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Allium Chemistry: Supercritical Fluid Extraction and
LC—APCI—MS of Thiosulfinates and Related Compounds from
Homogenates of Garlic, Onion, and Ramp. ldentification in Garlic
and Ramp and Synthesis of 1-Propanesulfinothioic Acid S-Allyl

Ester
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Supercritical fluid (SF) extracts of homogenized garlic (Allium sativum L.), ramp (A. tricoccum Ait.),
and onion (A. cepa) were characterized with liquid chromatography (LC) and atmospheric pressure
chemical ionization mass spectrometric identification. The major thiosulfinates from garlic and
ramp were readily characterized by this technique. Small quantities of ajoene, a potent antithrom-
botic agent, were also found in SF extracts of garlic homogenates. The profiles of onion juice extracts
revealed the usual thiosulfinates, zwiebelanes, and bissulfine reported in prior studies, as well as
cepaenes previously identified in extracts of onion juice through extensive isolation steps and
spectroscopic methods. The presence of trace quantities of allyl compounds in onion juice and propyl
compounds in garlic and ramp homogenates has been verified by LC—mass spectrometry (MS).
The presence of these compounds was not readily evident in previous analyses using gas
chromatography—MS with cold-on-column injection and reversed-phase or normal phase LC with

UV detection.
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INTRODUCTION

Characteristic flavors of fresh onion (Allium cepa),
garlic (A. sativum L.) and other Allium spp. are associ-
ated with thiosulfinates and related compounds formed
enzymatically from odorless precursors when the plants
are cut or crushed (Block, 1992). Qualitative and
guantitative analyses of Allium organosulfur flavorants
take on added significance because of reported health
benefits from the consumption of fresh Allium spp.
(Block, 1994; Lawson, 1993; Koch and Lawson, 1996)
and numerous health food products that claim to
duplicate these benefits in other forms. For the isolation
and extraction of these flavorants, methods such as
supercritical carbon dioxide (SC-CO,) extraction and
room temperature steam distillation are recommended.
Methods such as gas chromatography (GC), liquid
chromatography (LC), and supercritical fluid chroma-
tography (SFC), as well as GC—mass spectrometry
(MS), LC—MS, and SFC—MS have been used for the
separation and identification of the thermally unstable
thiosulfinate esters and their breakdown products.
Each method has its strengths and weaknesses (Block
and Calvey, 1994; Ferary et al., 1996; Ferary and Auger,
1996).

Interest in supercritical fluid (SF) technology has
increased because of its effectiveness in the extraction
and analysis of natural products (Nguyen and Evans,
1991; Nguyen et al., 1992) and concern related to the
use and disposal of conventional organic solvents.
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Several laboratories have employed supercritical fluid
extraction (SFE) methodologies in the extraction of
garlic and onion. Wagner and Breu (1989) reported on
the complete decomposition of allicin and other thiosul-
finates, after garlic juice was stored at room tempera-
ture for 3 h and then extracted with SC-CO,. In
contrast to this finding, we have observed essentially
no change in the liquid chromatographic profile of SF
extracts of aqueous homogenates of garlic that were
extracted at 35 °C following storage for 10 min or 2 h
at room temperature (Calvey and Block, 1997). Our
observations agree with those of Lawson (1993), who
has shown that the half-life of allicin at room temper-
ature is 4 days in water. Breu and Dorsch (1994)
reported that cepaenes were the dominant organosulfur
compounds found in SF extracts of onion while thiosul-
finates represented major constituents in the corre-
sponding chloroform extracts. The SFE conditions
employed, however, were not specified in their report.
Miles and Quimby (1990) extracted garlic products with
SC-CO; under mild conditions, and the extracts were
analyzed by GC with atomic emission detection. Sinha
et al. (1992) extracted onion with SC-CO, under mild
conditions, and the extracts were analyzed by GC—MS.
These two latter research groups used traditional GC
methodologies with elevated injector temperatures in
the analysis of these low-temperature extracts. The
identification of those compounds that are primarily
responsible for the characteristic flavor of freshly cut
members of the genus Allium was not possible with the
above methods because of thermal decomposition or
artifact formation (Block, 1992). We have previously
reported that onion and garlic extracts obtained by SFE
using SC-CO, compare well with diethyl ether extracts
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analyzed by subambient on-column injection GC—MS
and methylene chloride extracts analyzed by LC with
UV detection, respectively (Calvey et al., 1994).

In this paper we use reversed-phase LC—MS and LC
tandem MS (LC—MS—MS) detection methods with
atmospheric pressure chemical ionization (APCI) to
characterize garlic, ramp (A. tricoccum Ait.), and onion
SF extracts. Various organosulfur components in garlic,
ramp, and onion extracts are compared with synthetic
standards. Ramp or wild leek is found in moist, shady
woods from New Brunswick to Minnesota and south to
North Carolina. It is a perennial which gives off a
strong onion odor. Banquets featuring this plant are a
spring tradition in southern Appalachia (Cox, 1985). The
Cherokee Indians consumed ramp leaves for colds and
croup or as a spring tonic, while the warm juice was
applied for earaches (Foster and Duke, 1990). The ramp
has a taste similar to but stronger than that of garlic.
Its edible bulbs are widely harvested and sold com-
mercially (Nault and Gagnon, 1993). Our work consti-
tutes the first study of the flavorants derived from ramp.

EXPERIMENTAL PROCEDURES

Materials. Fresh garlic and onion were obtained from local
retail markets in the Washington, DC, area. Ramp plants
were collected along the banks of the Potomac River near
Washington, DC, in the spring of 1995 and 1996 and from
the mountains of West Virginia in the Spring of 1996. Ramp
bulbs were immediately frozen or stored in the refrigerator
until extracted. LC grade solvents were obtained from J. T.
Baker (Phillipsburg, NJ). SFC/SFE grade CO, was obtained
from Air Products (Allentown, PA). Hydromatrix (a mixture
of diatomaceous earth and crystalline silica) was obtained from
Varian (Palo Alto, CA). Synthesis of most Allium organosulfur
compound standards are described elsewhere (Block et al.,
1986, 1996b, 1997; Block and O’'Connor, 1974; Block and Zhao,
1992).

LC—MS and LC—MS—MS Analysis. LC—MS data were
collected by using a Finnigan TSQ 7000 (Finnigan MAT, San
Jose, CA) equipped with an APCI interface, and a Hewlett
Packard (Hewlett Packard, Wilmington, DE) 1050 liquid
chromatograph. Chromatographic separation was achieved
with a YMC J'sphere ODS-M80 column (250 x 2.0 mm i.d.,
S-4 um, 80A). A linear gradient employing water/acetonitrile
as the mobile phase was pumped at 200 xL/min. Initial mobile
phase composition of 70% A (95/5 water/acetonitrile), 30% B
(5/95 water/acetonitrile) was held constant for 10 min. The
final mobile phase composition of 40% A/60% B was reached
at 25 min, followed by an isocratic period of 15 min. lonization
conditions were as follows: vaporizer, 350 °C; heated capillary,
150—200 °C; corona discharge needle, 5.0 uA. Nitrogen was
employed, at a sheath gas pressure of 70 psi and auxiliary gas
was on at 50 mm (65 mm flow tube, maximum flow 12 L/min),
to assist in nebulization. lons were decomposed by using argon
in the collision cell at 0.8 mTorr and an optimized collision
energy of —12 to —15 eV for the thiosulfinates and —55 eV for
the cepaenes. Day to day instrument conditions were set
based on the mass spectrum of allicin (9), such that the
spectrum was the same every day.

Supercritical Fluid Extraction. Allium species were
extracted with a PrepMaster and AccuTrap (Suprex, Inc.,
Pittsburgh, PA). Onion slices (30—40 g) were juiced with an
Oster juice extractor (Milwaukee, WI). Whole cloves of garlic
(2—4 g) or ramp bulbs (2—5 g) were homogenized in 10 mL/g
of water at ambient temperature by using a Tissumizer
(Tekmar, Cincinnati, OH). The solutions were allowed to
stand at room temperature for 5—10 min to ensure complete
enzymatic conversion to the thiosulfinates and related com-
pounds. Hydromatrix was mixed with 15 mL of onion juice
(representing ~26 g) or garlic or ramp homogenate (repre-
senting ~1.5 g) and placed in a 50 mL extraction vessel. The
mixtures were extracted at 35 °C and 240 atm at a flow rate
of 2 mL/min for ca. 30 min, resulting in 60 g of liquid CO,
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used. The effluent was trapped on glass beads at 0—1 °C and
desorbed with 1 mL of methanol or methanol/water (50/50).

2-Propenesulfinyl Chloride. Under an argon atmo-
sphere, allyl chloride (8.25 g, 0.133 mol) in ether (40 mL) was
added dropwise during 30 min to Mg turnings (2.40 g, 0.1 mol)
and ether (300 mL) in a 500 mL flame-dried 3-necked flask
equipped with a dry-ice condenser. The light gray mixture
was vigorously stirred for 2 h, cooled to —60 °C, and treated
with SO, for 10 min until there was no further change in
appearance of the mixture. The stirred mixture was warmed
to room temperature overnight, cooled again to —60 °C, and
treated dropwise with SOCI; (35 g, 0.30 mol) during 1 h. The
mixture was warmed to room temperature, stirred for 4 h,
filtered, evaporated, refiltered, and distilled (bp 68—72 °C/20
mmHg), giving the thermally unstable title compound (2.61
g, yield 21%) as a yellow liquid after distillation: *H NMR
(CDCl3) 6 5.99 (m, 1 H), 5.59 (m, 2 H), 4.09 (d, J = 7.2 Hz, 2
H); **C NMR (CDCls) ¢ 126.32, 124.07, 68.29; IR (Vmax, Neat)
3088 (w), 2979 (w), 1635 (w), 1338 (m), 1231 (m), 1146 (s), 988
(m), 938 (m) cm™1.

1-Propanesulfinothioic Acid S-Allyl Ester (10). A solu-
tion of 1-propanesulfinyl chloride (1.9 g, 0.015 mol) (Block et
al., 1996c¢) in ether (30 mL) was added dropwise to a mixture
of 2-propenethiol (1.1 g, 0.015 mol), pyridine (3 mL), and ether
(30 mL) at 0 °C in a flame-dried 3-necked 100 mL flask. The
cold solution, now containing a heavy white precipitate, was
stirred for 1 h and then extracted with chilled H,SO4 (1 M, 3
x 20 mL). The ether layer was separated, and the combined
aqueous layers were saturated with ammonium sulfate and
extracted with CHxCl, (3 x 20 mL). The combined organic
extracts were dried (MgSO,) and concentrated in vacuo af-
fording thermally unstable 10 as a colorless liquid with a
garlic-like odor (2.04 g, 83% yield): *H NMR (CDClz) 6 5.88
(m, 1 H), 5.21 (m, 2 H), 3.73 (m, 2 H), 3.07 (m, 2 H), 1.83
(sextet, J = 7.8 Hz, 2 H), 1.03 (t, J = 7.2 Hz, 3 H); *C NMR
(CDCls) 6 132.96, 118.93, 57.76, 35.35, 17.38, 13.37; IR (Vmax,
neat) 3083 (w), 2965 (s), 2931 (m), 1635 (w), 1083 (s), 987 (M),
918 (s) cm™L.

2-Propene-1-sulfinothioic Acid S-Propyl Ester (11).
Reaction of 2-propenesulfinyl chloride (1.24 g, 0.01 mol) and
1-propanethiol (0.76 g, 0.01 mol) in ether in the presence of
pyridine followed by workup as above gave thermally unstable
11 (1.46 g, yield 89%) as a slightly yellow liquid with a garlic-
like odor: 'H NMR (CDCI3) 6 5.91 (m, 1 H), 5.42 (m, 2 H),
3.77 (oct.,, 3 = 7.8 Hz, 2 H), 3.10 (m, 2 H), 1.80 (sextet, J =7.2
Hz, 2 H), 1.02 (t, J = 7.2 Hz, 3 H); 13C NMR (CDCls) 6 125.93,
123.86, 60.26, 36.27, 24.14, 13.38; IR (Vmax, Neat) 3084 (w), 2963
(s), 2928 (m), 1635 (m), 1457 (m), 1378 (m), 1292 (m), 1093
(s), 988 (w), 928 (m) cm™2.

RESULTS AND DISCUSSION

Garlic and Ramp. Allicin (9) and related thiosul-
finates, [RS(O)SR', 1-5, 8, 10—14; see Tables 2 and 3
for compound identification] were identified in SF
extracts of fresh garlic and/or frozen and fresh ramp
homogenates. For the purposes of the discussion below
allyl (All) refers to the 2-propenyl substituent. The LC—
APCI—MS total ion chromatograms (TICs) of garlic and
ramp SF extracts are shown in Figure 1. Under APCI
conditions with an acetonitrile/water LC mobile phase,
the mass spectra of the thiosulfinates have a base peak
corresponding to the protonated molecule (MH™). An
acetonitrile adduct ion (M + CH3CN)* was also ob-
served. Capillary temperature and/or auxiliary gas flow
rate can be adjusted to minimize the formation of the
adduct ion. Fragment ions become prominent as the
capillary temperature is increased and/or the auxiliary
gas flow is decreased. A major fragment ion that is
present for allicin (9) and its allyl 1-propenyl isomers
(12—14), under certain conditions, was m/z 121 which
is consistent with the loss of the allyl functionality,
m/z 41.
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Figure 1. Total ion chromatograms representing typical SF

extracts of (a) garlic and (b) ramp. See Table 2 for compound
identification.

Table 1. Percent Peak Areas? Corresponding to the
Various Thiosulfinates in the Garlic and Ramp Extracts

fresh frozen
compd no. compd® garlic ramp®
1 MeS(0O)SMe 1.8 (0.9) 15.1
2,3 MeS(O)SAIl/MeSS(O)All 18.0 (18.5) 17.2
4,5,8 MeS(0O)S1-propenyl-(E,Z)/ 7.2 (9.4) 25.3

MeSS(O)1-propenyl-(E)

9 AlIS(O)SAlI 53.4 (59) 26.7
10 n-PrS(O)SAll d 1.2
12,13,14  AlIS(O)S1-propenyl-(E,Z)/  19.7 (19.6) 145

AlISS(O)1-propenyl-(E)

a8 The values of the peak areas are calculated from the TICs.
Values in parentheses are calculated mol % as reported by Block
et al. (1992a). Extracts were analyzed within 1—6 h of extraction
and kept on dry ice until analyzed. P See Table 2 for Chemical
Abstracts names of compounds. ¢ Fresh ramp bulbs were frozen
at —80 °C until extracted. 9 The response for this compound was
observed in the selected ion trace (m/z 165) but not integrated in
the TIC.

The relative amounts of various thiosulfinates, based
on percent peak areas from the TIC, were different in
the garlic and ramp extracts (Table 1). The major
thiosulfinate in garlic extracts was allicin (9, ~53% of
calculated peak areas for total thiosulfinates) with
significant contributions from the mixed allyl methyl
thiosulfinates (2, 3, ~18%), the mixed methyl 1-propenyl
thiosulfinates (4, 5, 8, ~7%) and the mixed allyl 1-pro-
penyl thiosulfinates (12—14, ~19%). In the frozen ramp
extract the relative abundance (RA) of allicin (9, ~26%)
was less than that found in typical garlic extracts, while
the RAs of dimethyl thiosulfinate (1, ~15%) and mixed
methyl 1-propenyl thiosulfinates (4, 5, 8, ~25%) were
significantly higher. Botanically, ramp is closely related
to European and Asian varieties of wild garlic (A.
ursinum and A. victorialis; personal communication, Dr.
Andrée Nault, 1996). The amount of allicin (9) relative
to the other thiosulfinates found in the frozen ramp
extract was similar to those reported for wild garlic
although the 1-propenyl functionality was more abun-
dant in the former than in the latter (Block et al.,
1992a).
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Figure 2. Selected ion chromatograms (m/z 165) representing
typical SF extracts of (a) ramp (garlic afforded a similar
chromatogram for compounds 9, 10, and 12—14) and (b) yellow
onion. See Table 2 for compound identification.

Tables 2 and 3 list the MS-MS spectral data for the
MHT ions of thiosulfinates and related compounds found
in extracts of Allium species. The fragmentation pat-
tern of the MS—MS spectra of the C, thiosulfinates, the
methyl allyl thiosulfinates (2, 3) and the methyl 1-pro-
penyl thiosulfinates (4, 5, 8), permitted identification
of these isomers. The base peak for the isomers 4, 5,
and 8 was the protonated parent (m/z 137) while the
base peaks for the isomers 2 and 3 were fragment ions
at m/z 73 and 41, respectively. In all cases at least one
unique ion was present in each isomer group to distin-
guish the regioisomers [i.e., RS(O)SR' vs RSS(O)R'].
Likewise, the MS—MS spectra of the Cg thiosulfinates,
allicin (9) and its allyl 1-propenyl isomers (12—14), were
sufficiently distinctive to permit assignment of the
chromatographic peaks. Consequently, we determined
that the chromatographic separation of the thiosulfi-
nates 12—14 reversed order when acetonitrile/water was
used as the mobile phase instead of methanol/water
(Calvey et al., 1994).

The LC-MS data provided convincing evidence that
thiosulfinates containing the n-propyl moiety were
present in garlic and ramp SF extracts. Boscher et al.
(1995) previously reported the presence of trace amounts
of n-propyl-containing sulfides and polysulfides in garlic
extracts or distilled garlic oils. Edwards et al. (1994)
reported the presence of S-n-propyl L-cysteine S-oxide
in trace amounts in garlic. The latter compound would
be the precursor of thiosulfinates containing the n-
propyl moiety in garlic extracts. A peak (10, tg ~ 12.5
min) eluting between allicin and thiosulfinates 12—14
was observed in the SF extracts of garlic and ramp
homogenates (Figure 2a) with an apparent MH™ ion at
m/z 165 and a corresponding acetonitrile adduct ion at
m/z 206. This peak contrasted with the elution of
1-propenyl n-propyl isomers (15—17, MH*, m/z 165, tg
between 15 to 18 min; Figure 2b; also compare m/z 163
and 165 traces in Figure 6) observed in onion juice
extracts, which eluted after the isomers 12—14. Au-
thentic standards were synthesized to confirm the
presence of these n-propyl-containing thiosulfinates in
fresh garlic and ramp extracts. The previously un-
known isomers 1-propanesulfinothioic acid S-allyl ester
[10, n-PrS(O)SCH,CH=CH;] and 2-propene-1-sulfi-
nothioic acid S-propyl ester [11, n-PrSS(O)CH,CH=CHj]
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Table 2. APCI-MS—MS Data of Thiosulfinates Found in Extracts of Allium spp.

cpd no. compound? MS—MS spectral data of MH™ ions (relative abundance)

1 MeS(O)SMe 111 (100); 65 (68); 63 (56); 49 (24)

2 MeS(0)SAll 137 (60); 135 (25); 73 (100); 64 (10); 47 (8); 45 (45); 41 (58); 39 (20)

3 MeSS(O)All 137 (45); 135 (10); 95 (24); 79 (22); 64 (5); 47 (5); 45 (6); 41 (100); 39 (8)

4,5 MeS(0)S1-propenyl-(E,Z) 137, (100); 136 (22); 120 (6); 73 (74); 64 (47); 47 (14); 45 (66); 41 (40); 39 (20); 29 (12)

6 MeSS(O)Pr-n 139 (100); 97 (30); 79 (74); 73 (12); 59 (16); 43 (70)

7 MeS(O)SPr-n 139 (100); 97 (64); 75 (44); 43 (48)

8 MeSS(0O)1-propenyl-(E) 137 (100); 136 (35); 120 (4); 90 (44); 64 (6); 47 (8); 45 (36); 41 (30); 39 (18); 29 (8)

9 AlIS(O)SAll 163 (7); 121 (12); 105 (4); 93 (3); 87 (10); 73 (100); 41 (29)

10 n-Prs(0)SAll 165 (14); 73 (100)

11 n-PrSS(O)All 165 (14); 123 (90); 107 (10); 89 (14); 73 (30); 43 (100); 41 (16)

12,13 AlIS(0)S1-propenyl-(E,Z) 163 (10); 121 (65); 105 (30); 103 (18); 93 (19); 87 (100); 81 (28); 73 (10); 59 (20); 55 (8); 41 (18)
14 AIlISS(O)1-propenyl-(E) 163 (10); 121 (56); 105 (18); 103 (15); 93 (16); 87 (71); 81 (15); 73 (100); 59 (10); 55 (8); 41 (14)
15 n-Prs(0)S1-propenyl-(E)° 165 (72); 105 (34); 73 (100); 43 (24)

16 n-Prs(0)S1-propenyl-(Z)P 165 (40); 105 (64); 73 (100); 43 (20)

17 n-PrsS(0)1-propenyl-(E)° 165 (42); 105 (2); 89 (100); 61 (8); 43 (26)

18 n-PrS(0)SPr-n 167 (100); 125 (32); 107 (63); 93 (11); 75 (16); 73 (74); 59 (10); 43 (42)

a Chemical Abstracts names for compounds: 1, methanesulfinothioic acid S-methyl ester; 2, methanesulfinothioic acid S-2-propenyl
ester; 3, 2-propene-1-sulfinothioic acid S-methyl ester; 4, methanesulfinothioic acid S-(E)-1-propenyl ester; 5, methanesulfinothioic acid
S-(2)-1-propenyl ester; 6, 1-propanesulfinothioic acid S-methyl ester; 7, methanesulfinothioic acid S-n-propyl ester; 8, (E)-1-propenesulfi-
nothioic acid S-methyl ester; 9, 2-propene-1-sulfinothioic acid S-2-propenyl ester (allicin); 10, 1-propanesulfinothioic acid S-2-propenyl
ester; 11, 2-propene-1-sulfinothioic acid S-n-propyl ester; 12, 2-propene-1-sulfinothioic acid S-(E)-1-propenyl ester; 13, 2-propene-1-
sulfinothioic acid S-(Z)-1-propenyl ester; 14, (E)-1-propenesulfinothioic acid S-2-propenyl ester; 15, 1-propanesulfinothioic acid S-(E)-1-
propenyl ester; 16, propanesulfinothioic acid S-(Z)-1-propenyl ester; 17, (E)-1-propenesulfinothioic acid S-n-propyl ester; 18, propane-
sulfinothioic acid S-n-propyl ester. b Elution order based on reversal of Si-HPLC data reported by Block et al. (1992).

Table 3. APCI-MS—MS Data of Bissulfine, Zwiebelanes, Cepaenes, and Ajoene Found in Extracts of Allium spp.

cpd no. compound? MS—MS spectral data of MH™ ions (relative abundance)
19 d,I-OSCH(CHMe),CHSO 179 (100); 161 (15); 133 (35); 127 (6); 115 (35); 113 (36); 99 (12); 97 (10);
87 (6); 69 (22); 43 (6)
20 cis-zwiebelane 163 (24); 113 (100); 101 (4)
21 trans-zwiebelane 163 (46); 113 (100); 101 (12)
22 MeS(O)CHEtSSMeP 185 (30); 121 (70); 111 (10); 79 (98); 73 (100); 64 (16); 45 (22)
23 1-propenylS(O)CHEtSSMe® 211 (12); 121 (65); 79 (98); 73 (100); 64 (12); 45 (24); 41 (10)
24 MeS(O)CHEtSS1-propenyld 211 (35); 147 (75); 105 (100); 73 (70); 61 (34); 45 (24); 41 (25)
25 1-propenylS(O)CHEtSS1-propenyl® 237 (10); 147 (50); 105 (100); 73 (45); 61 (30); 45 (24); 41 (10)
26 1-propenylS(O)CHEtSSPr-nf 239 (6); 149 (48); 107 (20); 73 (100); 45 (16); 43 (40); 41 (10)
27 n-PrS(O)CHEtSS1-propenyld 239 (4); 147 (100); 105 (76); 73 (30); 61 (20); 45 (12); 41 (20)
28 AlIS(O)CH,CH=CHSSAII¢ 235 (16); 145 (19); 111 (18); 103 (100); 73 (92); 67 (28); 45 (35); 41 (24)

a Chemical Abstracts names for the compounds: 19, (Z,Z)-d,I-2,3-dimethyl-1,4-butanedithial S,S'-dioxide (bissulfine); 20 (1a,20,3a,4a,503)-
2,3-dimethyl-5,6-dithiabicyclo[2.1.1]hexane 5-oxide (cis-zwiebelane); 21, (+)-(1a,2a,34,4a,504)-2,3-dimethyl-5,6-dithiabicyclo[2.1.1]hexane
5-oxide (trans-zwiebelane); 22, methyl 1-(methylsulfinyl)propyl disulfide; 23, methyl (E)-1-(1-propenylsulfinyl)propyl disulfide; 24,
1-(methylsulfinyl)propyl (E,Z)-1-propenyl disulfide; 25, (E)-1-propenyl 1-(1-propenylsulfinyl)propyl disulfide; 26, (E)-1-(1-propenylsulfi-
nyl)propyl propyl disulfide; 27, (E)-1-propenyl 1-(propylsulfinyl)propyl disulfide; 28; (E,Z)-4,5,9-trithiadodeca-1,6,11-triene 9-oxide ((E,Z)-
ajoene). ® Observed two chromatographic peaks. Both chromatographic peaks resulted in similar product ion mass spectra. These were
assumed to be chromatographically resolved diastereomers due to chirality at both sulfur and carbon. ¢ All synthesized isomers produced
similar spectra. Only observed one chromatographic peak for the E configuration eluting at ~16 min. The diastereomers with the Z
configuration eluted between 13 and 14 min; these two peaks were baseline resolved. 9 Product ion spectra of the mixed cepaenes found
in the onion extracts. Assignments were made based on synthetic standards. ¢ Observed only one chromatographic peak, indicating that
diastereomers may not be resolved. f All synthesized isomers produced similar spectra. Observed two chromatographic peaks for the Z
configuration eluting between 23 and 24 min; these peaks were not baseline resolved. Only one peak was observed for the E configuration
eluting ~22.5 min. 9 Only observed in garlic extracts; eluting at ~19 min.

were prepared by a pyridine-catalyzed condensation of .. 100 a 73 5’504
the corresponding sulfinyl chlorides and thiols. 2-Pro- 2 gp ’
penesulfinyl chloride, which has not been previously 2 60

reported, was prepared by treatment of the magnesium § 40

salt of 2-propenesulfinic acid with thionyl chloride. 3

Compounds 10 and 11 were well separated by reversed- ¢ 20 165
phase LC and showed distinctly different fragmentation I
patterns with APCI-MS—MS analysis. The APCI—

MS—MS (Figure 3) data confirmed that compound 10 =100 b 43 123 E:M
was present in extracts of ramp and garlic homogenates. 2 gp ‘
The data suggested that compound 11 was present, 2 80

although it was not resolved from the allyl 1-propenyl g

thiosulfinates (12—14). Extracts of fresh garlic homo- g 40 73 165
genates obtained at various times of the year have & 201 41 89 407

consistently shown evidence of trace levels of 10. The L. L |
relative amount of 10 based on peak area is ~0.5% of 50 100 150

allicin. n-Propyl-containing thiosulfinates were previ- m/z

ously thought to be absent in garlic (Koch and Lawson, Figure 3. APCI—-MS—MS spectra of (a) compound 10 [n-PrS-

1996; Lawson et al., 1991; Block, 1992a). (0)SAll] and (b) compound 11 [n-PrSS(O)All].
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The methyl n-propyl thiosulfinates (6, 7, MH™, m/z
139), minor components in the SF extracts of ramp,
coelute with the methyl 1-propenyl isomers (4, 5, 8,
MH™*, m/z 137). Their presence was suggested because
the abundance of the ion at m/z 139 (~20% RA) relative
to the ion at m/z 137 can not be fully explained as the
isotope ion (9.2% calculated RA) associated with 4, 5,
and 8 (MH™*, m/z 137).

The data for a late eluting constituent (tr ~ 19—20
min) in garlic extracts (not shown) were consistent with
data for ajoene [28, AlIS(O)CH,=CHSSAII], a major
component found in oil-macerated garlic products (Law-
son, 1993; Block et al., 1986). Although ajoene was not
conclusively identified in ramp extracts, there is some
evidence that ajoene-related compounds, where methyl
functionalities are substituted for the allyl groups [MeS-
(O)CH,CH=CHSSMe, (E,Z2)-2,3,7-trithiaoct-4-ene 7-0x-
ide, 29], are present in SF extracts of ramp homoge-
nates. Sendl et al. (1991, 1992a,b) previously isolated
ajoene homologs, 29 and (E,Z)-4,5,9-trithiaocta-1,6-diene
9-oxide [MeS(O)CH,CH=CHSSCH,CH=CHy,, 30] from
chloroform and chloroform/acetone extracts of wild
garlic. Sendl also reported that these compounds were
found in garlic extracts but ajoene predominated. Ajoene
is structurally related to the cepaenes [RS(O)CHEtSSR']
found in onion extracts. Ramp extracts also appear to
contain cepaenes, some of which have MH™ ions and
retention times consistent with the methyl 1-(methyl-
sulfinyl)propyl disulfide (22), methyl (E,Z)-1-(1-prope-
nylsulfinyl)propyl disulfide (23), and 1-(methylsulfinyl)-
propyl (E,Z)-1-propenyl disulfide (24) isomers. Other
components, which may be particular cepaenes, had
retention times that differed from those observed for the
cepaenes found in onion extracts or for the synthetic
standards analyzed. Their chromatographic retention
times suggested the incorporation of the allyl group into
the cepaene backbone (Calvey et al., 1996). Morimitsu
et al. (1992) reported the formation of allyl containing
cepaenes in extracts of homogenates prepared from
combined onion and garlic. Other late eluting constitu-
ents observed in garlic and ramp extracts by LC with
UV detection were not readily observed by LC—MS in
the TIC. These components have retention times and
UV spectra characteristic of the dithiins, alkyl sulfides,
and polysulfides (Calvey and Block, 1997), which ionize
poorly under the APCI conditions employed in this
study.

Onion. The major sulfur constituents in an SF
extract of onion, as determined by cryogenic GC—MS,
are methanesulfinothioic acid S-(E,Z)-1-propenyl ester
(4,5), (E)-1-propenesulfinothioic acid S-methyl ester (8),
(1o,20,30,40,50)-2,3-dimethyl-5,6-dithiabicyclo[2.1.1]-
hexane 5-oxide (cis-zwiebelane, 20), (£)-(1a,20,34,4a,50)-
2,3-dimethyl-5,6-dithiabicyclo[2.1.1]hexane 5-oxide (trans-
zwiebelane, 21), and (E,Z)-propanethial S-oxide (lachry-
matory factor, LF) (Calvey et al., 1994). SF extracts
rapidly prepared from the juice of 10—15 g of fresh
yellow onions and immediately analyzed by LC—MS
showed the presence of various thiosulfinates, a bis-
sulfine, zwiebelanes, and significant quantities of a
series of cepaenes. ldentification of the organosulfur
compounds was achieved by comparison with synthetic
standards and further verified by employing LC—MS—
MS analyses (Tables 2 and 3). Because of the complex-
ity of the onion extracts, the data obtained for each class
of compounds is discussed separately.

(A) LF. Inonion, the majority of the 1-propenyl group
generated as 1-propenesulfenic acid forms the lachry-
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Figure 4. Selected ion chromatograms, from SF extract of
fresh onion, for protonated cepaenes 22 (m/z 185), 23, 24 (m/z
211), 25 (m/z 237), and 26, 27 (m/z 239). See Table 3 for
compound identification.

matory factor (Block et al., 1996¢). The LF, a strong
UV absorber at 254 nm, elutes between compound 1 and
bissulfine (19). In our mass spectral analyses we
generally scanned between 110—350 daltons. There-
fore, we did not observe the LF (MH*, m/z 91) under
these conditions. The UV spectrum obtained from LC
runs employing a diode array detector indicated its
presence in the SF extracts of onion. LC—MS data were
then collected by scanning a small mass window from
85 to 98 daltons and the presence of LF in SF extracts
of onion was indicated. The low levels of LF were
probably due to its extreme volatility and inefficient
trapping on glass beads at 0—1 °C (Calvey et al., 1994).
More efficient methods for extraction and GC identifica-
tion of the LF have recently been reported (Schmidt et
al., 1996).

(B) Bissulfine (19). (Z,2)-d,I-2,3-Dimethyl-1,4-butane-
dithial S,S'-dioxide has previously been isolated from
organic extracts of onion and identified through spec-
troscopic techniques and synthesis (Block et al., 1996a;
Block and Bayer, 1990). Quantitation of the bissulfine
in methylene chloride extracts of onion has been achieved
by using normal phase LC with UV detection (Block et
al., 1992a). The bissulfine was observed in SF extracts
of onion via LC—APCI—MS. Under the chromato-
graphic conditions employed, bissulfine eluted before
compounds 4 and 5. The mass spectrum of the bis-
sulfine shows an MH™ ion as the base ion at m/z 179,
two adduct ions at m/z 196 (M + H,0O)* and m/z 220
(M+CH3CN)*, and fragment ions at m/z 161, 133, and
113. MS—MS experiments confirmed that these frag-
ment ions result from decomposition of the MH™ ion.

(C) Cepaenes (22—27). Our LC—MS data indicate
that cepaene extraction/formation in SC-CO, at 35 °C
is rapid and that a series of cepaenes [RS(O)CHEtSSR']
are present in an SF extract of onion juice. Each
cepaene is a mixture of two diastereomeric pairs due to
chirality at both sulfur and carbon. Figure 4 shows
detection of a series of diastereomeric cepaenes with
MH™ ions at m/z 185, 211, 237, and 239 [R = R' = Me;
R/R' = MeCH=CH, R'/R = Me; R = R' = MeCH=CH,;
R/R' = MeCH=CH, R'/R = n-Pr; each MeCH=CH group
is (E)- or (Z)-]. This was further verified by employing
LC—APCI-MS—MS analyses and analyzing synthetic
standards (Table 3) (Block et al., 1997). Previously,
several laboratories (Kawakishi and Morimitsu, 1988;
Bayer et al., 1989) isolated milligram quantities of
cepaenes after subjecting kilogram quantities of onion
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to organic solvent extraction. After concentration of the
extracts, extensive cleanup was achieved through re-
petitive chromatographic separations. Each group re-
ported the isolation of different cepaenes. Although
Breu and Dorsch (1994) reported that cepaenes were
the dominant organosulfur compounds found in SF-CO
extracts of onion, they did not indicate the SFE condi-
tions employed. Under our SFE conditions the methyl
1-propenyl thiosulfinates and the zwiebelanes generally
predominated. Cepaenes are important both in terms
of their flavor and biological activity, e.g. as antithrom-
botic agents (Kawakishi and Morimitsu, 1988; Bayer et
al., 1989; Block and Zhao, 1992). The presence of
cepaenes and related nonvolatile organosulfur com-
pounds could account for the apparent low SFE ef-
ficiency of the thiosulfinates and zwiebelanes previously
determined by GC—MS (Calvey et al., 1994).

The “symmetrical” cepaenes MeS(O)CHEtSSMe (22,
MH*, m/z 185) and 1-propenylS(O)CHEtSS1-propenyl
(25, MH*, m/z 237; geometric isomers) were identified
in the onion extracts and verified with authentic stan-
dards by using MS—MS. The “mixed” cepaenes, MeS-
(O)CHEtSS1-propenyl (24, MH*, m/z 211) and n-PrS-
(O)CHEtSS1-propenyl (27, MH*, m/z 239; geometric
isomers) found in the onion SF extracts are significantly
different from synthetic standards (E,Z)-1-propenylS-
(O)CHEtSSMe (23, MH™, m/z 211) and (E,Z)-1-prope-
nylS(O)CHEtSSPr (26, MH*, m/z 239). Synthetic iso-
mers 23 and 26 eluted prior to 17 min while extract
isomers 24 and 27 eluted from 17—23 min. Other
differences occurred in the MS—MS spectrum of the
MH™ ion. Synthetic standards 23 yielded significant
product ions at m/z 211, 121, 79, and 73. In the onion
SF extracts the major chromatographic peak with an
MH™* ion at m/z 211 (t ~ 19 min, Figure 4) was
tentatively identified as 24 because of the lack of ions
at m/z 121 and 79 and the presence of ions at m/z 147
and 105 in the MS—MS spectrum. The component
(MH*, m/z 211) in the onion extract eluting between 16—
17 min was tentatively identified as (E)-23 due to the
similar MS—MS spectrum of the synthetic standard.
The component (MH™, m/z 211) with tg ~ 17.5 min has
an MS-MS spectrum similar to the major m/z 211
component, 24. Similarly, the major chromatographic
peak with an MH™* ion at m/z 239 (tr ~ 23 min, Figure
4) was tentatively identified as 27 because of the
presence of ions at m/z 147 and 105 and the lack of ions
at m/z 149 and 107 in the MS—MS spectrum. The ions
at m/z 147 and 105, observed in the MS—MS spectrum
of the “symmetrical” cepaenes containing the 1-propenyl
group, can be attributed to the ions MeCH=CHS," and
MeCH=CHS,CHEt", respectively. These tentative iden-
tifications were later verified with synthetic standards
of 24 and 27.

(D) Zwiebelanes (20, 21). Previous data obtained by
the authors have shown that the zwiebelanes are major
sulfur containing compounds found in onion extracts
(Block et al., 1992b; Calvey et al., 1994). Using a Cjg
column and a CH3CN/H»O gradient, the zwiebelanes
(20, 21) were not baseline resolved from the methyl
cepaenes (22). They can be resolved by mass spectrom-
etry, however, on the basis of selected ion traces of the
MH™ ions, m/z 163 and 185, respectively (Figure 5). The
MS—MS spectra of the MH* ions of these two zwie-
belanes showed a base peak at m/z 113. The spectra
differ in the intensity of the parent ion (MH™, m/z 163).
The trans isomer (21) has approximately double the
intensity of the cis isomer (20). The trans isomer (21)
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Figure 5. Selected ion chromatogram from SF extract of fresh
onion showing spectrometric resolution of the protonated
zwiebelanes 20, 21 (m/z 163) and “methyl/methyl cepaenes”
22 (m/z 185). See Table 3 for compound identification.
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Figure 6. Selected ion chromatograms of protonated thiosul-

finates found in onion extracts: 1 (m/z 111), 4, 5 (m/z 137), 6,

7 (m/z 139), 12—14 (m/z 163; also shows zwiebelanes 20, 21

as 8—9 min retention time peaks), 15—17 (m/z 165), and 18

(m/z 167). See Tables 2 and 3 for compound identification.

was the major component of the two and eluted after
the cis isomer (20). There also appeared to be a
coeluting compound in the onion extract that produced
an isobaric ion at m/z 163. This is evidenced by a
significant product ion at m/z 73, which is not observed
in appreciable amounts in the spectra of the zwiebelane
synthetic standards. This may suggest the presence of
allicin (9), but due to its low concentration in the
extracts, conclusive MS—MS evidence was not obtain-
able.

(E) Thiosulfinates. A series of thiosulfinates was
found in the onion SF extract (Figure 6). We have
previously quantitated some of these compounds by
GC—MS in a single SF extract of onion (Calvey et al.,
1994). The methanesulfinothioic acid S-methyl ester (1)
and propanesulfinothioic acid S-n-propyl ester (18) were
not determined by GC—MS because different chromato-
graphic conditions were required to determine their
presence in onion extracts. The major thiosulfinates
found in multiple SF extracts of onion were the methyl
1-propenyl isomers (4, 5, 8, MH™, m/z 137). Under the
LC conditions employed in this study, the isomers were
not baseline-resolved. The methyl n-propyl isomers (6,
7, MH", m/z 139) are minor components in the SF
extracts of onion and these coeluted with 4, 5, and 8.
Their presence was suggested because the RA of the ion
at m/z 139 (11-20%) relative to the ion at m/z 137
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Figure 7. Selected ion chromatogram (m/z 163) from SF
extract of (a) fresh garlic homogenate and (b) fresh onion juice
suggesting the presence of the allylic compounds 12—14 in
onion extracts. See Table 2 for compound identification.

cannot be fully explained as the isotope ion (9.2%
calculated RA) associated with the methyl 1-propenyl
components (MH*, m/z 137). Three 1-propenyl n-propyl
isomers (15—17, MH™, m/z 165) are found in fresh onion
extracts with retention times between 14 and 16.5 min.
Propanesulfinothioic acid S-n-propyl ester (18, MHT,
m/z 167) is observed in SF extracts of onion eluting
between the n-PrS(0)S1-propenyl-(E,Z) isomers (15, 16,
MH™*, m/z 165).

Review of the LC—MS data of three extracts from two
different onions showed retention times similar to garlic
extracts for ions of allyl 1-propenyl thiosulfinates (12—
14) that indicate their presence in smaller quantities
in onion extracts (Figure 7). The ion at m/z 121,
observed in the mass spectra, provides additional sup-
port for their presence in the onion extracts (see
discussion on garlic and ramp). The relative amounts
of 12—14 based on the combined peak areas for 4, 5,
and 8 from the TIC is ~7%. As we have previously
reported, the concentration of the thiosulfinates in onion
juice is ~100-fold less than that found in extracts of
garlic homogenates (Block et al., 1992a; Calvey et al.,
1994). The low concentration of 12—14 in the extracts
makes it difficult to obtain conclusive MS—MS evidence
of their presence. The occurrence of these compounds
could not be determined by GC—MS because of their
thermal instability. Traces of precursor (+)-S-allyl
L-cysteine S-oxide were found in onion (Edwards et al.,
1994). Furthermore, GC—MS analysis established the
presence of low levels of polysulfides containing the allyl
group in distilled onion oil (Brodnitz et al., 1968; Boelens
et al., 1971; Kallio and Salarinne, 1990; Tokitomo and
Kobayashi, 1992).

CONCLUSION

LC—APCI—-MS methods provide an effective alterna-
tive for analysis of thermally labile organosulfur com-
pounds found in extracts of Allium spp. By employing
LC—MS we confirmed the presence of n-propyl-contain-
ing thiosulfinates in extracts of garlic and ramp homo-
genates. The low UV absorbance, low concentration,
and thermal lability of these compounds made detection
by other means difficult. While APCI-MS may give
ambiguous data based solely on the protonated molecule
and adduct ions, the MS—MS spectra show that the

Calvey et al.

regioisomers of the various sulfur-containing compounds
present can be uniquely distinguished. The MS condi-
tions employed in this study are sufficiently energetic
to ionize sulfinyl [-S(O)—] compounds. Sulfides and
related compounds involving divalent sulfur were not
observed, although their presence was suggested by
LC—UV analysis.

ABBREVIATIONS USED

APCI, atmospheric pressure chemical ionization; GC,
gas chromatography; GC—MS, coupled gas chromatog-
raphy—mass spectrometry; LC, liquid chromatography;
LC—APCI—-MS, coupled liquid chromatography—atmo-
spheric pressure chemical ionization—mass spectrom-
etry; LC—MS, coupled liquid chromatography—mass
spectrometry; MH*, protonated molecule; MS, mass
spectrometry; MS—MS, tandem mass spectrometry;
NMR, nuclear magnetic resonance; RA, relative abun-
dance; tg, retention time; SC-CO,, supercritical carbon
dioxide; SF, supercritical fluid; SFC, supercritical fluid
chromatography; SFC—MS, coupled supercritical fluid
chromatography—mass spectrometry; SFE, supercritical
fluid extraction; TIC, total ion chromatogram.

ACKNOWLEDGMENT

We thank the National Research Initiative Competi-
tive Grants Program/U.S. Department of Agriculture
(Awards No. 92-37500-8068 and 96-35500-3351), NIH-
NCI (CA45164) (E.B.), the National Science Foundation
(E.B.), McCormick & Company (E.B.), and Dr. Robert
Eppley of FDA and Professor Philip Whanger of Oregon
State for harvesting wild ramp plants. We thank
Saleem Ahmad of SUNY at Albany for initial synthetic
studies on 2-propenesulfinyl chloride.

LITERATURE CITED

Bayer, T.; Wagner, H.; Wray, V.; Dorsch, W. Inhibitors of
Cyclo-oxygenase and Lipoxygenase in Onions. Lancet 1988,
906.

Bayer, T.; Breu, W.; Seligmann, O.; Wray, V.; Wagner, H. Bio-
logically Active Thiosulphinates and o-Sulphinyldisulphides
from Allium cepa. Phytochemistry 1989, 28, 2373—2377.

Block, E. The Organosulfur Chemistry of the Genus Allium:
Implications for the Organic Chemistry of Sulfur. Angew.
Chem., Int. Ed. Engl. 1992, 31, 1135—-1178.

Block, E. Flavorants from Garlic, Onion and Other Alliums
and Their Cancer Preventative Properties. In Food Phy-
tochemicals for Cancer Prevention. 1. Fruits and Vegetables;
Ho, C. T., Huang, M.-T., Rosen, R. T., Osawa, T., Eds.; ACS
Symposium Series 546, American Chemical Society: Wash-
ington, DC, 1994; pp 84—96.

Block, E. Flavor Artifacts. J. Agric. Food Chem. 1993, 41, 692.

Block, E. Recent Results in the Organosulfur and Organose-
lenium Chemistry of Genus Allium and Brassica Plants:
Relevance for Cancer Prevention. In Dietary Phytochemi-
cals in Cancer Prevention and Treatment; Advances in
Experimental Medicine and Biology 401; Plenum Press:
New York, 1996; pp 155—169.

Block, E. The Chemistry and Health Benefits of Organosulfur
and Organoselenium Compounds in Garlic (Allium sati-
vum): Recent Findings. In Hypernutritious Foods; Finley,
J.W., Armstrong, D. J., Nagy, S., Robinson, S. F., Eds.; AgSci
Inc.: Auburnvale, FL, 1996; pp 261—292.

Block, E.; O'Connor, J. The Chemistry of Alkyl Thiosulfinate
Esters. VI. Preparation and Spectral Studies. J. Am.
Chem. Soc. 1974, 96, 3929—3944.

Block, E.; Bayer, T. (Z,2)-d,I-2,3-Dimethyl-1,4-butanedithial
S,S'-Dioxide: A Novel Biologically Active Organosulfur
Compound from Onion. Formation of vic-Disulfoxides in
Onion Extracts. J. Am. Chem. Soc. 1990, 112, 4584—4585.

Block, E.; Zhao, S.-H. Allium Chemistry: Simple Syntheses
of Antithrombotic “Cepaenes” from Onion and “Deoxyce-



SFE LC-MS of Allium spp.

paenes” from Oil of Shallot by Reaction of 1-Propenethiolate
with Sulfonyl Halides. J. Org. Chem. 1992, 57, 5815—7.

Block, E.; Calvey, E. M. Facts and Artifacts in Allium
Chemistry. In Sulfur Compounds in Foods; Mussinan, C.
J., Keelan, M. E., Eds.; ACS Symposium Series 564,
American Chemical Society: Washington, DC, 1994; pp 63—
79.

Block, E.; Ahmad, S.; Catalfamo, J. L.; Jain, M. K.; Apitz-
Castro, R. Antithrombotic Organosulfur Compounds from
Garlic: Structural, Mechanistic, and Synthetic Studies. J.
Am. Chem. Soc. 1986, 108, 7045—7055.

Block, E.; Naganathan, S.; Putman, D.; Zhao, S.-H. Allium
Chemistry: HPLC Analysis of Thiosulfinates from Onion,
Garlic, Wild Garlic (Ramsoms), Leek, Scallion, Shallot,
Elephant (Great-Headed) Garlic, Chive, and Chinese Chive.
Uniquely High Allyl to Methyl Ratios in Some Garlic
Samples. J. Agric. Food Chem. 1992a, 40, 2418—2430.

Block, E.; Putman, D.; Zhao, S.-H. Allium Chemistry: GC—
MS Analysis of Thiosulfinates and Related Compounds from
Onion, Leek, Scallion, Shallot, Chive, and Chinese Chive.
J. Agric. Food Chem. 1992b, 40, 2431—2438.

Block, E.; Bayer, T.; DeOrazio, R.; Grisoni, S.; Thiruvazhi, M.;
Toscano, P. J.; Zhao, S.-H. Allium Chemistry: Structure,
Synthesis, Natural Occurrence in Onion (Allium cepa), and
Reactions of 2,3-Dimethyl-5,6-dithiabicyclo[2.1.1]hexane S-
Oxides. J. Am. Chem. Soc. 1996a, 118, 2790—2798.

Block, E.; Bayer, T.; Naganathan, S.; Zhao, S.-H. Allium
Chemistry: Synthesis and Sigmatropic Rearrangements of
Alk(en)yl 1-Propenyl Disulfide S-Oxides from Cut Onion and
Garlic. J. Am. Chem. Soc. 1996b, 118, 2799—2810.

Block, E.; Gillies, J. Z.; Gillies, C. W.; Bazzi, A. A.; Putman,
D.; Revelle, L. K.; Wall, A.; Wang, D.; Zhang, X. Allium
Chemistry: Microwave Spectroscopic Identification, Mech-
anism of Formation, Synthesis, and Reactions of (E,Z)-
Propanethial S-Oxide, the Lachrymatory Factor of the
Onion (Allium cepa). J. Am. Chem. Soc. 1996c, 118, 7492—
7501.

Block, E.; Gulati, H.; Putman, D.; Sha, D. Y.; You, N.; Zhao,
S.-H. Allium Chemistry: Synthesis of 1-(Alk(en)ylsulfinyl)-
propyl Alk(en)yl Disulfides (Cepaenes), Antithrombotic Fla-
vorants from Homogenates of Onion (Allium cepa). J. Agric.
Food Chem. 1997, 45, XXXX—XXXX.

Boelens, M.; de Valois, P. J.; Wobben, H. J.; van der Gen, A.
Volatile Flavor Compounds from Onion. J. Agric. Food
Chem. 1971, 19, 984—991.

Boscher, J.; Auger, J.; Mandon, N.; Ferary, S. Qualitative and
Quantitative Comparison of VVolatile Sulphides and Flavour
Precursors in Different Organs of Some Wild and Cultivated
Garlics. Biochem. Syst. Ecol. 1995, 23, 787—791.

Breu, W.; Dorsch, W. Allium Cepa L. (Onion): Chemistry,
Analysis and Pharmacology. In Economic and Medicinal
Plant Research; Wagner, H., Farnsworth, N. R., Eds;
Academic Press: London, 1994; pp 115—-147.

Brodnitz, M. H.; Pollock, C. L.; Vallon, P. P. Flavor Compo-
nents of Onion Oil. J. Agric. Food Chem. 1969, 17, 960—
963.

Calvey, E. M.; Block, E. Supercritical Fluid Extraction of
Allium Species. In Spices Flavor Chemistry and Antioxi-
dant Properties; Risch, S. J., Ho, C.-T., Eds.; ACS Sympo-
sium Series 660; American Chemical Society: Washington,
DC, 1997; pp 113—-124.

Calvey, E. M.; Matusik, J. E.; White, K. D.; Betz, J. M.; Block,
E.; Littlejohn, M. H.; Naganathan, S.; Putman, D. Off-Line
Supercritical Fluid Extraction of Thiosulfinates from Garlic
and Onion. J. Agric. Food Chem. 1994, 42, 1335—-1341.

Calvey, E. M.; Block, E.; Matusik, J. E.; White, K. D. Super-
critical Fluid Extraction of Organosulfur Compounds Found
in Ramp (Allium tricoccum Ait.) Homogenates. Presented
at the Monroe Wall Symposium, Rutgers University, New
Brunswick, NJ, June 2—4, 1996.

Cox, D. D. Common Flowering Plants of the Northeast; SUNY
Press: Albany, New York, 1985.

Edwards, S. J.; Musker, D.; Collin, H. A.; Britton, G. The
Analysis of S-Alk(en)yl-L-cysteine Sulphoxides (Flavour
Precursors) from Species of Allium by High Performance
Liquid Chromatography. Phytochem. Anal. 1994, 5, 4-9.

J. Agric. Food Chem., Vol. 45, No. 11, 1997 4413

Ferary, S.; Auger, J. What is the True Odour of Cut Allium?
Complementarity of Various Hyphenated Methods: Gas
Chromatography—Mass Spectrometry and High-Perfor-
mance Liquid Chromatography—Mass Spectrometry with
Particle Beam and Atmospheric Pressure lonization Inter-
faces in Sulphenic Acids Rearrangement Components Dis-
crimination. J. Chromatogr. A 1996, 750, 63—74.

Ferary, S.; Thibout, E.; Auger, J. Direct Analysis of Odors
Emitted by Freshly Cut Allium Using Combined High-
performance Liquid Chromatography and Mass Spectrom-
etry. Rapid Commun. Mass Spectrosc. 1996, 10, 1327—
1332.

Foster, S.; Duke, J. A. A Field Guide to Medicinal Plants.
Eastern and Central North America; Houghton Mifflin:
Boston, 1990.

Kallio, H.; Salorinne, L. Comparison of Onion Varieties by
Headspace Gas Chromatography—Mass Spectrometry. J.
Agric. Food Chem. 1990, 38, 1560—1564.

Kawakishi, S.; Morimitsu, Y. New Inhibitor of Platelet Ag-
gregation in Onion Oil. Lancet 1988, 330.

Koch, H. P., Lawson, L. D., Eds. Garlic. The Science and
Therapeutic Applications of Allium sativum L. and Related
Species; Williams and Wilkins: Baltimore, 1996.

Lawson, L. D. Bioactive organosulfur Compounds of Garlic and
Garlic Products, and Their Role in Reducing Blood Lipids.
In Human Medicinal Agents from Plants; Kinghorn, A.D.,
Balandrin, M. F., Eds.; ACS Symposium Series 534; Ameri-
can Chemical Society: Washington, DC, 1993; pp 306—330.

Lawson, L. D.; Wood, S. G.; Hughes, B. G. HPLC Analyses of
Allicin and Other Thiosulfinates in Garlic Clove Homoge-
nates. Planta Med. 1991, 57, 263—270.

Miles, W. S.; Quimby, B. D. Characterization of Sulfur
Compounds in Spices using SFE-GC—AED. Am. Lab.
1991, July, 28F—28J.

Morimitsu, Y.; Morioka, Y.; Kawakishi, S. Inhibitors of Platelet
Aggregation Generated from Mixtures of Allium Species
and/or S-Alk(en)yl-L-cysteine Sulfoxides. J. Agric. Food
Chem. 1992, 40, 368—372.

Nault, A.; Gagnon, D. Ramet Demography of Allium tricoccum,
a Spring Ephemeral, Perennial Forest Herb. J. Ecol. 1993,
81, 101—119.

Schmidt, N. E.; Santiago, L. M.; Eason, H. D.; Dafford, K. A.;
Grooms, C. A,; Link, T. E.; Manning, D. T.; Cooper, S. D.;
Keith, R. C.; Chance, W. O., I11; Walla, M. D.; Cotham, W.
E. Rapid Extraction Method of Quantitating the Lachry-
matory Factor of Onion Using Gas Chromatography. J.
Agric. Food Chem. 1996, 44, 2690—2693.

Sendl, A.; Wagner, H. Isolation and Identification of Homologs
of Ajoene and Alliin from Bulb Extracts of Allium ursinum.
Planta Med. 1991, 57, 361—362.

Sendl, A.; Elbl, G.; Steinke, B.; Redl, K.; Breu, W.; Wagner,
H. Comparative Pharmacological Investigations of Allium
ursinum and Allium sativum. Planta Med. 1992a, 58, 1-7.

Sendl, A.; Schliack, M.; Loser, R.; Stanislaus, F.; Wagner, H.
Inhibition of Cholesterol Synthesis in vitro by Extracts and
Isolated Compounds Prepared from Garlic and Wild Garlic.
Atherosclerosis 1992b, 94, 79—95.

Sinha, N. K.; Guyer, D. E.; Gage, D. A; Lira, C. T. Supercritical
Carbon Dioxide Extraction of Onion Flavors and Their
Analysis by Gas Chromatography—Mass Spectrometry. J.
Agric. Food Chem. 1992, 40, 842—845.

Tokitomo, Y.; Kobayashi, A. Isolation of the Volatile Compo-
nents of Fresh Onion by Thermal Desorption Cold Trap
Capillary Gas Chromatography. Biosci. Biotech. Biochem.
1992, 56, 1865—1866.

Wagner, H.; Breu, W. Antiinflammatory Investigation of Garlic
Extract. Dtsch. Apoth. Ztg. 1989, 129 (Suppl. 15), 21—23.

Received for review April 14, 1997. Accepted August 25,
1997.%

JF970314E

® Abstract published in Advance ACS Abstracts, Oc-
tober 15, 1997.



