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Analysis of a Model Reaction System Containing Cysteine and
(E)-2-Methyl-2-butenal, (E)-2-Hexenal, or Mesityl Oxide

CHRISTIAN STARKENMANNS

Firmenich S.A. 1, route des Jeunes, 1211 Geneva 8, Switzerland

Cysteine conjugates, resulting from the addition of cysteine to a,3-unsaturated carbonyl compounds,
are important precursors of odorant sulfur compounds in food flavors. The aim of this work was to
better understand this chemistry in the light of the unexpected double addition of cysteine to two
unsaturated aldehydes. These reactions were studied as a function of pH. When (E)-2-methyl-2-
butenal (tiglic aldehyde, 4) was treated with cysteine in water at pH 8, the major product formed was
the new compound (4R)-2-(2-{[(2R)-2-amino-2-carboxyethyl]thio} methylpropyl)-1,3-thiazolidine-4-
carboxylic acid (6). Under acidic conditions (pH 1), we also observed a double addition, but the second
cysteine was linked by a vinylic sulfide bond to form the previously unreported major product,
(2R,2'R,E)-S,S'-(2,3-dimethyl-1-propene-1,3-diyl)bis-cysteine (7). When (E)-2-hexenal (12) was treated
with cysteine under acidic conditions, the major product was the novel (4R,2" R)-2-[2'-(2"-amino-2"'-
carboxyethylthio)pentyl]-1,3-thiazolidine-4-carboxylic acid (13), and the formation of an vinylic sulfide
compound analogous to 7 was not observed. Reduction of the acidic crude reaction mixture with
NaBH, afforded 13 and the cysteine derivative (R)-S-[1-(2-hydroxyethyl)butyl]cysteine (14) in 14%
yield. Treating (E)-2-hexenal with cysteine at pH 8 followed by NaBH, reduction yielded the new
product (3R)-7-propylhexahydro-1,4-thiazepine-3-carboxylic acid (15). Addition of cysteine to mesityl
oxide (16), at pH 8, followed by reduction with NaBH, furnished (R)-S-(3-hydroxy-1,1-dimethylbutyl)-
cysteine (3) and the new compound (3R)-hexahydro-5,7,7-trimethyl-1,4-thiazepine-3-carboxylic acid
(18).

KEYWORDS: Cysteine conjugate; ( E)-2-methyl-2-butenal; ( E)-2-hexenal; mesityl oxide; thiazepane-3-
carboxylic acid; hexahydro-1,4-thiazepine; S-(1,2-dimethyl-3-oxopropyl)- L-cysteine; S-[1-(2-oxoethyl)butyl]-
L-cysteine; 4-methyl-4-mercapto-2-pentanol; 3-mercaptohexanal

INTRODUCTION pulegone 10, 11), and also for a wide range of3-unsaturated
aldehydes that were treated with cysteine and patented as
imolecules that improved the perceived freshness of foodstuff
(12). This patent described only a general formula corresponding
to the monoaddition of cysteine to unsaturated aldehydes without

In the course of our study of onion flavor precursors, we
focused on new nonvolatile compounds that we suspected migh
be present in onion. It is known that aldehydes and cysteine

are found in onion, and the importance of cysteine conjugates . )
such as methyl, propyl, allyl, and 1-propenykysteine sulf- analytical data (12). A breakthrough concerning the role of

oxides has been well documentdd?). Furthermore, it is well cysteine conjugates in food flavors came in 1993 when they

established that the reaction of cysteine with saturated aldehydedVere identified as precursors of 4-mercapto-4-methylpentan-2-
and ketones leads to the formation of thiazolidine-4-carboxylic °N€: 4-mercapto-4-methylpentan-2-ol, and 3-mercaptohexan-1-
acids @, 4). Methyl 2-methyl-thiazolidine-4R)-carboxylate has ol, characteristic flavor molecules in Sauvignon Blanc wines
been recently identified in guavB)( Thiazolidine-4-carboxylic ~ @nd passion fruit (13—15). In the cited works the cysteine
acids derived from cysteine and common food aldehydes haveMonoadducts were characterized by GC-MS after silylation. Few
been studied as well as their decomposition into volatile products €x@mples of the double addition of cysteinexig-unsaturated

at typical roasting temperature, ). In addition, cysteine has aldehydgs have bee_n reported. The douple addition reactions
been reacted with furfural and the resulting cysteiaiehyde of cysteine to acrolein, crotonaldehyde, cinnamaldehyde, and
conjugates were biotransformed into 2-furfurylthiol with use 4-Ydroxy-(E)-2-pentenal have been well documented (16).

of Baker's yeast&, 9). When cysteine reacts with an aliphatic We were interested in studying the addition of cysteine to
o,B-unsaturated aldehyde or ketone, the first reaction step is a®A-unsaturated aldehydes to form monoadducts sudheas!

Michael addition. This type of reaction was reported for 2 Which could be precursors of 3-mercaptoalkanals. Little is
known about mercaptoaldehydes in food; only 3-mercapto-3-

§ Contact information: phone-41 22 780 34 77; fax+41 22 780 33 mgthylpentanal and 3'mercapt0hexan5}| have been found in
34; e-mail christian.starkenmann@firmenich.com. onion (17,18) and beef liver19), respectively. The syntheses
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and odor properties of these compounds have been recentlySome reactions were conducted ia(Dto acquire'H and**C NMR

discussed (2®1). We studied the addition of cysteine to tiglic

spectra of the crude reaction products. NaOD was made from dry NaOH

aldehyde under acidic and basic conditions. The products wereand DO (0.1 M agueous NaOD).

characterized before and after reduction with NaBHhe
reactivity of tiglic aldehydet was compared with that o&)-
2-hexenal {2), which has no substitution at tleeposition, and
with that of the ketone mesityl oxideL§).

MATERIALS AND METHODS

Reagents All reagents were purchased from Aldrich Chemicals or
Fluka Switzerland. For flash chromatography, Si®P18 (Merck cat.
1.13900.0250) was used. TLC plates were HP-TLC Merck cat. 1.05635.

GC-FID Analysis. Fast GC was performed by using an HP 6850
gas chromatograph (Agilent Technologies) equipped with an HP-1
column (10 mx 0.1 mm i.d., microbore, 0.2&m film thickness,
Agilent cat. 127-1012-E), He flow ca. 1 mL/min; detector temperature
300 °C, injector temperature 250C, split ratio 1/50; and oven
temperature program, 5@ for 1 min then 60°C per min to 300°C.

GC-MS Analysis. GC-MS analyses were performed on HP 5890
or 6890 gas chromatographs (Agilent Technologies) equipped with
SPB-1 columns (30 nx 25 mm i.d., 0.25%m film thickness, Supelco).

Organoleptic evaluations of the crude mixture were done by diluting
the solutions in plain water 1000 times. The crude reaction mixtures
that contained, 7, and 13 were tasted at 10 ppm in plain mineral
water.

Preparation of (4R)-2-(2f(2R)-2-amino-2-carboxyethyl]thie
methylpropyl)-1,3-thiazolidine-4-carboxylic Acid (@)iglic aldehyde
4 (3 g, 0.36 mol) was added to cysteiba (4.3 g, 0.36 mol) in water
(80 mL) adjusted to pH 8 with a 10% aqueous solution of NaOH. After
1 h the mixture was concentrated (4G, 10 mbars) to give a pink
viscous crude product (6 g). Analysis of the crude product was done
by GC-FID on the corresponding MSTFA derivative. The chromato-
gram contained cysteine (at 3.3 min30% by peak area) and four
closely eluting product peaks (at 4:88.92 min,~60% by peak area,
approximate relative ratio 1:1:1:8). By GC-MS the fragmentation pattern
of the major peak wam/z(rel intensity) 524 (5), 347 (14), 292 (25),
290 (20), 218 (100), 73 (40). LCMS ESI(Nucleosil column, 2 mm
x 250 mm, CHCN, water, 0.1% formic acid,’5100% CHCN for 30
min), 11 min M+ 1 = 188 (mono adduct H,0), 13 min M+ 1 =
309 (6, br).'H NMR (D20), two major diastereoisomers 6fwere
designateda (46%) and b (42%). Two minor diastereoisomers

He carrier gas was used at a constant pressure of 82 kPa. Thecomprised approximately 8% and 4% of the mixturelbyNMR.

chromatograph was coupled to an MSD 5972 mass spectrometry

detector (Agilent; electron energy, ca. 70 eV).

1H- and *3C NMR Spectra. NMR spectra were recorded on a Bruker
AMX-360 spectrometer at 360 and 90 MHz. Chemical shifts in ppm
are reported relative to tetramethylsilane ((iSi).

HPLC Analyses. HPLC analyses were performed on an Agilent
1100 HPLC equipped with a binary pump B1312A, with refrac-
tive index detection (G1362A). Separations were performed on a
Phenomenex Aqua pBm C18 125A 150 mmx 2.0 mm i.d. column
(cat. P/N 00F-4299-B0) or a Chromolith Merck RP18e (100 mm
4.6 mm i.d.) (cat. 1.02129.0001). The analytes were eluted at 0.5 mL/
min on the Phenomenex column and 1.5 mL/min on the Chromolith
column, using an agueous solution of 0.1% HCOOH (solvent A) and
0.1% HCOOH in CHCN (solvent B), 98/2 isocratic elution.

HPLC-MS Analyses.HPLC-MS analyses were performed with two
types of equipment under different conditions. We used the Agilent
1100 LC-MS system equipped with a B1312A binary pump, a G1314A

UV detector, and a G1946D mass spectrometer with an atmospheric-

pressure chemical ionization (APCI) source. Positive and negative ion

IH NMR ¢ 1.18 (d,J = 7 Hz, CHs-11, isomer a and b), 1.38 (d,
=7 Hz, 2CH:-10, a and b), 2.32.25 (m, 2 CH-5, a and b), 3:8.5
(m, CHy-3, CH-4, CH-7, a and b), 3.9%4.03 (m, GH-2, a and b),
4.28—4.32 (m, CH-8, a or b), 4.664.63 (m, CH-8, a or b), 4.75 (d,
CH-6, b), 5.05 (d,J = 7 Hz, CH-6, a); **C NMR (D;O) for
diastereoisomers a and®14.9, 15.6 (q, C-11), 21.8, 22.9 (g, C-10),
32.8,34.9,35.7, 36.8 (t, C-3, C-9), 44.7, 45.0, 45.8, 49.1 (d, C-4, C-5),
56.2, 57.1 (d, C-2), 66.7, 68.6 (d, C-8), 71.7, 73.8 (d, C-6), 175.4,
176.5 (s, C-1, C-9).

The'H NMR experiment on a reaction mixture was carried out using
the following conditions:4 (42 mg, 0.5 mmol) was added &= (60
mg, 0.5 mmol) and N&O; (5 mg, 0.05 mmol) in O (1 mL). The
solution was stirred overnightd NMR and'3C NMR data were the
obtained.

Preparation of (2R, R,E)-S,S(2,3-Dimethyl-1-propene-1,3-diyl)-
bis-cysteing7). Compound4 (16.8 g, 0.2 mol) was added to cysteine-
HCI 5b (15.7 g, 0.1 mol) in water (100 mL) and the mixture was stirred
for 16 h. The water phase was concentrated®@010 mbars) to give
a pink viscous crude product (26 g). Flash chromatography of an aliquot

mode mass spectra (scan range 50—800 Da) were recorded simulta{230 mg) was performed on reverse-phase silica gel fSRP18, 16
neously. HPLC separations were performed under the same conditionsg, column 25 mm diameter, elution system: water to water/ethanol
as described above. Alternatively Thermo Finnigan positive electrospray 9:1). The first fraction (52 mg) was a mixture that contaieshd the

ionization (ESI) was performed with use of a spray voltage of 4.5 kV,
capillary temperature at 200C, and N gas at a flow rate of 55
(Finnigan arbitrary units) with an auxiliary gas flow rate set to ESI
(Finnigan arbitrary units). In this instance the column used was an Xtera,
250 mmx 2 mm i.d., eluted with CKCN and water that contained
0.1% formic acid. The LC gradient started at 100% water for 5 min
then increased from 0% GBN to 50% CHCN in 30 min at a flow

rate of 0.25 mL/min.

General Procedures.Derivatization with MSTFA was performed
on dry products{20 mg) placed in a GC vial. Dry toluene (1.8 mL)
was added followed by 0-10.15 mL of MSTFA. The mixture was
then heated at 80C for 2 h and analyzed neat by GC-FID and GC-
MS.

Flash chromatography of crude products was performed with-SiO
RP18 solid support, eluted with a water/ethanol gradient. The ratio
between Si@-RP18/product, column size, and sample volume was
adjusted according to Still et aR?). The SiQ—RP18 was suspended
in EtOH and poured into the column. The column was washed with 4
bed volumes of water under 1 atm of pressure. A solution of the crude

second fraction contained pure(104 mg, yield 78%).

Analysis of the crude product was done by GC-FID analysis of the
MSTFA derivatives and the chromatogram contained cysteine (at 3.3
min, ~3% of peak area), an unidentified peak at 4.97 min (11% peak
area), a peak at 5.00 min (12% peak area) that was tentatively assigned
as an isomer of + 4XMe;Si, and a peak at 5.03 min (74% peak area)
that was assigned as + 4XMesSi. From GC-MS analyses, the
fragmentation pattern for + 4XMesSi was found to bem/z (rel
intensity) 596 (5), 332 (25), 232 (40), 218 (100), 147 (24), 73 (70).
This pattern was found to be identical for both the peaks at 5.00 and
5.03 min. LCMS ESt: 3.8 min, M+ 1 = 206 (1, minor peak, 20%),

6.0 min, M+ 1= 310 6, major peak, 75%)H NMR (0.1 M aqueous
NaOD) of 7: ¢ 1.31 (d,J = 7.0 Hz, (H3-10), 1.73 (d,J = 1.0 Hz,
CHs-11), 2.59 (ddJ = 7.0, 13.2 Hz, ®>-3, 1H), 2.71 (ddJ = 5.2,
13.2 Hz, CH-3, 1H), 3.36 (ddJ = 5.2, 7.0 Hz, ®&i-2), 3.46 (ddJ =
4.8 and 6.8 Hz, CH-8), 3.61 (d,= 7.0 Hz, CH-4), 6.02 (s, bICH-6).
3C NMR ¢ 15.7 (g, C-10), 21.4 (g, C-11), 38.5 (t, C-3), 41.6 (t, C-7),
50.6 (d, C-4H), 58.2 (d, C-2), 58.6 (d, C-8), 123.9 (§)139.2 (s),
183.5 (s),0 183.9 (s).

sample was added to the column. The gradient elution was executed Reaction of N-Acetyl-cysteir@with 4 at pH 1. Tiglic aldehydet
by successive additions of 1 bed volume each of water, water/ethanol (0.5 g, 6.1 mmol) was added d-acetyl cystein® (1 g, 6.1 mmol) in

9:1, water/ethanol 4:1, and finally 100% ethanol. Reactions were
monitored by HP-TLC (water/n-butanol/ethyl acetate/acetic acid 1:1:

HCI (0.1 M, 50 mL) and the mixture was stirredrf@ h atroom
temperature and the2 h at 50°C. The crude mixture was purified by

2:1) and developed by using 0.3% ninhydrin in acetone. Fractions were flash chromatography to give 800 mg®fyield 65%). GC-MS analysis

pooled as appropriate and the solvent was removed by freeze-drying

.of the MSTFA-derivatized mixture on an SPB-1 column (30 m, oven
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program set to 130—30TC at 7 deg/min) resulted in a chromatogram C-2), 65.7, 66.7, 66.8, 67.8 (d, C-6), 66.4, 66.7, 67.8, 67.7 (d, C-8),

that contained minor peaks at 16.66.8 minm/z(% abundance) 260 175.2—-175.4 (s, C-1 and C-9).

(30), 217 (35), 202 (70), 190 (40), 189 (100), 187 (70), 159 (60), 131  GC-MS of the silylated crude reaction mixture on an SPB-1 column

(60) tentatively assigned as the silylenol ether of the Michael-addition (30 m, oven temperature held at 130 for 5 min then increased to

monoadduct. Major peaks were observed at 2mBV(32% peak area) 320°C at 7°C/min and held for 8 min) contained peaks assigned to

and 25.33 min (28% peak area) and these had identical mass spectracysteine (6% peak area at 9 mim/z273), a dihydrothiazepine (8%

m/z(rel intensity) 536 (2), 302 (70), 286 (25), 260 (40), 202 (100), 73 peak area at 12.5 minyz (rel abundance) 348 (2), 246 (35), 218 (100),

(35) assigned as the silylated form @f 148 (25), 100 (15), 73 (40)), and major prodd&at 24.8 min (66%
LC-MS (APCI+ mode) M+ 1 observed: 325 minor peak assigned Peak area, 2 peaks at ratio 95#%z(rel abundance) 538 (5), 306 (30),

asN-acetylcystine; 409 minor peak, identity unknown; 248 tentatively 274 (40), 218 (100), 156 (40), 73 (60).

monoadduct; 393 major double peak assigned as diastereom@rs of ~ Preparation of (R)-S-[1-(2-Hydroxyethyl)butyl]cysteiriel). (E)-2-

'H NMR of 9 (aqueous DCI at pH 4.7, purity & was~90% of two Hexenal {2, 0.150 mL, 1.3 mmol) was added b (200 mg, 1.3 mmol)

isomers a and b, the remainder consisted of other diasterecdnei2f in water (20 mL) and the mixture was stirred ov2 h at room
(d,J=6.6, CH-10), 1.27 (dJ = 6.6, CHs-10), 1.68 (s, 2x CHz-11), temperature (pH 1). Sodium borohydride (50 mg, 1.3 mmol) was added
2.05 (s, 2x CH3CO—), 2.65—2.92 (m, & CH»-3), 3.05—3.25 (m, 2 together with one drop of 30% NaOH (pH 10). Afté h at room
X CH2-7), 3.55-3.65 (M, 2x CH-4), 4.51-4.54 (m, 2x CH-2), 4.58- temperature, HCl was added to attain a pH of 7. The solution was

4.62 (M, 2x CH2-8), 5.98 (s, 2x CH-6). 13C NMR (mixture of 2 concentrated under vacuum (10 mbars) at’@0 The crude product
diastereoisomers) 15.2, 15.6 (g, Me-11), 20.8, 21.2 (q, Me-10), 24.3, was filtered on 15 g of RP18 with a gradient starting from pure water
24.5 (q,MeCO0), 34.1, 34.3 (t, C-3), 36.9, 37.0 (t, C-7), 49.9, 50.7 (d, to water/ethanol 9:1. The first fraction contain&8l(100 mg) and the
C-4), 55.3, 55.4 (d, C-8), 54.7, 54.9 (d, C-2), 122.9, 123.3 (d, C-6), second fraction consisted df4 (40 mg, yield= 14%). 'H NMR
139.9, 140.2 (s, C-5), 175.8—176.5 (s). (aqueous DCI at pH 4.7, purity df4 ~90%) 6 0.9 (t,J = 7.0 Hz,
Reduction of the Crude Reaction Mixture Bl with 4 (Acidic CHg), 1.40-1.50 (m, GHz), 1.55-1.60 (m, CH2), 1.72-1.95 (m, GHo),

Conditions). Compound (125 mg, 1.45 mmol) was addedsb (467~ 2:8572.95 (m, CH-5), 3.0-3.15 (m, Gf8), 3.68-3.80 (m, Cht7),
mg, 2.98 mmol) in water (5 mL) and the mixture was stirredZd at 3.87-3.95 (m, 1H &-2). *C NMR (major diastereomer) 16.0 (q),

pH 1. NaBH, (340 mg, 8.9 mmol) was added, and the pH was adjusted 22.0 (1), 22.1 (1), 33.4 (1), .38'8 (1), 45.2 (d), 56.9 (d), 61.6 (1), 0175-8
to pH 9 with a few drops of 10% aqueous NaOH. After 1 h, the crude (s). LC-MS (APCI+ mode): Phenomenex aqua 7.1 and_8.1 %%
reaction mixture was filtered on an RP8iO, column eluted with 1,4-adduct of aldehyde oxidized to carboxylic acidML = 238, 12.9

water/ethanol 95:5. After concentration, 148 mg were isolated as a MiN >75% M + 1 = 222 alcohol14, 14.5 min<10% M + 1 = 202
mixture of 7, 10, and11. cyclic form. GC-MS (silylation of the crude product) run on an SPB-1

. . column (30 m, oven temperature of 13810°C at 7 deg/min held for
LC-MS (APCI mode) 3.13.4 min, M+ 1 = 208, minor component ; 0 ; ; .
identified as10. 4.2—4.4 min, 1 =3 09, assigned 1@, 5.05.2 12.5 min) 90% of the major diastereommvz (rel abundance): 437

: ) o L (2), 320 (35), 219 (30), 218 (100), 73 (40).
min, M + 1= 190, identified ad 1. GC-MS of the MSTFA derivatives, : ey M . .
3.7 min, 20% peak area silylated form &1, m/z (rel intensity) 333 Preparation of (3R)-7-Propylhexahydro-1,4-thiazepine-3-carboxylic

28% peak area, silylated form @D; m/z (rel intensity) 408 (5), 306 ! -
(20), 218 (100), 147 (10), 103 (12), 73 (45): 5.00 min, 50% peak area over 2 h at room temperature (pH 8). HPLC analysis showed a poorly

; ; resolved mixture of products.
(m/z596 for silylated7, for fragment ion data see above). NaBH, (194 mg, 5 mmol) was added plus 0.1 mL of aqueous 30%

Reduction of the Crude Reaction Mixture & with 4 (Neutral NaOH and the mixture was stirred for 16 h. The water was removed
Conditions) To Yield Thiazepariel. Tiglic aldehyde4 (250 mg, 3 ynder vacuum. Filtration on Si@RP18 (16 g) afforded5 (360 mg,
mmol) was added t&a (360 mg, 3 mmol) and N&Os; (31 mg, 0.3 yield = 36%).
mmol) in water (5 mL) and the mixture was stirred over the course of * G s analysis of the silylated crude reaction mixture on a SPB-1
2 h. NaBH (338 mg, 9 mmol) was added and the reaction was stirred  ¢4,mn (30 m, oven temperature set to 280for 5 min then increased
for 2_h more. Flash chromatography yielded a first fraction that ;, 350°c a1 7 deg/min) 8 min cysteine (24% peak area), 12.1 16in
contained cysteine and the double add@iq140 mg) and a second  giastereoisomea (41% peak area) [MW= 347, m/z (rel intensity)
fraction comprised of thiazepirEl (145 mg, yield 25%). Analysis of 347 (3), 231 (20), 230 (100), 160 (10), 73 (25)], 12.7 ni
the second fraction by GC-FID of the MSTFA derivative gave peaks istereoisomeb (29% peak area) [m/zel intensity) 230 (100), 160

at 3.71—-3.67 (80% peak area) determined to be a mixture of three (15), 134 (2), 129 (15), 73 (25)15: LCMS(APCI+) confirmed M+
silylated diastereoisomers b which had identical MS datam/z(rel 1 = 204 of 15. '

intensity) 333 (5), 217 (25), 216 (100), 160 (35), 115 (10), 73 (30). H NMR (aqueous DCI, pH 2, major diastereoisomei6j o 0.88
LC-MS (APCI+ mode) 4.3 and 5.0 min, M- 1 = 190, diastereomers (t, J=7.0 Hz, Me), 1.37-1.60 (M, 2x CHy), 1.90—2.05 (m, €l,-6
of 11. 1H NMR (01 M aqueous DCI)} 1.08 (d,J =71 HZ, Me'll), lH), 2.35-2.45 (m’ O‘|2'6, 1H), 2.90-3.01 (m‘ O"-?), 3.15-3.58 (m’
CHz2 and -5, G1-7), 3.95-4.00 (m, C1-3). "CNMR 0 138(q, C-11), (1 C.Me), 32.2 (t, C-2), 38.2 (t, C-6), 39.4 (t, GICH), 46.3 (t, C-5),
19.8 (q, C-10), 345 (t, C-2), 41.4 (d, C-6), 48.7 (d, C-7),50.9 (t, C-5), 40 (4. C.7). 631 (0, O.3), 1731 ().
64.5(d, C'?)' 178.0 (s). ) ) Preparation of (2R)-S-(1,1-Dimethyl-3-oxobutyl-cysteind)7)(
Preparation of (4R,2R)-2-[2-(2"-Amino-2'-carboxyethylthio)- Mesityl oxide (L6, 6.27 g, 64 mmol) was added3a (7.7 g, 64 mmol)
pentyl]-1,3-thiazolidine-4-carboxylic Acit3. (E)-(2)-Hexenal (12,0.3  and NaCO; (1.5 g) in water (100 mL) at room temperature (pH 8).
mL, 2.6 mmol) was added tb (800 mg, 5 mmol) in water (40 mL)  After 2 h exces46 was removed by extraction with £. The water
and the mixture was stirredif@ h at room temperature (pH 1). Diethyl  phase was concentrated under vacuum af@0Ethanol (100 mL)
ether was added to extract hydrophobic polymers. The aqueous solutionyas added and the mixture was heated at reflux for 15 min. The hot
was then concentrated under vacuum at@0Flash chromatography  solution was filtered and concentrated under vacuum to afford 10 g of

gave 640 mg ofl3 (80% theoretical yield). solid, which was a 2/1 mixture of cysteine afhd by *H NMR. LC-
H NMR (aqueous DCI, pH 2, of the diastereomeric mixtuye).92 MS (Xtera column, 2 mmx 250 mm eluted with 10% C}CN, 90%

(t, J=7 Hz, CH3-12), 1.37—1.48 (m, 6,-11), 1.58—1.70 (m, G- water 0.1% formic acid) 2.1 min M- 1 = 220 plus small fragment

10), 2.10-2.50 (m, GH2-5), 2.85-2.95 (m, G4-4), 3.15-3.05 (m, (H35- m/z(18) 202. GC-MS of the silylated form (MW 363, not observed,

3), 3.25—-3.56 (m, €,-7), 4.30—4.25, 4.33—4.39, 4.48—4.52, 4.52— 17 + 2XMesSi) was acquired on a SPB-1 column (30 m, oven
4.56,—4.40 (m, G4-8), 4.90—4.95, 5.00—5.05, 5.09—5.20 (mHE temperature program from 130 to 300 at 10 deg/min) 6.5 minm/z
6).3C NMR 6 15.8 (s, C-12), 22.0, 22.11, 22.13, 22.17 (t, C-11), 33.3, (relative abundance) 273 (50), 202 (25), 156 (100), 129 (40), 100 (60),
33.6 (t, C-3), 35.5, 35.6, 35.9, 36.8 (t, C-7), 39.1, 39.4, 39.9 (t, C-10), 73 (55).*H NMR (0.1 M aqueous DCIp 1.42 (s, 2x Me), 2.25 (s,
39.9, 40.0, 40.1 (t, C-5), 45.6, 46.1, 46.7, 47.3 (d, C-4), 55%7 (d, MeCO), 2.81 (dJ = 7 Hz, CH;a-5), 2.90 (dJ = 7 Hz, CH;b-5), 3.02
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Scheme 1. Target Molecules and a Flavor Precursor?

Zu
Zm

H, H,
1 2
i X/OQ
HO/U\E/\S
NH,
3

@1 and 2 are the target molecules, and 3 is a known example of a flavor
precursor (14-23).

(dd,J = 4.3—-13.5 Hz, CHa-3), 3.20 (ddJ = 7.2—13.5 Hz, CHb-3),
3.97 (dd,J = 4.3—7.2 Hz, Gi-2). 13C NMR 6 30.9 (q, 2x Me), 31.4

(t, C-3), 34.7 (q, C-7), 47.1 (s, C-4), 56.4 (t, C-5), 56.9 (d, C-2), 175.2
(s, C-1), 216.4 (s, C-6).

Preparation of (R)-S-(3-Hydroxy-1,1-dimethylbutyl)cysteB)eafd
(3R)-Hexahydro-5,7,7-trimethyl-1,4-thiazepine-3-carboxylic AtR).(
Compoundl6 (0.120 mL, 1 mmol) was added & (120 mg, 1 mmol)
in water (20 mL). The pH was adjusted to 8 by the addition of0N2
(30 mg) and the mixture was stirred for 16 h at room temperature.
Sodium borohydride (80 mg, 2 mmol) was added together with one
drop of 30% aqueous NaOH (pH 10). Afteé h atroom temperature,
HCI was added until the solution was at pH 7. The solution was
concentrated under vacuum at 40 and ethanol was added to the
residue. Filtration was followed by removal of ethanol under vacuum
(40°C, 10 mbars). The crude product (0.31 g) was filtered on 15 g of
RP18 with a gradient starting from pure water to water/ethanol 9/1.
The first fraction was mainly the alcoh8I(60 mg, yield 27%) and the
second fraction containetB (130 mg, yield 61%).

Analysis of3: *H NMR (aqueous DCI, pH 4.7, purity-90%) 6
1.22 (d,J = 7.0 Hz, Me-7), 1.38 (s, % Me), 1.7—1.8 (m, ©l,-5),
2.95—-3.18 (m, €i,-3), 3.90—4.0 (m, @&-2), 4.10—4.25 (m, E-6).
13C NMR ¢ 27 (q, C-7), 31.1 (g, 2x), 31.2 (t, C-3), 48.5 (s, C-4), 52.6
(t, C-5), 57.1 (d, C-2), 68.2 (d, C-6), 175.5 (s, C-1).

Analysis 0f18: 'H NMR (aqueous DCI, pH 2, purity-95%, one
diasteomer) 1.32 (s, Me), 1.39 (s, Me), 1.42 (d,= 6.4 Hz, Me-
CH-5), 1.98 (d,J = 15.7 Hz, CHa-6), 2.22 (dd) = 9.8, 15.7 Hz,
CHb-6), 3.23 (ddJ = 5.4, 16.7 Hz, ®la-2), 3.41 (ddJ = 4.4, 16.7
Hz, CHb-2), 3.75—3.80 (m, CH-5), 4.35 (§,= 4.9 Hz, CH-3).13%C
NMR 6 23.8 (q,Me-C-5), 29.3 (t, C-2), 29.6 (gMe-C-7), 33.4 (q,
Me-C-7), 45.5 (s,C-7), 52.8 (t,C-6), 53.6 (d,C-5), 63.7 (d,C-3),
173.6 (s, COOH).

LC-MS: M + 1 = 222 first peak3, M + 1 = 204 s peakl8; GC-

MS of the MSTFA derivative of the crude product run on an SPB-1
column (30 m, oven temperature set to £300°C at 7 deg/min) 8.8
min, 50% peak area, cysteine, 12.9 min, 16% peak area, prd8uct
m/z(rel abundance) 347 (10), 172 (30), 157 (50), 117 (100), 89 (30),
73 (60), 14 min, 34% peak area, alcot®Im/z (rel abundance) 437
(2), 320 (20), 218 (100), 117 (25), 73 (30).

RESULTS AND DISCUSSION

Addition of Cysteine 5a to 2-Methyl-2-butenal (Tiglic
Aldehyde, 4).When cysteine was treated with tiglic aldehyde
and (E)-2-hexenal to prepare monoaddutcisnd 2 (Scheme
1), which we speculated to be flavor precursdrg, (L5, 23) of

J. Agric. Food Chem., Vol. 51, No. 24, 2003 7149

Scheme 2. Reaction of Cysteine 5a with Tiglic Aldehyde 4 at pH 8

a Water, NaHCO,,

pH 8, 16 h, I. t.
NP + Hs o0 ———
NH,*
4 5a
10
e} S
)J\Z/\ 3 g o
-0 Y S 6 NH,*+
NH,+ 0
6
M+1=309

carefully the Michael addition of cysteine to tiglic aldehydle
(E)-2-hexenal (12), and mesityl oxide (16).

Addition of 1 equiv of cysteineba to 1 equiv of tiglic
aldehydet in slightly basic aqueous solution (pH 8) was affected
in DO and analysis by'H NMR spectroscopy showed a
complex mixture containing as the major components a new
compound6 and tiglic aldehydet (Scheme 2).

The structure ob was determined from spectra acquired on
an isolated sample consisting of two major diastereomers. The
molecular ion o6, at mz 308, was consistent with the molecular
formula GH20N204S,. From the molecular formula it was
evident that6 contained three sites of unsaturation. Two sites
of unsaturation were accounted for by carbonyl carbons which
resonated in th&’C NMR spectrum ad 175.4 and 176.5 ppm
and were attributed to the acid moieties of two cysteine
equivalents. No other carbon signals were present downfield
of 6 80 ppm, indicating that the remaining unsaturation was
not a double bond and so must be due to the presence of a
cyclic moiety. Three coupled spin systems were observed in
the COSY spectrum. Multiplets, arising from the two dia-
stereoisomers, at 3.93 and 3.99 ppm (H-2) were coupled
respectively to two multiplets at 3.05 and 3.28 ppm (H-3), and
this system was attributed to an unmodified cysteine moiety.
Multiplets ato 3.05 and 3.19 ppm (H-4) were coupled to methyl
doublets at 1.40 and 1.41 ppm (Me-10) and multiplets at 2.10
and 2.25 ppm (H-5). The H-5 methine protons were further
coupled to methyl doublets at 1.05 and 1.18 ppm (Me-11) and
to doublets at 4.80 and 5.01 ppm (H-6). HSQC data indicated
that the proton resonances®8.05 and 3.19 ppm (H-4) were
attached to carbons at 45.1 and 49.0 ppm, suggesting that these
carbons were single bonded to heteroatoms while the doublets
at 4.80 and 5.01 ppm (H-6) were attached to carbons of
resonance 71.7 and 73.8 ppm consistent with each carbon single
bonded to two heteroatoms. This spin system was attributed to
the reacted tiglic aldehyde, attached to one cysteine moiety via
a sulfide bond at C-4 and attached to the other cysteine moiety,
cyclized to form a thiazolidine ring, at C-6. The third spin system
observed in the COSY spectrum consisted of a multiplet at
3.22—3.52 ppm (H-7) coupled to multiplets at 4.54 and 4.18
ppm (H-8) and was attributed to the second, cyclized cysteine
moiety. This type of double reaction has been described with
crotonaldehyde as the substrate6) and according to this
publication, the rate-determining step was the addition of

3-mercaptoalkanals, we obtained complex mixtures. We then sulfhydryl anions of cysteine to the-€C double bond. The

attempted to prepare the known cysteine monoaddjct
identified in Sauvignon white wine, by the published method
of cysteine addition to mesityl oxide followed by reductidd
However, we found the major product of this reaction was the
novel thiazepand8. These observations led us to study more

reaction was highly pH dependent and proceeded well at an
optimum pH between 8 and 9. The formation of the thiazolidine
was very fast and reversible.

In our study, the monoadduct (M 1 = 206) 1 was not
detected by LC-MS, but a compound #1 = 188, which we
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Scheme 3. Reaction of Cysteine HCI 5b with Tiglic Aldehyde 4 under
Acidic Conditions

o)
Water pH 1
16 h/rt.
Z -0 4+ HS OH ——
NH,*+ CI-
4 5b
10
0 0
/U\/\ - 8
HO 2 g 4y~ s OH
NH_+Cl- 11 NH,+Cl-
7
M+1=309

believe resulted from the formation of an intramolecular Schiff
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Figure 1. H NMR (D;0) spectrum of vinyl sulfide 7.

7.6 65 6.0

base from the corresponding monoadduct, was observed. It wascysteine moieties. Carbon resonances &89.2 (singlet, C-5)

not possible to confirm the structure of the M 1 = 188
compound by*H NMR or by 13C NMR analysis of the reaction
mixture nor was the compound sufficiently stable to permit
isolation. However, the cyclic structure of this monoadduct was
inferred from the isolation of the corresponding thiazepahe
from a similar reaction mixture after reduction with NaBfdee
below).

The reaction was repeated with 1 equiv of tiglic aldehyde in
D0, in the presence of 1 equiv of cysteirl 5b, for 16 h at
room temperature, as shown 8theme 3. Acidic conditions

and 123.9 (doublet, C-6) indicated thatcontained a €&C
double bond that bore three substituents and one proton. The
presence of the double bond accounted for the last remaining
site of unsaturation and eliminated the possibility that
contained a cyclic thiazolidine moiety. Four coupled spin
systems were observed in the COSY spectrum. Two that were
attributed to the unmodified cysteine moieties exhibited cor-
relations atd 2.59 and 2.71 ppm (H-3) that were coupled to
one another and to a doublet of doublet®&.36 ppm (H-2)
while a multiplet at 3.07 ppm (H-7) was coupled to a doublet

were chosen to decrease the nucleophilicity of the cysteine of doublets at 3.46 ppm (H-8). The third spin system consisted

nitrogen and in hopes of avoiding the formation of the double
adduct resulting from formation of the thiazolidine moiety. The
IH NMR spectrum of the crude reaction mixture showed a lot
of tiglic aldehyde remaining, small doubletséa#.80 and 5.01
ppm indicated the presence of compouddbut the major
product existed as two isomers possessing singlets ifHhe
NMR spectrum at 6.02 and 6.04 ppm, typical of a vinylic proton.
The structures of these two isomers were inferred from NMR
data, including the*C NMR spectrum that contained two
quartets ad 15.8 and 16.31 ppm (€11), two doublets at 123.3

of a broad singlet ab 6.02 ppm (H-6) coupled to a doublet at
1.73 ppm with a coupling contant of = 1 Hz (Me-11),
indicating the presence of a vinylic proton on the same double
bond as a methyl group. HSQC correlations indicated that this
vinylic proton was attached to anZ%parbon atd 123.9 ppm
(C-6). The fourth spin system contained a broad quadruplet at
0 3.61 (H-4) coupled to a doublet at 1.31 ppm (Me-10). By
HSQC analysis the proton resonating at 3.61 ppm was attached
to a carbon with a chemical shift &t50.6 ppm (C-4), consistent
with a C—S bond. The*C NMR chemical shift of 15.8 ppm

and 123.4 ppm (C-6), and two singlets at 141.4 and 141.5 ppmassigned to Me-11 gives an indication of the stereochemistry

(C-5). HPLC traces of this reaction mixture were different from
those obtained with the pH 8 reaction mixture. By LC-MS two
new peaks with molecular ions of M 1 = 309 were observed,
indicating that double addition of cysteine to tiglic aldehyde
had occurred but yielding products that differed frémBoth
peaks had molecular weights of 308, consistent with the
molecular formula @H2N204S,;, which indicated that7

of the double bond. There are many examples of alkenyl methyl
groups on trisubstituted olefins trans to a vinylic proton that
have'3C NMR chemical shifts of approximately 15 ppm while
those that are cis to the proton have chemical shifts around 27
ppm (24). On the basis of this information, the double bond
configuration of7 was assigned to e (CHs-11 syn to S atom).
The NMR solution was injected on LC-MS and while the crude

contained two cysteine moieties and three sites of unsaturation.reaction mixture contained two peaks of # 1 = 309 only

These isomers were tentatively assigned the strudture
Workup of the reaction mixture resulted in isolation7in

78% vyield. ThetH NMR analysis of isolated (Figure 1) was

performed in a 0.1 M NaOD solution, because it was not

possible to solubilize purified in aqueous DCI, but fortunately

a signal for a vinylic proton, seen when the reaction was

performed in RO and followed by*H NMR, was still present.

one peak was present in the NMR solution, consistent with the
presence of a single isomer. The initial NMR experiments
conducted with the reaction mixture indicated the formation of
isomers with the same double bond configurati). (The
absence of multiple diastereomers indicated that epimeriza-
tion at theo-position of the cysteine carbonyl was, at most,
minor.

Whereas the crude reaction mixture appeared to contain two To our knowledge, the formation of a vinylic sulfide derived

isomers of7, upon purification, only one isomer remained. The

from the 1,4-addition of cysteine to ags-unsaturated aldehyde

absence of one of the isomers might be due to unintendedfollowed by the reaction of a second cysteine on the aldehyde

separation during flash chromatography or instability of that
isomer during the workup or in the basic NMR solution.

Two sites of unsaturation inwere accounted for by carbonyl
carbons which resonated @t183.9 and 183.5 ppm in théC
NMR spectrum and were attributed to the acid moieties of two

function has not been reported. The only known vinylic sulfide
originating from cysteine isS-2-propenylcysteine reportedly
found in Alliums species (12).

Addition of N-Acetyl-cysteine 8 to E)-2-Methyl-2-butenal
(Tiglic Aldehyde 4). Using acidic conditions to avoid the double
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Scheme 4. Addition of N-Acetyl-cysteine 8 to (E)-2-Methyl-2-butenal Reduction of Cysteine AdductsLC-MS analysis suggested
(tiglic aldehyde 4) that free aldehydé& (m/z205) may be formed in the course of
the reaction of tiglic aldehydé with cysteine5a and5b. The
apparent instability of this molecule made isolation and char-
HN)]\ ?ﬁ' gfa?& PH 1 acterization difficult. Consequently we reduced the crude
— H g 2 h'at 50°C reaction mixture o# with 5a or 5b using NaBH to trap1 as
+ HS OH ——— the corresponding alcohol. NaBhivas added directly to the
o reaction mixtures and the pH adjusted to about nine by addition
o of agueous NaOH. This change of pH did not seem to have a
4 8 major effect on the composition of the two reaction mixtures
o o since differences in the reduced mixtures were evidedh¢me

HNJJ\ 1 HIEIJJ\ >

Products6 and7, formed in the first steps of the acidic and
Ho 1 3. 8 4 A" S\/H(OH basic reactions, respectively, were not reduced by Nadtd

2 e they were detected by LC-MS or isolated as side products after
o o flash chromatography. Compouidalcohol10, and thiazepane
10 11 were detected by LC-MS and GC-MS in the mixture prepared
9 under acidic conditions. The LC-MS analysis showed a product
isolated yield = 65% with an M + 1 ion of m/z208, which is consistent with the

molecular formula forl0, GH17;NO3S. By GC-MS of the
reaction of cysteine with tiglic aldehydéfailed. In an effort MSTFA-derivatized reaction mixture, a peak was detected at
to prevent the double reaction of cysteine and to obtain a 4.97 min, with anm/z408 ion, corresponding to the loss of a
B-mercaptocarbonyl derivativél-acetyl-cystein® was chosen methyl radical from triply silylatedlO. The molecular ion of

as the candidate for the next experiments. Naturglutamyl- silylated 10 (m/z423) was not observed. Silylated thiazepane
cysteine present in oniod) may have a similar reactivity with 11 also was detected and gave an expected moleculamitn,
o,B-unsaturated aldehydes as that\ohcetyl-cysteine. 333, with a GC retention time of 3.7 min. LC-MS analysis

Under acidic conditions we observed the formation of two showed a peak yielding an ion of/z189, which is consistent
isomers of the vinylic sulfid® (Scheme 4). The structure was  with the molecular formula of1, GH1sNO,S. The thiazepane
elucidated by*H NMR, 13C NMR, and 2-D NMR experiments 11 was also present in the basic reaction mixtuBeheme 5).

on the one purified isomer, isolated in 65% yield. In fR€ The formation of the thiazepane is consistent with the presence
NMR spectrum two cysteine carbonyls were preseidt 516.4 of the corresponding intramolecular cyclic Schiff base in the
ppm in addition to two carbonyls attributed to the acetyl groups unreduced reaction mixtures.

at 176.1 and 175.8 ppm. Signalséal40.2 and 139.9 ppm (C- Thiazepanell was isolated as a mixture of three diastereo-

5) and at 123.3 and 122.9 ppm (C-6) show the presence of amers from the basic reaction mixture. NMR data for the major
C=C double bond. The methyl groups attached to the double diastereomer allowed elucidation of the structure. FlieNMR
bond appeared ad 15.6 and 15.2 consistent with aB spectrum was consistent with structdreshowing two triplets
configuration of the trisubstitued double bond. Correlations in at 0 34.5 (C-3) and 50.9 ppm (C-5), three doublets at 64.5,
the COSY spectrum resembled those observed fdrhe use 48.7,41.4 ppm (C-3, 7, 6, respectively), and one carbonyl signal
of N-acetyl-cysteine did not avoid a double addition to tiglic atd 178.0 ppm. No alkene carbon signals were evident. Two
aldehyde. The presence of two diastereomers resulted from thecoupled spin systems were observed in the COSY spectrum
nonstereoselective addition of cysteine at carbon C-4 of tiglic corresponding to the reacted cysteine and tiglic aldehyde
aldehydes. moieties. The cysteine residue yielded two coupled multiplets
With use of basic conditions (pH 8), a complex mixture was at 3.95—4.00 and 3.103.20 ppm corresponding to H-3 and
formed, composed mainly of b¥-acetyl-cysteine disulfide but  H-2, respectively. HSQC data showed that the multipled at
no readily identifiable aldehyde adducts. 3.95—4.00 (H-3) was attached to a methine carbon resonating

Scheme 5. Reduction of Tiglic Aldehyde Adducts under Basic or Acidic Conditions (non-ionic forms displayed)?
1) Water pH 1,

2h,rt. 10
o O 2)NaBH,, NaOH, IS
pHS, 1hrt )J\Z/\
HS on T X H 7 + Ho Y s 6 ~oH t+ 11
- NH
NH,*+ CI X 5
5b 4 10
10
1) Water, Na,CO,, 1
e 9 pHY, 2h, rt. S
_ 2) NaBH,, 2 h, r.t. "
HS c 4+ AN H ——m— s 6 +
3
OH
NH,* 5
H
0
5b 4 11

211 was numbered according to UPAC, but to avoid confusion, both methyls were still numbered 10 and 11 to be consistent with its precursor.
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Scheme 6. Cysteine HCI 5b Addition to (E)-2-Hexenal (12) in Water at pH 1

o} o}
N
/\/\)LH + Hs/ﬁ)kOH
NH,+CI -
12 5b
(125 mg) 1) Water, pH

Starkenmann

1,2h,rt

2) NaBH,, NaOH

AL

2

13

Scheme 7. Reduction of the Crude Reaction Mixture Resulting from the Addi

1) Water, Na,CO, pH 8

2
14
(40 mg, yield 14%)

ition of Cysteine 5a to (E)-2-Hexenal (12) at pH 8

2h,rt
NaBH,, NaOH,

16 h, r.t.

o) 9 2)
WLH + HS/\HJ\O—
NH,+
12 5a
(500 mg)

at 64.5 ppm (C-3). The COSY spectrum contained correlations

ey

15
(360 mg, yield 36%)

correlations as observed fér including multiplets ad 4.9 to

that were assigned to the reacted tiglic aldehyde residue and5.1 ppm attributable to the thiazolidine methine proton (H-6)

these consisted of a doublet@t1.08 ppm (Me-11) that was
coupled to a multiplet ab 2.40 ppm (H-6). The H-6 resonance
was further coupled to a multiplet at 3:28.20 ppm (H-7) that
was coupled to a doublet @& 1.20 ppm (Me-10). The H-7
multiplet was further coupled to a multiplet &t3.35 ppm that
was assigned to H-4. An alternative thiazepane structure
resulting from Michael addition of the cysteine amine group
followed by thiol addition and dehydration at the aldehyde
carbonyl is not likely since reduction of the resulting thioalkene
function by NaBH would not be expected.

1,4-Addition of Cysteine to(E)-2-Hexenal (12).To compare
our results with the published reports (14) of related flavor
precursors in Sauvignon Blanc wine, the addition of cysteine
to (E)-2-hexenal 12) was performed under both acidic and basic
conditions, followed by reduction with NaBHSchemes &nd
7).

Under acidic conditions, LC-MS of the crude reaction mixture

located between the N and S atoms. The HSQC spectrum
showed that these proton resonances 4 to 5.1 ppm (H-6)
were coupled to methine carbonsd65.8 and 66.4 ppm (C-
6).

Major differences between acidic and basic conditions were
observed after reduction with NaBHThus, the double adduct
13 (yield 80%) and the alcohdl4 (14% vyield) were isolated
by flash chromatography when the reaction was performed under
acidic conditions. However, under basic conditions, only thi-
azepanel5 was isolated (36% vyield) as a mixture of two
diastereoisomers and the remainder of the material was a mixture
of 13 and cysteine.

Mass spectral data fdt4 and 15 were consistent with the
assigned structures. By LC-MS, M 1 ions ofm/z222 and
m/z 204 were recorded fot4 and 15, respectively. GC-MS
analysis of the trimethylsilylated derivatives further confirmed
the molecular compositions. Trimethylsilylatéd produced a

before reduction showed a mixture of compounds possessingweakm/z437 peak corresponding to the molecular ion (three

molecular ions oM/z201 (monoadduct formation followed by
dehydration),m/z 219 (monoadduct, presumab®), andm/z
323 (a diastereoisomeric mixture of double addi®}. After
flash chromatography the structure of prodi@ivas elucidated
from spectra acquired of a mixture of two major diastereo-
isomers (90% of the mixture) and two minor diastereocisomers
(10% of the mixture). The molecular ion &8, atm/z322, was
consistent with the molecular formula;£2o,N-04S,. It was
confirmed by GC-MS of the silylated form that gave a molecular
ion of m/z 538 corresponding to addition of three A&
moieties. The COSY spectrum showed the corresponding

trimethylsilyl groups added) and major fragment ionsdz
320, 218 (base peak), and 73. These data are consistent with
those previously published 4, 15). Silylated thiazepan&5 also
produced a weak molecular iom/z347, and a base peak at
m/z 230 resulting from loss of a M8ICQO; radical.

The major differences observed in tH€ NMR spectra of
14 and 15 were a resonance ét57 ppm assigned to (C-2) of
14 and a resonance @ 63 ppm assigned to C-3 df5. A
resonance ab 62 ppm in the spectrum df4 was assinged to
C-6 while the spectrum of5 contained a signal at 46 ppm
that was assigned to C-5. In contrast to the acidic tiglic aldehyde
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Scheme 8. 1,4-Addition of Cysteine 5a to Mesityl Oxide (16) at pH 8

N
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Scheme 9. Proposed Generation Pathway of Odorant 3-Mercapto-alkanals in the Mouth
R' s

OH
R"
—N

|
M*ﬁ

(0] R
OH
/\K“\H + HS/\HL HO)’\E/\S/S/LH
NH

Saliva enzymes
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reactions, 2-hexenal did not produce alkenyl sulfide products oxide with cysteine at pH 1 under the same conditions used
corresponding t@ or 9. This suggests that lack of substitution with tiglic aldehyde. After reduction of the crude mixture with

4 'R =R"=CH,
12:R'=C,H,, R"=H

in the oi-position relative to the carbonyl group d&)¢2 hexenal NaBH;, the alcohoB was obtained (12% yield). The remainder
disfavors the formation of such compounds with the olefin of the reaction mixture was composed of unreacted starting
function of which is less stabilized than ¥hor 9. At pH 8 it materials. However, at pH 8, the monoaddition proditivas

appears the major reaction between cysteine and 2-hexenal issolated (yield 22%) as a mixture with cysteine (2/1 cysteine/
formation of a monoadduct that exists as the cyclized Schiff 17 by NMR). After reduction of the crude, pH 8 reaction mixture

base, reduction of which yielded thiazepdite with NaBH,, the major compound isolated was once again a
1,4-Addition of Cysteine to Mesityl Oxide (4-Methyl-3- thiazepanel8in 61% yield, in addition to the targeted alcohol

penten-2-one, 16).The addition of cysteine to amj- 3in 27% yield.

unsaturated carbonyl functionality was repeated wilif) a LC-MS analysis ofl7 produced an Mt 1 ion of m/z220.

ketone, as the substrate. It has been reported that under acidi@he mass difference between the reduced monoaddition products
conditions, at pH 1, the Michael addition was slow and 3 and18was observed by LC-MS. Compoudossessed an
incomplete (16). As shown iBcheme 8, we treated mesityl M + 1 ion of m/z222 consistent with the molecular formula
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CoH19aNO3S, while compound.8 had an M+ 1 ion of m/z204
consistent with the molecular formulald;/NO,S.

Starkenmann

Robert Brauchli and Walter Thommen for NMR measurements
and discussion, and Jana Pika, Gary Womack, and Roger

Although previously described in the literature, the only Snowden for discussion and writing assistance.

spectral data published fdr7 and 3 are mass spectra of the
trimethylsilylated derivatives (14). In addition to these spectra,
we were able to obtain NMR data that were consistent with the
proposed structures. Thiazepal®, like 11 and 15, produced
spectral data consistent with the seven-member ring structure.
We could not find any references in the literature concerning
thiazepaned1, 15, and18 so this is the first time that their
formation is described.

It is interesting to mention that the diastereomeric mixture
of 13was odorless. However, when tasted at 10 ppm in mineral
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CONCLUSIONS

When cysteine was added to thesubstituted o, 5-unsatu-
rated aldehyde, tiglic aldehydéunder slightly basic conditions,
a double addition of cysteine was observed and pro@weas
formed. Under acidic conditions a double addition also occurred;
however, the second cysteine molecule added to form a vinylic
sulfide bond and produdtwas formed. Reduction of the crude
mixture prepared under acidic conditions gave the alcdabol
presumptive evidence of the existence of the monoadtuct
Under basic conditions, after reduction with NaBHhiazepane
11was formed. Similar results were obtained wi#)-2-hexenal
(12) but in this case the corresponding vinylic sulfide, double
addition product was not observed, probably because it was not
stabilized by armt-substituent. In the case of mesityl oxidis),

the carbonyl group was less reactive and basic conditions gave

the monoadduct? in better yield than under acidic conditions.
After reduction of the crude pH 8 mixture with NaBHwo
products were isolated: the corresponding alcoBoand
thiazepanel8.

A better understanding of the biogeneration of volatile sulfur
compounds from these types of products is a challenge for the
future.

ABBREVIATIONS USED

MSTFA,  N-Methyl-N-(trimethylsilyl)trifluoroacetamide;
NaBH,, sodium borohydride; LC-MS, high-performance liquid
chromatography—mass spectrometry; HP-TLC SiQP18,
high-performance silica gel thin-layer chromatography with a
hydrophobic C18 coating; COSYcorrelation spectroscopy;
HMQC, heteronucleamultiple quantumcorrelation spectros-
copy; HMBC, heteronucleamultiple bond correlation spec-
troscopy.
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