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The formation of short-chain carboxylic acids was studied in Maillard model systems (90 °C, pH
6—10) with emphasis on the role of oxygen and water. The total amount of acetic acid formed did not
depend on the reaction atmosphere. In the presence of labeled dioxygen or water (80,, H,70),
labeled oxygen was partially incorporated into acetic acid. Thermal treatment of 1-deoxy-p-erythro-
2,3-hexodiulose (1) and 3-deoxy-p-erythro-hexos-2-ulose in the presence of 17O-enriched water under
alkaline conditions led to acetic and formic acid, respectively, as indicated by 17O NMR spectroscopy.
The suggested mechanism involves an oxidative a-dicarbonyl cleavage leading to an intermediary
mixed acid anhydride that releases the acids, e.g., acetic and erythronic acid, from 1. Similarly, glyceric
and lactic acids were formed from 1-deoxy-3,4-hexodiuloses, corroborated by complementary
analytical techniques. This paper provides for the first time evidence for the direct formation of acids
from Ce-a-dicarbonyls by an oxidative mechanism and incorporation of a 1’OH group into the carboxylic
moiety. The experimental data obtained support the coexistence of at least two newly described
reaction mechanisms leading to carboxylic acids, i.e., (i) a hydrolytic -dicarbonyl cleavage as a
major pathway and (ii) an alternative minor pathway via oxidative a-dicarbonyl cleavage induced by
oxidizing species.

KEYWORDS: Maillard reaction; acetic acid; glyceric acid; oxidative a—dicarbonyl cleavage; hydrolytic
p—dicarbonyl cleavage; labeling studies

INTRODUCTION roasting (10), pressure cookingl), and through the Maillard

reaction cascade in the presence of amino adigdsl3). Ginz

The degradation of sugars to low molecular weight com- K o
pounds has been widely studied in aqueous alkaline solutions®d co-workers (10) reported some not expect& NMR

(1—5) and in the presence of aminés-@), basically resulting S|gna_ls of Iab_e_led acetic acid ob_tained _under rather drastic
in carboxylic acids (e.g., lactic, glycolic, formic, acetic, pyruvic, eaction conditions (240C, 15 min), which could not be
erythronic, threonic, and saccharinic acids) and carbonyl €Xplained by the hydrolytio-dicarbonyl cleavage mechanism.
compounds (e.g., methylglyoxal, acetol, reductones, and 2.3-Tressl and Rewicki (14) suggested a disproportionation process
butanedione). There are three main reaction mechanisms operatl© €xplain the formation of acetic acid by andicarbonyl
ing in most instances: (i) benzilic acid type rearrangement, (ji) cleavage of 1-deoxy-2,3-hexodiulose (1) “with, up to now,
retro-aldol cleavage, and (iii) splitting of dicarbonyl intermedi- Obscure mechanism”. Interestingly, none of the research groups
ates. While the first two mechanisms are well-understood and mentioned above has made an attempt to prove this hypothesis,
experimentally proven, sugar fragmentation wialicarbonyl for example, by identifying the corresponding carbonyl com-
splitting remains largely hypothetical. pound, i.e., erythrose, as the, Counterpart of acetic acid in
Considering the large number of citations in the literature, reaction systems based on glucose.
the hydrolytica-dicarbonyl cleavage mechanism seems to be  The splitting of 3-dicarbonyl sugars was first proposed by
well-established. It has repeatedly been employed to explain Hayami (15) as an alternative, and later confirmed by Weenen
the formation of acids (e.g., acetic and formic acids) from sugars (16), to explain the formation of acetol and glyceric acid from
or sugar intermediates under alkaline conditions9f,upon  pentose and hexose sugars. In general, this mechanism has rarely
been used in mechanistic studies, despite the fact that it occurs
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age as a major sugar degradation pathway. However, the GC-MS. Acetic Acid.The analyses were performed on a GC 6890A
experimental data have also indicated alternative mechanismscoupled to an MSD 5973 (both Agilent, Palo Alto, CA) using a DB-
pointing to oxidative sugar degradation yielding various car- Wax capillary column (30 mx 0.25 mm; film thickness, 0.2m;
boxylic acids. J&W Scientific, _Folsom, CA). The operatlng_co_ndltlons were as
This paper deals with the formation of short-chain carboxylic previously described for method 1 (17). Quantification was performed

ids th h Maillard . d i diti by stable isotope dilution assay (19) in the scan mode by measuring
acias throug alllard type reactions under cooking conditions. e mqecular ions of analyte and labeled internal standard. The naturally

An in-depth mechanistic study was performed to elucidate a occyrring percentage &1C (1.10%) was considered in the calculations.
minor pathway of acid formation and to clarify the validity of Trimethylsilyl (TMS) Detiatives of G-Aldonic Acids, Glyceric Acid,
the hydrolytic a-dicarbonyl cleavage hypothesis leading to and Lactic AcidThe analyses were performed on a GC 6890A coupled

carboxylic acids. to an MSD 5973 (both Agilent) using a HP-PONA capillary column
(50 m x 0.20 mm; film thickness, 0.5@m; Agilent). The operating
MATERIALS AND METHODS conditions were as previously described for method 2 (17).

) ] ] ) HPAEC. This was performed on a Dionex ion chromatography
Materials. The following chemicals of analytical grade were system (DX-500, Dionex, Sunnyvale, CA) composed of an autosampler

commercially available: glycina-(+)-glucose-threonic acid (hemi- (model AS-50 with a 25L sample loop), a gradient pump (model
calcium salt),o-erythronic acidy-lactone, N,N-dimethylformamide,  Gp-50) with on-line degas, and an electrochemical detector (model ED-
1-(trimethylsilyl)-1H-imidazole, N,O-bis(trimethylsilyl)trifluoroace- 40) as described in refl with some modifications.

tamide, lactic acidi-glyceric acid (hemicalcium salt), methoxamine
hydrochloride, and ammonium formate (Fluka/Aldrich, Buchs, Swit-
zerland); monosodium dihydrogenphosphate, disodium monohydro- , 4 .\ i.d.) and a CarboPac PA1 guard column (50 mnd mm
genphosphate, and phosphoric acid (85%) (Merck, Darmstadt, Ger'i.d.) (Dionex). The eluents used were water (A) and NaOH (300 mmol/
[nany); acetonigrile (Mlallinckrodt Baker, Dev§nter, Holland)}{3- L, B) with the following gradient: 6-35 min, 0-100% B. Each
-[6- 0, - 0, . . .

1%]_%22():(3; ﬁ%z))%c[)’ﬁ_gﬁiglu:&sg ((fg ‘)//;)_)grfrli(,:iegz]g:‘%cgsg 88 0//‘0’) analytical cycle was followed by cleaning and a regeneration phase of

: : ' ) ! Do the column with NaOH (300 mmol/L, 15 min) and equilibration of the
enrlqhed)_ (Cambrldgg Isqtope Laboratories, Andover, MA); [2/Rid- column using the initial gradient conditions (10 min). The flow rate
acetic acid (Isotec, Mlam|sbu_rg, OH); 3-d_eom5erythr0hexo_s-2-uIose _,_was 1 mL/min. Erythronic acid (R 18.9 min) and threonic acid
(2) (Toronto Research Chemicals, Ontario, Canada); sodium hydroxide (RT = 19.5 min) were quantified with an electron capture detector
(NaOH) 46-48% solution (Fisher Scientific, Pittsburgh, PA); ultrapure (ECD) equipped with a gold working electrode. The electrode pulse
deionized water (specific resistivity 18.2 MQ-cm, Milli-Q-system, potentials were as follows: E% 0.1 V, 0-400 ms: E2= —2.0 V/
MiII_ipore, Bedford, MA); argon (99.998% pyrity) (Carbagas, Lause_\nne, 410—420 ms: E3= 0.6 V, 430 ms: and E4 —01 V 440-500 mé.
Switzerland). l-D_eox;p—erythro-2,3-hexod|ulose (1) was synthesized Quantification was based on calibration curves by comparing the peak
as recently _descrlbed (18). ) ) area with that of standard solutions containing known amounts of pure

Degradation of Glucose.A solution of glycine (0.3 mmol) and o mpounds. Each sample was injected twice. The solutions and eluents
glucose (0.3 mmol) in phosphate buffer (3 mL, 0.2 mol/L, pH 8) was \yere prepared using ultrapure deionized water (specific resistivity
placed in a flask (10 mL) under argon. The solution was degassed by 1g > Mo cm). NaOH solutions used as eluents were prepared by
three cycles of vacuum and argon. Finally, the solution was bubbled diluting a carbonate free 50—52% (w/w) NaOH solution in water
with argon (10 min) and heated in a silicone bath (@015 h). Similar previously degassed with helium gas.
experiments were performed replacing argon'¥y-dioxygen or air NMR Spectroscopy.i’0 NMR spectra were recorded on a Bruker

and water by 180-enriched water (10%). All experiments were DPX-360 spectrometer, equipped with a 5 mm BBf@d probe head
performed at atmospheric pressure. Each sample was prepared at Iea%tperating at 48.82 MHz (18). The instrumental setting was as follows:
in dupllcgt_e. _ _ _ i spectral width, 100 kHz; 8K data points; 90ulse angle; 9.90s; 200
Quantification of G-Aldonic Acids After the reaction was cooled o acquisition delay: 41 ms acquisition time; and 766080000 scans
to room temperature (RT), an aliquot of the reaction mixture (0.1 mL) - \yere required. The spectra were recorded with sample spinning, without
was diluted 10 times with water and directly analyzed by high- |5 ot RT. The pulse sequence was P1°J9B2 (90°), and P3 (9V.
performance anion exchange chromatography (HPAEC). Each sampleqye gignal-to-noise ratio was improved by applying a 20 Hz exponential
was injected twice. . broadening factor to the FID (free induction decay) prior to the Fourier
Quantification of Acetic Acid by Stable Isotope Dilution Assay (19). ransformation. Samples obtained from model reactions were diluted
An aliquot of the reaction mixture (0.3 mL) was spiked with a defined  »( times with nonlabeled water prior ¥ NMR spectroscopy. Water

amount of fHsJacetic acid in water (60@g), acidified to pH 3 with was used as a reference for calibrating the chemical sh@itq0 ppm).
phosphoric acid (85%), and immediately extracted with diethyl ether

(2 mL, 1 min). The extract was dried over anhydrous sodium sulfate
and analyzed by gas chromatograpimass spectrometry (GC-MS). RESULTS AND DISCUSSION

Each sample was injected twice. An independent experiment with - )
unlabeled acetic acid artdO-enriched water confirmed that under the As recently reported (17), thermal degradation of 2.4

conditions used in this study, there was no exchange between aceticpen_tam':‘dIone (12€C, pH 6_:!'0’ ”F,’ to 4 h) resulted in a_lmOSt
acid and®®0-enriched water. equimolar amounts of acetic acid and acetone, which was
Identification of G-Aldonic Acids, Glyceric Acid, and Lactic Acid. e)_(pl_alned_ by a hydrolytl(ﬁ-dlcarbonyl Cleava_lge_ mechanlsm.
An aliquot of the reaction mixtures (0.2 mL) was freeze-dried, and the Similar trials with 2,3-pentanedione led to significantly lower
residue was dissolved in a mixture of acetonitrile ah#i-dimethyl- but still nearly equimolar amounts of acetic acid and propanoic
formamide (0.2 mL, 1:1, v/v)N-(Trimethylsilyl)imidazole (0.15 mL) acid. It was assumed that this minor degradation pathway might
and N,O-bis(trimethylsily|)trifluoroacetamide (0.15 mL) were added, proceed via an oxidativer-dicarbonyl cleavage mechanism
and the mixture was treated in an ultrasonic bath (10 s). Finally, the (Figure 1A) as no acetaldehyde or propionaldehyde was
mixture was heated (78C, 10 min) and analyzed by GC-MS (20).  getected, which would have supported a hydrolytic mechanism.
Samples for'’'O NMR ExperimentsA solution of glycine (0.35 In analogy, an oxidative-dicarbonyl cleavage of 1-deoxy-

mmol) andp-glucose, 3-deoxy-erythro-hexos-2-ulosed), or 1-deoxy- 5. . . .
p-erythro-2,3-hexodiulose (1), each 0.35 mmolti@-enriched water erythro 2.’3 hgxod_lulose (1) should lead to acetic acid and
erythronic acid (Figure 1B).

(10%, 3.5 mL) was adjusted to pH 10 with NaOH in a flask (10 mL) o )
and thermally treated in a silicone bath (90 C, 3 h). After the reaction ~ Role of Molecular Oxygen.To evaluate the validity of this
was cooled to RT, an aliquot of the reaction mixture (0.7 mL) was hypothesis, specifically designed experiments were performed
directly analyzed by’O NMR spectroscopy (18). to study the formation of acetic acid from glucose heated in

Analysis of Erythronic and Threonic Acid.he separation was
accomplished on a CarboPac PA1 anion exchange column (250 mm
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Figure 1. Schematic presentation of the formation of (A) acetic acid and
propanoic acid from 2,3-pentanedione and (B) acetic acid and erythronic
acid from 1-deoxy-p-erythro-2,3-hexodiulose (1) by an oxidative o-dicar-
bonyl cleavage pathway.

Table 1. Formation of Acetic Acid from Glucose Heated in the
Presence of Glycine under Air, Argon, and 180-Dioxygen

concentration of acetic acid (mmol/L)?

reaction systems?@ nonlabeled labeled total
D-glucose/glycine/argon 305+£04 0 305+04
D-glucose/glycine/air 323+33 0 323+33
p-glucose/glycine/*80, 229+0.3¢ 10.6 £0.2¢ 335+05

2 Glycine (0.3 mmol) and p-glucose (0.3 mmol) were reacted (15 h, 90 °C) in
a phosphate buffer (3 mL, 0.2 mol/L, pH 8) at atmospheric pressure. ? The data
obtained by GC-MS showed variation coefficients of <10%. ¢ MS data of acetic
acid isotopomers as miz (%): 43 (100), 45 (95), 47 (45), 60 ([*°0-M]*, 50), 62
([*80-MJ*, 35).

the presence of glycine (15 h, 9C, pH 8) under air, argon,
and!80-dioxygen. As shown ifTable 1, independently of the
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Figure 2. HPAEC-PAD chromatogram of a model reaction system
containing glucose and glycine heated in the presence of 180-dioxygen
(90 °C, 15 h, pH 8) showing erythronic and threonic acid as reaction
products.

threonic acids formed from-glucose undet®O-dioxygen or
from selected®C-labeled glucose isotopomers under air are
listed inTable 2. Only unlabeled Galdonic acids were formed
from the [1,213C;]glucose isotopomer, as indicated imjz 409.

On the other hand, the [BC]glucose and [6°C]glucose
isotopomers formed only singly labeled-@ldonic acids (m/z
410). The [3!C]glucose isotopomer formed erythronic and
threonic acids labeled at the carboxyl group (C-1 atom). This
is in agreement with the ions ai/z221 andm/z293, both of
them containing the C-1 carbon atom, which were formed by a
McLafferty type rearrangement involvingjahydrogen atom
and theS-TMS group, respectively2@). The [62°C]glucose
isotopomer formed erythronic and threonic acids labeled at the
terminal hydroxymethyl group, as indicated by the ionrdz
206 representing vicinal diol end groups. In the presence of
180-dioxygen, glucose formed both unlabeled a#d-labeled
erythronic and threonic acids (m409, 411). The ions an/z

222 and 294 clearly indicate th#0 was incorporated into the
carboxyl group of both acids. The ratio between labeled and
unlabeled aldonic acids was 1/3 to 2/3, respectively. Only traces
of lactones corresponding to the aldonic acids were found by
the silylation method (data not shown). Contrary to acetic acid,

atmosphere in which the reaction was carried out, the total the total concentration of the twa,@ldonic acids was depend-
amount of acetic acid formed was about 32 mol %. Interestingly, ent on the atmosphere in which the reaction was performed and

the MS spectrum of acetic acid formed in the presencé@f
dioxygen contained the ionsiez 60 andm/z 62, corresponding
to the molecular ions of unlabeled and madfi@-labeled acetic

reached about 0.7, 2.2, and 5.1 mmol/L under argon, air, and
180-dioxygen, respectively. This may be due to preferred sugar
degradation bys-dicarbonyl cleavage, which does not release

acid, respectively. The MS data clearly indicated that only one aldonic acids.

180 atom was incorporated into acetic acid. The concentration

Mechanism of the Oxidativea-Dicarbonyl Cleavage.The

of 180-labeled acetic acid was about half of that of nonlabeled formation of short-chain carboxylic and aldonic acids was

acetic acid.
Following the hypothesis of an oxidative-dicarbonyl

further studied by’O NMR in model systems containing
glucose or G-deoxywo-dicarbonyl intermediates. Glucose/

cleavage pathway, £aldonic acids were expected as counter- glycine, 1-deoxys-erythro-2,3-hexodiulose (1), or 3-deoxy-

parts of acetic acid formed from glucose. Indeed, erythronic erythro-hexos-2-ulose2j was reacted in an aqueous solution,
acid has been reported as a sugar degradation product, howeveysing 10%!’O-enriched water, under alkaline conditions (pH
always under oxidative alkaline conditions, e.g., from cellobiose 10) at 90°C for 180 min. Alkaline pH conditions were chosen

(22) and pentose sugarg)( The latter authors also found

to minimize oxygen exchange between water and acids. To

threonic, glyceric, glycolic, and formic acids. Moreover, Ishizu confirm this assumption, unlabeled acetic acid was heated under
et al. (23) found glucosaccharinic acids and erythronic acid as the same experimental conditions (80, 180 min, pH 10) in

degradation products df in an aqueous alkaline solution at

RT in the presence of air.

10% 7O-enriched water. No oxygen exchange between acetic
acid andt’O-enriched water could be observed by GC-MS (data

HPAEC-ECD analysis (Figure 2) indicated several peaks of not shown) under the experimental conditions used, thus

which two could be attributed to&aldonic acids, the expected

confirming the validity of the results presented below.

counterpart of acetic acid formed from glucose. The presence The corresponding’O NMR spectra are shown Figure 3,
of erythronic and threonic acids was verified by the reference indicating various compounds witHO incorporated. Thanks

compounds, thus supporting the oxidativelicarbonyl cleavage

to 170 enrichment, the spectra were relatively clear despite the

hypothesis. An unequivocal identification of erythronic and complex composition of the well-colored sample. The observed
threonic acid was achieved by GC-MS after TMS derivatization. signals corresponded only to oxygen originating frér-
Mass spectral data of the TMS derivatives of erythronic and enriched water, which provided a direct insight into the
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Table 2. Characteristic Mass Spectra (MS) Fragments of TMS Derivatives? of Erythronic (E-OH) and Threonic (T-OH) Acid Formed from Glucose
and Selected 13C-Labeled Glucose Isotopomers under Air or 20-Dioxygen

C‘OOTMS

CH,OTMS

mass spectra data, m/z (%)°

reaction systems? M —15]* [M =15 - TMSOHJ* [a+TmS]H [a+H]*d [o]*
[1,2-13C;]glucose/glycine/air E-OH: 409 (2) 319(2) 292 (62) 220 (29) 205 (27)
T-OH:  409(2) 319 (2) 292 (51) 220 (25) 205 (21)
[3-13C]glucose/glycine/air E-OH: 410 (2) 320 (4) 293 (74) 221 (40) 205 (31)
T-OH: 410 (1) 320 (6) 293 (48) 221(22) 205 (23)
[6-13C]glucose/glycine/air E-OH: 410 (2) 320 (2) 292 (65) 220 (31) 206 (22)
T-OH: 410 (2) 320 (5) 292 (56) 220 (28) 206 (15)
p-glucose/glycine/'80, E-OH: 411 (1) 409 (1) 321 (1) 319(2) 294 (29) 292 (48) 222 (12) 220 (24) 205 (29)
T-OH: 411(1) 409 (1) 321(2) 319 (4) 294 (17) 292 (46) 222 (8) 220 (24) 205 (24)

aThe carboxylic group (C-1) of the Cy-aldonic acid TMS derivatives corresponds to the C-3 of glucose. © Glycine (0.3 mmol) and p-glucose or various 13C-labeled
glucose isotopomers (0.3 mmol) were reacted in a phosphate buffer (3 mL, 0.2 mol/L, pH 8; 15 h, 90 °C). ¢ Only major and characteristic ions are shown. Characteristic
signals marked in bold are discussed in the text. ¢ McLafferty rearrangement products.

HCOOH AcOH glycine and glucose (96C, 15 h, pH 6) in water undefO,
ll C.-Aldoric acids ? resulted in a mixture of unlabeled and mot¥®-labeled acetic
l acid, as indicated by the molecular ionsnatz 60 ([*60-M]*)
and m/z 62 ([*¥0-M] ): m/z 43 (100), 45 (95), 47 (40), 60
(70), and 62 (35), thus suggesting the incorporation of one
oxygen atom into acetic acid. On the other side, reacting glycine
and glucose if%0-enriched water undéPO, also gave rise to
L) a mixture of unlabeled and moriéo-labeled acetic acid. Thus,
~“"""J..A(1) independently of the reaction conditions, only monooxygen-
W M labeled acetic acid was found in this study, suggesting the

incorporation of only oné®0 atom into acetic acid.

C (Glucose)

350 300 250 200 These data confirmed the necessity of molecular oxygen to
4(ppm) initiate the oxidativeo-dicarbonyl cleavage mechanism. The
Figure 3. 70 NMR spectra obtained by heating (90 °C, 180 min, pH 10) experimental findings can be explained by the hypothetical
in "O-enriched water: (A) 1-deoxy-p-erythro-2,3-hexodiulose (1), (B) mechanism shown iffigure 4. Depending on the attack of
3-deoxy-D-erythro-hexos-2-ulose (2), and (C) glucose with glycine. HCOOH, dioxygen at the C-3 or C-2 carbonyl group &f the two
formic acid; AcOH, acetic acid. alkoxyradicals3a and3b can be assumed, both containit$@

isotopes. Single electron transfer reactions may then lead to the
degradation mechanism. Signals were neither detected in thecorresponding hydroperoxide aniofsand4b, which rearrange
Carbonyl range-f545 to+625 ppm) nor in the alcohol range to a mixed acid anhydr|d§. The result of this BaeyeNiIIiger
(—50 to +70 ppm). These data indicate th#O did not  type rearrangementis an asymmetric acid anhydBjibearing
exchange with the initial functional groups of the starting ©ne'®O atom, while the seconfO atom of molecular oxygen
materials and that the oxygen from water was not incorporated IS released as a hydroxyl anion. Hydrolysis of the monooxygen-

into the alcohol or carbonyl groups. labeled acid anhydrid& in the presence of unlabeled water
Spiking experiments with acetic acid revealed the signal at should give rise to a mixture of unlabeled and monooxygen-

5 282 ppm ad’O-labeled acetic acid generated frarimn sample ~ labeled acetic acid and unlabeled and monooxygen-labejed C

A (18). Similarly, the signal ab 289 ppm in sample B could  aldonic acids.

be confirmed as formic acid formed by decomposition2of The mechanism is in good agreement with the experimental

Both signals were also observed in sample C obtained by data obtained. This dioxygen-triggered degradation pathway
glycine-induced degradation of glucose under the same reactionexplains well (i) thet’O NMR signals obtained with, (ii) the
conditions. Additional signals were found, e.g.0a265 ppm, labeling pattern of the TMS derivatives of erythronic and
which may correspond to aldonic acids, as suggested by thethreonic acids, and (jii) the formation of acetic and propanoic
data reported iffable 2. Spiking experiments with aldonic acids ~ acids from 2,3-pentanedione. The fact that only one labeled
showed only weak’0 NMR signals (data not shown); however, 0xygen atom was found in acetic acid, while the other oxygen
their presence was already confirmed by HPAER(re 2) atom originated from the sugar, indirectly proves the mechanism
and GC-MS after TMS derivatizatioTéble 2). On the other ~ proposed. However, this mechanism is most likely a minor
hand, thé’0O NMR data provided unequivocal evidence for the pathway, as compared to the hydrolyiaicarbonyl cleavage,
incorporation of oxygen from water into the Maillard reaction leading to acetic acid and carbonyl type sugar degradation
products acetic and formic acid, which were at least partially products.
labeled. Formation of Other Acids. The silylation experiments also
The role of molecular oxygen and water was further studied revealed the presence of small amounts of lactic and glycolic
by GC-MS using!80, and/or 180-enriched water. Heating  acids (data not shown), which have previously been reported
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Figure 4. Hypothetical mechanism explaining the formation of acetic acid and C4-aldonic acids by decomposition of 1-deoxy-2,3-hexodiulose (1). Key:
a, incorporation of molecular oxygen; b, single electron transfer reaction; c, Baeyer-Villiger type rearrangement; and d, hydrolysis. An asterisk indicates
labeling with 170 or 180 from O-enriched water and 80,, respectively.

Table 3. Characteristic Mass Spectra (MS) Fragments of TMS Derivatives? of Glyceric Acid Formed from Glucose and Selected 1°C-Labeled
Glucose Isotopomers under Air or 80-Dioxygen

?OOTMS
ai__QHOTMS e
CH,0TMS b
characteristic fragments, m/z (%)°
reaction systems? M —15]* [a+ TmS]* [ [M—15-118]*¢ [c+H-OTMS]* [o]*
[1,2-33C;]glucose/ glycinefair 307 (5) 292 (39) 205 (16) 189 (40) 117 (9) 103 (18)
[3-13C]glucose/glycine/air 307 (7) 292 (45) 205 (19) 189 (55) 117 (13) 103 (21)
[6-13C]glucose/glycine/air 308 (6) 292 (40) 206 (17) 190 (48) 118 (9) 104 (18)
p-glucose/glycine/*80, 309 (3) 307 (6) 294 (18) 292 (40) 205 (18) 189 (55) 117 (13) 103 (22)

aThe carboxylic group (C-1) of the glyceric acid TMS derivatives corresponds to the C-4 of glucose. ? Glycine (0.3 mmol) and p-glucose or various 13C-labeled glucose
isotopomers (0.3 mmol) were reacted in a phosphate buffer (3 mL, 0.2 mol/L, pH 8; 15 h, 90 °C). ¢Only major and characteristic ions are shown. Characteristic signals
marked in bold are discussed in the text. ¢ McLafferty rearrangement products. € Most probably formed from fragment [M — 15]* by elimination of CO and TMSOH (24).

(20). In addition, glyceric acid was identified in our samples, from vicinal diol end groups. Only unlabeled glyceric acid was
the relative amounts of which were comparable to those,of C formed from the [1,24C;]glucose and [3<C]glucose isoto-
acids based on peak areas. The formation of glyceric acid haspomers. Thus, glyceric acid was exclusively formed from C-4,
been suggested to proceed \facleavage of 1-deoxy-2,4- C-5, and C-6 atoms of glucose (Table 3). Similarly to the
hexodiulose 15, 16). However, it may also be generated by formation of acetic acid and4£&aldonic acids, the levels of lactic
oxidative a-dicarbonyl cleavage, as indicated by our experi- acid were much lower than those of glyceric acid (data not
mental data. Both unlabeled aHi®-labeled glyceric acids were  shown). A small part of lactic acid (about 20%) Wé&®-labeled.
formed in the presence &fO-dioxygen (Table 3). The ion at

m/z 294, formed by a McLafferty type rearrangement involving  \/ecHANISTIC CONSIDERATIONS

the 5-TMS group, clearly indicated thaBO was incorporated

into the carboxyl group. The ratio between labeled and unlabeled The experimental data shown in this study and in our previous
glyceric acid was 1/3 to 2/3, respectively. Thelf&]glucose paper (17) suggest at least two competing pathways leading to
isotopomer formed glyceric acid labeled at the terminal hy- short chain acids in the course of the Maillard reaction cascade,
droxymethyl group, as indicated by the ionratz 206 formed i.e., (i) a minor oxidativen-dicarbonyl splitting and (ii) a major
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Figure 5. Alternative hypothetical mechanism for the formation of acetic CH,OH
acid and C,-aldonic acids (R = CHOH-CHOH-H,0H) through oxidation s Glyceric acid
by hydroperoxides. For an explanation, see the text. An asterisk indicates H-g:gH A2 CH,
labeling with 180-labeled oxygen from 0,. Ieo =, +  H=G-OH
]
hydrolytic 8-dicarbonyl cleavage. The minor oxidative pathway ”'E;Z: La;zz:id

combines an @sensitive oxidation step ofi-dicarbonyls 2
leading to alkoxyradicals (25) with a base-catalyzed Baeyer— 1-Deoxy-3,4-hexodiulose
Villiger reaction of hydroperoxide anions (26), giving rise to a Figure 6. Scheme summarizing possible pathways of sugar fragmentation
monolabeled mixed acid anhydride as the key intermediate. Thevia 1-deoxyhexodiuloses. A1 and A2, oxidative o-dicarbonyl cleavage;
oxidizing species may be molecular oxygen activated by B1and B2, hydrolytic S-dicarbonyl cleavage by nucleophilic attack of OH-
melanoidins as sensitizers (photooxidation) or other oxidizing at the C-2 and C-4 carbonyl groups, respectively.
agents (e.g., hydroperoxides) derived via concomitant autoxi-
dation of glucose catalyzed by traces of transition metals. A intermediates described by Biemel et @9). Furthermore, the
similar direct oxidative cleavage afdicarbonyls with peroxides  relative amounts obtained and the labeling studies usi@g
(KHSGOs) has recently been reported in preparative organic labeled sugarsi®O-dioxygen, and/ot’O-enriched water con-
synthesisZ7), involving the intermediacy of peroxyhemiacetals, firmed the validity of this pathway.
which upon BaeyetVilliger type rearrangements give rise to The oxidativea-dicarbonyl cleavage suggested in this paper
an anhydride and finally to the carboxylic acid function. is in contradiction to the hydrolytie-dicarbonyl mechanism

Alternatively, the reaction may proceed via epoxiperoxide frequently reported in the literature (9;-13). To the best of
type intermediatesFigure 5). Depending on the carbonyl at our knowledge, however, there are no experimental data
which the attack of the hydroperoxide takes place, two ep- published in the Maillard literature proving its validity. In
oxiperoxides (6aand 6b) can be formed, which react to the general, 1,2-dicarbonyl compounds can undergo base-catalyzed
mixed anhydrides’a and 7b, respectively. The electrophilic  reactions in three ways: (i) benzilic acid type rearrangements,
power generated by potential heterolysis of the oxygetygen (i) fission of the carbon bond in the-position to the dicarbonyl
bond is the probable driving force for the peroxide cleavage unit, and (iii) cleavage of the 1,2-dicarbonyl bon80( 31).
(28). Hydrolysis of7 gives rise to acids, which is also well in  Electronic and stereochemical factors seem to play an important
line with the labeling results obtained witfO,. The difference role. Moderately electron-withdrawing substituents facilitate the
between both pathways lies in the labeling position of the benzilic acid type rearrangement, which is by far the most often
intermediate, i.e., anhydride oxygen (Figure 4) and carbonyl observed reaction taking place under alkaline conditions. Only
oxygen (Figure 5). Thus, it is suggested that acid formation fused bicyclo 1,2-dicarbonyl systems having a high degree of
from a-dicarbonyls in the Maillard reaction goes via an ring strain tend to react via base-catalyzed riagd{carbonyl)
oxidative mechanism, involving a Baey&Villiger type rear- fission to form an acid and carbonyl function, most likely
rangement and/or a peroxide cleavage of an epoxiperoxide typebecause the stereochemical demands for a migration are not
intermediate. In general, this type of reaction mechanisms is given to favor the benzilic acid type rearrangement. Overall,
proposed for the first time in the context of the Maillard reaction there is no indication in the organic chemistry literature for a
cascade. However, the postulated intermediates, i.e., mixed acidacile hydrolytico-dicarbonyl cleavage that might be expected
anhydrides and epoxiperoxides, remain hypothetical for the time to occur in the Maillard reaction cascade. Therefore, the
being. frequently reported hydrolytia-dicarbonyl cleavage of can

In agreement with that, the reactions Al and AXy(re 6) be ruled out as a pathway forming carboxylic acids under the
resulted in acetic and erythronic acids as well as glyceric and conditions used in this work (diluted aqueous solutions; 90
lactic acids, respectively. All four acids have unequivocally been 120°C, pH 6-10). Additional work is required simulating dry-
identified in this study, thus corroborating the hypothesis of the roasting conditions to be able to generalize this statement.
oxidative a-dicarbonyls cleavage. A facile isomerization of The thermally induced formation of acetic acid from alkaline
1-deoxy-2,3-hexodiulose to 1-deoxy-2,4-hexodiulose can be sugar solutions has been described in the pres&2e(d also
expected due to the well-known carbonyl mobility in Maillard the absence (33) of oxygen. Indeed, we found independently
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of the reaction atmosphere about-Z&B mol % acetic acid
generated from glucose at pH 8 (Table 1), of which only 1/3
was formed by the oxidative reaction pathway. Specially

designed experiments using model compounds (e.g., 2,3- and

2,4-pentandedione,gtleoxy-a-dicarbonyl intermediates) con-
firmed our hypothesis of the hydrolytje-dicarbonyl cleavage
as the major pathway (B1 iRigure 6) generating acetic acid
(17) and the oxidativen-dicarbonyl cleavage as the minor
pathway (A1l inFigure 6). Similarly, both unlabeled antO-
labeled glyceric acids were formed in the presencé®ek
dioxygen (Table 3) with a ratio of 1/3 to 2/3 between labeled

and unlabeled glyceric acid. These data indicate that glyceric
acid can also be generated by both pathways, with the hydrolytic

p-elimination of 1-deoxy-2,4-hexodiulose being the dominating
mechanism (B2 irrigure 6). However, the minor pathway via
oxidativea-dicarbonyl cleavage of 1-deoxy-3,4-hexodiulose (A2
in Figure 6) induced by oxidizing species also contributes to
the formation of this Maillard reaction product.

The data reported in this study provide strong evidence for

J. Agric. Food Chem., Vol. 54, No. 18, 2006 6683

(3) Pigman, W.; Anet, E. F. L. J. Mutarotations and actions of acids
and bases. lithe Carbohydrates€hemistry and Biochemistry,
2nd ed.; Pigman, W., Horton, D., Eds.; Academic Press: New
York, 1972; Vol. 1, pp 165—194.

(4) Feather, M. S.; Harris, J. F. Dehydration reactions of carbohy-
drates.Adv. Carbohydr. Chenl 973,28, 161—224.

(5) de Bruijn, J. M.; Kieboom, A. P. G.; van Bekkum, H. Alkaline
degradation of monosaccharides. VII. A mechanistic picture.
Starch1987,39, 23-28.

(6) Hodge, J. E. Dehydrated foods. Chemistry of browning reactions
in model systems]. Agric. Food Chem1953,1, 928—943.

(7) Hayashi, T.; Namiki, M. Role of sugar fragmentation in the
Maillard reaction. InAmino-Carbonyl Reactions in Food and
Biological Systems; Fujimaki, M., Namiki, M., Kato, H., Eds.;
Elsevier: Amsterdam, 1986; pp 29—38.

(8) Ledl, F.; Schleicher, E. New aspects of the Maillard reaction in
foods and in the human bodgngew. Chem., Int. Engl. EA99Q
29, 565—594.

(9) de Bruijn, J. M.; Kieboom, A. P. G.; van Bekkum, H. Reactions
of monosaccharides in aqueous alkaline solutiSagar Technol.
Rev.1986,13, 21-52.

the coexistence of at least two newly described reaction (10) Ginz, M.; Balzer, H. H.; Bradbury, A. G. W.; Maier, H. G.

pathways (Figure 6) generating acetic and glyceric acids from
hexose sugars. The oxidatisedicarbonyl cleavage mechanism

requires oxidizing species and goes via the intermediates
1-deoxy-2,3-hexodiulose and 1-deoxy-3,4-hexodiulose, resulting

in acetic and G-aldonic acids (pathway Al) and glyceric and
lactic acid (pathway A2), respectively. An alternative major
pathway to acetic (glyceric) acid consists of a hydrolytic

p-dicarbonyl cleavage mechanism by a nucleophilic attack of

the hydroxyl ion at the C-2 (C-4) carbonyl group of 1-deoxy-
2,4-hexodiulose leading to acetic (glyceric) acid by a retro-
Claisen typeS-cleavage reaction (pathways B1 and B2). The
corresponding ¢(Cs) carbonyl counterparts could be identified.

In general, the formation of acetic acid represents a major
pathway in sugar degradation and is thought to contribute much

to the mass balance in Maillard samples.
In conclusion, our study indicates the multitude of possible

reactions that may lead to sugar degradation products upon

Maillard type reactions. It also shows the role of oxygen and
water, which actively participate in the Maillard reaction

cascade. The elucidation of the new pathways was possible
thanks to the use of independent and complementary approaches

(GC-MS, 0 NMR, and HPAEC) and analyzing both volatile

and nonvolatile species, if required after appropriate derivati-
zation. Also, the use of specific intermediates and labeled

Formation of aliphatic acids by carbohydrate degradation during
roasting of coffeeEur. Food Technol2000,211, 404—410.

(11) Kim, M.-O.; Baltes, W. On the role of 2,3-dihydro-3,5-

dihydroxy-6-methyl-4(H)-pyran-4-one in the Maillard reaction.
J. Agric. Food Chem1996,44, 282—289.

(12) Brands, C. M. J.; van Boekel, M. A. J. S. Reaction of

monosaccharides during heating of sugar-casein system: Build-
ing of a reaction network model. Agric. Food Chem2001,
49, 4667—4675.

(13) Martins, S. I. F. S.; van Boekel, M. A. J. S. Kinetics modeling

of AmadoriN-(1-deoxyp-fructos-1-yl)-glycine degradation path-
ways. Part [—Reaction mechanis@arbohydr. Res2003,338,
1651—-1663.

(14) Tressl, R.; Rewicki, D. Heat generated flavors and precursors.

In Flavor Chemistry: Thirty Years of Progres$eranishi, R.,
Wick, E. L., Hornstein, I., Eds.; Kluwer Academic: New York,
1999; pp 305—325.

(15) Hayami, J. Studies on the chemical decomposition of simple

sugars. Xll. Mechanism of acetol formatioBull. Chem. Soc.
Jpn.1961,34, 927—-932.

(16) Weenen, H. Reactive intermediates and carbohydrate fragmenta-

tion in Maillard chemistry/Food Chem1998,62, 393—401.

(17) Davidek, T.; Devaud, S.; Fabien, R.; Blank, |. Sugar fragmenta-

tion in the Maillard reaction cascade: Isotope labeling studies
on the formation of acetic acid by a hydrolytizdicarbonyl
cleavage mechanisnd. Agric. Food Chem2006, 54, 6667—
6676.

precursors helped to get a more precise insight into the reaction (18) Robert, F.; Arce Vera, F.; Davidek, T.; Blank, I. Elucidation of

mechanisms, performed under conditions close to food process-
ing. The type of research applied in this study resulted in new

findings to better understand Maillard type reactions with the
ultimate goal of favoring the formation of desirable compounds
upon food processing.

ACKNOWLEDGMENT

We are grateful to Dr. Tuong Huynh-Ba for critical discussions
and careful reading of the manuscript.

LITERATURE CITED

(1) Nef, J. U.; Hedenburg, O. F.; Glattfeld, J. W. E. The method of
oxidation and the oxidation products afarabinose and of
L-xylose in alkaline solutions with air and with cupric hydroxide.

chemical pathways in the Maillard reaction BYO-NMR
spectroscopy. InThe Maillard Reaction: Chemistry at the
Interface of Nutrition, Aging, and Diseas®aynes, J. W.,
Monnier, V. M., Ames, J. M., Thorpe, S. R., Eds.; Ann. N.Y.
Acad. Sci.: 2005; Vol. 1043, pp 63—72.

(19) Schieberle, P. Quantification of important roast-smelling odorants

in popcorn by stable isotope dilution assays and model studies
on flavor formation during popping.. Agric. Food Chenl995,
43, 2442—-2448.

(20) Novotny, O.; Michovska, S.; Velisek, J. Oxidative degradation

of p-glucose and-fructose by peroxodisulphate. Flavour
Research at the Dawn of the Twenty-First Cenfury Quaé,

J. L., Etiévant, P. X., Eds.; Lavoisier: London, Paris, New York,
2003; pp 682—684.

(21) Davidek, T.; Clety, N.; Devaud, S.; Blank, I. Simultaneous

quantitative analysis of Maillard reaction precursors and products
by high performance anion exchange chromatographégric.
Food Chem2003,51, 7259—7265.

J. Am. Chem. S0d.917,39, 1638—1652. (22) Rowell, R. M.; Somers, P. J.; Barker, S. A.; Stacey, M. Oxidative
(2) Evans, W. L. Some less familiar aspects of carbohydrate alkaline degradation of cellobios€arbohydr. Res1969, 11,
chemistry.Chem. Re»1942,31, 537—560. 17-25.



Downloaded by SLUB DRESDEN on October 31, 2009 | http://pubs.acs.org
Publication Date (Web): August 9, 2006 | doi: 10.1021/jf060668i

6684 J. Agric. Food Chem., Vol. 54, No. 18, 2006 Davidek et al.

(23) Ishizu, A.; Lindberg, B.; Theander, O. 1-Deomyerythro-2,3- (30) Bowden, K.; Fabian, W. M. F. Reactions of carbonyl compounds
hexodiulose, an intermediate in the formatiorpeglucosaccha- in basic solutions. Part 36: The base-catalysed reactions of 1,2-
rinic acid. Carbohydr. Res1967,5, 329—334. dicarbonyl compounds]. Phys. Org. Chem2001, 14, 794—

(24) Peterson, G. A McLafferty-type rearrangement of a trimethylsilyl 796.
group in silylated hydroxycarbonyl compounddrg. Mass (31) Bowden, K.; Horri, M. V. Reactions of carbonyl compounds in
Spectrom1972,6, 577—592. basic solutions. Part 24. The mechanism of the base-catalyzed

(25) Sawaki, Y. Mechanism of the photooxidation of and photoep- ring fission of substituted benzocyclobutene-1,2-diode€hem.
oxidation with cyclica-diketonesBull. Chem. Soc. Jpri983, Soc., Perkin Trans. 2: Phys. Org. Cheh®97,5, 989—992.
56, 3464—3470. (32) Evans, W. L.; Edgar, R. H.; Hoff, G. P. Mechanism of

(26) House, H. O.; Wasson, R. L. Reaction of ketones with peroxides carbohydrate oxidation. IV. The action of potassium hydroxide
in alkaline solution.J. Org. Chem1957,22, 1157—1160. on p-glucose ancb-galactoseJ. Am. Chem. Socl926, 48,

(27) Yan, J.; Travis, B. R.; Borhan, B. Direct oxidation @f and 2665—-2677.

p-dicarbonyls anch-hydroxyketones to diesters with KHSO (33) Richards, G. N.; Sephton, H. H. The alkaline degradation of
J. Org. Chem?2004,69, 9299—9302. polysaccharides. Part |. Soluble products of the action of sodium

(28) Kwart, H.; Wegemer, N. J. Studies on the mechanism of peroxide hydroxide on cellulose). Chem. Soc1957, 4492—4499.

cleavage of benzils]. Am. Chem. S0d.961,83, 2746—2755.
(29) Biemel, K. M.; Conrad, J.; Lederer, M. O. Unexpected carbonyl

mobility in aminoketoses: The key to major Maillard cross-

links. Angew. Chem., Int. Engl. EdR002 41, 801-804. JF060668I

Received for review March 9, 2006. Revised manuscript received July
1, 2006. Accepted July 9, 2006.



