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Characterization of the Novel Taste Enhancer
N-(1-Carboxyethyl)-6-(hydroxymethyl)pyridinium-3-ol Inner Salt
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Convenient syntheses were developed to obtain on a multigram scale the novel taste enhancer N-(1-
carboxyethyl)-6-(hydroxymethyl)pyridinium-3-ol 1, called alapyridaine, as a racemic mixture and as
pure (+)-(S) and (—)-(R) enantiomers, respectively. 5-(Hydroxymethyl)-2-furaldehyde was used as
key intermediate and was reacted with L-alanine under alkaline conditions to obtain racemic 1.
Alternatively, reductive amination of 5-(hydroxymethyl)-2-furaldehyde with Raney-Ni/hydrogen and
L- or p-alanine followed by mild oxidation led to (+)-(S)-1 and (—)-(R)-1, respectively. Racemization
was promoted under alkaline and boiling conditions via a carbanion, the formation of which was
facilitated by the electron-withdrawing effect of the iminium cation and the resonance-stabilizing
capacity of the pyridinium moiety. Under these conditions, 1 was obtained in a 1:1 mixture of the
phenol (1) and phenolate (1-H) forms as shown by X-ray diffraction. Racemic 1 formed monoclinic
crystals of high molecular organization in which the phenol-type (RS)-1, the phenolate-type (RS)-1-
H, sodium cations, and ethanol molecules are present. The crystal structure of [Na(1)(1-H)-(C,HsO)]
shows one-dimensional u,-bridging-oxygen polymers stabilized by a three-dimensional network of
ionic, hydrogen bond, and z-stacking interactions with channels occupied by solvent molecules.
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INTRODUCTION Ot
The Maillard reaction of reducing sugars and amino acids HO | .
plays an important role in thermal food processing as a source N
of color and flavor , 2). Although odor-active volatile reaction B
products have been studied in great detilg), relatively little H™ 3°COO

has been published on nonvolatile constituents of the Maillard
reaction such as taste compounds, for exanptes]. Recently,
however, there has been an increasing number of publicationsFigure 1. Structure of N-(1-carboxyethyl)-6-(hydroxymethyl)pyridinium-3-
dealing with new structures of taste components generated byol isolated from a heated aqueous solution of glucose and L-alanine (13).
the Maillard reaction. As a result, new chemical structures
having taste properties, such as bitter1@), cooling (11), and
umami-like (L2), have been isolated and identified from Maillard
reactions.

Very recently, N-(1-carboxyethyl)-6-(hydroxymethyl)pyri-
dinium-3-ol inner saltl, Figure 1) has been identified in heated
aqueous solutions af-glucose and-alanine on the basis of a

newly developed comparative taste dilution analysis used as a
screening procedure that combines instrumental analysis and
human taste perceptiorl). This novel Maillard reaction
product, also called alapyridaine, is tasteless on its own, but
enhances the sweet taste of the sugars glucose and sucrose, the
amino acid.-alanine, and the artificial sweetener aspartarne (
Asp-+-Phe-OMe). Depending on the pH value, the detection
* Author to whom correspondence should be addressed (telephdhe threshold of glucose was decreased by "fl fa_lCtor of 16 in the
785-8607; fax+21/785-8554; e-mail imre.blank@rdls.nestle.com). presence of an equimolar amount of alapyridaine. Hie(§)-1
INeStlé Research Center. enantiomer has been reported as the physiologically active
Laboratoire de Cristallographie. compound, whereas (~{R)-1 did not affect sweetness percep-

8 Deutsche Forschungsanstalt fiir Lebensmittelchemie. ’
#Institut fiir Lebensmittelchemie. tion at all (13).
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Figure 2. Synthesis of racemic and enantiopure 1: a, Amberlite 15 (H* resin), NEt;*HCI, BUOAc/H,0, reflux under Ny, 2.5 h, 52% yield; b, 1.0 equiv
of L-alanine, 1.9 equiv of 3, EtOH/water (1:1), aqg NaOH (32%) — pH 9.4, RT (1.5 h) — reflux (72 h), 65% yield (sodium salt); ¢, 1.5 equiv of 3, 2 equiv
of L-alanine, water, ag NaOH (32%) — pH 8.5, NilH,, RT, 5 bar, 48 h, 38% yield (ammonium salt); d, 1 equiv of 4 in water, 0 °C, 1.25 equiv of Br,/MeOH
(0.5 h), RT (1 h), 13% yield (ammonium salt). RT, room temperature.

In the course of the study dh we observed racemization of Liquid Chromatography—Mass Spectrometry (LC-MS). An
1 during the synthesis procedure. Also, the target compound analytical HPLC column Nucleosil 100-5C18 (Macherey and Nagel,
could be obtained in crystalline form, which showed a particular Dtren, Germany) was coupled to an LCQ-MS (Finnigan MAT, Bremen,
three-dimensional structure. In addition, racemization resulted Germany) using positive (ES) and negative (ES) electrospray
in a lower taste-enhancing activity of the racemate compared '°"zation. After injection of the sample {20uL), compounds were

to the (+)-(S) enantiomer, which needed to be studied in more ChE’Lr:jet(;?Ezhizti?ggsghnzr:zg(z;\tl"(\)/lr:)dSeS;;l:Oe:Cgb;\éi'sam les
detail. Therefore, sufficient amounts of highly purified and 9 p P P

. L . . for NMR spectroscopy were prepared in Wilmad 528-PP 5 mm Pyrex
structurally well-defined alapyridaine were required in order to R tubes, using deuterated water (0.7 mL) as solvent. The NMR

(i) study the taste-enhancing activity of alapyridaine in food spectra were acquired on a Bruker AC-250 or AM-360 spectrometer
products, (i) gain an initial insight into the racemization process (Rheinstetten, Germany), equipped with a quadrinuclear 5 mm probe
as induced by thermal treatment, (iii) investigate the biochemical head, at 250/360 MHz fdH and at 41.7/90 MHz fot3C NMR. One-
mechanisms of alapyridaine on sweet taste enhancement indimensionalH NMR, *C NMR, and distortionless enhancement by
human taste buds, and (iv) perform a safety assessment. Waepolarization transfer (DEPT-135) spectra were acquired as described
now report on convenient Syntheses of racerhi@and its earlier using standard conditi0n§4(). The chemical shifts were

enantiomers on a multigram scale, the racemization process referenced to TSP or ethanol (residual solvent) as an internal standard.

and the crystal structure observed by X-ray diffraction. Measurements were performed at room temperature (298 K). The
following abbreviations are used to describe multiplicity: s, singlet; d,

doublet; t, triplet; g, quartet; m, multiplet. The spectra were interpreted
EXPERIMENTAL PROCEDURES using MestRe-C 2.3 software.

Materials. L-Alanine, p-alanine, alumina (neutral), Amberlite 15, Infrared (IR) Spectroscopy. IR spectra were recorded on a Perkin-

n-butyl acetate (BuOAch-fructose, 5-(hydroxymethyl)-2-furaldehyde, ~ EIMer 1600 series FTIR apparatus (Norwalk, CT). .
acetic acid, ammonium formate, silica gel 60, Amberlite IRA-400 Polarimetry. Measurements were performed on a Perkin-Elmer 241

(OH"), Raney nickel, heavy water ¢D), sodium 3-trimethylsilyl MC polarimeter with a sodium lamp at 589 nm and a slit of 1 mm.
[2,2,3,32H,]-propionate (TSP), dimethy! sulfoxide (DMSO), and tri- ~ The cuvette length was 100 mm.
ethylamine hydrochloride (NEHCI) were from Aldrich/Fluka (Buchs, X-ray Diffraction. Light brown prisms 0.21x 0.21 x 0.24 mm
Switzerland). Ethanol (EtOH), methanol (MeOHh:butanol, sodium were mounted on a quartz fiber with protection oil. Cell dimensions
hydroxide (NaOH), RP18 reversed phase (LiChroprep; &bum), and intensities were measured at 200 K on a Stoe IPDS diffractometer
formic acid, petroleum ether, and bromine {Bwere from Merck with graphite-monochromated MofH radiation ¢ = 0.71073 A);6max
(Darmstadt, Germany). Hydrogen (5.0) was from Messer Griesheim = 25.8 19655 measured reflections, 4213 independent reflectiRys (
GmbH (Krefeld, Germany). = 0.072) of which 1819 hatFo| > 4 ¢ (Fo). Data were corrected for
High-Resolution Gas chromatography (HRGC).A Carlo Erba Lorentz and polarization effects and for absorptidnnfin, max=

Mega 2 series chromatograph was used equipped with a cold on-column0.9703, 0.9839). The structure was solved by direct methods using
injector and a flame ionization detector (FID). The column was a 30 SIR97 (15); all other calculations were performed with XTAL system
x 0.32 mm i.d., 0.25m, DB-Wax (J&W Scientific, Folsom, CA). (16) and ORTEPX7) programs. Full-matrix least-squares refinement

The temperature was programmed as follows: &5 (2 min), based orF using the weight of 1/[&Fo) + 0.00015(F€)] gave final
40 °C/min to 50°C, 6 °C/min to 180°C, and 10°C/min to 240°C values ofR = 0.039,wR = 0.038, and GOF(F)= 1.46(3) for 352
(10 min). variables and 2037 contributing reflections. Maximum shift/error

High-Pressure Liquid Chromatography—Diode Array Detection 0.0003, max/min residual electron density0.61/-0.48 eA® Hy-
(HPLC-DAD). HPLC was performed with an apparatus from Jasco drogen atoms were observed and refined with a fixed value of their
(Gross-Umstadt, Germany) composed of an HPLC pump system (PU isotropic displacement parameter.

1580) with an in-line degasser (DG-1580-53), a low-pressure gradient ~ SynthesesFollowing the synthetic sequence shownHigure 2,

unit (LG-1580-02), and a diode array detector (MD 1515). Analytical 5-(hydroxymethyl)-2-furaldehyde (3), obtained by acid-catalyzed de-
(250 x 4.6 mm) or semipreparative scale (25010 mm) RP-18 hydration ofp-fructose (2), was reacted withalanine under alkaline
columns (ODS-Hypersil, 5im) from Phenomenex (Aschaffenburg,  conditions, resulting in racemit. Enantiopurel was prepared by
Germany) were used. Operating at a flow rate of 0.8 mL/min (analytical) reductive amination o8 in the presence af- or p-alanine, followed

or 3.2 mL/min (semipreparative), the mobile phase was a mixture of by mild oxidation of the intermediary furfurylamine derivativé) (o
agueous ammonium formate (10 mmol, pH 8.2) and methanol or formic (+)-(S)-1and (—)-(R)-1, respectively.

acid (0.1%, pH 2.5) and methanol. The injection volume was @0 5-(Hydroxymethyl)-2-furaldehydeS); In a flask equipped with a
uL. Software used included Jasco Borwin v1.50 and Jasco-PDA v1.50. reflux condenserp-fructose (10.0 g, 55 mmol), strong acid resin
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Table 1. Synthesis of 5-(Hydroxymethyl)-2-furaldehyde (3) from Table 2. 'H NMR Data of Racemic
D-Fructose N-(1-Carboxyethyl)-6-(hydroxymethyl)pyridinium-3-ol (1) before and
after Refluxing under Alkaline Conditions in D,0
reaction  temp yield of
trial  time (h)  (°C) solvent(s) purification 33(%) ref latpD4.7 1 after 24 hreflux at pD 9.5
1 16 100 DMSO none 32 nrb proton o (ppm)  mul J (Hz) o (ppm) mult2 J(Hz)
2 2 150 DMSO chromatography 24 24
3 40 50 HO/EtOAC none 0 Chs Lisd 72 155 s
H* H,0 CH,OH 4.68 S
e —_— CH 5.31 q 7.2
g ; 5 igg BuOAc, resin H* (cj;frtg:ﬁg?ggraphy 52 ﬁrs H-4 142 dd 90,25 715 d 90
' ' ' H-5 7.52 d 9.0 7.30 d 9.0
H.0 H-2 7.83 d 25

* Yields of 3 were determined by HRIGC (FID detector). ® Not reported. aMultiplicity of signals: s, singlet; d, doublet; dd, double-doublet; g, quartet.

Amberlite 15 (10.0 g), and NEHCI (2.0 g) were stirred in a mixture

OOf n-butyl acet_ate (150 mL) and water (5 mL) and then heated at 100 resulting mixture was neutralized by adding a strongly basic ion-
C under a nitrogen atmosphere for 2.5 h. After cooling to room

; " th it d ted d th io | exchange resin [Amberlite IRA-400 (Of] and filtered, and the filtrate
emperature, the mixture was decanted, an € organic fayer was, s freed from solvent in vacuo. The residue was dissolved in a formic
concentrated under reduced pressure to y3g8.3 g, 26 mmol, yield

. . . . acid solution (0.1% in water) and applied to a:3® cm water-cooled
= 52%, purity> 80%, GC) as an amorphous solid after filtration over ( 0 ) bp

) : . glass column filled with RP-18 (LiChroprep, 280 um) in a formic
neutral alumina using a mixture of petroleum ether and ethyl acetate acid solution (0.1% in water). Using the same solvent as the mobile
(3:2, v/v) as the solvent.

; . . . o h d itoring the effluent at 300 nnt){(9)-1 luted
Racemicl. A solution ofL-alanine (1.0 equiv) and (1.2 equiv) in phase anc monrofing the etiiuent a ntH{S)-1 was elute

1 2 L. Ch h i
EtOH/water (50:50, v/v) was adjusted to pH 9.4 with an aqueous NaOH between 150 and 290 mL. Chromatography was repeated using

lution (32%). After stirri i i ture for 1.5 h. the mixt ammonium formate (10 mmol/L, pH 8.2) as the mobile phase, and the
solution (32%). After stirring at room temperature for 1.5 h, the mixture fraction containing the target compound was freeze-dried twice to obtain

was refluxed for 24 h and then cooled to room temperature. Thi§ the ()-(S-1 inner salt (0.76 mmol) in 13% yieldtH NMR (360 MHz,
20, pD 7.1, TSPY 1.86 (d,J = 6.8 Hz, 3H), 4.84 (s, 2H), 5.42 (q,

water (35 mL) over a period of 30 min. Aftel h of stirring, the

procedure was repeated twice after the addition of 0.4 and 0.3 equiv
of 3. The sample was then concentrated under reduced pressure anq _ g'g Hz, 1H), 7.70 (ddJ = 2.3, 8.6 Hz, 1H), 7.77 (d] = 8.6 Hz,
purified by chromatography on silica g_el 60_ Wlth- a.. solvent mixture 1H), 8.08 (d,J = 2.3 Hz, 1H): LC-MS (ES), m/z(%) 198 (100, [M
composed of butanol, water, and acetic acid (221 VIVIV). Flnally,_ + 1]%), 220 (57, [M+ NaJ*); UV—vis (Millipore water, 12.5 mmol/
Ch_romatogrgphy on RP18 reversed phase materl_al Wlth aqueous formlcl_’ PH 7.1), Amax 248, 326 nm; §]o2° +40.2° (c 0.01, Millipore water,
acid (0.5% in water) and subsequent recrystallization from absolute pH 7.0, NH;* salt).
ethanol furnished racemit in 65% yield with a purity of>98% §
(NMR): mp (absolute ethanol), 9C; [a]p?° = 0° (c 1.0, Millipore
water, pH 4.7, Na salt); $3C NMR (90 MHz, D;O, pD 4.7)6 174.6
(s), 160.9 (s), 142.8 (s), 133.8 (d), 133.1 (d), 128.6 (d), 65.5 (d), 59.7
(), 18.5 (q); IR (KBr)» = 3417, 3090, 3080, 3040, 2798, 1616¢m
UV—vis (ammonium formate, 10 mmol/L, pH 8.2)nax 248, 326 nm;
UV—vis (formic acid, 0.1% in water, pH 2.5}max 300 nm; LC-MS RESULTS AND DISCUSSION
(ESI), m/z(%) 198 (21, [M+ 1]7), 220 (10, [M+ Na]"), 395 (100, SynthesesAs shown inFigure 2, the synthesis of racemic
[2M - 1]%), 417 (29, [2M+ K]*), 592 (53, [3M+ 1]%); crystal data,  ang’enantiopurd is based on 5-(hydroxymethyl)-2-furanalde-
light brown monociinic prism, (§H1:NO4) (CoHiNOg)™ Na* (C2Hs0), hyde 3 as the common intermediate. The synthesiS afas
M, = 462.5;u = 0.12 mn1?, dy = 1.359 g-cm3, P 2)/c, Z=4,a = . . . . .
7.1705(3)p = 22.7540(16)c = 13.8627(7) A = 91.635(6)°V = studle_d in more de_ta|l, as it is a rather unstable an_d expensive
2260.9(2) A. material. It has mainly b_een pr_epared from the readl!y avgulable
(S)-N(1-Carboxyethyl)-2-(hydroxymethyl)-5-(methylamino)furan [(S)- D-fructose2 by dehydration using Brgnsted and Lewis acids as
4]. A solution of 3 (30 mmol) and.-alanine (60 mmol) in water (30  catalysts (18—20). In general, the yields were low and strongly
mL) was adjusted to pH 8.5 with an NaOH solution (32% in water) dependent on the reaction conditions such as time and temper-
and was stirred in a hydrogenation vessel at room temperature for 30ature as well as the solvent used. The methods described for its
min. After the addition of Raney nickel (0.75 g), the mixture was stirred production so far suffered from the disadvantage that it was

under a hydrogen atmosphere at 5 bar for 48 h. Another aliqudt of  gptained in aqueous or polar media from which isolation was a
(10 mmol) was added, and hydrogenation was continued for an challenging task.

addlt_lonal 48 h. After filtration o_fthe catalyst and a_wash with methanol,_ To overcome these problems, we applied a phase transfer
the filtrate was concentrated in vacuo. The residue was dissolved in

ammonium formate (10 mmol/L, pH 8.2) and applied on a water-cooled procedL_Jre witm-butyl acet_ate/water using the strong acid r_esir_1
30 x 4 cm glass column filled with a slurry of RP-18 (LiChroprep, Amberlite 15 and ammonium salts as catalyst, thus resulting in
25-40um) in a mixture (99:1, v/v) of ammonium formate (10 mmol/  ~50% yield after chromatographic workup (Table 1, trial 5).

L, pH 8.2) and methanol. By using the same solvent mixture as the This procedure could easily be scaled up to 100 g without
mobile phase and monitoring the effluent at 220 nm, the fractions decreasing the yield. Another advantage was the feasibility of

(—)-(R)-1.Following the procedure described for the preparation of
(S)-4and (+)-(S)-1, £)-(R)-1was synthesized usirgralanine. LC-
MS and NMR data were identical to those obtained fe)-(9-1: [o]p?°
—38.6°(c 0.01, Millipore water, pH 7.0, Nk salt).

eluting between 210 and 330 mL were collected to obt&R4(15.0 recovering the catalyst and solvents. Purification was achieved
mmol) after freeze-drying in 38% yield:H NMR (250 MHz, DO, by dry chromatography on alumina with petroleum ether/EtOAc
TSP)6 1.43 (d,J = 7.3 Hz, 3H), 3.57 (q) = 7.3 Hz, 1H), 4.18 (dJ as eluent.

= 2.4 Hz, 2H), 4.56 (s, 2H), 6.39 (d,= 3.4 Hz, 1H), 6.51 (dJ) = 3.4

Hz, 1H);3C NMR (41.7 MHz, RO, TSP)d 173.7 (s), 157.7 (s), 148.9 .. .. . '
(s). 115.4 (d), 112.1 (d), 59.7 (d), 58.5 (1), 44.7 (1), 18.5 (q)- LC-MS fication using DMSO as solvent (trial 1). However, a much

(ESI"), m/z (%) 421 (100, [2 M+ Na]*), 399 (95, [2 M+ H]*), 222 longer reaction time was required compared to trial 5. Increasing
(42, [,\}| + NaJ*), 200 (49: [M-+ H]): UV—vis (a}nmonium formate,  the reaction temperature to 18Q led to lower yields (trials 2
10 mmol/L, pH 8.2) Amax 210 nm. and 4). This is most likely due to polymerization reactions,

(+)-(S)-1.A solution of bromine in methanol (6.0 mmol in 100 mL)  Which we observed in most of the samples showiiable 1,
was added dropwise to a cooled°@) solution of §)-4(7.5 mmol) in known to be favored at high temperatures and in highly

Alternatively, 3 was obtained at-30% yield without puri-
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Figure 3. Racemization of 1 in an aqueous alkaline solution under reflux conditions showing the delocalization of the negative charge in the mesomeric

forms 1a, 1b, and 1c.

concentrated samples. Lowering the temperature t6C0mn

the other hand, did not yiel® at all (trial 3). In general,
purification was required to separate the brown polymeric
substances prior to reaction with alanine. Distillation did not
give satisfactory results; total polymerization®bccurred at
80 °C and 0.02 mbar pressure.

Reaction of3 with L-alanine in alkaline aqueous solutions
on a 100 g scale gave rise to racendic as indicated by
polarimetry, in a 65% yield after purificationFigure 2).
ReactanB was added in three to five portions and in an overall
excess (alanine t8, 1:2 equivalent) to improve the yields by
limiting polymerization reactions o8 and also by entirely
consuming the amino acid. The latter facilitated separation of
the targetl from residual alanine, which in general is a
challenging task. Purification of was achieved by column
chromatography on silica gel using a ternary eluent composed
of butanol, water, and acetic acid. If very pure material is
required, additional chromatography on an RP18 column using
aqueous formic acid as the eluent is suitable. However,
precipitation from ethanol was found to be a convenient
procedure for purifying multigram amounts of racerticThe
overall yield of 1 was 30% on the basis af-fructose as the
starting material.

Enantiopurel was prepared by adapting the procedure
described foN-alkyl pyridinium betaines23) to alapyridaine
(Figure 2). Reductive amination & andL-alanine with Raney
nickel/hydrogen resulted in the corresponding furfurylamine
derivative (S)-4, $)-N-(1-carboxyethyl)-2-(hydroxymethyl)-5-
(methylamino)furan. The latter was converted into the target
pyridinium betaine compound by mild oxidation with bromine
in water/methanol to yield ()+(S-1. Similarly, the reaction with
p-alanine resulted in-)-(R)-1. Purification was performed by

Figure 4. ORTEP view of the asymmetric unit of racemic [Na(1)(1-H)-
(C,Hg0)] (solvent molecule omitted) showing the phenol (labeled a) and

column chromatography using an RP18 column and aqueousphenolate (labeled b) forms. Ellipsoids are represented with 40%

formic acid as mobile phase, monitoring the target compound
at 300 nm. Optical rotation of-40.2° and —38.6° indicated
the presence of (S)-4nd (R)-1, respectively.
Racemization.Despite the use of enantiopure alanine as the
starting material,l was obtained as a racemate under reflux
conditions in alkaline aqueous solutions. To study the racem-
ization process,-alanine or racemid was refluxed in RO at
pD 9.5 for 24 h. No protorrdeuterium exchange was observed
for L-alanine by'H NMR (data not shown). This is in agreement
with previously published data, indicating that more severe
conditions are required for racemization of amino acigé, (
25).
However, the data obtained for racemicindicated the
disappearance of the enantiotopigroton (Table 2). Compared
to L-alanine, the acidity of the proton at the chiral center is
increased by the pyridinium moiety. Abstraction of thgproton
results in the formation of a carbanion at the asymmetric carbon,
which can be stabilized by delocalization of the negative charge
through the aromatic pyridinium moiety, thus facilitating the
racemization step via the iminium mesomeric folim upon

probability. Selected interatomic distances: C4a—-02a = 1.338(4) A, C4b—
02b = 1.308(4) A, Na---O3a = 2.376(3) A, Na---O1b = 2.352(3) A.

reprotonationfigure 3). At present, however, it is not yet clear
if the racemization process is due to the formation mechanism
or the consequence of the long thermal treatment during the
synthesis procedure df.

Three-Dimensional Structure Characterization of Racemic
1. Suitable crystals for X-ray diffraction of racemit were
obtained by crystallization in absolute ethanol. An analysis of
the crystal structure shows that the asymmetric Uidyre 4)
is composed of one molecule af(phenol form), one depro-
tonated molecule at the alcohol function (phenolate fdrhl)
compensating for the positive charge of one sodium cation, and
one molecule of ethanol. Due to the absence of residual electron
density around O2b and the shorter observedOCbond
distance, the localization of the negative charge was attributed
to this atom. Moreover, the three other hydroxyl groups are
involved as donors in hydrogen bond interactions with two
distinct carboxylates and O2b as acceptors.
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Figure 5. Perspective view of [Na(1)(1-H)] crystal structure showing the
three phenol and three phenolate forms involved in the distorted octahedral
coordination of Na*.

Figure 6. View of the crystal structure of [Na(1)(1-H)] showing the one-
dimensional u-bridging-oxygen polymer with the edge-linked cis-chain
of octahedra running along the [100] direction.

The coordination of the sodium atorRigure 5) is strongly
distorted from octahedral: four oxygen donor atoms of the
carboxylate ligands coordinate the sodium with average ®a
distances of 2.47 A, and two oxygen donors of the alcohol
functions show much stronger interactions with*Naverage
distance= 2.34 A). The average ©Na—O0 angles are 90.3°
(with a large dispersion) and 161.6°.

An analysis of the molecular packing reveals that two oxygen

atoms (O3a and O3b) of the carboxylates act as bridging ligands

to form one-dimensional,-polymers along the [100] direction.
The polymeric chains showas-edge-linked sequence of octa-
hedra (Figure 6) with alternate Na---Na interatomic distances
of 3.721(2) and 3.826(2) A. Inside a polymeric chain, two
hydrogen bonds were observed: ©i@4a'= 2.635 A and
Ola—Ho01la:-Oda= 179(3)°; Olb:--04b= 2.599(4) A and
0O1b—H01b---O4b'= 167(3)°(primed atoms in equivalent posi-
tionx + 1,v, z). The cohesion between the polymeric chains is
fixed by z-stacking interactions between pyridinium moieties
through 2-fold screw axes (mean interplane distarree®29

A; mean interplane angles 6.0°) and one strong hydrogen
bond interaction involving the phenolate as acceptor: -©2a
0201—x1-y,2-7 = 2.481A, O2a-H02a+-02hy 1y = 171-
(4)°. The interstices between the polymeric chains form chan-

Villard et al.

nels parallel to [100] in which the ethanol molecules are lo-
cated.

In conclusion, we have developed convenient synthetic
approaches to obtain on a multigram scale the novel, foodborne
taste enhancer as a racemic mixture and also its enantiomers,
required for extended sensorial evaluation of alapyridaine in
food products as well as for safety assessment. Under alkaline
and boiling conditions, racemization occurred via an intermedi-
ary carbanion, the formation of which was facilitated by the
electron-withdrawing effect of the iminium cation and the
resonance-stabilizing capacities of the pyridinium moiety.
Racemicl formed monoclinic crystals in whichiR§-1 (phenol),
(RS)-1-H(phenolate), sodium cations, and ethanol molecules
are assembled §a(1)(1-H)-(C,HeO)] in one-dimensionak,-
bridging-oxygen polymers stabilized by a three-dimensional
network of ionic, hydrogen bond, andstacking interactions
with channels occupied by solvent molecules.

ACKNOWLEDGMENT

We are grateful to Dr. Elizabeth Prior for linguistic proofreading
of the manuscript. I.B. and T.H. contributed equally to this work.

Supporting Information Available: ~ Crystallographic data of
racemicl and CIF file. This material is available free of charge
via the Internet at http://pubs.acs.org.

LITERATURE CITED

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

(2) Ledl, F.; Schleicher, E. New aspects of the Maillard reaction in
foods and in the human bodjngew. Chem. (Int. Ed. Engl.)
1990, 29, 565—594.

(3) Grosch, W. Detection of potent odorants in foods by aroma

extract dilution analysistrends Food Sci. Techndl993,4, 68—

73.

Hofmann, T.; Schieberle, P. Flavor contribution and formation

of the intense roast-smelling odorants 2-propionyl-1-pyrroline

and 2-propionyl-tetrahydropyridine in Maillard-type reactions.

J. Agric. Food Chem1998,46, 2721—2726.

Parliment, T. H., McGorrin, R. J., Ho, C.-T., EdShermal

Generation of AromgsACS Symposium Series 409; American

Chemical Society: Washington, DC, 1989.

Pabst, H. M. E.; Ledl, F.; Belitz, H.-D. Bitter compounds

obtained by heating proline and sucroZe.Lebensm. Unters.

Forsch.1984,178, 356-360 (in German)Chem. Abstr1984,

101, 149972.

Pabst, H. M. E.; Ledl, F.; Belitz, H.-D. Bitter compounds

obtained by heating sucrose, maltose and prolthd.ebensm.

Unters. Forsch1985 181, 386—390 (in German)Chem. Abstr.

1986,104, 49299.

Tressl, R.; Helak, B.; Spengler, K.; Schrdder, A.; Rewicki, D.

Cyclo[b]azepine compounds. New proline-specific products of

the Maillard reactionLiebigs Ann. Cheni985 20172027 (in

German);Chem. Abstr1986,104, 19492,

(9) Hofmann T. Influence of-cysteine on the formation of bitter-
tasting aminohexose reductones from glucose @apdoline:
Identification of a novel furo[2,3j]thiazine. J. Agric. Food
Chem.1999,47, 4763—4768.

(10) Frank, O.; Ottinger, H.; Hofmann, T. Characterization of an
intense bitter-tastingH,4H-quinolizinium-7-olate by application
of the taste dilution analysis, a novel bioassay for the screening
and identification of taste-active compounds in foatlsAgric.
Food Chem2001,49, 231—238.

(11) Ottinger, H.; Bareth, A.; Hofmann, T. Characterization of natural
“cooling” compounds formed from glucose angbroline in dark
malt by application of taste dilution analysid. Agric. Food
Chem.2001,49, 1336—1344.

4)

5

~

@)

®)



Novel Taste Enhancer

(12) Robert, F.; Blank, I.; Fay, L. B.; Beksan, E.; Hofmann, T.;
Schieberle, P. Synthesis, structure and activity of novel glyco-
conjugates exhibiting umami taste. @ompounds Affecting
Mouthfeel and Taste in Foods; ACS Symposium Series; Hof-
mann, T., Ho, C.-T., Pickenhagen, W., Eds.; American Chemical
Society: Washington, DC, in press.

(13) Ottinger, H.; Soldo, T.; Hofmann, T. Discovery and structure
determination of a novel Maillard-derived sweetness enhancer
by application of the comparative taste dilution analysis (CTDA).
J. Agric. Food Chem2003,51, 1035—1041.

(14) Lin, J.; Welti, H. D.; Arce Vera, F.; Fay, L. B.; Blank, I.
Synthesis of deuterated volatile lipid degradation products to be
used as internal standards in isotope dilution assays. 1. Alde-
hydes.J. Agric. Food Chem1999,47, 2813—2821.

(15) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L,;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori,
G.; Spagna, R. SIR97: A new tool for crystal structure
determination and refinemeni. Appl. Crystallogr.1999, 32,
115—-119.

(16) Hall, S. R., Flack, H. D., Stewart, J. M., EG§TAL3.2 User's
Manualt Universities of Western Australia and Maryland, 1992.

(17) Johnson, C. KORTEP II; Report ORNL-5138; Oak Ridge
National Laboratory: Oak Ridge, TN, 1976.

(18) Brown, D. W.; Floyd, A. J.; Kinsman, R. G.; Roshan-Ali, Y.
Dehydration reactions of fructose in non-aqueous media.
Chem. Technol. Biotechndl982,32, 920—924.

J. Agric. Food Chem., Vol. 51, No. 14, 2003 4045

(19) Kuster, B. F. M. 5-Hydroxymethylfurfural (HMF). A review
focusing on its manufactur&tarch/Staerkd990,8, 314—321.

(20) Caottier, L.; Descotes, G. 5-Hydroxymethylfurfural syntheses and
chemical transformationsirends Heterocycl. Cheni991, 2,
233—246.

(21) Musau, R. M.; Munavu, R. M. The preparation of 5-hydroxy-
methyl-2-furaldehyde (HMF) fronp-fructose in the presence
of DMSO. Biomass1987,13, 67-74.

(22) Ponder, G. R.; Richards, G. N. Pyrolysis of inulin, glucose, and
fructose.Carbohydr. Res1993,244, 341—359.

(23) Mudiller, C.; Dielh, V.; Lichtenthaler, F. W. Building blocks from
sugars. Part 23. Hydrophilic 3-pyridinols from fructose and
isomaltuloseTetrahedron1998,54, 10703—10712.

(24) Smith, G. G.; Sivakua, T. Mechanism of the racemization of
amino acids. Kinetics of racemization of arylglycinds.Org.
Chem.1983,48, 627—634.

(25) Stroud, E. D.; Fife, D. J.; Smith, G. G. A method for the
determination of thelg, of thea—hydrogen in amino acids using
racemization and exchange studids.Org. Chem.1983, 48,
5368—5369.

Received for review March 13, 2003. Revised manuscript received May
5, 2003. Accepted May 5, 2003.

JF034246+



