.86 g, 5.8 mmol) and iron(III) acetylacetonate (200 mg, 0.6
mmol) were dissolved in diethyl ether (40 mL). A solution of [2H3]-
methylmagnesium iodide (1 M in Et2O, 27 mL, 27 mmol) was added
dropwise with stirring to the ice-cooled red solution, causing an
immediate color change to brown. The mixture was stirred for 1.5 h at
room temperature, diluted with Et2O (20 mL), and carefully quenched
upon the addition of aqueous HCl (1 M, ∼20 mL), resulting in a
yellow mixture. After extraction with diethyl ether (8 × 30 mL), the
organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel, 5.5
× 17 cm) using diethyl ether as eluent to give 0.55 g (83.2% yield) of
the product as an orange liquid: 1H NMR (400 MHz, CDCl3) δ 8.26
(s, 2H); GC RI (DB-WAX) = 1308; MS (EI) m/z (relative intensity,
%) 114 (100, [M]•+), 70 (99), 45 (25), 43 (22), 42 (24), 32 (16), 30
(15), 28 (52), 26 (12), 18 (13).

2,5-Dimethyl-3-[2H3]methylpyrazine ([2H3]-10). 3-Chloro-2,5-
dimethylpyrazine (0.94 g, 6.6 mmol) and iron(III) acetylacetonate
(164 mg, 0.5 mmol) were dissolved in diethyl ether (25 mL). A
solution of [2H3]-methylmagnesium iodide (1 M in Et2O, 15 mL, 15
mmol) was added dropwise with stirring to the ice-cooled red solution,
causing an immediate color change to black. The mixture was stirred
for 5 h at room temperature, diluted with Et2O (20 mL), and carefully
quenched upon the addition of aqueous HCl (1 M, ∼20 mL), resulting
in a yellow mixture. After extraction with diethyl ether (8 × 25 mL),
the organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel, 5 ×
30 cm) using a mixture of diethyl ether and pentane (1:1 v/v) as
eluent to give 0.48 g (59.0% yield) of the product as an orange-brown
liquid: 1H NMR (400 MHz, CDCl3) δ = 8.14 (s, 1H), 2.48 (s, 3H),
2.47 (s, 3H); GC RI (DB-WAX) = 1380; MS (EI) m/z (relative
intensity, %) 125 (100, [M]•+), 81 (20), 57 (11), 52 (9), 45 (40), 42
(79), 41 (9), 40 (21), 39 (32), 28 (19).

2-[2H5]Ethylpyrazine ([2H5]-5). To a stirred mixture of
magnesium metal turnings (360 mg, 14.8 mmol) in diethyl ether (7
mL) were added a few drops of a solution containing bromo[2H5]-
ethane (1.53 g, 13.4 mmol) in diethyl ether (5 mL) and a few crystals
of iodine to initiate the reaction. Once the reaction began, the
remaining solution of bromo[2H5]ethane in diethyl ether was added
dropwise with cooling at a rate so as to maintain the exothermic
reaction. The mixture was refluxed with stirring for 1 h and then
cooled to room temperature. The resulting Grignard reagent was
added dropwise to a stirred solution of 2-chloropyrazine (0.68 g, 5.9
mmol) and iron(III) acetylacetonate (180 mg, 0.5 mmol) in diethyl
ether (30 mL) with cooling, causing an immediate color change to
brown. The reaction mixture was stirred for 1 h at room temperature,
diluted with Et2O (15 mL), and carefully quenched upon the addition
of aqueous HCl (1 M, ∼20 mL), resulting in a yellow mixture. After
extraction with diethyl ether (6 × 30 mL), the organic layer was dried
over sodium sulfate and concentrated. The crude product was purified
by column chromatography (silica gel, 5.5 × 30 cm) using a mixture of
diethyl ether and pentane (1:1 v/v) as eluent to give 0.30 g (43.9%
yield) of the product as an orange liquid: 1H NMR (400 MHz,
CDCl3) δ 8.48 (m, 2H), 8.39 (d, 3J = 2.32 Hz, 1H); GC RI (DB-
WAX) = 1307; MS (EI) m/z (relative intensity, %) 113 (64, [M]+•),
112 (14), 111 (100), 84 (12), 81 (16), 53 (13), 52 (15), 42 (12), 41
(15), 28 (34).
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2-[2H5]Ethyl-6-methylpyrazine ([2H5]-7). To a stirred mixture
consisting of magnesium metal turnings (428 mg, 17.6 mmol) in
diethyl ether (10 mL) were added a few drops of a solution containing
bromo[2H5]ethane (2.14 g, 18.8 mmol) in diethyl ether (7 mL) and a
few crystals of iodine to initiate the reaction. Once the reaction began,
the remaining solution of bromo[2H5]ethane in diethyl ether was
added dropwise with cooling at a rate so as to maintain the exothermic
reaction. The mixture was refluxed with stirring for 1 h and then
cooled to room temperature. The resulting Grignard reagent was
added dropwise to a stirred solution of 2-chloro-6-methylpyrazine
(1.54 g, 11.9 mmol) and iron(III) acetylacetonate (213 mg, 0.6 mmol)
in diethyl ether (40 mL) with cooling, causing an immediate color
change to brown. The mixture was stirred for 1 h at room temperature,
diluted with Et2O (20 mL), and carefully quenched upon the addition
of aqueous HCl (1 M, ∼20 mL), resulting in a yellow mixture. After
extraction with diethyl ether (10 × 30 mL), the organic layer was dried
over sodium sulfate and concentrated. The crude product was purified
by column chromatography (silica gel, 5.5 × 18 cm) using a mixture of
diethyl ether and pentane (1:3 up to 1:2 v/v) as eluent to give 0.67 g
(43.8% yield) of the product as a yellow-orange liquid: 1H NMR (400
MHz, CDCl3) δ 8.26 (m, 2H), 2.53 (s, 3H); GC RI (DB-WAX) =
1358; MS (EI) m/z (relative intensity, %) 127 (62, [M]•+), 126 (12),
125 (100), 95 (17), 61 (12), 43 (7), 42 (9), 41 (12), 40 (11), 39 (19).
2-[2H5]Ethyl-5-methylpyrazine ([2H5]-8). To a stirred mixture

consisting of magnesium metal turnings (1164 mg, 47.9 mmol) in
diethyl ether (25 mL) were added a few drops of a solution containing
bromo[2H5]ethane (5.00 g, 43.9 mmol) in diethyl ether (15 mL) and a
few crystals of iodine to initiate the reaction. Once the reaction began,
the remaining solution of bromo[2H5]ethane in diethyl ether was
added dropwise with cooling at a rate so as to maintain the exothermic
reaction. The mixture was refluxed with stirring for 30 min and then
cooled to room temperature. The resulting Grignard reagent (25 mL)
was added dropwise to a stirred solution of 2-bromo-5-methylpyrazine
(1.00 g, 5.8 mmol) and iron(III) acetylacetonate (145 mg, 0.4 mmol)
in diethyl ether (25 mL) with cooling, causing an immediate color
change to brown. The mixture was stirred for 30 min at room
temperature, diluted with Et2O (20 mL), and carefully quenched upon
the addition of aqueous HCl (1 M, ∼12 mL), resulting in a yellow
mixture. After extraction with diethyl ether (8 × 15 mL), the organic
layer was dried over sodium sulfate and concentrated. The crude
product was purified by column chromatography (silica gel, 5.5 × 30
cm) using a mixture of diethyl ether and pentane (1:1 v/v) as eluent to
give 0.16 g (22.2% yield) of the product as an orange-brown liquid: 1H
NMR (400 MHz, CDCl3) δ 8.35 (m, 2H), 2.53 (s, 3H); GC RI (DB-
WAX) = 1365; MS (EI) m/z (relative intensity, %) 127 (24, [M]+•),
126 (7), 125 (36), 61 (9), 41 (6), 40 (6), 39 (9), 32 (25), 28 (100), 18
(11).
2-[2H5]Ethyl-3-methylpyrazine ([2H5]-9). To a stirred mixture

consisting of magnesium metal turnings (400 mg, 16.5 mmol) in
diethyl ether (7 mL) were added a few drops of a solution containing
bromo[2H5]ethane (1.78 g, 15.6 mmol) in diethyl ether (5 mL) and a
few crystals of iodine to initiate the reaction. Once the reaction began,
the remaining solution of bromo[2H5]ethane in diethyl ether was
added dropwise with cooling at a rate so as to maintain the exothermic
reaction. The mixture was refluxed with stirring for 30 min and then
cooled to room temperature. The resulting Grignard reagent was
added dropwise to a stirred solution of 2-chloro-3-methylpyrazine
(1.15 g, 8.9 mmol) and iron(III) acetylacetonate (186 mg, 0.5 mmol)
in diethyl ether (25 mL) with cooling, causing an immediate color
change to brown. The mixture was stirred for 1.5 h at room
temperature, diluted with Et2O (50 mL), and carefully quenched upon
the addition of aqueous HCl (1 M, ∼20 mL), resulting in a yellow
mixture. After extraction with diethyl ether (10 × 30 mL), the organic
layer was dried over sodium sulfate and concentrated. The crude
product was purified by column chromatography (silica gel, 5 × 30
cm) using a mixture of diethyl ether and pentane (1:2 v/v) as eluent to
give (0.25 g, 21.0% yield) of the product as a yellow liquid: 1H NMR
(400 MHz, CDCl3) δ 8.32 (s, 1H), 8.28 (s, 1H), 2.57 (s, 3H); GC RI
(DB-WAX) = 1376; MS (EI) m/z (relative intensity, %) 127 (100,

[M]•+), 126 (52), 125 (66), 96 (9), 95 (9), 86 (10), 84 (15), 67 (21),
42 (14), 40 (9).

3-[2H5]Ethyl-2,5-dimethylpyrazine ([2H5]-11). To a stirred
mixture consisting of magnesium metal turnings (1164 mg, 47.9
mmol) in diethyl ether (25 mL) were added a few drops of a solution
containing bromo[2H5]ethane (5.00 g, 43.9 mmol) in diethyl ether (15
mL) and a few crystals of iodine to initiate the reaction. Once the
reaction began, the remaining solution of bromo[2H5]ethane in diethyl
ether was added dropwise with cooling at a rate so as to maintain the
exothermic reaction. The mixture was refluxed with stirring for 30 min
and then cooled to room temperature. The resulting Grignard reagent
(15 mL) was added dropwise to a stirred solution of 3-chloro-2,5-
dimethylpyrazine (1.18 g, 8.3 mmol) and iron(III) acetylacetonate
(211 mg, 0.6 mmol) in diethyl ether (20 mL) with cooling, causing an
immediate color change to black. The mixture was stirred for 1.5 h at
room temperature, diluted with Et2O (15 mL), and carefully quenched
upon the addition of aqueous HCl (1 M, ∼15 mL), resulting in a
yellow mixture. After extraction with diethyl ether (10 × 15 mL), the
organic layer was dried over sodium sulfate and concentrated. The
crude product was purified by column chromatography (silica gel, 5.5
× 30 cm) using a mixture of diethyl ether and pentane (1:3 up to 1:1
v/v) as eluent to give 0.56 g (47.5% yield) of the product as a yellow
liquid: 1H NMR (400 MHz, CDCl3) δ 8.14 (s, 1H), 2.52 (s, 3H), 2.48
(s, 3H); GC RI (DB-WAX) = 1417; MS (EI) m/z (relative intensity,
%) 141 (100, [M]•+), 140 (58), 139 (72), 110 (13), 109 (13), 61 (24),
42 (52), 40 (17), 39 (31), 28 (35).

1H NMR Spectroscopy. 1H NMR spectra were recorded with a
Bruker DPX 400 MHz spectrometer using CDCl3 as solvent. NMR
data were analyzed using the Bruker WIN-NMR program.

Gas Chromatography−Mass Spectrometry (GC-MS). GC-MS
analysis was performed using an Agilent Technologies 6890 N
Network GC System with split injection (220 °C; 1:5), directly
coupled to an HP Agilent 5973 Network Mass Selective Detector
device (Agilent Technologies Inc., Waldbronn, Germany). Gas
chromatographic separation was performed on a 60 m DB-WAX
column (0.25 mm i.d., df = 0.25 μm, J&W, Agilent, Waldbronn,
Germany) using helium as carrier gas (flow = 1.7 mL/min). The initial
oven temperature was 50 °C for 2 min, raised at a rate of 3 °C/min to
100 °C, then raised at a rate of 1 °C/min to 120 °C, and subsequently
raised at 8 °C/min to 220 °C, followed by a 20 min hold. Linear
retention indices (RI) of the compounds were calculated by using the
retention times of n-alkanes as reference.25 Mass spectra and selected
ion monitoring were recorded in positive-ion mode at electron energy
of 70 eV (EI, m/z 10−250 amu). Identification was performed by
comparison of linear retention indices and mass spectrometric data for
sample constituents with data of authentic reference compounds. Mass
charge ratios (m/z) used for quantitation are listed in Table 2.

Calibration Curves. Calibration for each compound was
performed as follows: Mixtures at seven analyte/internal standard
mole ratios (concentration of the analyte = 1−250 μg/mL at 50 μg/
mL of the associated internal standard) in dichloromethane were
analyzed by GC-MS. The ratios of the peak areas of the ions selected
for quantitation (Table 2) were plotted against the weight ratio of
analyte/internal standard. The linearity of each calibration regression
line was R2 > 0.99. Limits of detection ranged from 0.06 to 0.20 μg/
mL with a signal to-noise ratio of 3:1 and limits of quantitation (10:1)
from 0.19 to 0.68 μg/mL.26

Standard Solution. The concentration of each internal standard
in the standard solution was scaled according to the concentration of
each analyte expected in coffee samples to achieve optimal accuracy
and precision. Standard stock solutions of [2H4]-1 (3 mg/mL), [2H3]-
2 (25 mg/mL), [2H3]-3 (6 mg/mL), [2H3]-4 (5 mg/mL), [2H5]-5 (2
mg/mL), [2H6]-6 (1 mg/mL), [2H5]-7 (2 mg/mL), [2H5]-8 (1 mg/
mL), [2H5]-9 (1 mg/mL),[2H3]-10 (1 mg/mL), and [2H5]-11(1 mg/
mL) were prepared in dichloromethane. Equal volumes of each
standard stock solution and [2H5]-12 (1 mg/mL in diethyl ether) were
mixed to obtain the standard solution. The final concentrations of the
standard solution were 250 μg/mL for [2H4]-1, 2083 μg/mL for
[2H3]-2, 500 μg/mL for [2H3]-3, 417 μg/mL for [2H3]-4, 167 μg/mL
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for [2H5]-5, 83 μg/mL for [2H6]-6, 167 μg/mL for [2H5]-7, and 83
μg/mL for [2H5]-8, [

2H5]-9, [
2H3]-10, [

2H5]-11, and [2H5]-12.
Recovery and Precision. Standard stock solutions of 1 (1 mg/

mL), 2 (30 mg/mL), 3 (10 mg/mL), 4 (10 mg/mL), 5 (1 mg/mL), 6
(1 mg/mL), 7 (8) (2 mg/mL, containing 60% of 7 and 40% of 8), 9
(1 mg/mL), 10 (1 mg/mL), and 11 (12) (2 mg/mL, containing 50%
of 11 and 50% of 12) were prepared in dichloromethane. Equal
volumes of each standard stock solution were mixed. The final
concentrations of the analytes were 100 μg/mL for 1, 3000 μg/mL for
2, 1000 μg/mL for 3 and 4, 100 μg/mL for 5 and 6, 120 μg/mL for 7,
80 μg/mL for 8, and 100 μg/mL for 9−12. One hundred microliters
of this mixture was added to semolina (15 g) and then analyzed
according to procedure A or B. As summarized in Table 3, the
recovery of each alkylpyrazine was determined by using the SIDA
developed here.
Analysis and Quantitation of Alkylpyrazines in Ground

Coffee Samples. Procedure A. Ground roasted coffee (15 g) was
suspended in boiling water (400 mL) and stirred for 10 min while the
flask was kept closed. After cooling to room temperature, the obtained
slurry was spiked with the standard solution (150 μL), containing
defined quantities of isotopically labeled internal standards of the
analytes (Table 2), and was stirred for an additional 10 min. This
mixture was filtered using a Büchner funnel, and the acidic filtrate was
basified to pH 11−14 with aqueous sodium hydroxide solution (1 M)
and extracted with dichloromethane (400 mL) using a liquid−liquid
continuous extractor for 2 h. The organic layer was concentrated to a
final volume of 3−5 mL by an IKA RV10 control rotary evaporator
(VWR, Darmstadt, Germany) at 40 °C and 900 hPa and analyzed by
GC-MS for alkylpyrazine quantitation.
Procedure B. Ground roasted coffee (15 g) was spiked with the

standard solution (150 μL) containing the corresponding isotopically
labeled standards of the analytes (Table 2) and extracted in a Soxhlet
apparatus for 5 h with dichloromethane (250 mL). For quantitative
GC-MS analysis of alkylpyrazines, the extract was evaporated to a final
volume of 3−5 mL by an IKA RV10 control rotary evaporator (VWR)
at 40 °C and 900 hPa.
Extraction Efficiency. To get information about the extraction

efficiency of the native analytes bound in the matrix of ground coffee
compared to their presolved corresponding isotopically labeled
standards, procedure A was chosen because it provided higher
alkylpyrazine concentrations in coffee samples and therefore seemed
to be more complete than procedure B. Ground roasted coffee (15 g)
was suspended in boiling water (400 mL) and stirred for 10 min while
the flask was kept closed. After cooling to room temperature, the
obtained slurry was spiked with the standard solution (150 μL) and
stirred for an additional 10 min. The coffee powder was separated
from the first aqueous extract using a Büchner funnel and then
subjected in the same way to a second extraction procedure with fresh
boiling water and without addition of standard. After the second
mixture had been filtered analogously, both aqueous extracts were
basified and extracted with dichloromethane as described under
Procedure A. The organic layers were evaporated to dryness using an
IKA RV10 control rotary evaporator (VWR) at 40 °C and 900 hPa.
Both extracts were resuspended in dichloromethane (first extract in 2
mL, second in 1 mL) and used for GC-MS analysis. The percentage
amount of each native alkylpyrazine and its associated internal
standard in the second extract according to the first extract was
calculated from their peak area ratio.

■ RESULTS AND DISCUSSION
Stable Isotope Dilution Assay. Identification of

Alkylpyrazines. The main alkylpyrazines from an extract
containing the volatiles of an Arabica coffee sample were
identified as pyrazines 1−12 by comparison of GC retention
times, mass spectra, and linear retention indices (Table 1) with
those of authentic standards.
Synthesis. Although the syntheses of deuterium-labeled

pyrazine standards have already been described,7,27 we have
chosen a different route of synthesis, which was already known

for introducing alkyl groups to heteroaromatic compounds.
The deuterated alkylpyrazines [2H3]-2, [

2H3]-3, [
2H3]-4, [

2H5]-
5, [2H6]-6, [

2H5]-7, [
2H5]-8, [

2H5]-9, [
2H3]-10, and [2H5]-11

used as internal standards were prepared via iron-catalyzed
alkyl-aryl cross-coupling reactions described by Fuerstner24

according to the experimental procedures. After purification,
the structures were corroborated by mass spectrometry and 1H
NMR.

Gas Chromatography−Mass Spectrometry. GC-MS anal-
yses of alkylpyrazines were carried out according to the method
described under Experimental Procedures. With the selection of
the mass charge ratios shown in Table 2 we achieved the best

results during method development. For each investigated
alkylpyrazine there was a linear relationship between the
concentrations of analyte and associated internal standard with
coefficients of linear correlation R2 > 0.99 of the calibration
lines (regression lines not shown).
Isotope dilution methods for quantitating substances in

biological samples are complicated by isotopic overlap between
the isotopic variants to be quantified. Often a correction for
isotopic overlap of the peak areas used for quantitation is
needed. Unfortunately, 2-ethyl-3-methylpyrazine and 2,3,5-
trimethylpyrazine exhibited isotope overlaps at m/z 122
because of coelution and their identical molecular masses.
The relative intensities of the ion fragments in the mass spectra

Table 1. Linear Retention Indices for Alkylpyrazines on the
Polar Column (DB-WAX) Calculated According to the
Method of Van den Dool and Kratz25

analyte (A) RI

pyrazine (1) 1194
2-methylpyrazine (2) 1249
2,5-dimethylpyrazine (3) 1301
2,6-dimethylpyrazine (4) 1307
2-ethylpyrazine (5) 1312
2,3-dimethylpyrazine (6) 1325
2-ethyl-6-methylpyrazine (7) 1363
2-ethyl-5-methylpyrazine (8) 1369
2-ethyl-3-methylpyrazine (9) 1381
2,3,5-trimethylpyrazine (10) 1382
2-ethyl-3,6-dimethylpyrazine (11) 1422
2-ethyl-3,5-dimethylpyrazine (12) 1438

Table 2. Selected Ions (m/z Ratios) of the Analytes (A) and
Their Corresponding Deuterium-Labeled Internal Standards
(IS) Used for Quantitation of the 12 Alkylpyrazines

analyte (A)

selected
ion

(m/z)

internal
standard
(IS)

selected ion
(m/z) of IS

pyrazine (1) 80 [2H4]-1 84
2-methylpyrazine (2) 94 [2H3]-2 97
2,5-dimethylpyrazine (3) 108 [2H3]-3 111
2,6-dimethylpyrazine (4) 108 [2H3]-4 111
2-ethylpyrazine (5) 107 [2H5]-5 114
2,3-dimethylpyrazine (6) 108 [2H6]-6 114
2-ethyl-6-methylpyrazine (7) 121 [2H5]-7 125
2-ethyl-5-methylpyrazine (8) 121 [2H5]-8 125
2-ethyl-3-methylpyrazine (9) 121 [2H5]-9 127
2,3,5-trimethylpyrazine (10) 122 [2H3]-10 125
2-ethyl-3,6-dimethylpyrazine (11) 135 [2H5]-11 139
2-ethyl-3,5-dimethylpyrazine (12) 135 [2H5]-12 139
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were 122 (77, [M]•+), 121 (100), 94 (16), 80 (23), 67 (25), 52
(15), 42 (17), 41 (15) 40 (15), and 39 (22) for 2-ethyl-3-
methylpyrazine and 122 (92, [M]•+), 81 (20), 54 (12), 53 (11),
52 (10), 42 (100), 40 (16), 39 (33), 28 (33), and 27 (13) for
2,3,5-trimethylpyrazine. The content of 2-ethyl-3-methylpyr-
azine was calculated with the peak area at m/z 121 and that of
2,3,5-trimethylpyrazine with the peak area at m/z 122 (Table
2). To correct the peak area at m/z 122 of 2,3,5-
trimethylpyrazine used for quantitation, the contribution of 2-
ethyl-3-methylpyrazine at m/z 122 was calculated with the
content of 2-ethyl-3-methylpyrazine an additional calibration
curve for 2-ethyl-3-methylpyrazine at m/z 122 and then
subtracted from the peak area of 2,3,5-trimethylpyrazine at
m/z 122. In contrast, the peak area (m/z 121) used to
quantitate 2-ethyl-3-methylpyrazine required no correction,
because the mass spectrum of 2,3,5-trimethylpyrazine showed
only a low intensity for the m/z 121 fragment.
Recovery and Precision. Model experiments have been

carried out to test the accuracy of the method. A mixture
consisting of the alkylpyrazines 1−12 spiked with isotopically
labeled internal standards [2H4]-1−[2H5]-12 was added to
semolina and analyzed according to experimental procedures A
and B. The recovery of each compound was determined by the
stable isotope dilution assay. The amounts for the alkylpyr-
azines added and measured did not differ more than 27%
(Table 3). Recoveries of analytes 1−12 ranged between 82 and

127% for procedure A and between 78 and 115% for procedure
B. High deviations are observed for alkylpyrazines, where the
selected mass charge ratios (m/z) used for quantitation showed
only low intensity. For some alkylpyrazines, especially 2-ethyl-
3-methylpyrazine and 2,3,5-trimethylpyrazine, this deviation is
partially due to the interference of coeluting compounds,
forming ions with identical masses used for quantitation.
Additional variations may be caused by the volatility of
alkylpyrazines when the samples are handled.
Analysis of Ground Coffee Samples. Pyrazines are

quantitatively the second most important volatile compounds
in steam of roasted coffee.5 The amounts of 12 different
methyl- and ethyl-substituted alkylpyrazines found in medium-
scale ground coffee, as usually applied for filter coffee, were
determined by stable isotope dilution analysis, whereby
pyrazine, 2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethyl-

pyrazine, 2-ethylpyrazine, 2,3-dimethylpyrazine, 2-ethyl-6-pyr-
azine, 2-ethyl-5-methylpyrazine, 2-ethyl-3-methylpyrazine, and
2-ethyl-3,6-dimethylpyrazine were quantitated with this method
for the first time. Obviously, the concentrations of the
alkylpyrazines depend on the extraction solvent employed.
Extraction with water (procedure A) provided alkylpyrazine
concentrations that were approximately twice as high as those
obtained by extraction with dichloromethane (procedure B). In
the literature there was no evidence to suggest that under these
conditions large amounts of pyrazines are formed.28−30 The use
of dichloromethane probably results in an incomplete
extraction of naturally occurring alkylpyrazines. When the
isotope dilution technique was applied, isotopically labeled
standards dissolved in dichloromethane were added prior the
extraction of the samples, in contrast, the native alkylpyrazines
being tightly bound to or even enclosed by the matrix. With
dichloromethane possibly only alkylpyrazines at the coffee
particle surface could have been extracted from ground coffee
under the applied conditions.31 In contrast, water would induce
swelling of the coffee particles, resulting in an alteration of the
matrix and thus enabling extraction of now accessible
alkylpyrazines.32 Therefore, water was probably used in many
studies to extract coffee aroma compounds.4,10,11 The findings
indicate that the practice of using only dichloromethane as
extraction solvent for the extraction of pyrazines from ground
coffee in the literature apparently underestimated the amounts
of alkylpyrazines in the past.33,34

Extraction Efficiency. Application of procedure A to roasted
ground coffee, using water as extraction solvent, delivered
alkylpyrazine concentrations that were approximately twice as
high as those obtained by procedure B using dichloromethane
as extraction solvent. This raises the question of whether
procedure A led to a complete extraction of the alkylpyrazines
1−12. To answer this question, a second extraction of the same
ground coffee sample was performed. At first, the sample was
spiked with isotopically labeled internal standards and extracted
according procedure A. Then the extraction was repeated
without addition of standard and with fresh solvent (water).
Both extracts were purified and analyzed. According to the
literature the extraction procedure is correct if the second
extract does not contain >10% of native and labeled
compounds; otherwise, a second extraction would be necessary.
Furthermore, the extraction rate of standard and analyte should
be in the same range. If this is not the case, the extraction has to
be optimized.35 Table 4 shows the percentage of amounts of
alkylpyrazine 2−4 and their internal standards in the second
extract according to the amounts in the first extract, calculated
from their peak area ratio. Not all alkylpyrazines could be

Table 3. Recovery of a Model Mixture of the Compounds
after Isolation of Alkylpyrazines by Extraction Procedures A
and B

recoverya (%)

compound procedure A procedure B

pyrazine (1) 81.6 ± 7.8 91.6 ± 2.3
2-methylpyrazine (2) 92.2 ± 7.1 100.2 ± 8.5
2,5-dimethylpyrazine (3) 111.6 ± 6.0 111.6 ± 6.4
2,6-dimethylpyrazine (4) 114.1 ± 3.6 115.4 ± 4.9
2-ethylpyrazine (5) 87.2 ± 7.2 78.1 ± 6.2
2,3-dimethylpyrazine (6) 84.8 ± 7.7 87.0 ± 0.9
2-ethyl-6-methylpyrazine (7) 107.8 ± 2.6 105.9 ± 4.5
2-ethyl-5-methylpyrazine (8) 116.2 ± 1.9 112.8 ± 5.2
2-ethyl-3-methylpyrazine (9) 127.1 ± 4.6 114.1 ± 2.1
2,3,5-trimethylpyrazine (10) 120.9 ± 5.2 106.2 ± 3.1
3-ethyl-2,5-dimethylpyrazine (11) 110.5 ± 0.9 102.7 ± 0.6
2-ethyl-3,5-dimethylpyrazine (12) 93.4 ± 22.5 102.4 ± 1.0

aData are means of at least three assays.

Table 4. Percentage of Amounts of Alkylpyrazine 2−4 and
Their Internal Standards in the Second Extract According to
the Amounts in the First Extract, Calculated from Their
Peak Area Ratio

amounts in the second extracta (%
amounts in the first extract)

compoundb analyte internal standard

2-methylpyrazine (2) 2.7 ± 2.0 2.5 ± 1.9
2,5-dimethylpyrazine (3) 3.1 ± 2.2 3.0 ± 2.2
2,6-dimethylpyrazine (4) 3.0 ± 2.1 3.1 ± 2.2

aData are means of at least three assays. bThe amounts of
alkylpyrazines 1 and 5−12 in the second extract were below under
the limit of quantitation.
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considered, because their concentrations in the second extract
were below the limit of quantitation. The second extract
contained <10% of the analytes and their internal standards in
comparison to the first extract. Therefore, the first extraction
seems to be complete and no second extraction procedure was
necessary. In addition, the extraction rate of each analyte and its
standard was in the same range, which means that the
percentages of amounts of alkylpyrazine 2−4 and its internal
standards in the second extract according to the amounts in the
first extract were quite similar. The applied extraction method
did not show a discrimination between alkylpyrazines and
isotopically marked reference substances. As shown in Tables 5
and 6 the distribution patterns of alkylpyrazines in roasted
coffee were quite similar for all coffee samples under study and,
except for pyrazine and 2-ethyl-3-methylpyrazine, in agreement
with the literature.5 2-Methylpyrazine was determined to be the
major compound (33−45%) in all samples investigated,
followed by 2,6-dimethylpyrazine (14−19%), 2,5-dimethylpyr-
azine (10−15%), and pyrazine (4−10%). Concentrations of 2-
ethylpyrazine (4−7%), 2-ethyl-6-methylpyrazine (3−8%), 2-
ethyl-5-methylpyrazine (2−5%), and 2,3,5-trimethylpyrazine

(2−5%) were in the same concentration range. Among the
alkylpyrazines analyzed, 2,3-dimethylpyrazine (2−3%), 2-ethyl-
3-methylpyrazine (2−3%), 2-ethyl-3,6-dimethylpyrazine (1−
3%) and 2-ethyl-3,5-dimethylpyrazine (0−1%) showed the
lowest concentrations in roasted coffee. Total contents of
alkylpyrazines in coffee determined by stable isotope dilution
analysis−gas chromatography−mass spectrometry (SIDA-GC-
MS) varied from 82.1 to 211.6 mg/kg after extraction using
procedure A and from 40.3 to 105.2 mg/kg after extraction
using procedure B (Tables 5 and 6). In our study, the three
investigated decaffeinated coffee samples contain significantly
lower amounts of alkylpyrazines than the regular coffee samples
by factors of 0.3−0.7, which might be a result of the
decaffeination procedure (p < 0.05, Student’s t test). Fujioka
et al.36 found concentrations of pyrazine, 2-methylpyrazine, 2,5-
dimethylpyrazine, 2,6-dimethylpyrazine, 2-ethylpyrazine 2,3-
dimethylpyrazine, and 2-ethyl-5-methylpyrazine in extracts of
brewed coffee to be higher for decaffeinated coffee using a
dichloromethane extraction procedure. However, Fujioka’s
results cannot be compared with our results directly, because
the method used by this group did not compensate losses

Table 5. Individual and Total Concentrations of Compounds 1−12 in Roasted Coffee Samples after Isolation by Extraction
Procedure A

concentrationsa (mg/kg) in coffee

compound 1 2 3 4 5 6 7b 8b 9b 10

pyrazine (1) 19.5 11.9 12.6 12.9c 11.1 12.5 7.7 8.7 6.7 5.6
2-methylpyrazine (2) 91.6 68.2 70.6 68.1 66.2 64.0 46.8 40.8 38.9 34.8
2,5-dimethylpyrazine (3) 28.1 22.3 22.5 20.0 21.7 22.1 15.2 9.3 11.1 10.3
2,6-dimethylpyrazine (4) 30.0 24.6 24.4 23.7 24.0 24.4 19.8 15.0 15.2 14.3
2-ethylpyrazine (5) 9.8 8.2c 8.6 9.1 9.0 7.1 5.8c 5.1 4.3 4.1
2,3-dimethylpyrazine (6) 5.2 4.7 4.1 4.4 4.0 4.3 2.6 2.1 2.0 1.9
2-ethyl-6-methylpyrazine (7) 7.4 7.7 6.5 7.5 7.3 7.4 5.1 3.9 4.2 4.0
2-ethyl-5-methylpyrazine (8) 5.6 5.9 4.9 4.6 5.5 5.6 3.5 2.2 2.5 2.4
2-ethyl-3-methylpyrazine (9) 3.4 3.8 2.9 3.2 3.5 3.5 2.0 1.4 1.6 1.6
2,3,5-trimethylpyrazine (10) 6.7 6.7 5.5 5.8 5.9 6.1 3.0 1.7 2.0 1.8
2-ethyl-3,6-dimethylpyrazine (11) 2.9 4.1 2.5 3.2 3.4 3.6 1.3 0.7 1.1 1.0
2-ethyl-3,5-dimethylpyrazine (12) 1.4 1.9 1.1 1.6 1.6 1.7 0.7 0.4 0.5 0.4

total 211.6 170.1 166.2 164.2 163.1 162.2 113.4 91.5 90.1 82.1
aData are means of at least three assays: maximum SD ± 15%. bDecaffeinated coffee. cData are means of at least three assays: maximum SD ± 30%.

Table 6. Individual and Total Concentrations of Compounds 1−12 in Roasted Coffee Samples after Isolation by Extraction
Procedure B

concentrationsa (mg/kg) in coffee

compound 1 2 3 4 5 6 7b 8b 9b 10

pyrazine (1) 6.0c 4.0 5.3 3.8 3.7 5.1c 2.2c 2.8 1.6 1.8
2-methylpyrazine (2) 39.5 27.5 35.2 25.4 27.6 32.3c 17.3c 17.0 13.4 14.6
2,5-dimethylpyrazine (3) 15.8 12.2 13.2 9.3 11.6 11.1c 7.5c 4.6 5.5 4.9
2,6-dimethylpyrazine (4) 16.5 13.7 14.1 10.9 12.8 12.1c 9.7c 7.6 7.7 7.4
2-ethylpyrazine (5) 5.3 4.8 5.1 4.2 5.0 4.3c 3.2c 2.9 2.9 2.8
2,3-dimethylpyrazine (6) 2.4c 2.3 2.2 1.8 2.0 1.9c 1.2c 0.9 0.8 0.7
2-ethyl-6-methylpyrazine (7) 5.5 5.2 4.6 4.4 5.2 4.4 3.7 2.5 3.2 3.0
2-ethyl-5-methylpyrazine (8) 4.3 4.0 3.6 3.0 4.1 3.2 2.7 1.5 2.2 2.0
2-ethyl-3-methylpyrazine (9) 2.1 2.2 1.8 1.8 2.0 1.9 1.1 0.9 1.0 0.8
2,3,5-trimethylpyrazine (10) 5.0 4.6 3.7 3.2 4.3 3.6 2.2 1.1 1.6 1.3
2-ethyl-3,6-dimethylpyrazine (11) 1.9 2.6 1.9 1.9 2.5 2.1 0.9 0.5 0.8 0.6
2-ethyl-3,5-dimethylpyrazine (12) 0.9 1.2 0.8 1.0 1.0 0.9 0.5 0.3 0.3 0.3

total 105.2 84.3 91.5 70.7 81.8 82.9 52.2 42.5 41.0 40.3
aData are means of at least three assays: maximum SD ± 15%. bDecaffeinated coffee. cData are means of at least three assays: maximum SD ± 30%.
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during extraction. Moreover, only one regular and one
decaffeinated coffee sample were compared in this study.
In the commercially available ground coffee samples under

study, pyrazine, 2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-
dimethylpyrazine, 2-ethylpyrazine, 2,3-dimethylpyrazine, 2-
ethyl-6-methylpyrazine, 2-ethyl-5-methylpyrazine, 2-ethyl-3-
methylpyrazine, and 2-ethyl-3,6-dimethylpyrazine were quanti-
fied with stable isotope dilution assay for the first time.
However, compounds 1−12 were previously quantified by
Silwar et al. in roasted coffee using a conventional internal
standard method.5 The quantitative data for the most abundant
pyrazines reported in this publication, namely, 2-methylpyr-
azine (60.00−80.00 mg/kg), 2,5-dimethylpyrazine (25.00−
35.00 mg/kg), and 2,6-dimethylpyrazine (30.00−35.00 mg/
kg), were in agreement with those determined here by stable
isotope dilution assay. With the exceptions of 2-ethyl-3-
methylpyrazine (0.15−0.20 mg/kg) and 2-ethyl-3,6-dimethyl-
pyrazine (0.70−0.85 mg/kg), the contents of the remaining
minor present pyrazines reported in Silwar’s publication, that is,
pyrazine (3.50−6.00 mg/kg), 2,3-dimethylpyrazine (4.50−5.30
mg/kg), 2-ethylpyrazine (13.50−16.50 mg/kg), 2-ethyl-6-
methylpyrazine (8.50−10.50 mg/kg), 2-ethyl-5-methylpyrazine
(7.50−8.60 mg/kg), 2,3,5-trimethylpyrazine (8.00−10.00 mg/
kg), and 2-ethyl-3,5-dimethylpyrazine (2.00−2.20 mg/kg),
were found to be slightly higher when compared to the present
study. There are varied reasons for these small discrepancies.
One may be that the conventional internal standard method is
not as sensitive as the stable isotope dilution assay, because the
use of structurally different internal standards could alter the
ratio between standard and analyte during sample preparation,
resulting in systematic errors.
In previous studies, 2,3,5-trimethylpyrazine and 2-ethyl-3,5-

dimethylpyrazine, the latter being a key compound of coffee
flavor,8 were quantified by stable isotope dilution
assay.10,11,19−21 Semmelroch et al. and Mayer et al. determined
lower concentrations of 2-ethyl-3,5-dimethylpyrazine (0.249−
0.543 mg/kg in Arabica coffees, 0.94 mg/kg in Robusta
coffee).10,11,21 In contrast, recently Baggenstoss et al. have
reported contents of 1.0−1.22 mg/kg for 2-ethyl-3,5-
dimethylpyrazine and 3.5−4.9 mg/kg for 2,3,5-trimethylpyr-
azine in Arabica coffees, matching the range achieved in our
study.19,20 In our study we have investigated commercially
available ground coffee samples to be used in traditional filter
coffee machines. We did not investigate the relationship
between degree of roasting of the samples and the pyrazine
amounts. In the literature some groups have systematically
addressed this question.10,20

In summary, a gas chromatography−mass spectrometry-
based stable isotope dilution assay for the simultaneous
determination of 12 alkylpyrazines in ground coffee samples
was developed. The method consists of a simple sample
extraction step followed by the principle of stable isotope
dilution analysis. Water was considered to be the preferred
solvent for the extraction of alkylpyrazines from roasted coffee.
The method is simple and suitable for the routine analysis of
alkylpyrazines.
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