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A identificac8o de compostos voléteis formados a partir de reagdes entre Inosina5'-Monofos-
fato (5'-IMP) e cisteinaatrés diferentes pH (3,0; 4,5; 6,0) e 140 °C foi realizada através da andlise
de “headspace” dindmico. Os resultados mostraram que mais de 90 compostos voléteis foram
produzidos, principalmente compostos heterociclicos, incluindo furanos sulfurados, tiofenos, tia-
zoles, furanos, sulfitosal quilados, compostosbiciclicosesulfitosciclicos. Osestudosdemonstraram
que os furanos sulfurados, mercaptocetonas e al quil-furanos foram formados principa mente a pH
acido, enquanto que as pirazinas foram completamente inibidas a pH elevado. Estes resultados
confirmam observagOes preliminares de que o pH exerce uma grande influéncia nos compostos
voléteis formados em reagdes de Maillard.

The identification of volatile compounds formed from the reactions of Inosine-5'-Monophos-
phate (5'-IMP) with Cysteine at three different pH (3.0; 4.5; 6.0) and 140 °C were performed using
dynamic headspace analysis. The results gave over 90 volatile compounds, mainly heterocyclic
compounds, including sulphur containing furans, thiophenes, thiazoles, furans, akyl sulphides,
bicyclic compounds and cyclic sulphides. The studies showed that sulphur-substituted furans,
mercaptoketonesand akylfuranswereformed mainly at acidic pH, while pyrazineswere completely
inhibited at high pH. These findings support an earleir observation that pH has a great influence on
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volatile compounds formed in Maillard type reactions.
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Introduction

It has been established that the Maillard reaction be-
tween pentose sugars and cysteine or hydrogen sulphideis
very important for meat flavour?3, The main source of
pentoses in meat are ribonucleotides and 5'-IMP is the
principal ribonucleotidein post-mortem meat. Thereaction
between pentose and cysteine has been examined in model
systems*>®, It was also observed that pH influenced such
reactions’® and that meat flavour formation also seems to

be pH dependent®. Work has been done on the thermal
stability of nucleotidesin aqueoussolutionsand thethermal
reaction of 5 -IMP with amino acids at pH 2.3 has been
studied'®. However the influence of different pHs on the
volatile products from reactions of nucleotides with amino
acids has not been studied. To better elucidate the partici-
pation of 5'-IMP and cysteine, aswell as pH, in the forma-
tion of some important meat flavour compounds, heated
model systems were studied using the reactants, 5'-IMP
and cysteine, at three different pHs, i.e., 6.0, 4.5 and 3.0.
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Material and Methods

Preparation of reaction mixtures

Reactions between 5'-IMP and cysteine were carried
out at three different pHs, i.e., 3.0, 4.5 and 6.0. Cysteine
(0.121 g) and 5'-IMP (0.348 g) were dissolved in 10 mL of
an appropriate pyrophosphate buffer (pH 3.0; 4.5, 6.0). One
millilitre (1.0 mL) aliquots of each solution were trans-
ferred to the pyrex ampoul es, nitrogen wasblown over each
samplefor 3 min, and the ampoulesflame-sealed. Thefinal
concentrationsin each reaction were 12.1 mg/mL and 34.8
mg/mL of cysteineand 5’ -1M Prespectively. These concen-
trations were related to the amount of these compoundsin
meat muscletl. The reactionswere carried out in triplicate.
Ampoules containing the reaction mixtures were placed in
ahorizontal positionin aCERTOclav autoclave (Kelomat,
Traun, Austria) and heated for 1 h a 140 °C under a
pressure of 0.28 MPa (2.7 bar). After the reaction, the
mixtures were | eft to cool and then submitted to headspace
analysis. A pH measurement was carried out before and
after each heat treatment. In general the pH of reaction
mixtures decreased by less than 0.2 pH unit after heating.

Methods

Headspace Collection of volatiles

For the collection of the volatile compounds produced
by heat treatment, a dynamic headspace technique was
used. It was similar to that described by Madruga and
Mottram'2,and Madruga®®. The cooled ampoul eswere bro-
ken manually and the samples were immediately trans-
ferred to a 250 mL conical flask fitted with 30mm screw
joints to take a diding joint with PTFE seal (SVL fittings;
J. Bibby Science Products, Stone) and Dreschel head. Py-
rophosphate buffer (20 mL) at the appropriate pHs were
added to the reaction mixtures and aimed to dilute the
mixtures. The volatiles were collected in a glass-lined
stainlesssteel trap (155 mmlong x 0.75 mmid) packed with
Tenax-GC (SGE Ltd). During the collection of thevolatile
components, the conical flask was maintained at 60 °C, in
a water-bath with constant agitation. The volatiles were
swept on to the adsorbent in the trap using a flow of
oxygen-free nitrogen (40 mL/min) and collected during 1
h. The oxygen-free nitrogen supply was purified by passing
through granular charcoa to remove traces of organic
compounds. Theflow was adjusted viaapressure regul ator
and a mass flow controller. At the end of the volatile
collection, the flask was removed and the trap was con-
nected directly to the nitrogen supply for 5min, to remove
moisture. Usually no less than three headspace collections
were performed for each experiment.
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Gas chromatography with FID detection and odour
assessment

After collection, the volatiles were thermally desorbed,
using amodified injector port, directly on to the front of a
DB-5(30mx 0.32 mmidx 1.0 mmfilm, J& W Scientific
Inc) or a CP-Wax-52CB 52CB (50 m x 0.32 mm id x 0.21
mm film, Chromapak UK Ltd) fused silica capillary col-
umn, in the oven of a Hewlett-Packard HP5890 Gas Chro-
matograph. The oven was held initially at 0 °C for 5 min
while the the volatiles were desorbed from the Tenax trap
(held at 250 °C in the modified injector). After the removal
of the coolant, the column temperature was rapidly in-
creased to 60 °C and maintained at this temperature for 5
min. Then it was ramped at 4 °C/min to the final tempera-
ture, where it was held for a further 20 min. For the DB-5
column the final temperature was 250 °C, but a lower
temperature of 220 °C was used with the less-stable CP-
Wax column. At the end of the column, the effluent was
split 1:1, into two deactivated fused silica capillaries
(0.4 mm od; 0.2 mm id) of equal length, using a 1/16 in.
stainless steel union with a two-hole ferrule carrying the
two fused silica capillaries (SGE Ltd).

One of the endswas connected to the FID, and the other
was pushed through a length of glass-lined stainless steel
tubing (/16 in id; 0.7 mm id) (SGE Ltd). This tubing
passed through the GC detector heater block and into a
glass nose connection, which was used as the “sniffing
port” mounted above in the GC. Another line was con-
nected to the sniffing port, carrying air, which was mois-
tened by bubbling it through distilled water. For each
analysis the aroma of the effluents was assessed by four
individuals, with experience in flavours, who marked the
chromatogram and noted a description for each aroma
detected. A clean nose-cone was fitted for each assessor.
Helium at 2 mL/min was used as carrier gas.

Determination of linear retention indices (LRI)

A standard mixture of n-alkane (Cs - C2o) in ethanol was
analyzed each day before GC runs to allow a check of the
instrument performance and the calculation of retention
indices of each component in the samples. The standard
(1.0 m) was injected to the trap and the solvent was re-
moved by purging with oxygen-freenitrogen (40 mL min™)
for 5 min. These alkanes were used as external standard
references in Linear Retention Indice (LRI) calculations.
LRI of each compound was calculated from the standard
alkane retention time and the peak retention time using the
Eq. 1.

_[RTx- RTa+n|

LRI = x 100 o)
RTn:1- RTh

where:
LRI = Linear Retention Index
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RTx = retention time of compound

RT, =retention time of n-alkane before peak
RTh+1 = retention time of n-alkane after peak
n = carbon number of n-alkane before peak

Gas chromatography-mass spectrometry (GC-MS)

Analyseswere performed on aHewlett Packard 5988A
Mass Spectrometer with a HP5890 Gas Chromatograph,
linked to a HP 59970 GC/M S Workstation. The GC col-
umnsand conditions used were the same as those described
above. The following conditions were used for the mass
spectrometer; sourcetemperature = 200 °C, ionising volta
ge =70 eV); scan range from m/z 29-290, with 1.44 scans
per second

Results and Discussion

The major headspace components of the model system
involving 5’ -IMP+ cysteineat threedifferent pHs (3.0, 4.5,
6.0) are listed in Table 1 in order of elution. The 98
compounds presented are those which gave significant
peaks in gas chromatograms, together with minor compo-
nentsof possibleodour significance, e.g. compoundswhich
weredescribed ashaving ameat-likearomaor somesimilar
description. The identity of 56 of these have been estab-
lished by comparison of mass spectral data and Linear
Retention Indices (LRI) with those of authentic materials.
Thirty-nine identities have been suggested for compounds
whose mass spectra agree with literature spectra, but with-
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out reference to LRI, and three other compounds (sul phur
containing structures) were suggested by the interpretation
of mass spectraand comparison with those of related com-
pounds. Eight compounds (in italics) have been synthe-
sised®®. The gas Chromatogram of headspace volatiles
collected from 5" -IMP/cysteine model system heated at pH
3.0,inaDB-5 columnispresented in Fig. 1.
Thevolatilesidentified in these three reaction mixtures
were dominated by sulphur-containing compounds, espe-
cialy disulphides and thiophenes. Also thiazoles, akyl
sulphides, cyclic sulphides, bicyclic compounds, furans
and ketones were found. The total quantity of volatile
compoundsincreased significantly asthe pH decreased. On
both columns, a large number of heterocyclic disulphides
were identified from the reaction of 5'-IMP with cysteine
at pH 4.5 and 3.0, but at pH 6.0 only one was detected.
Odour port evaluation of the volatiles, as they eluted
from the GC column, showed eighteen components which
appeared to have meaty and similar aromas. Many of these
were identified as disulphides and some have been pre-
viously identified asimportant contributorsto the odour of
meat'>14151617 Fyrans and thiophenes with a thiol group
inthe 3-position appear to have meat-like aromas, asdo the
disulphides formed by their oxidation'*'®°, In general,
compounds containing the 2-methyl-3-furyl group pos-
sessed meaty aromas, while compounds with the 2-furyl-
methyl and 2-thienyl groups were more roast and rubbery.
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Figure 1. Gas Chromatogram of headspace volatiles collected from 5'-IMP/cysteine model system heated at pH 3.0, showing a summary of the aromas
detected in the polar column effluent. Peak numbers related to compoundsin Table 1.



Table 1. Compounds identified in the volatiles from the reaction between 5'-IMP and Cysteine, at different pHs, using DB-5 and CP-Wax columns.

b c
" Compound® 6.0 Ts 30 DB-5 LR(I:P-WAX et fcaton MS data
1 sulphur dioxide + + + - - mst 64, 48(40), 65(5), 66(10)
2 carbon disulphide + + + - - mst 76, 44(12), 78(10), 64(5)
3 2-butanone + + nd 603 MS? 43, 72(18), 42(8), 44(5), 45(5), 39(4), 57(4)
4 ethyl acetate + + nd 612 mst 43, 45(14), 61(12), 70(11), 42(9), 73(5),88(4)
5 benzene + nd nd 664 930 MS+LRI
6 2-pentanone + + + 689 974 MS+LRI
7 3-pentanone + + nd 694 mst 57, 86(17), 43(10), 58(10), 56(4)
8 2,3-pentanedione + nd + 725 MS+LRI
9 3-penten-2-one nd nd + 728 mst 41, 69(90), 43(70), 84(31), 42(12)
10 2-methylthiophene + + + s 1092 MS+LRI
11 2,4-pentanedione nd + + 782 MS+LRI
12 2-hexanone + + nd 798 1095 MS+LRI
13 hexanal + + + 799 1097 MS+LRI
14 3-mercapto-2-butanone + + + 817 MS+HLRI
15 2-furfural + + + 829 1457 MS+LRI
16 2-methylthiazole + + + 832 1250 MS+LRI
17 2-methylcyclopentanone + nd nd 836 1366 MS+LRI
18 2,4-dimethylfuran + nd nd 1535 MS? 96, 67(97), 53(33), 39(20), 81(7)
19  2-methyl-3-furanthiol® nd + + 870 1294 MS+LRI
20 2-ethylthiophene + + + 871 1170 MS+LRI
21 4-hydroxy-5-methyl-3(2H)-furanone nd + nd 880 MS+LRI
22 2,5-dimethylthiophene + + + 882 MS+LRI
23 2-heptanone + + + 890 1180 MS+LRI
24 2-butylfuran + + + 893 MS+LRI
25 3-heptanone + nd nd 895 mst 57, 85(41), 41(30), 72(20), 43(12), 114(10)
26 3-mercapto-2-pentanone nd + + 898 1347 MS+LRI
27 2-acetylfuran nd + + 904 1498 MS+LRI
28 2-mercapto-3-pentanone nd + + 910 MS+LRI
29 2-furylmethanethiol® nd + + 013 1420 MS+H.RI
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30

31
32
33

35
36

37
38

39
40

41
42
43

45
46
47
48

49

50

51

52
53

55

3 or 4-methyl-2-furfural

dimethylsulphone
5-methyl-2-furfural

4,5-dihydro-3(2H)-thiophenone

1-(2-furyl)-2-propanone

benzaldehyde

2-methyl-4,5-dihydro-3-furanthiol ®

2- or 3-thiophenethiol®

4,5-dihydro-5-methyl-3(2H)-
thiophenone

5-methyl-2-acetylfuran

4,5-dihydro-2-methyl-3(2H)-
thiophenone

2-pentylfuran

2,4 5-trimethylthiazole
2-formylthiophene
4-ethyl-5-methylthiazole
2-propionylfuran
2-ethyl-1-hexanol
1,3-dithiane
adimethylfurfura

5-methyl-3(2H)-thiophenone

2-methyl-3-thiophenethiol ®
1-(2-furyl)-3-butanone

3-methyl-1,2-dithiolan-4-one
2,5-dimethyl-4-ethylthiazole
2-thiophenemethanethiol ®
2-acetylthiophene

nd

nd
nd
nd

nd

nd

nd

nd

nd

nd
nd

nd

nd
nd

nd
nd
nd
nd

nd

nd

nd

nd

nd
nd
nd

+ + o+ o+

+ + o+ o+

920

925
949
952
954

958
975

977
978

985
990

994
996
1004
1005
1019
1025
1027
1040

1042

1065
1070

1072
1074
1089
1090

1572

1512

1518

1554

1622
1520

1390
1687
1412

1490

1610

1580
1640

1664

1689
1773

MS

Mst
MS+LRI

MS+LRI
MS?

MS+LRI

MS+LRI
MS+LRI

MS+LRI
MS+LRI

MS+LRI
MS+LRI
MS+LRI
MS+LRI
MS+LRI

MS+LRI
MS®
ms’

mst

MS+LRI
MS?

MS+LRI
MS+LRI
MS+LRI
MS+LRI

110, 109(90), 53(69), 51(23), 81(19), 51(10), 43(10),
39(8), 111(7)

79, 94(50), 45(12), 48(6), 63(6), 81(5)

81(100), 43(56), 53(33), 124(33), 82(30), 51(7), 52(6),
50(5), 54(4), 39(4)

116, 43(74), 73(48), 45(40), 101(20), 71(25), 72(20),
74(16), 39(14), 69(11), 58(5)

120, 45(15), 72(10)

123, 124(88), 67(21), 39(15), 41(13), 95(9), 65(9),
125(7), 91(6), 43(6), 53(5), 51(4)

114(90) ,86(64), 71(53), 59(43), 53(29), 45(27),
85(22), 55(19), 39(18), 116(13), 115(13), 69(13),
58(12), 50(12), 51(11), 99(9)

81, 109(87), 43(77), 138(68), 95(65), 53(20), 67(18),
68(12), 123(11), 39(9), 94(8), 96(8), 110(7), 66(7)
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56
57

58

59
60
61

62
63

65
66
67
68
69
70
71

72
73

74
75
76
7
78

79

80
81

a formylmethylthiophene
(EorZz) 3,5-dimethyl-1,2-dithiolan-4-one

(EorZz) 3,5-dimethyl-1,2-dithiolan-4-one

2-formyl-5-methylthiophene
2-formyl-3-methylthiophene
1,2,4-trithiolane

(E) 3,5-dimethyl-1,2,4-trithiolane
2-acetyl-5-methylthiophene
an ethylmethylfurfural

(2) 3,5-dimethyl-1,2,4-trithiolane
2-acetyl-3-methylthiophene
3-ethyl-1,2-dithiolan-4-one
2-propionylthiophene

naphthalene
3-ethyl-2-formylthiophene
3,(50r6)-dimethyl-1,2-dithian-4-one

2,3-dihydro-6-methylthieno[2,3c]furan
3-methyl-1,2-dithian-4-one

2-(2-thienyl)-furan
benzothiazole

a dimethylformylthiophene
3-methyl-1,2,4-trithiane

a thienothiophene

a dihydrothienothiophene

a methylthienothiophene
1,2,4,5-tetrathiane

nd

nd

nd
nd

nd
nd
nd

nd

nd

nd

nd

nd
nd

nd

+ 4+ 4+ + o+ + o+

nd

1093
1098

1111

1118
1121
1127

1140
1145
1147

1151
1161
1163
1181
1185
1203

1209
1213

1227
1231
1240
1253
1257

1284

1322
1337

1712
1568

1597

1783
1815

1580
1874
1675

1603
1762

1840
1730

1853

1896

1915
1862
1860

1958

1943

MS
MS

MS

MS+LRI

MS+LRI
MS?

MS+LRI
MS+LRI

MS+LRI
MS+LRI
ms

MS+LRI
MS+LRI

MS+LRI
MS®

MS+LRI
ms?

ms

MS

MS+LRI
MS?

MS
MS

125, 126(96), 97(58), 53(30), 45(27), 39(13)

60, 148(65), 59(48), 92(36), 55(20), 64(15), 45(10), 61
(9), 56(9), 120(6)

60, 148(65), 59(48), 92(36), 55(20), 64(15), 45(10), 61
(9), 56(9), 120(6)

45, 78(96), 124(73), 46(50), 60(33), 80(25), 44(21), 57
(11

138, 123(75), 137(23), 109(22), 95(22), 41(20), 81(20)

148, 74(63), 106(43), 41(40), 45(30), 64(22)

60, 162(70), 92(64), 55(48), 120(39), 64(30), 41(29), 4
2(27), 56(26), 74(15), 59(12)

148, 60(94), 64(35), 92(30), 55(22), 89(17), 45(17), 59
(10

150, 121(70), 122(36), 96(21), 78(20), 45(20), 77(19)
135, 108(36), 69(25), 82(10), 63(10), 91(9)
139, 140(75), 111(19), 67(16), 45(10), 39(9)

140, 96(23), 58(21), 45(18), 69(16), 141(12), 142(11),
82(9), 51(8)

142, 141(88), 97(60), 116(45), 71(33), 45(25), 69(25),
58(12), 143(11), 144(10)

153, 154(77), 155(13), 69(12), 77(11), 45(8)

64, 156(88), 128(67), 45(38), 59(35), 60(34), 92(32),
124(28), 96(19)
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82

83

85
86

87

88
89

90

91

92
93

94

95

96

97

98

a methyldihydrothienothiophene
a methylthienothiophene

a methyldihydrothienothiophene

2-ethylthienothiophene
3,4,6-trimethyl-1,2 5-trithiane

2-methyl-3-furyl 1-methyl-2-oxopropyl
disulphide®

bis(2-methyl-3-furyl) disulphide®

2-methyl-3-furyl 1-ethyl-2-oxopropyl
disulphide®

2-methyl-3-furyl 1-methyl-2-oxobutyl
disulphide®

2-methyl-3-furyl 2-furylmethyl
disulphide®

bis(2-furylmethyl) disulphide®

2-methyl-3-furyl 2- or 3-thienyl
disulphide®

2- or 3-thienyl 1-methyl-2-oxobutyl
disulphide®

2-methyl-3-furyl 2-methyl-3-thienyl
disulphide®

2-furylmethyl 2- or 3-thienyl
disulphide®

bis(2- or 3-thienyl) disulphide®

2-methyl-3-thienyl 2- or 3-thienyl
disulphide®

nd

nd

nd

nd

nd

nd
nd

nd

nd

nd
nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

1341

1364

1417

1422

1499

1505

1540
1574

1596

1640

1683
1699

1732

1751

1789

1871

1923

2003

1957

2017

2012

2130

2110
2233

2265

2347

2390

2395

2715

MS
MS
MS
MS
MS

MS+LRI

MS+LRI
MS+LRI

MS+LRI
MS+LRI

MS+LRI
Ms®

ms

M<P
M<P

ms

M<P

156, 155(69), 111(28), 141(25), 59(20), 45(17),
97(15), 157(15), 158(12)

153, 154(77), 155(13), 69(12), 77(11), 45(10), 39(9),
156(8)

156, 155(67), 111(32), 141(24), 59(16), 97(11),
153(11), 158(10), 154(10), 140(10), 122(8), 123(8),
45(8), 77(7), 69(7)

153, 168(43), 69(20), 45(15), 141(13), 121(8)

59, 60(73), 45(25), 55(20), 61(19), 180(15), 58(12),
129(10)

113, 43(79), 216(36) ,114(29), 59(18), 45(14), 81(13),
173(11), 217(6), 218(5)

113, 226(44), 43(30), 114(14), 69(13), 85(12)

113, 43(92), 230(43), 114(34), 145(27), 85(15),
81(14), 187(13), 231(6), 232(5)

113, 57(78), 230(37), 114(32), 43(29), 173(14),
85(12), 145(7), 23(5), 232(4)

81, 113(18), 53(18), 43(14), 226(9), 45(12), 85(11),
162(1)

81, 53(14), 226(7), 69(5), 112(4), 193(2)

43, 228(56), 45(37), 115(26), 81(23), 85(25), 164(11),
185(10)

43, 71(45), 116(45), 147(40), 232(30), 45(37),
115(25), 39(16), 41(13), 189(12), 105(12), 69(12),
103(11), 84(10), 58(8)

129, 113(96), 45(82), 242(70), 85(47), 97(27),
199(15)

81, 45(14), 53(14), 71(8), 115(5), 116(4), 85(4),
228(3)

115, 71(70), 45(46), 230(41), 116(26), 166(22),
69(17), 89(10), 39(10), 232(8), 197(6)

129, 45(63), 71(44), 244(37), 116(23), 69(23),
115(22), 85(20), 97(19), 59(15), 131(10)
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acompounds in italics have been syntesised.
b + compound gives clear MS; nd not detected; * compound gives no clear MS, detected mixed with other volatile
c LRI - Linear Retention Index.

d Methods of identification: MS+LRI - mass spectrum and LRI agree with those of authentic compounds analysed under similar conditions

MS - mass spectrum agrees with literature spectra: 1. NIST/EPA/M SDC™: 2. ten Nover de Brauw et al.*%; 3. van den Ouweland & Peer®®; 4. Hartman et al.®% 5. Farmer et al. 6. Farmer & Mottram”; 7.

Salter et al.46; 8. Werkhoff et aI.30; ms - interpretation of mass spectrum and comparison with those of related compounds
e compounds appeared to have meaty and similar aromas.
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These data show some agreement with those from re-
lated systems reported in the literature. Zhang & Ho'®
identified 41 sul phur containing compoundsin atotal of 47
compounds from a model system containing 5'-IMP and
cysteineat pH 2.3. Farmer et al.* reported formation of 115
volatiles, mainly heterocyclic compounds, from the reac-
tion between cysteine and ribose at pH 5.7 using conditions
similar to ours. Mulders® reacted cysteine (and cystine)
with ribose at pH 5.6 and reported 40 heterocyclic com-
pounds. Forty-seven compounds were reported from the
reaction between cystine and 2,5-dimethyl-4-hydroxy-
3(2H)-furanone heated at pH 2.4%.

The sulphur-containing furang/ thiophenes and related
disulphides were among the most numerous classes of
flavour compounds formed in these reaction mixtures, al-
though many were present at low concentrations. Eighteen
and twelve compounds were identified in 5’ -IMP/cysteine
mixturesat pH 3.0 and 4.5 respectively, however only one,
2- or 3-thiophenethiol (compound n [37] in Table 1), was
also detected in the reaction mixture at pH 6.0. These
results confirm previous observations that the formation of
furyl and thieny! sul phidesand disul phidesisextremely pH
dependent, with maximum formation at low pH va
lues”8121617.21,2223.24 ‘The thiols identified included three
furanthiols (2-methyl-3-furanthiol [19], 2-methyl-4,5-di-
hydro-3-furanthiol [36], 2-furylmethanethiol [29]) and
three thiophenethiols (2- or 3-thiophenethiol [37], 2-
methyl-3-thiophenethiol [50], 2-thiophenemethanethiol
[54]).

The compounds 19 and 36 were probably formedin the
reaction of hydrogen sulphide (Strecker degradation prod-
uct of cysteine) with 4-hydroxy-5-methyl-3(2H)-furanone
(a dehydration product of ribose or 5'-IMP) or other pen-
tose dehydration products®?. 2-Furylmethanethiol [29]
was probably formed by the reaction of hydrogen sulphide
with 2-furfural, another ribose and 5 -IMP breakdown
product?. 2-Methyl-3-thiophenethiol [50], identified in
these systems, was probably formed from a -dicarbonylsor
furanones by reaction with H.S™?’. Farmer & Mottram’
found that the levels of 2-methyl-3-furanthiol [19] and
2-methyl-3-thiophenethiol [50] decreased with increasing
pH in a reaction mixture of cysteine and ribose. 2-Thio-
phenemethanethiol [54] has been reported as a product of
the reaction of H,S and 2-furfurad®. The 2- or 3-thio-
phenethiol [37], which was detected in all three reaction
mixtures, was also probably formed from the thermal deg-
radation of cysteine?®.

These furan- and thiophenethiols have been found in
the volatiles from different systems and some have been
reported as volatile compoundsin cooked meat. 2-Methyl-
3-furanthiol [19] is considered to play an important rolein
the flavour of meat'®®. Moreover, it has been identified,
together with 2-furylmethanethiol, as a high aroma value

J. Braz. Chem. Soc.

compound in chicken and bovine broths®®. 2- or 3-Thio-
phenethiol [37] and 2-methyl-3-thiophenethiol [50] have
been recently reported in pork flavour®. 2-Methyl-3-furan-
thiol [19], 2-furylmethanethiol [29] and 2-methyl-3-thio-
phenethiol [50] have been detected in various meat model
systems, such as 5'-IMP/cysteine'®t®, ribose/cysteine?,
cystine/thiamine/glutamate/ascorbic acid®3!, Also [19]
has been reported together with 2-methyl-4,5-dihydro-3-
furanthiol [36] and 2-methyl-3-thiophenethiol [50], in the
volatiles of thermally degraded thiamine™.

The presence of thiol substituted furansand thiophenes,
such as compounds (19, 29, 36, 37, 50, 54), gaveriseto a
number of important disulphides in the reaction mixtures.
Those identified were: 2-methyl-3-furyl 1-methyl-2-oxo-
propyl disulphide [87], bis(2-methyl-3-furyl) disulphide
[88], 2-methyl-3-furyl 1-ethyl-2-oxopropyl disulphide
[89], 2-methyl-3-furyl 1-methyl-2-oxobutyl disulphide
[90], 2-methyl-3-furyl 2-furylmethyl disulphide [91],
bis(2-furylmethyl) disulphide [92], 2-methyl-3-furyl 2- or
3-thienyl disulphide [93], 2- or 3-thienyl 1-methyl-2-
oxobutyl disulphide [94], 2-methyl-3-furyl 2-methyl-3-
thienyl disulphide [95], 2-furylmethyl 2- or 3-thienyl
disulphide [96], bis(2- or 3-thienyl) disulphide [97] and
2-methyl-3-thienyl 2- or 3-thienyl disulphide [98]. In the
reaction mixture at pH 3.0, all of these 12 compoundswere
formed. Nevertheless four were not detected at pH 4.5 and
none were found at pH 6.0.

The sulphur-substituted furans and thiophenes are
likely to be very important in cooked meat aromas. Disul-
phides such as compounds 87, 89, 90, 91, 92, 94, 96, 97,
98 have been reported previoudy in different Maillard
systems which involve a reducing sugar and a sulphur
source, such as ribose or hydroxymethyl furanone (HMF)
and cysteine or hydrogen sulphide (H2S)%"101332 The
presence of compounds 88, 91, 92, 93 and 95 in cooked
meat has been reported by Farmer & Patterson® and Mot-
tram & Madruga'®!’. Compounds 88 and 95 have been
identified in systems involving thiamine, and 87 and 95 in
yeast extracts®. This is the first time that compounds 87,
89, 90, 93, 94, 95, 97, 98 have been reported in a model
system using 5'-IMP/cysteine.

Many thiophenesweredetected in all three systems, the
formation of akylthiophenes [10, 20] and formyl thio-
phenes[22, 43, 56, 59, 60, 70, 76] were not pH dependent;
however, thiopheneswith acety! or propionyl branches[55,
63, 66, 68] were detected only at pH 3.0. The four thiophe-
nones identified [33, 38, 40, 49] were also clearly formed
only at lower pH, with the exception of 4,5-dihydro-2-
methyl-3(2H)-thiophenone [40], which appeared to be pH
independent. Among the sulphur-containing compounds,
thiophenes constitute a class which has been reported in
volatiles from a number of foods™, and they have been
suggested as being responsible for the mild sulphurous
odour of cooked meat?. The main routes for their forma-
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tion involve the reaction of furfural and furanones with
hydrogen sulphide?® 2 or the condensation of mercapto-
acetal dehyde with a,b-unsaturated aldehydes>’.

Severd di-, tri- and tetrasulphur-containing five- or
six-membered heterocyclic rings were identified in 5'-
IMP/cysteine mixtures. Four dithiolanones were found in
the reactions under acid conditions. 3-methyl-1,2-dithio-
lan-4-one [52], (EorZ) 3,5-dimethyl-1,2-dithiolan-4-one
[57, 58] and 3-ethyl-1,2-dithiolan-4-one [67]. One trithio-
lane [61] together with two isomers (EorZ) 3,5-dimethyl-
1,2,4 trithiolane [62, 65] were identified in reactions at all
pHSs. Dithiolanones are probably formed from the reaction
between breakdown products of 5 -IMP and cysteine.
Trithiolanes arelikely to be formed from thermal degrada-
tion of cysteine?®. Trithiolanes can be generated from the
reaction of aldehydes/H>S>".

Dithianes, trithianes and tetrathianes, which are hetero-
cyclic compounds with two, three and four sulphur atoms
in six-membered rings, were also formed in these systems.
Formation of dithianones and dithianes was favoured by
acid pH; however more trithianes /tetrathianes were found
at high pH. Trithianes can be formed from the reaction
between saturated aldehydes, such as acetaldehyde, and
hydrogen sulphide?’. In the 5 -IMP+cysteine model sys-
tems the thermal degradation of cysteine to give acetalde-
hyde and hydrogen sulphide could be a route for their
formation?®.

Garbusov et al.* reported 1,3- and 1,4-dithianes from
volatiles of boiled beef. 3-Methyl-1,2,4-trithiane [77] has
been identified in commercial beef extract® and in cyste-
ine/ribose model systems*®. The compound 2,4,6-
trimethyl-1,3,5-trithiane [86] was reported in
pressure-cooked beef by Wilson et al.®® aso in cooked
chicken flavour?’. 3-Methyl-1,2-dithian-4-one [73] and
3,5(or 6)-dimethyl-1,2-dithian-4-one [71] were found in
model systems containing cysteine, ribose and phos-
pholipid* and in glutamate, ascorbate, thiamine and cyste-
ine®. 3-Methyl-1,2-dithian-4-one [52] has been identified
in different meat samples and in yeast extract®34%,

Eight bicyclic compounds were found in these studies,
i.e. 2,3-dihydro-6-methylthieno[2,3c]furan [72],
thienothiophene [78], dihydrothienothiophene [79],
methylthienothiophene[80, 83], methyl dihydrothienothio-
phene [82, 84] and 2-ethylthienothiophene [85]. The 2,3-
dihydro-6-methylthieno[2,3c]furan (kahweofuran) [72] is
known as an important constituent of coffee volatiles. A
number of akylthienothiopheneswerereportedinthevola-
tile components of ribose/cysteine model systems®.

Except for thiazoles, there were no other nitrogen-con-
taining volatilecompoundsidentified fromthe5' -IMP/cys-
teine a any of the three pHs. Absence of pyrazines at low
pH was probably because the carbonyl-amino interaction
is not favourable under acidic pH. Lack of pyrazine was
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noted by Zhang & Ho'®in a5’ -IMP/cysteine mixture at pH
2.3 and Whitfield et al.** found that concentrations of
nitrogen-contai ning heterocyclic compoundswere reduced
in systems containing cysteine and ribose, compared with
other amino acids. Five thiazoles, including a series of
acylthiazoles [16, 42, 44, 53] and a benzothiazole [75],
were generated in the 5'-IMP/cysteine mixtures. Their
formation doesnot seemto be highly influenced by changes
in pH. The acylthiazoles have been reported in a model
system containing cysteine and ribose*®. Compound 75
was not reported in the volatiles of the ribose/cysteine
system, however it has been found among the volatiles of
roasted, fried and pressure cooked beef*?. According to
Vernin & Parkanyi?’, the thermal degradation of cysteine
and cystine, either alone or in the presence of reducing
sugars such asribose, isasource of thiazoles, also they can
be formed by heat-degradation of thiamine.

Thebreakdown of 5’ -1M P appearsto bethemain source
of furans, furfurals and furanones found in the reaction
mixtures. Four alkylfurans containing chainsof C1-C5[18,
24,41, 45], together withtwo furylketones[34, 51] and two
acylfurans [27, 39] were formed. Anather group of furans
identified werefurfural [15] and its derivatives[30, 32, 48,
64] and 4-hydroxy-5-methyl-3(2H)-furanone [21]. These
compounds were highly influenced by pH changes. There
was a clear tendency for many more furans being formed
at low pH. Only 2-butylfuran [24] and 2-furfural [15] were
detected in the reaction mixture at pH 6.0. One exception
was found for 2,4-dimethylfuran [18] which was not de-
tected at pH 4.5 and 3.0, although this compound may not
have been fully captured during the headspace analysis due
to its low boiling point and consequently to its high vola
tility. 4-Hydroxy-5-methyl-3(2H)-furanone [21] was
found only in the reaction mixture at pH 4.5. It may have
been formed at pH 3.0 but, in the presence of H»S, this
compound could have been converted into other volatiles.
According to Mottram & Leseigneur®, concentrations of
furang/furfural/ furanones dropped markedly as the pH
increased in model systems containing ribose and ami-
noacids.

2-Acetylfuran [27] and 1-(2-furyl)-2-propanone [34]
have been found as products of the reaction between cys-
teine and ribose® and in fried beef*. Most of the other
furans [15, 24, 27, 30, 34, 41, 45, 48, 51, 64] have been
reported in similar model systems’. 4-Hydroxy-5-methy!-
3(2H)-furanone [21] has been identified in meat by
Tonsbeek et al.** who proposed it was formed from a
ribonucleotide via a ribose-5 -phosphate.

The presence of ketonesin the 5’ -IMP/cysteine system
can be explained by Maillard-type reactions and Strecker
degradation of cysteine, which can lead to the formation of
short chain ketones [3, 6, 7, 8, 9, 11, 17]. However the
formation of 2-hexanone[12], 2-heptanone[23] and 3-hep-
tanone [25] cannot be explained by these routessmecha
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nisms; they may have been formed by the condensation
reactions between other carbonyl products. Ketones were
more abundant in 5’-1M P/cysteine system at pH 6.0, which
could result from the fact that enolisation of Amadori
products in the Maillard reaction is pH dependent and
dicarbonyl formation is more pronounced at alkaline con-
ditions. Alternatively, at lower pH they may be lost due to
further reaction with cysteine or hydrogen sulphide. In
general, dicarbonylslike 2,3-pentanedione[8] and 2,3-bu-
tanedione are important intermediates in the formation of
other volatile products, as has been discussed in this text.
They can react with hydrogen sulphide leading to the
formation of mercapto ketones which can produce impor-
tant meat-like volatiles. 2-Methylcyclopentanone [17] was
identified in the volatiles of fresh cooked ground beef and
freeze-dried defatted rehydrated beef. It was also reported
to contribute to increase meatiness in some flavour iso-
lates'®,

Three mercaptoketones [14, 26, 28] were formed
mainly at low pH (4.5 and 3.0). Only 3-mercapto-2-bu-
tanone [14] clearly appeared in the reaction mixture at pH
6.0, athough 3-mercapto-2-pentanone[26] wasdetected as
atracepeak at thispH. The mercaptoketoneswere probably
formed from the reaction of the corresponding alkanedione
(breakdown products of 5'-IMP) with hydrogen sulphide,
i.e. 2,3-butanedione/HS or 2,3-pentanedione/ H2S. Some
mercaptoketones, such as 3-mercapto-2-pentanone, 1-mer-
capto-3-pentanone, 1-mercapto-2-propanone have been
identified in meat aroma model systems* 1°. 3-Mercapto-
2-pentanone has been reported in the volatiles of boiled
meat and chicken broth?,

Conclusion

The results have shown that the reaction between inos-
ine-5'-monophosphate (5" -IMP) and cysteineled mainly to
the formation of heterocyclic compounds (seventy-six
volatiles). Many of these were sulphur-containing vola-
tiles, such as disulphides and thiophenes, other compounds
identified were thiazoles, furans, mercaptoketones, bicy-
clic and cyclic sulphur-compounds. A clear tendency was
observed for some classesof compoundsto beformed more
a higher or lower pH, for instance, sulphur-containing
compounds, such as sulphur-substituted furans and mer-
captoketones, as well as akylfurans, were more readily
formed at lower pH, while pyrazines were inhibited by
acidic conditions. Other heterocyclic compoundslikethia
zoles and trithiolanes were not affected by pH changes.
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