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Strecker degradation is one of the most important reactions leading to final aroma compounds in the
Maillard reaction. In an attempt to clarify whether lipid oxidation products may be contributing to the
Strecker degradation of amino acids, this study analyzes the reaction of 4,5-epoxy-2-alkenals with
phenylalanine. In addition to N-substituted 2-(1-hydroxyalkyl)pyrroles and N-substituted pyrroles, which
are major products of the reaction, the formation of both the Strecker aldehyde phenylacetaldehyde
and 2-alkylpyridines was also observed. The aldehyde, which was produced at 37 °C—as could be
determined by forming its corresponding thiazolidine with cysteamine—and pH 6—7, was not produced
when the amino acid was esterified. This aldehyde is suggested to be produced through imine
formation, which is then decarboxylated and hydrolyzed. This reaction also produces a hydroxyl amino
derivative, which is the origin of the 2-alkylpyridines identified. All these data indicate that Strecker-
type degradation of amino acids is produced at 37 °C by some lipid oxidation products. This is a new
proof of the interrelations between lipid oxidation and Maillard reaction, which are able to produce
common products by analogue mechanisms.

KEYWORDS: 2-Alkylpyridines; carbonyl-amine reactions; flavor production; lipid oxidation; Maillard
reaction; nonenzymatic browning; pyrroles; Strecker aldehydes

INTRODUCTION Scheme 1. Strecker Degradation of Amino Acids Produced by

Strecker degradation is one of the most important reactions a-Dicarbonyl Compounds

leading to final aroma compounds in the Maillard reactibs ( R R3 s "
4). It involves the initial Schiff base formation of ardicar- :2:0 H,N -H0 Rﬁo
bonyl compound (1) with an amino aci@)( After rearrange- 0=, * yOH R? ~N H
ment, decarboxylation, and hydrolysis, eramino carbonyl R 0 A R
compound (3) and the corresponding Strecker aldergyare 1 2 o4 R
generated (Scheme 1¢-Amino carbonyl compounds3f are l_co2
precursors of pyrazines (5—7), and many Strecker aldehydes
(4) are significant flavor compounds (8). R3TH
Strecker degradation is supposed to be produced from R N R __H +H,0 RZ N
carbohydrate degradation products, despite the well-known d R " \g - Ho>:<R1
contribution of lipids to flavor formation in cooked foodS, ( 3 4

10). This is likely a consequence of the lack of lipids to produce

significant amounts odi-dicarbonyl derivatives upon oxidation.  when starting fromn — 6 polyunsaturated fatty acids, the

However, compounds that have a certain analogg-tticar- epoxyalkenal obtained is 4,5(E)-epoxy-2(E)-decenal (5b) by

bonyl compounds are common products of lipid oxidation, and decomposition of an intermediate 12,13(E)-epoxy-9-hydroper-

they might also produce Strecker-type degradation of amino oxy-10-octadecenoic acid {). Analogously, the 4,%)-epoxy-

acids. This is the case of 4,5-epoxy-2-alkenals Which have 2(E)-heptenal %a) is the product of oxidation of the — 3

two conjugated oxygenated functions. polyunsaturated fatty acid$Z). These epoxyalkenals have been

4,5-Epoxy-2-alkenals (5) are secondary products of lipid detected in many different food systems3).

peroxidation. They are produced in the decomposition of Inan attempt to clarify whether lipid oxidation products may

intermediate epoxyhydroperoxy fatty acids by a mechanism that be contributing to the Strecker degradation of amino acids, this

is common for the different polyunsaturated fatty acids. Thus, study analyzes the reaction of 4,5-epoxy-2-alken&)swith
phenylalanine (6). Phenylalanine (6) was selected because its

*To whom correspondence should be addressed=+{8#) 954 611 aldehyde derivative phenylacetaldehydé)(has a high boiling
550; fax+(34) 954 616 790; e-mail rzamora@ig.csic.es. point (195°C), can be easily determined by gas chromatogra-
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phy—mass spectrometry (GC-MS), and is a very powerful to 240° C at 5 °C/min and then to 328 at 10 °C/min; transfer line
odorant (8). 4,5-Epoxy-2-alkenal§)(were previously shown  to MSD, 280°C; ionization (El), 70 eV.

to contribute to flavor production in oxidized lipid/amino acid ~ 'H and *C NMR. *H and™*C NMR spectra at 300 and 75.4 MHz,
and oxidized lipid/protein reaction mixtures, although Strecker 'eSPectively, were determined in a Bruker AC-300P (Karlsruhe,
aldehydes were not detected in those reactions because thosg€™Man), with MeSi as internal standard. Two-dimensional NMR

tudi r rried out with Ilvsine (14 was used to assign tHéC NMR spectra.
studies were carried out with lysine (14). Browning. Samples incubated in buffer (2Qf.) were extracted

with 200uL of chloroform, and 18Q¢L aliquots of the resulting organic

EXPERIMENTAL PROCEDURES and aqueous extracts were diluted to 1 mL with chloroform or water,
) respectively. Their colors were determined spectrophotometrically on
Materials. 4,5(B-Epoxy-2(B-heptenal (5a) and 4,6f-epoxy-2(8- a Shimadzu UV-2401 PC UWvis spectrophotometer. Color differences

decenal (5b) were prepared from heptadienal and decadienal, reSPEC(AE) at the different periods of time were calculated from the

tively, as described previousl{§). L-Phenylalanined), I-phenylalanine determined Cielalh*, a*, andb* values according to Hunter (17):
methyl ester hydrochloride (6M), phenylacetaldehyde (14), 2-ethyl-

pyridine (15a), and 2-pentylpyridind§b) were obtained from Aldrich o x %2 21112

Chemical Co. (Milwaukee, WI). All other chemicals were purchased AE=IL 100)2 @)+ (0]

from reliable commercial sources. by referring the determined values to an ideal colorless solutidrt of
Epoxyalkenal/Amino Acid Reaction Mixtures. Mixtures of 0.1 = 100, anda* = b* = 0 (18).

mmol of the epoxyalkenal [4,&])-epoxy-2E)-heptenal %a) or 4,5-

(E)-epoxy-2(E)-decenal (5bgnd 0.1 mmol of the amino acid [phen- RESULTS

ylalanine (6) or phenylalanine methyl estéM)] were incubated in 1

mL of acetonitrile—water (2:1) or in 1 mL of buffer at 3T and Isolation and Characterization of the Major Products of

analyzed by GC-MS at different incubation times. The following buffers  4,5(E)-Epoxy-2(E)-heptenal/Phenylalanine ReactionTo iden-

were employed: 0.3 M sodium citrate at pH 4, 5, 5.5, and 6; 0.3 M tify by GC-MS the different compounds produced in the reaction

sodium phosphate at pH 6, 6.5, 7, 7.4, and 8; and 0.3 M sodium boratepetween epoxyalkenals and phenylalanine, the major products

at pH 8, 9, and 10. Reaction mixtures also includedubOof 2 N of reaction between 4,Bf-epoxy-2E)-heptenal §a) and phen-

KOH in methanol for phenylalanine methyl ester incubated in aceto- : :
L . " : h ylalanine (6) were isolated by column chromatography and
nitrile—water (2:1). Additionally, major compounds of the reaction were characterized byH and3C NMR and MS.

isolated by column chromatography and their structures were deter- . . .
mined by’H and*C NMR and MS. Analogously to previous studies of the reaction between

Samples for GC-MS analyses were prepared differently if reactions €P0Xyalkenals and amines and amino acid$—21), this
were done in acetonitrile—water (2:1) or in buffer. Samples incubated éaction produced the corresponding N-substituted 2-(1-hy-
in acetonitrile-water (2:1) (10Q:L) were diluted with 10QL of ether droxyalkyl)pyrrole ) and the N-substituted pyrrol&é@) as main
2-propanol (1:1) and 25L of the internal standard solution [1.35 mg  reaction products. The reaction scheme, including the different
of 3(Z)-nonenol in 1 mL of methanol] and injected in the chromato- compounds produced, is shown 8theme 2. This reaction

graph. Samples incubated in buffer (200) were treated with 2L scheme implies in a first step the transformation of the imine
of the internal standard solution and extracted with 240 of trans carbor-carbon double bond into a cis double bond, which
chloroform. Phases were separated by centrifugation at 20050 can occur by conjugate additierlimination of amine to the

min and the organic extracts were injected in the chromatograph. C=C, well-known for a,f-unsaturated carbonyl compounds
Compounds isolated by column chromatography and characterized rp;g cis isomer of imine would then convert to the indicated
by "H and™C NMR and MS were obtained from overnight incubations cyclic intermediate, the transformation of which into products

in 0.3 M sodium phosphate buffer, pH 7, which were taken to pH 3 L . :
with HCI and extracted with chloroform. This extract was fractionated 7 and 10 is likely to occur by electronic arrangement. This

on silica gel with hexane—acetone (2:1) as solvent. electronic arrangement implies the exit of either an aldehyde
Thiazolidine Derivatives of Aldehydes Produced in Epoxyalkenal/ (11), Wher.l compounglo IS prO(_juced, or thg proton at position
Amino Acid Reaction Mixtures. In addition to their direct determi- 5 of the ring of the intermediate, producing compoufhdn

nation by GC-MS, aldehydes produced in epoxyalkenal/amino acid addition, the close presence of the carboxylic group and the
reaction mixtures were derivatized with cysteamine according to the hydroxyl group in7 may facilitate the formation of lactor@
method of Yasuhara et all§), which was slightly modified, and the by intramolecular dehydration under favorable conditions.
thiazolidines produced were analyzed by GC-MS. Briefly, the incubated Finally, the thermal treatment of compoundsand 10 may
epoxyalkenal/amino acid reaction (4_p(1) was diluted with Z_OQuL produce their decarboxylation to compourgiand12, respec-

of methanol—water (1:1), treated with 45 mg of cysteamine hydro- tively. This heating may occur, for example, in the injection
chloride, and the pH of the solution was immediately adjusted to 8 port of the chromatograph ' '

with 2 N NaOH. The resulting solution was then stirred ®h at ) .
room temperature. After that time, samples were diluted with 1 mL of __When the reaction was carried out between 4,5(E)-epoxy-

water and extracted with 1 mL of ethyl acetate. The resulting organic 2(E)-heptenal a) and phenylalanineg), the major isolated
layer was dried over sodium sulfate and injected in the gas chromato- COmpounds were the lactone 4-benzyl-1-ethyHiyrrolo[2,1-
graph under the conditions described below. Thiazolidine derived from c][1,4]oxazin-3-one §a) and the N-substituted pyrrole 3-phenyl-
propanal (11aT):R: 8.54 min; mass spectrum/z (%) 117 (18), 88 2-pyrrol-1-ylpropionic acid (10), which were characterized by
(100), 71 (12), 70 (24), 61 (11), and 56 (16). Thiazolidine derived from 1H and3C NMR and MS.
hexanal (11bT): R 17.85 min; mass spectrum/z (%) 159 (12), 88 4-Benzyl-1-ethyl-H-pyrrolo[2,1¢][1,4]oxazin-3-one §a): H
(1hOO)-|70 t(1|01|)vh Gdlangf;)’R?gg 25f (25). Th'aZO"dt'”e /de;V)eS?gf)m NMR (CDCly) 6 0.96 t (3H,J = 7.3 Hz, CHCH,), 1.90 m
phenylacetaldehy: : .24 min; mass spectrum/z (% )
(1), 150 (1), 132 (5), 117 (3), 103 (3), 92 (4), 91 (20), 90 (5), 89 (7), (2H, CHCH,CH), 3'3E m (2H, PhCh), 4.10 m (1H, CH
58 (100). 77 (4). 65 (6), and 61 (&) CH,CH), 5.07 t (1H,J = 5.2 Hz, PhCHCH), 5.88 m (1H, H3

. ’ ’ ) of pyrrole), 6.20 dd (1H) = 2.7 and 3.5 Hz, H4 of pyrrole),

GC-MS Analyses.GC-MS analyses were conducted with a Hewlett-
Packard 6890 GC Plus coupled with an Agilent 5973 MSD (mass- 6.51 m (1H, HS of pyrrole), 6.86 m (2H, H2 and H6 of phenyl),

selective detector, quadrupole type). A fused-silica HP5-MS capillary @Nd 7.23 m (3H, H3, H4, and H5 of phenyijC NMR (CDCL)
column (30x 0.25 mm i.d., coating thickness 0.28n) was used. 0 8.86 g (CH), 25.99 t (CHCH,), 40.86 t (PICH,), 59.65 d
Working conditions were as follows: carrier gas, helium (1 mL/min (PhCHCH), 76.80 d (CHCH,CH), 103.10 d (C3 of pyrrole),
at constant flow); injector, 256C; oven temperature, from 70 (1 min)  109.73 d (C4 of pyrrole), 118.37 d (C5 of pyrrole), 125.83 s
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Scheme 2. Formation of Pyrrole Derivatives between 4,5-Epoxy-2-alkenals and Phenylalanine?
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aFor 5a, 7a, 8a, 9a, and 11a, R' = CH;CHy; for 5b, 7b, 8b, 9b, and 11b, R* = CH3(CH,)s. M is employed for the corresponding methyl esters; T is employed
for the thiazolidines of the corresponding aldehydes.

(C2 of pyrrole), 127.76 d (C4 of phenyl), 128.69 d (C3 and C5
of phenyl), 129.59 d (C2 and C6 of phenyl), 134.64 s (C1 of
phenyl), and 168.85 s (CO); M&/z (%, ion structure) 255 (36,
M), 226 (17, MF — ethyl), 198 (100, M — C,HsCO), 164
(28, M™ — PhCH,), 136 (23), 105 (24), 91 (76, PhGH, 77
(24), and 65 (23).

3-Phenyl-2-pyrrol-1-ylpropionic acidLQ): *H NMR (CDCly)

0 3.30 m (2H, CHCH), 4.60 m (1H, CHCH), 6.02 m (2H, H3
and H4 of pyrrole), 6.60 m (2H, H2 and H5 of pyrrole), 6.96 m
(2H, H2 and H6 of phenyl), and 7.15 m (3H, H3, H4, and H5
of phenyl); 13C NMR (CDCk) 6 39.20 t CH,CH), 65.57 d
(CHCH), 107.93 d (C3 and C4 of pyrrole), 120.34 d (C2 and
C5 of pyrrole), 126.58 d (C4 of phenyl), 128.34 d (C3 and C5
of phenyl), 128.65 d (C2 and C6 of phenyl), 137.67 s (C1 of
phenyl), and 177.92 s (COOH); M8z (%, ion structure): 215
(61, M"), 170 (34, M — COOH), 147 (11), 124 (88, M—
PhCH), 103 (11), 91 (100, PhCH), 78 (21), 65 (16), and 51
(16).

In addition, the decarboxylated products 1-(1-phenethid-1
pyrrol-2-yl)propan-1-ol (9a) and 1-phenethyl-1H-pyrrole (12)
were characterized by GC-MS.

1-(1-Phenethyl-#-pyrrol-2-yl)propan-1-ol9a): MS mvz (%, "0 20 30 40
ion structure) 229 (22, M), 211 (23, M~ — H,0), 200 (46,

+ — _
I\P/Ihcw)eTgé),ulOSOZ é,lh(gbé,:;)@% 41(23%)(517631\?2 4)H29C1) (48 Figure 1. Total ion chromatograms of GC-MS analysis for the reactions
PRCH) B0 1), 77 (28) and 65 (20 oY E oy 2Eeen ) i penjaioe ), € 45

- -H- . 0, 1 ’
( 451 m‘;nigzy'(f'npygr;"g fzg'h('\:";)”’é%((/i’bg’”,\jfrf‘:;“ﬁ?é7l 4,5(E)-epoxy-2(E)-decenal (5b) with phenylalanine (6), and (D) 4,5(E)-
77 ’(10) ,65 (10) 5’3 (19) ,an d 51 ’(1 4) ' ' epoxy-2(E)-decenal (5b) with phenylalanine methyl ester (6M) after
’ . ' ) . . overnight incubation at 37 °C in acetonitrile—water (2:1). Structure for
Mi>c<;tlcj:r-2/|ssIfi\gl?rl)ésiio;Eo?/f/);()t/ﬁtlak?cgzll/:z;egr)llrlgﬁgltggrF;(ranag?c()BnC- the identiﬁed compounds are given either ?n Schemes 2 and 3 or in the
MS analysis for the reaction mixture of 4Eepoxy-2(E)- text. The internal standard [3(2)-nonenol] is marked IS.
heptenal (5a) and phenylalanin®) @fter overnight incubation
in acetonitrile-water (2:1) at 37C. In addition to the original identified by their mass spectra and retention times. Other major
aldehyde, the corresponding pyrrole derivatias9a, and12 products were a pyrrole derivative, which has been tentatively
were among the major reaction products and could be easilyidentified as 2-ethyl-1-phenethyHtpyrrole EP), the Strecker

Response

Time (min)
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Figure 2. Total ion chromatogram of GC-MS analysis for the reactions
of (A) 4,5(E)-epoxy-2(E)-heptenal (5a) with phenylalanine (6) and (B) 4,5-
(E)-epoxy-2(E)-decenal (5b) with phenylalanine (6) after overnight incuba-
tion at 37 °C in acetonitrile-water (2:1) and derivatization with cysteamine.
Thiazolidines of propanal, hexanal, and phenylalanine are marked 11aT,
11bT, and 14T, respectively. The internal standard [3(2)-nonenol] is marked
IS. Structures for other identified compounds are given either in Schemes
2 and 3 or in the text.

aldehyde phenylacetaldehyde (14), and 2,4-heptadiétia). (
These last two compounds were identified by comparison of
mass spectra and retention times with authentic standards.

Analogous products were also formed in £p€poxy-2(E)-
decenal/phenylalanine reaction mixturdsgre 1C). Thus,
compoundl2 was identical to the one obtained in the £5(
epoxy-2(B-heptenal/phenylalanine reaction mixtures, and com-
pound9b could be identified by analogy of its mass spectrum
to that of9a. The mass spectrum of 1-(1-phenethiiyrrol-
2-yl)hexan-1-ol (9b) wasn/z (%, ion structure) 271 (13, ¥},
253 (31, M" — H20), 210 (56, M — H,0 — propyl), 200 (56,
M+ — pentyl), 172 (26), 162 (14, M— H,O — PhCH), 118
(20), 106 (17), 105 (100, PhGBH,"), 104 (27), 103 (16), 91
(31, PhCH™), 80 (19), and 77 (21). In addition, the formation
of hexanal {1b), 2-pentylfuran PF), the Strecker aldehyde
phenylacetaldehyde (14), 2-octenal (OA), 2-pentylpyridine
(15b), 2,4-decadiena¥D), and a pyrrole derivative, which has
been tentatively identified as 2-pentyl-1-phenethyl-1H-pyrrole
(PP), could be identified.

The identification of compound8, 9, 11, and 12 in both
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Figure 3. Effect of pH on phenylacetaldehyde (14) formation in the reaction
between 4,5(E)-epoxy-2(E)-heptenal (5a) and phenylalanine (6). Samples
were incubated overnight in 0.3 M sodium citrate (pH 4-6), sodium
phosphate (pH 6-8), or sodium borate (pH 8—10) buffer and then extracted
with chloroform, and phenylacetaldehyde (14) was determined by GC-
MS. Phenylacetaldehyde/internal standard (14/IS) area ratios are given.
The IS was 3(2)-nonenol.

(24), 131 (29), 121 (23), 118 (45), 108 (32), 104 (33), 91 (100,
Ph CH™), 80 (26), 77 (35), and 65 (26).

3-Phenyl-2-pyrrol-1-ylpropionic acid methyl estéo): MS
m/z(%, ion structure) 229 (67, &), 170 (60, M" — CO,CHj),
168 (29), 162 (18), 138 (100, M— PhCH,), 131 (13), 110
(12), 103 (14), 91 (59, PhGHi), 78 (15), 77 (14), 65 (14), 59
(16), and 51 (12).

In addition, the pyrrole derivativEP and its analogous ester
(EPM) were also present. However, the phenylacetaldehidie (
was absent, therefore suggesting that the acid group is necessary
for its formation.

Analogous results were also obtained when the reaction of
4,5()-epoxy-2E)-decenal 5b) with phenylacetaldehyde methyl
ester 6) was studiedFigure 1D shows the total ion chromato-
gram of GC-MS analysis obtained for this reaction in aceto-
nitrile—water (2:1) after overnight incubation at 3C. The
corresponding N-substituted 2-(1-hydroxyalkyl)pyrrofé &énd
N-substituted pyrrole 10) were also major products of the
reaction and could be easily identified by their mass spectra.
The mass spectrum of 2-[2-(1-hydroxyhexyl)pyrrol-1-yl]-3-
phenylpropionic acid methyl estei7lfM) was m/z (%, ion
structure) 329 (17, M), 311 (41, M~ — H,0), 268 (51, M —

H.O — propyl), 258 (33, M — pentyl), 242 (17), 232 (17),
230 (100, M- — CgH110), 226 (48), 203 (22), 198 (64, 230

reactions confirmed that the reaction scheme indicated in Methanol), 170 (58), 162 (31), 151 (29), 131 (35), 121 (43),

Scheme 2was being produced. However, the presence of

104 (29), 103 (23), 91 (43, PhGH), 80 (29), and 68 (35).

Strecker aldehyde phenylacetaldehyde (14) suggested that Other compounds formed were hexanallf), pentylfuran

pyrrole formation was competing with other reaction(s) that
produced this aldehyde.

GC-MS Analysis of Epoxyalkenal/Phenylalanine Methyl
Ester Reaction Mixtures. To confirm that formation of
compoundl4 was not an artifact, the reactions of epoxyalkenals
5aand5b with phenylalanine methyl ester (6M) were studied.
Figure 1B shows the total ion chromatogram of GC-MS analysis
for the reaction mixture of 4,5)-epoxy-2E)-heptenal %a) and
phenylalanine methyl este6) after overnight incubation in
acetonitrile—water (2:1) at 37C. Because methyl esters are
not easily decarboxylated, the correspond@aand 12 were

absent. However, the expected N-substituted 2-(1-hydroxyalkyl)-

pyrrole (7) andN-substituted pyrrolel(0) were present, and they
could be easily identified by their mass spectra.
2-[2-(1-Hydroxypropyl)pyrrol-1-yl]-3-phenylpropionic acid
methyl ester TaM): MS m/z (%, ion structure) 287 (M, 29),
269 (49, M" — H,0), 258 (24, M — ethyl), 230 (75, M —
C3Hs0), 210 (22), 198 (75, 236- methanol), 170 (79), 168

(PF), and the pyrrole RP) and its analogous estePRM).
However, neither phenylacetaldehydet) nor 2-ethylpyridine
(15) was present, therefore confirming that the acid group is
necessary for the formation of these compounds.

Thiazolidine Derivatives of Aldehydes Produced in
Epoxyalkenal/Amino Acid Reaction Mixtures. To confirm
that phenylacetaldehyde (14) was produced &i3@nd not as
a consequence of the heating at the injection port of the
chromatograph, aldehydes produced in epoxyalkenal/phenyla-
lanine reaction mixtures were derivatized with cysteamine, and
the produced thiazolidines were determined by GC-Mgure
2A shows the total ion chromatogram of GC-MS analysis for
the reaction mixture of 4,K)-epoxy-2€)-heptenal %a) and
phenylalanine &) after overnight incubation in acetonitrite
water (2:1) at 37C and derivatization with cysteamine. Two
aldehydes were detected: propanaldT) and phenylacet-
aldehyde (14T). The former is produced as a byproduct of
N-substituted pyrrolelO formation (Scheme 2), and the ap-
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Figure 4. Effect of pH on browning development in the reaction between
4,5(E)-epoxy-2(E)-heptenal (5a) and phenylalanine (6). Samples were
incubated overnight in 0.3 M sodium citrate (pH 4-6), sodium phosphate
(pH 6-8), or sodium borate (pH 8-10) buffer and then extracted with

chloroform. Colors in (A) aqueous and (B) organic extracts were
determined spectrophotometically.

o

pearance of the latter confirmed its production at°& In
addition, 2-ethylpyridine (15a) was also identified in this
reaction.

Analogous results were obtained when EBépoxy-2(E)-
decenal (5b) was employeBigure 2B shows the total the total
ion chromatogram of GC-MS analysis for the reaction mixture
of 4,5(E)-epoxy-2(E)-decenal (5b) and phenylalani@gdfter
overnight incubation in acetonitritewater (2:1) at 37C and

Hidalgo and Zamora

Effect of pH on Phenylacetaldehyde Formation and
Browning Development in Epoxyalkenal/Phenylalanine Re-
action Mixtures. Phenylacetaldehyde (14) formation was pH-
dependent and was mainly produced at ptH¥6Figure 3 shows
the formation of phenylacetaldehyde as a function of pH. It
followed a Gaussian curve(= 0.92) with the center at pH
6.9. Its formation was not related to color development in these
reactions, which is believed to be a consequence of the
polymerization of N-substituted 2-(1-hydroxyalkyl)pyrrole (7)
and favorably produced under basic conditiori®,(22).
However, when epoxyalkenal/phenylalanine reaction mixtures
were extracted with chloroform, the effect of pH on reaction
browning was different for both aqueous and organic extracts
(Figure 4). Thus, although the main browning was observed in
the aqueous extract, which increased linearly=(0.994,p <
0.0001) between pH 5 and 10, the browning in the organic
extract followed a Gaussian curve? & 0.96) with the center
at pH 6.4. The similarity of this last curve with the curve of
phenylacetaldehyde formation (Figure 3), and their apparent
correlation (r= 0.92,p = 0.000 13), suggested a relationship
between the formation of phenylacetaldehyde and the browned
pigments extractable with chloroform.

DISCUSSION

Fats and oils are notorious for their role in the development
of off-flavors through autoxidation, and their mechanisms of
formation have been broadly studi&2B{-25). Thus, aldehydes
and ketones are the main volatiles from autoxidation, and these
compounds can cause painty, fatty, metallic, papery, and
candlelike flavors in foods when their concentrations are
sufficiently high. On the other hand, the pleasant flavors that
contribute to general nutty, meaty, roasted, burnt, floral, plant,
or caramel odors in processed foods have been traditionally
believed to be produced as a consequence of Maillard reactions

derivatization with cysteamine. This reaction produced the (25, 26).

corresponding aldehydELbT (hexanal, which is the aldehyde
produced fromn — 6 fatty acid oxidation) and the Strecker

The results obtained in this study suggest that this difference
among flavors produced as a consequence of either lipid

aldehyde phenylacetaldehyde (14T), therefore confirming the oxidation or Maillard reaction may be not so clear, and flavors

formation of this last aldehyde at 3T from lipid oxidation
products. In addition, 2-pentylfuran (PF) and 2-pentylpyridine

traditionally assigned to Maillard reactions may also be produced
as a consequence of lipid oxidation. This is the case of the

(15b) were also identified, analogously to the above-described Strecker-type degradation of amino acids that have been found

direct injection of 4,5€)-epoxy-2(E)-decenal/phenylalanine
reaction mixture.

to be produced by the lipid oxidation products 4,5-epoxy-2-
alkenals.

Scheme 3. Strecker-type Degradation of Phenylalanine Produced by 4,5-Epoxy-2-alkenals?
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aFor 5a, 13a, and 15a, R? = CH3CHy; for 5h, 13b, and 15h, R* = CH3(CH,)s. T is employed for the thiazolidines of the corresponding aldehydes.
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The mechanism of the reaction between epoxyalkenals and (10) Zamora, R.; Hidalgo, F. J. Coordinate contribution of lipid

amino acids leading to the formation of Stecker aldehydes is

suggested ischeme 3Analogously to the Strecker degradation
produced bya-dicarbonyl compounds, the imine is produced
in a first step. However, and in contrast to the evolution to the
pyrrole derivatives indicated ischeme 2, the imine decar-
boxylation and its later hydrolysis must produce the Strecker
aldehydel4. This mechanism is supported by the hydroxyl
amino derivative produced.d). This derivative should produce
2-ethylpyridine (15a) or 2-pentylpyridinel§b) when starting
from 4,5(E)-epoxy-2(E)-heptenal (5a) or 45{epoxy-2(E)-
decenal (5b), respectively. Both 2-ethylpyridin@5) and

2-pentylpyridine (15b) have been detected in these reactions,

oxidation and Maillard reaction to the nonenzymatic food
browning.Crit. Rev. Food Sci. Nutr2004,44, in press.

(11) Gardner, H. W.; Selke, E. Volatiles from thermal decomposition
of isomeric methyl (13,13S)-(E)-12,13-epoxy-9-hydroperoxy-
10-octadecenoatekipids 1984,19, 375—380.

(12) Frankel, E. N.; Neff, W. E.; Selke, E. Analysis of autoxidized
fats by gas chromatography—mass spectrometry: VII. Volatile
thermal decomposition products of pure hydroperoxides from
autoxidized and photosensitized methyl oleate, linoleate and
linolenate.Lipids 1981,16, 279—285.

(13) Grosch, W. Detection of potent odorants in foods by aroma
extract dilution analysistrends Food Sci. Techndl993,4, 68—

73.

and this may be one of the origins of the appearance of these (14) zamora, R.; Rios, J. J.; Hidalgo, F. J. Formation of volatile

compounds in foods (27—29). In addition, the hydroxyl amino
derivative produced (13) might also contribute, by polymeri-
zation, to the browning color that is extracted by chloroform.

All these data indicate that Strecker-type degradation of amino

acids is produced at 37C by some lipid oxidation products.

Although additional studies are needed to know if this reaction
is also produced by other lipid oxidation products and to fully
elucidate the real importance of these reactions in final food

pyrrole products from epoxyalkenal/protein reactiods.Sci.
Food Agric.1994,66, 543—546.

(15) Zamora, R.; Hidalgo, F. J. Linoleic acid oxidation in the presence
of amino compounds produces pyrroles by carbonyl amine
reactions Biochim. Biophys. Actd995,1258, 319—327.

(16) Yasuhara, A.; Kawada, K.; Shibamoto, T. Gas chromatographic/
mass spectrometric method for analysis of trace carbonyl
compounds in foods and beverag&sAgric. Food Cheml998
46, 2664—2670.

flavors produced during food processing and storage, the results (17) Hunter, R. SThe Measurement of Appearanégunter Associ-

obtained in this study constitute a new proof of the interrelations
between lipid oxidation and Maillard reaction, which are able
to produce common products, both volatigs described
above—and nonvolatile3Q), by analogous mechanisms and
starting from different reactants.

ates Laboratory: Fairfax, VA, 1973.

(18) Hidalgo, F. J.; Nogales, F.; Zamora, R. Effect of the pyrrole
polymerization mechanism on the antioxidative activity of
nonenzymatic browning reactionk. Agric. Food Chem2003,

51, 5703—5708.

(19) Hidalgo, F. J.; Zamora, R. Fluorescent pyrrole products from

carbonyl-amine reactiond. Biol. Chem.1993 268 16196~

ACKNOWLEDGMENT 16197.

(20) Zamora, R.; Hidalgo, F. J. Modification of lysine amino groups
by the lipid peroxidation product 4 Bj-epoxy-2(E)-heptenal.
Lipids 1994,29, 243—249.

(21) Zamora, R.; Hidalgo, F. J. Phosphatidylethanolamine modifica-

We are indebted to Dr. Jorge Ruiz, University of Extremadura,
for valuable discussions and to José L. Navarro for technical
assistance.

LITERATURE CITED

(1) Ho, C.-T. Thermal Generation of Maillard Aromas. Trhe
Maillard Reaction: Consequences for the Chemical and Life
Sciences; lkan, R., Ed.; John Wiley & Sons: Chichester, U.K.,
1996; pp 27-53.

(2) Yaylayan, V. A. Recent advances in the chemistry of Strecker
degradation and Amadori rearrangement: Implications to aroma
and color formationFood Sci. Technol. Re2003,9, 1-6.

(3) Estévez, M.; Morcuende, D.; Ventanas, S.; Cava, R. Analysis
of volatiles in meat from Iberian pigs and lean pigs after
refrigeration and cooking by using SPME-GC-M&. Agric.
Food Chem2003,51, 3429—3435.

(4) Di, R.; Kim, J.; Martin, M. N.; Leustek, T.; Jhoo, J.; Ho, C.-T;
Tumer, N. E. Enhancement of the primary flavor compound
methional in potato by increasing the level of soluble methionine.
J. Agric. Food Chem2003,51, 5695—5702.

(5) Maga, J. A. Pyrazines updatéood Rev. Int.1992,8, 479—
558.

(6) Serra-Bonvehi, J.; Ventura-Coll, F. Factors affecting the forma-

tion of alkylpyrazines during roasting treatment in natural and

alkalinized cocoa powded. Agric. Food Chen002 50, 3743-

3750.

Alasalvar, C.; Shahidi, F.; Cadwallader, K. R. Comparison of

natural and roasted Turkish tombul hazelmDb(ylus avellana

L.) volatiles and flavor by DHA/GC/MS and descriptive sensory

analysis.J. Agric. Food Chem2003,51, 5067—5072.

Fors, S. Sensory properties of volatile Maillard reaction products

(7

~

®)

tion by oxidative stress product 4EB¢epoxy-2E)-heptenal.
Chem. Res. ToxicoR003,16, 1632—1641.

(22) Hidalgo, F. J.; Zamora, R. Nonenzymatic browning and fluo-
rescence development in B)(4,5-epoxy-(E)-2-heptenal/lysine
model systemJ. Food Sci.1993,58, 667—670.

(23) Grosch, W. Lipid degradation products and flavour.Flsod
Flavours, Part A, Introduction; Morton, . D., Macleod, A. J.,
Eds.; Elsevier: Amsterdam, 1982; pp 325—398.

(24) Ho, C. T., Hartmann, T. G., Eddipids in Food Flaors;
American Chemical Society: Washington, DC, 1994.

(25) Lindsay, R. C. Flavors. Ifood Chemistry, 3rd ed.; Fennema,
0. R, Ed.; Marcel Dekker: New York, 1996; pp 72365.

(26) BeMiller, J. N.; Whistler, R. L. Carbohydrates. IRood
Chemistry, 3rd ed.; Fennema, O. R., Ed.; Marcel Dekker: New
York, 1996; pp 157—223.

(27) Schieberle, P. Odour-active compounds in moderately roasted
sesameFood Chem1996,55, 145—152.

(28) Kim, Y.-S.; Ho, C.-T. Formation of pentylpyridines in an oil
medium.J. Agric. Food Chem1998,46, 644—647.

(29) Fukami, K.; Ishiyama, S.; Yaguramaki, H.; Masuzawa, T.;
Nabeta, Y.; Endo, K.; Shimoda, M. Identification of distinctive
volatile compounds in fish saucé. Agric. Food Chem2002,

50, 5412—-5416.

(30) Hidalgo, F. J.; Alaiz, M.; Zamora, R. Effect of pH and
temperature on comparative nonenzymatic browning of proteins
by oxidized lipids and carbohydratek.Agric. Food Cheml999
47, 742—747.

Received for review July 7, 2004. Revised manuscript received August
20, 2004. Accepted September 5, 2004. This study was supported in
part by the European Union and the Plan Nacional de 14+ D of the
Ministerio de Educacion y Ciencia of Spain (Project AGL2003-02280).

JF048883R

and related compounds. Trhe Maillard Reaction in Foods and
Nutrition; Waller, G. R., Feather, M. S., Eds.; American
Chemical Society: Washington, DC, 1983; pp 185—286.

(9) Whitefield, F. B. Volatiles from interactions of Maillard reactions
and lipids.Crit. Rev. Food Sci. Nutr1992,31, 1-58.



