The Organosulfur Chemistry of the Genus A/lium — Implications
for the Organic Chemistry of Sulfur

By Eric Block*

A Cook’s tour is presented of the organosulfur chemistry of the genus A//ium, as represented,
inter alia, by garlic (4llium sativum L.) and onion (Allium cepa L.). We report on the biosyn-
thesis of the S-alk(en)yl-L-cysteine S-oxides (aroma and flavor precursors) in intact plants and
on how upon cutting or crushing the plants these precursors are cleaved by allinase enzymes,
giving sulfenic acids—highly reactive organosulfur intermediates. In garlic, 2-propenesulfenic
acid gives allicin, a thiosulfinate with antibiotic properties, while in onion 1-propenesulfenic
acid rearranges to the sulfine (Z)-propanethial S-oxide, the lachrymatory factor (LF) of
onion. Highlights of onion chemistry include the assignment of stereochemistry to the LF and
determination of the mechanism of its dimerization; the isolation, characterization, and syn-
thesis of thiosulfinates which most closely duplicate the taste and aroma of the freshly cut bulb,
and additional unusnal compounds such as zwiebelanes (dithiabicyclo[2.1.1]hexanes), a bis-
sulfine (a 1,4-butanedithial S,S'-dioxide), antithrombotic and antiasthmatic cepaenes (-
sulfinyl disulfides), and vic-disulfoxides. Especially noteworthy in the chemistry of garlic are
the discovery of ajoene, a potent antithrombotic agent from garlic, and the elucidation of the
unique sequence of reactions that occur when dially! disulfide, which is present in steam-dis-
tilled garlic oil, is heated. Reaction mechanisms under discussion include [3,3]- and [2,3]-sigma-
tropic rearrangements involving sulfur (e.g. sulfoxide-accelerated thio- and dithio-Claisen
rearrangements) and cycloadditions involving thiocarbonyl systems. In view of the culinary
importance of alliaceous plants as well as the unique history of their use in folk medicine, this
survey concludes with a discussion of the physiological activity of the components of these
plants: cancer prevention, antimicrobial activity, insect and animal attractive/repulsive activ-
ity, olfactory—gustatory-lachrymatory properties, effect on lipid metabolism, platelet aggrega-
tion inhibitory activity and properties associated with ajoene. And naturally, comments about

onion and garlic induced bad breath and heartburn may not be overlooked.

1. Introduction

We remember the fish which we did eat in Egypt,
the cucumbers, melons, leeks, onions and garlic!
Num. 11:4-6

What is more familiar and pleasant to the senses than
freshly chopped or sauted garlic, sliced or boiled onions,
steaming leeks, finely diced chives, crisp raw scallions, or the
delicate shallot? The scents of these commonplace plants
brings back memories of mother’s kitchen, a favorite restau-
rant or even a walk through a meadow rich with the aroma
of wild onions. The adjectives applied to these plants, zesty,
lusty, assertive, piquant, and distinctive, and even the botan-
ical name Allium, derived from the Celtic word “‘all”’, which
means pungent, betray the presence of a host of remarkable
flavorants and odorants all having in common one element,
sulfur. Many of these flavorful sulfur compounds contain
the allyl group, which in turn gets its name from A4fium. It
is the presence of these organosulfur compounds, more than
any other attribute, that defines the character of this extraor-
dinary genus. The great American poet Carl Sanburg said:
“Life itself is like an onion; it has a bewildering number of
layers. You peel them off, one by one, and sometimes you cry.”
The ““bewildering number of layers” of the onion has its

[*] Professor E. Block
Department of Chemistry
State University of New York at Albany
Albany, NY 12222 (USA)

Angew. Chem. Int. Ed. Engl. 1992, 3/, 1135-1178

© VCH Verlagsgesellschaft mbH, W-6940 Weinheim, 1992

counterpart in the complex chemistry of this and other allia-
ceous plants, representing a microcosm of the field of
organosulfur chemistry. More specifically, Allium chemistry
presents us with examples of sulfur compounds with striking
physiological activity as well as culinary appeal, reactive
organosulfur intermediates with unusual bonding, challeng-
ing analytical problems, compounds with chirality at sulfur
and other stereochemical features related to the presence of
sulfur, novel organosulfur heterocycles with notable spectro-
scopic properties, redox reactions involving sulfur, as well as
processes involving sulfur radicals, sulfur stabilized carbo-
cations, pericyclic reactions, noteworthy rearrangements,
and reactions of utility in synthetic organic chemistry.!!
For twenty-five years I have been exploring the organosul-
fur chemistry of the genus Allium, as represented by garlic
(Allium sativum L.), onion (Allium cepa 1.), leek (Ailium
ampeloprasum L. var. porrum), scallion (Allium fistulosum),
shallot (Allium ascalonicum auct.), great-headed (“ele-
phant”) garlic (Alliwm ampeloprasum L. var. holmense), wild
garlic (Allium ursinum), chive (Allium schoenoprasum 1.),
and Chinese chive (4llium tuberosum L.) (Fig. 1). When 1
began this study, much outstanding research had already
been done in this area, e.g. as summarized in a review article
by Nobel Laureate Arturi Virtanen.'?! As my research pro-
ceeded it became clear that there were still significant puzzles
remaining to be solved, that these most common plants
could teach us much about sulfur chemistry, and that the
compounds and mixtures produced when these plants are cut
display an even broader range of biological activities than
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earlier suspected. While extracts and potions of garlic and
onion have been used for millennia in folk medicine, com-
mercial products derived from these plants are now enjoying
growing popular use in many countries. Furthermore, re-
sponding to epidemiological evidence that lower cancer risks
are associated with increased consumption of alliaceous
plants, health organizations have recently targeted garlic and
onion as prime candidates for “designer foods” programs,
programs to develop new foods that will help prevent cells
from becoming cancerous. For all of these reasons a detailed
exploration of the organosulfur chemistry of the genus Alli-
um seemed justified as well as timely. This review summa-
rizes progress in this field both in my own and other labora-
tories.’!

2, Organosulfur Compounds of Intact Plants

Well loved he garleek, oynons, and eek lekes,
and for to drynken strong wyn, reed as blood.

“Canterbury Tales”
Geoffrey Chaucer (1342 -1400)

The earliest reports concerning the isolation of organic
compounds from garlic (1844, 1892) and onion by Wertheim
(1844) and Semmler (1892) in Germany identified diallyl
sulfide!*! (corrected in 1892 to the disulfide!™!) and a
propenyl propyl disulfide!! as the principal components of
the distilled oils (“‘4therische Ole”) of garlic and onion, re-
spectively. In the 1940s it became apparent that these and
other volatile sulfur compounds were secondary compounds
formed by enzymatic action on precursors in the intact bulb.
Thus, in 1945, Cavallito et al. in Rennselaer, New York, re-
ported that when garlic cloves were frozen in dry ice, pulver-
ized, and extracted with acetone, ‘‘the acetone extracts upon
evaporation yielded only minute quantities of residue and no
sulfides, indicating the absence of free suifides in the plant.
The [white] garlic powder had practically no odor, but upon
addition of small quantities of water, the typical odor was
detected and the antibacterial principle (1) could be extract-
ed and isolated. This demonstrates that neither 1 nor the allyl
sulfides found in “‘Essential Oil of Garlic” are present as such
in whole garlic. When the powder was heated to reflux for
thirty minutes with a small volume of 95 % ethanol, no activ-

ity could be demonstrated by addition of water to the insol-
uble residue. When, however, a small quantity (I mgmL ™)
of fresh garlic powder was added to the alcohol insoluble
fraction in water (20 mgmL ™), the activity of the treated
sample was shown to be equal to that of the original untreat-
ed powder. The 95% ethanol treatment has inactivated the
enzyme required for cleavage of the precursor and addition
of a small quantity of fresh enzyme brought about the usual
cleavage.!®]

Since a strict definition of “essential oil” is “a volatile
substance contained in certain aromatic plants that imparts
distinctive odor to the plant” and since the volatile sub-
stances of the Allium spp. are not found in the plant but
result from disrupting the plant cells, it is preferable to de-
scribe the process leading to a particular Allium-derived
product, e.g. “‘steam volatile components™ or “head space

volatiles”.[71

2.1. Sulfur Amino Acids Secondary Metabolites
in Allium spp.

Let onion atoms lurk within the bowl
and, scarce suspected, animate the whole.

“Recipe for Salad”,
Sydney Smith (1771-1845)

Garlic, onion and other members of the Allium spp. con-
tain 1-5% dry weight of nonprotein sulfur amino acid sec-
ondary metabolites. Pioneering studies in the 1940s by Stoll
and Seebeck in Basel demonstrated that the stable precursor
of Cavallito’s antibacterial principle of garlic 1 is (+)-S-2-
propenyl-L-cysteine S-oxide (2, ““alliin”).1®! In the intact cell,
2 and related S-alk(en)yl-L-cysteine S-oxides (aroma and fla-
vor precursors) are located in the cytoplasm and the C-S
lyase enzyme allinase in the vacuole.!®! Disruption of the cell
results in release of allinase and subsequent «,f-elimination
of the S-oxides, ultimately affording volatile and odorous
low molecular weight organosulfur compounds such as 1
(Scheme 1). Four sulfoxides occur in Allium spp.: S-2-
propenyl-, S-(E)-1-propenyl-, S-methyl- and S-propyl-L-
cysteine S-oxides (2, 5-7 respectively). Onions contain 5-7
while garlic contains 2, 5, and 6.[*°~ 3! The distinctive fla-
vors of the various Allium spp. reflect the varying amounts
of compounds 2, 5-7, particularly of 5 (““isoalliin’’), which is
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Fig. 1. Several plants of the genus Alliwm. a) C. C. Calwer, Landwirtsch.
Pflanzenf., Plate 26, Stutigart, 1852; b) L. Reichenbach, Icones Florae German-
icae, Plate 494, Leipzig, 1848.

the precursor to the onion lachrymator, and of 2, which is
the precursor to the characteristic allylic compounds of gar-
lic. Also present in 4/lium spp. are 24 y-glutamyl peptides of
sulfur amino acids. These are considered to function as stor-
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age compounds of nitrogen and sulfur (precursors to plant
chemical defense agents?) and may have a role in the trans-
port of amino acids across cell membranes.[?4

Cavallito/Stoll & Seebeck:
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Scheme 1. Cavallito’s pioneering discovery and synthesis of allicin 1, the an-
tibacterial principle of garlic (anticipating subsequent studies by Stoll and See-
beck on the precursor alliin 2).

Scheme 2 summarizes the proposed biosynthesis of the
various Allium spp. peptides and aroma precursors based on
the results of labeling experiments, in which **SO%~ was fed
to onion plants''®!, By briefly boiling the bulb or homoge-
nizing the plants with alcohol containing limited quantities
of water the allinase enzymes can be deactivated, thus per-
mitting analysis of the peptides by HPLC 126! The sulfate
is reduced and assimilated into cysteine in the chloro-
plasts!!”l and then enters the glutathione cycle.'*® Michael
addition of y-glutamylcysteine to methacrylic acid (from va-
line) can afford y-glutamyl-S-2-carboxypropylcysteine (8)
which in onion undergoes sequential decarboxylation to give
y-glutamyl-S-1-propenylcysteine e, oxidation to y-glutamyl-
S-1-propenylcysteine S-oxide i, and cleavage by y-glutamyl
transpeptidase [EC 2.3.2.1] to 5.I'%! Labeling experiments
have established that the precursor 8 is converted into 5 with
loss of the 3-pro-R hydrogen atom and that the oxidative
decarboxylation reaction proceeds with anti geometry,
analogous to terminal alkene biosynthesis {(Scheme 2).119%
Parallel processes involve Michael addition of glutathione to
methacrylic acid giving S-2-carboxypropylglutathione a fol-
lowed by conversion of the latter into 8 and methylation of
glutathione giving S-methylglutathione b followed by con-
version of the latter into y-glutamyl-S-methylcysteine f. The
situation with garlic is less clear. y-Glutamyl-S-2-propenyl-
cysteine ¢, formed from 8, or more likely, from serine and
2-propenethiol by a process not well understood,?? is
converted into y-glutamy!l-S-2-propenylcysteine S-oxide g by
an oxidase and is then cleaved by y-glutamy! transpeptidase
to 2.

It has recently been reported!?!] that the concentration of
y-glutamyl-S-(E)-1-propenylcysteine e and y-glutamyl-S-2-
propenylcysteine ¢, the dominant y-glutamyl peptides in ho-
mogenates of fresh garlic, decreases markedly when freshly
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Scheme 2. An overview of biosynthesis from sulfate of the amino acid/peptide precursors to the flavorants and odorants of plants of the Alfium spp. a, b, ¢, ¢, f, g,
i see text. d: y-glutamyl-S-propylcysteine; h: y-glutamyl-S-propylcysteine S-oxide; j: y-glutamyl-S-methylcysteine S-oxide.

picked garlic is stored, especially at 4 °C. The consequence of
cold storage of garlic is increased production of 5 and there-
fore low molecular weight organosuifur compounds con-
taining the 1-propenyl group (see Section 5.2.3). A second
discovery, recently made in our laboratories is that garlic
grown in colder climates contains far less 6 than garlic grown
in more temperate climates, although levels of precursor
compounds, such as y-glutamyl-S-methylcysteine f, are nor-
mal 2!

2.2. Allinase Enzymes

Allinases [EC 4.4.1.4] are pyridoxal 5-phosphate depen-
dent «,f-climinating lyases which catalyze the decomposi-
tion of (+)-S-2-propenyl-L-cysteine S-oxide (2) and other
(+)-S-alk(en)yl-L-cysteine S-oxides to ammonium pyruvate
and allicin (1) and its homologs (Section 3). Synthetic 2 is
racemic at the sulfur atom. The natural (+ )-diastereomer
(the first acyclic natural product with both an asymmetric
carbon and an asymmetric heteroatom) is quantitatively and
rapidly converted into 1 by garlic allinase, whereas the (— )-
isomer of 2 decomposes much more slowly; derivatives of
D-cysteine are completely inactive.?! Conflicting results have
been published in the case of garlic allinase. One group sug-
gests that it is a dimer of molecular mass between 108000
and 111000 and subunit mass 53 500 and requires a flavin-
coenzyme in addition to pyridoxal 5’-phosphate,?22! while a
second group claims that it is a tetramer with a molecular
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mass of 180 kDa with subunits of mass 45 kDa.[?3] Welsh
onion (Allium fistulosum L.) allinase is a tetramer with a
molecular mass of 220 kDa and subunit mass of 52 kDa and
an optimum pH of 7.0.12*! Virtanen reported the purification
of an onion allinase which showed maximal activity at
pH 7.4.1318¢.25-27] Recent work suggests that there are two
different allinase activities in garlic: one is specific for sub-
strates 2 and §, has an optimum pH of 4.5, and cleaves 97 %
of 2/5 within 0.5 min at 23°C; the second is specific for
substrate 6, has an optimum pH of 6.5, and cleaves 97%
of 6 within Smin at 23°C. Both allinases are irreversibly
deactivated at pH 1.5-3 (the pH of the stomach) and
>9 (281

2.3. A Question of Semantics

“What is a natural product?” This question can be raised
with regard to all of the organic sulfur compounds that fol-
low allinase-catalyzed release of the sulfenic acids, since
none of the subsequently formed compounds occur in the
bulb itself nor does their formation require enzyme involve-
ment. On the other hand, volatile thiosulfinates are emitted
in the field by A/lium spp. such as the leek and are the most
attractive compounds for predatory insects, e.g. the leek
moth, Acrolepiopsis assectella.*®! Thus, in a broad sense,
thiosulfinates and related secondary products such as disul-
fides and thiosulfonates can be classified as “natural prod-
ucts’”’.
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3. Organosulfur Compounds from Cut Allium spp.:
Pre-1972 Results

If your Majesties is remembered of it, the Welshmen did
good service in a garden where leeks did grow, wearing
leeks in their Monmouth caps, which your Majesty know to
this hour is an honourable badge of the service. And I do
believe your Majesty takes no scorn to wear the leek upon
Saint Davy’s day.

“Henry V>, IV. vii. 100
William Shakespeare (1564-1616)

For the purposes of this review I have chosen to first
summarize research on the organosulfur compounds of cut
Allium spp. prior to 1972, when my contributions first ap-
peared, allowing me to subsequently describe my own work,
and recent work of others, in the proper historical perspec-
tive. In 1944 a series of notable reports by Cavallito et al.3%
appeared describing the isolation and characterization of
allicin (2-propenyl-2-propenethiosulfinate) (1),*!! an odor-
iferous, unstable antibacterial substance (‘“‘considerably
more bacteriostatic than bactericidal”; “‘exceptionally sensi-
tive and polymerizes easily ...must be stored at a low temper-
ature”’1*%)) isolated from cut garlic cloves by extraction with
ethanol at room temperature. Decomposition of allicin was
said to afford diallyl disuifide as a major breakdown
product. Cavallito found that reversal of this decomposition
process, e.g. oxidation of diailyl disulfide (4b)1**! with per-
acetic acid, represents the most direct method of synthesizing
allicin (Scheme 1).133-341 Attempts by Brodnitz et al. in 1971
to determine allicin 1 by GC-MS provided evidence for an-
other more unusual mode of decomposition. A 2.4:1 mixture
of two compounds claimed (incorrectly as we shall see be-
low) to be 3-vinyl-3,4-dihydro-1,2-dithiin (9) and 3-vinyl-
3,6-dihydro-1,2-dithiin (9a) were found by GC (Scheme 3).

Brodnitz:
S S
8 = A, -H0 | T8 T8
——————— -
NN NF (] z ° X /
1 L] 9a

Scheme 3. Decomposition of allicin 1 in a gas chromatograph according to
Brodnitz.

It was suggested that “upon gas chromatography diailyl
thiosulfinate undergoes dehydration” affording 9 and
9a.[3%8 At room temperature neat 1 is said to rearrange,
affording sulfur dioxide and diallyl mono-, di-, and trisulfide
(4a—c)'?3). Analytical methods for quantitative allicin deter-
mination which rely on GC detection of ““9” and “9a” are
still employed[®%! even though serious problems exist with
this method and more accurate HPLC methods have been
developed.

All-S-All  All-S-S-All All-S-S-S-All
4a 4b 4c

After the discovery of alliin in garlic, other S-alk(en)yl-L-
cysteine S-oxides such as 5—7 were discovered in other 4/i-
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um spp.*” Upon cutting the plants, such S-oxides {type a
and b) are cleaved by allinase to sulfenic acids, whose con-
densation could lead to four types of thiosulfinates. These
thiosulfinates, and polysulfides derived therefrom, were as-
sumed to be the principle sources of flavor and aroma in
Allium spp., and were viewed as important taxonomic mark-
ers. Indirect methods were used to identify and quantify the
various thiosulfinates.

RS(OYCH,CH(NH ,)COOH R'S(O)CH,CH(NH,)COOH
a b
RS(O)SR  RS(O)SR’ R'S(O)SR  R'S(O)SR’

c d e f

One method involved separation of the thiosulfinates by
paper chromatography followed by treatment with cysteine
to form S-alk(en)ylthiocysteines, which in turn were chro-

RSSCH,CH(NH,)COOH/R'SSCH,CH(NH,)COOH

matographed.!3® In this manner the following thiosulfinate
profiles were determined (increasing amounts indicated as
+, 44, +++): in garlic, MeS(O)SMe 12 (+),
MeS(0)SAIl 101 (+ +), MeS(O)SPr 29 (+), AlIS(O)SAll 1
(+ + +), AIS(O)SPr (+ +), PrS(O)SPr 13 (+ ); in onion, 13
(+ +), 29 (+), 12 (+); in Chinese chive, 12 (+ + +), 101
and 1.3%] This working group also allowed allinase to react
with a mixture of 2 and 6, and obtained 1, 12, and
“MeS(O)SAIl” 381

A second method involved “headspace” GC analysis,
where it was assumed that the proportion of different
alk(en)yl groups in the stable, volatile polysulfide fraction
paralleled the relative abundance of the same alk(en)yl
groups in the thiosulfinates.’3*1 It was felt that even if the
polysuifides revealed by GC are artifacts of analysis, they are
[still] clearly related to Allium odors.*®! Although both
methods of analysis give data which are generally in agree-
ment with more recent composition profiles, significant er-
rors are apparent (see Section 5.2).

With the development of mass spectrometry, gas chro-
matography (GC), and IR spectroscopy it was possible in
1956 to identify the following compounds as constituents of
raw onion vapor: % fi.propanethiol, propanal, dipropyl
disulfide, SO,, H,S, and a substance of m/z 90 (C;HSO),
showing loss of OH (m/z 73) as well as m/z 45. It was as-
sumed, albeit on somewhat feeble grounds, that it could be
3-hydroxypropanethial. In 1961 Virtanen et al. showed!!%%
that (+)-S-((E)-1-propenyl)-L-cysteine S-oxide (5), present
to the extent of ca. 0.2% by weight in the onion, is the
precursor of the lachrymatory factor (LF; the E-geometry of
the 1-propenyl group was later established by NMR spec-
troscopy).[10%:12:41-43) Virtanen also demonstrated that
onion allinase converts S-methyl- and S-propyl-L-cysteine
S-oxides (6 and 7, respectively), present to the extent of ca.
0.005-0.02% by weight in the onion,***% and S$-2-
propenyl-L-cysteine S-oxide (2), found in garlic, into the cor-
responding thiosulfinates 12, 13, and 1 via sulfenic acids 10,
11, and 3, respectively (Schemes 4 and 1).%}
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On the basis of the above results, Virtanen formulated the
LF as the S-H tautomer (14 a) of (E)-1-propenesulfenic acid
rather than the S—-OH tautomer 14b (Scheme 4).12} The as-
signment of structure 14 a to the LF was said to be consistent
with deuteration studies involving crystallized precursor 5§
and a purified onion enzyme preparation. Thus, when the

Virtanen:
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Scheme 4. Virtanen’s view of the action of allinase on homologues of alliin 2.
In the case of 6, 7, S, and 15 they are L-cysteine derivative; 6, 7, and § are
dextrorotatory.

LF is generated in D,0, its mass spectrum shows a shift in
the molecular peak from 90 to 91, indicating a single ex-
changeable proton. Fragmentation of the normal LF as well
as the deuterated LF shows that in both cases an OH frag-
ment is set free. The molecule therefore contains no OH
group (the hydrogen of which would be replaced by deuteri-
um in D,0).1'%! Virtanen raises the perplexing question of
why 14a does not form 1-propenyl 1-propenethiosulfinate
analogous to the ready formation of allicin from 2-propene-
sulfenic acid.[*3! He hypothesizes that perhaps 2-propene-
sulfenic acid disproportionates immediately to 2-propene-
sulfinic acid and 2-propenethiol, which afford allicin by
elimination of water, whereas in 14a the position of the
double bond is a possible stabilizing factor.!?! Virtanen sug-
gests that (E,Z)-1-propenyl propyl (and methyl) disulfides,
found in Alliwm volatiles and possessing “‘strong onion-like
flavors”, might arise from precursor 5 by splitting of a C-S
bond, reduction, and coupling with some thiol present when
the plants are crushed.'*3! Virtanen and Dibritz synthesized
the non-natural homolog of 5, S-vinyl-L-cysteine S-oxide
(15) and demonstrated that onion allinase converted it into
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a lachrymatory substance formulated as ethenesulfenic acid
tautomer 15a, paralleling the conversion of 5 into 142,19

In 1961, simultaneous with the work of Virtanen, Wilkens
of Cornell University isolated by preparative GC the puri-
fied LF, which was depicted as propanethial S-oxide (16;
Scheme 5; drawn by him with a linear ketene-like structure
CH,CH,CH=8=0).""! Evidence supporting structure 16
included: 1) the presence of strong IR absorption bands at
1113 and 1144 cm ™! (S=0 region) together with the absence
of bands attributable to S-H, O-H, or C=C; 2) ready de-
composition of the LF to propanal (suggested to involve the
intermediacy of 3-ethyloxathiirane (17)) and to a second
compound possessing IR bands at 1140 and 1330 cm ™ * for-
mulated as condensation product 2,4-diethyl-1,3-dithietane
1,3-dioxide (18a).1*™ Wilkens rationalized the inconsistency
between the IR data for 18a, which showed absorption
bands typical of the sulfone stretching modes, and the postu-
lated disulfoxide structure 18 a as due to the proximity of the
antipodal sulfinyl groups in this strained-ring structure...
postulated to induce a pseudosuifone infrared absorption,
which would be of less intensity than that of a true sul-
fone.1*7

In 1963-1964 the first syntheses of S-oxides of thials and
thiones (termed sulfines) were reported, involving dehydro-
chlorination of the corresponding sulfinyl chlorides
(Scheme 5),1%#9 and evidence was presented for a bent
C-S-0 group!*® #9 (e.g. the methyl groups in Me,CSO are
nonequivalent according to NMR).132] In 1971 Brodnitz

Et

“L,_ o
Wilkens:
/ S
—————» "CH,CH,CH=5=0" B2 Cgy
1
A\
Huwe 0
E 17
-s
CH;CH,CH=0
Brodnitz:
&t
o\ e
H ) —~ S =0 R S{ . HzC=<
R H o COOH
- (E)-16
HN' Coon !
5
Et;N, CFCl;,
20 °C

CH;CH,CH,S(0)C)
19

Scheme 5. Contributions by Wilkens and Brodnitz on proposed structure,
“biosynthesis” and laboratory synthesis, and mechanisms for desulfurization
and dimerization of onion lachrymatory factor (LF).

and Pascale!3% showed that propanethial S-oxide (arbitrari-
ly depicted by them as (£)-16), from dehydrochlorination of
propanesulfinyl chloride (19), was spectroscopically identi-
cal to the natural onion LF. These authors provided the
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mechanism for the formation of the LF from its known
precursor 5 shown in Scheme 5.159

4. Structures of Reactive Organosulfur Compounds
Relevant to Allium Chemistry

I counted two and seventy stenches,
All well defined, and several stinks.

“Cologne”
Samuel Taylor Coleridge (1772-1834)

4.1. Methyl Methanethiosulfinate, Higher Homologs
and Derivatives

Despite the identification of the active agent of garlic as
allyl 2-propenethiosulfinate (1, allicin), an alkyl atkanethio-
sulfinate, little systematic information existed in 1970 on the
chemistry of this class of compounds, perhaps because of
their reputation as malodorous, unstable substances.®!]
Thus, in 1970 T undertook a study of the naturally occurring
parent member of this family, methyl methanethiosulfinate
(12).

True to its reputation, methyl methanethiosulfinate (12)
prepared by careful oxidation of dimethyl disulfide (20) with
peroxy acids or singlet oxygen,!®% 33 is an unpleasant
smelling, reactive and unstable vesicant with the property of
readily attaching itself to hair and clothing. Fortunately, 12
proved to have a rich chemistry.[®* Pyrolysis of 12 in the
presence of methyl propiolate affords methyl (E)-f-(methyl-
sulfinyl)acrylate (21) in good yield by a sequence involving
cycloelimination to methanesulfenic acid (10) and thio-
formaldehyde (22), followed by regiospecific addition of the

MeSSMe MeCO;H MeS(0)SMe
CHCT,
20 2
650 &N
12 + HC=CCO,Me —55% . (£)-MeS(O)CH=CHCO,Me + k )
21 s
Mechanism :
gl
—  a [MeS-O-H] + [CH,=S)
" /SQS£°”2
e 10 22
12
LUNIPEN MeS(0) H
————e - ——
3
H—C==C—COMe H COoMe
21

Scheme 6. Methyl methanethiosulfinate decomposes into thioformaldehyde 22
and methanesulfenic acid 10. The latter can be trapped giving a,f-unsaturated
sulfoxides such as 21 in a synthetically useful procedure.

former to the alkyne and trimerization of the latter
(Scheme 6). This procedure represents a convenient synthe-
sis of a,f-unsatuyrated sulfoxides.’*! Both 10 and 22 were
subsequently identified by microwave spectroscopy; 10 was
shown (see Section 4.3) to have the structure MeS-O-H
rather than MeS(O)H.!*>7 When methyl 2-methyl-2-pro-
panethiosulfinate (23) is heated with methyl propiolate,
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the major product is (E,E)-dimethyl-3,3'-sulfinyldiacrylate
(27b; Scheme 7).1°* Compound 27b is thought to be formed
by a sequence involving generation of 2-methyl-2-propane-
sulfenic acid (24), addition of this to methyl propiolate giv-
ing methyl (E)-f-tert-butylsuifinylacrylate (26), elimination
of isobutylene from 26 giving o, f-unsaturated sulfenic acid
27 a, and finally addition of 27 a to methyl propiolate. When

tBUS(O)SMe + HC=CCO,Me 46%

23 (£,6)-MeQ,CCH=CHS(O)CH=CHCO, Me
Mechanism: 27b
i1 ,
[fBUS-O-H] + (CHy=S]
s» {cu,
tBu” 57 24 22
23
"B +BuS{O H
Ung7Onn usio) ~CqHg
—_—— —
»
H—C=C—COMe H COyMe
H

HOS H MeO,C._ o
H—C==C—COMe s” “H
i >y

H CO,Me H H—C==C—CO;Me
L 27a

—» 27b

Scheme 7. Alkyl-2-methylpropanethiosulfinates like 23 react with alkynes to
furnish adducts which lose isobutylene giving a.f-unsaturated sulfenic acids
such as 27a. These add to a second molecule of alkyne ultimately giving bis(1-
alkenyl)sulfoxides such as 27b.

23 is heated neat at 96 °C for 5 hours, the major product
is tert-butyl 2-methyl-2-propanethiosulfinate (25). Sulfenic
acid 24 is suggested to be an intermediate in this reaction,
condensing with itself via an acid-catalyzed Sy2-like process
or, orbital geometry-permitting, via a five-membered or sev-
en-membered hydrogen bonded transition state (Scheme 8).
In these condensation reactions the sulfenic acid functions as

both a nucleophile and electrophile. Compound 25 was also
96 °C, 5 h
tBuS(0O)SMe 520/5 tBuS(0)SBuf + HyO (+ other products}
o
23 28
Mechanism:
N
— = [tBUS-OH CH,=$
/3Q£CH2 [tBU ] + [CHp=8]
tBu s 24 22
23
tBuS(0)SBut
25
H
acid |
HiO
o gt 07 A
[ 4 L i
s s o _S \_6—H
tBu” ) N A SBut “Nu \r ? El

{Bu

Scheme 8. Upon heating, unsymmetrical alkyl alkanethiosulfinates such as 23
give symmetrical thiosulfinates such as 25 by a mechanism involving sulfenic
acids.
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found to decompose thermally. When heated in the presence
of methyl propiolate it gave the o,f-unsaturated adduct 28b
by way of 2-methyl-2-propanethiosulfoxylic acid (28a), a
member of a previously unknown class of sulfur acids
(Scheme 9) 1>4%

tBuS(0)SBuf + HC=CCO,Me —38%
25 28h

Mechanism:

O _AH
I A (l
fBu\S/S\ LcH,
A
Me' Me
25

—— s [tBUSSOH] + [CH,=S]

28a 22

S
NN +BUSS(0) H
y -
H—C==C—CO,Me H CO,Me
28b

Scheme 9. Formation and trapping of the thiosulfoxylic acid ester 28a.

The unimolecular decomposition of 12 (cf. Scheme 6) is
favored by the weak S-S bond, determined by appear-
ance potential measurements to have a bond energy of
46 + 4.6 kcalmol ™!, comparable to the S-S bond dissocia-
tion energy in dimethyl trisulfide, but considerably smaller
than that in dimethy! disulfide (75 kcalmol ™ 1).1>*} For com-
parison the S-S bond energies in phenyl benzenethiosulfi-
nate and diphenyl disulfide are ca. 35 and 65 kcalmol ™%,
respectively.1°®) The thiosulfinate oxygen actively partici-
pates in hydrogen bonding, although not quite as strongly as
the oxygen in sulfoxides. Using the hydrogen bond strength
method,’®”! whereby the phenol OH stretching vibration
band frequency shift is determined in the presence of oxygen
donors, it was demonstrated that 12, ethyl ethanethiosulfi-
nate (31) and dimethy! sulfoxide caused frequency shifts of
278, 308 and 360 cm ™!, respectively.!1®*) Thiosulfinates can
be distinguished from sulfoxides by a shift in the position of
the S=O stretch in the infrared from 1075-1090 cm™* for
the former to 1030~1065 cm ™! for the latter.

When 12 and its higher homologs 13 or 31 were mixed,
rapid equilibria were established at 25°C affording in each

fast
MeS{0)SMe + Prs(O)SPr === MeS(0)SPr + Prs(O)SMe
12 <] 29 30
fast
MeS(O)SMe + EtS(0)SEt  =——————m~  MeS(O)SEt + EIS(O)SMe
12 31
Mechanism :
0
— = [RS-O-H] + [RCH=S]
_sD £CHH
wH Y
P28 i
" [R"S-0-H]
S_ S R *
R"/ C? \R R/ \S/
R

Scheme 10. The exchange reaction of the thiosulfinate pairs 12/13 and 12/31
involves attack of sulfenic acids on thiosulfinates.
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(£)-tBuSS(O)CH=CHCO,Me

case statistical mixtures of four thiosulfinates, even after sub-
stantial dilution (Scheme 10). The scrambling reaction 1s cat-
alyzed by acid, inhibited by base or methyl acrylate, and the
ESR spectrum shows no evidence of free radical formation.
A rapid sulfenic acid-thiosulfinate exchange is postulated.
In this reaction the sulfenic acid functions as a nucleophile
and as a proton donor. Gas chromatography (GC) using
short packed columns (2 m x 3 mm internal diameter) and
injection port and column temperatures below 100 °C nicely
separates the various thiosulfinates shown in Scheme 10;
unique GC-MS data can be obtained for each regioiso-
mer.[54<7 As we shall see in Section 5.2.1, the processes of
Scheme 10 and methods of isomer separation play an impor-
tant role in Allium chemistry.

While 12 undergoes ready disproportionation to dimethyl
disulfide (20) and methyl methanethiosulfonate (32,
Scheme 11), when 12 is refluxed in benzene with an equiva-
lent of water, 2,3,5-trithiahexane 5-oxide (33) is formed in
84% yield. In a similar manner 13 affords 6-ethyl-4,5,7-

MeS(0O)SMe — .  MeSSMe + MeSO,SMe
12 20 32
MeS(0)SMe SeHeHa0, refx reftux MeS(O)CH,SSMe
12 84% a3
Prs(0)SPr CeHe-H,0, reflux PrS(O)CHESSPr
13 34
Mechanism:
i
& [MeS-O-H] + [CHp=S]
s» {cn
e 10 22
I P
S Me
Me” s - MeSOH " /i\s(;c“z - MeSOH
3 1
SY _Me
e Na” 5.
Il Me
+OH
[MeSS=CH,"] :lef_OE_> MeS(0)CH,SSMe
- -H a3
o
b~ w
e
me” 57 — = MeSO,H + MeSSMe
)1 2
H,0 e
HOY
[N
g Pé// .'__Mﬁ.sﬂ'_—p MeSO,SMe
O\ ~
Me b? Me 32
Me

MeS(Q)SMe + H0
12

2MeSOH —————»

Scheme 11. Rearrangement of the Pummerer-type for the conversion of alkyl
aikanethiosulfinates such as 12 and 13 into a-sulfinyl disulfides such as 33 and
34, respectively. Reaction of sulfinic acids with thiosulfinates leading to alkyl
alkanethiosulfonates, e.g. 32.

trithiadecane 7-oxide (34). We had anticipated as long ago as
1973 that the unique combination of functional groups in
a-sulfinyl and «-sulfonyt disulfides ought to lead to unusual
physiological properties,/>*® a prediction recently borne out
with the discovery of structurally analogous antithrombotic
and lipoxygenase inhibitory cepaenes in onions (Sec-
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tion 5.2.6). In order to account for the formation of 33 from
12, we postulated the intermediacy of an a-alkyldithiocarbo-
cation in a Pummerer-like reaction (Scheme 11). Solvolysis
studies revealed that acyclic a-alkyldithiocarbocations
are far less stable than a-alkylthiocarbocations (for
example MeSCH,Cl hydrolyzes 6800 times faster than
MeSSCH,CLI58 We have suggested that the near 90° C-S—
S—C dihedral angle adopted by acyclic disulfides is also fa-
vored by acyclic a-alkyldithiocarbocations and that this con-
formation precludes charge delocalization by the second
(distant) sulfur, while at the same time diminishing by induc-
tive effects the electron availability on the first (nearest) sul-
fur (see Fig. 2).158 The above solvolysis study is relevant to

Fig. 2. Postulated conformation of acyclic carbocations containing the
S-§-C7 group.

the observation that in the mass spectrum of MeSCH,SSMe,
fragmentation to MeSCH, /MeSS’ is greatly favored over
fragmentation to MeSSCH; /MeS". This observation also
proves useful in establishing the structures of “deoxycepae-
nes’’ (see Section 5.2.6).

4.2. 1,3-Dithietane S-Oxides

The suggestion by Wilkens that the dimer of the onion LF
is 2,4-diethyl-1,3-dithietane 1,3-dioxide 18a!*”) piqued our
interest in this little studied class of heterocycles. Although
derivatives of 1,3-dithietane have been known since 1872, the
parent compound 35 was unknown prior to our work. We
developed convenient syntheses of 35 and its S-oxides
(Scheme 12).15°7 Thus, treatment of bis(chloromethyl)

e N

o _Na:s s MCPBA s o
0 —oe2S ge0 —PRR " _
RNCI

A e

cl THF. BH,/ a7 \Mno, 38asb

\/ \/ >
35 39

Scheme 12. Synthesis of 1,3-dithietane (35) (6 =19), 1,3-dithietane 1-oxide
(37) (8¢ = 53), 1,3-dithietane 1,3-dioxide (38a/b) (4. = 69), and 1,3-dithietane
1,1-dioxide (39) (8 = 68), and pyrolytic conversion of 37 and 38a/b into

sulfine  (thioformaldehyde S-oxide) (40) (5.=159, d,=773, 7.84
(J = 5.5 Hz)). MCPBA = m-chloroperbenzoic acid.
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sulfoxide (36) with sodium sulfide in the presence of a phas¢
transfer catalyst gave 1,3-dithietane 1-oxide (37) in 36%
yield as a colorless solid with a garlic like odor. Compound
37 could be reduced with THF - BH,, giving the parent
compound 35 in 70% yield, or oxidized with MCPBA or
KMnO,/acetone, giving cis/trans-1,3-dithietane 1,3-dioxide
(38a/b) or 1,3-dithietane 1,1-dioxide (39), respectively, in
excellent yields. While Wilkens'*”! indicated that his LF
dimer, formulated as 18 a, had suifone type IR absorption at
1330 and 1140 cm ™~ !, we found compounds 37 and 38a/b to
have sulfoxide bands in the normal 1100-1035cm™! re-
gion,!'? with additional bands at 1132-1159cm™"', pre-
sumably associated with the four-membered ring. Sulfone 39
showed typical sulfonyl absorption bands!!) at 13931315
and 1200-1130 cm™*. Compounds 38a/b are stable solids
melting above 200°C, in contrast to 18a, described by
Wilkenst*”! as an unstable liquid. Flash vacuum pyrolysis
(FVP) of 37 and 38a/b at 350—480 °C gave sulfine 40 (thio-
formaldehyde S-oxide).[**!

4.3, Sulfenic Acids

Sulfenic acids are key enzymatically formed intermediates
in Allium chemistry. Prior to 1978 it was not known whether
the structure of simple sulfenic acids was best represented by
RS-O-H (A) or RS(O)H (B) or an equilibrium involving
both forms.!3!-%% Isolation proved difficult because of the
high reactivity of sulfenic acids as borh electrophiles and
nucleophiles (cf. Scheme 8).1°5) Using flash vacuum pyrolysis
(FVP) we were able to demonstrate that above 250 °C at
0.1 torr both tert-butyl methyl sulfoxide and methyl
methanethiosulfinate (12) decompose affording methane-
sulfenic acid (10) and isobutylene or thioformaldehyde (22),
respectively (Scheme 13).

Q \/4 H [o] \j H
il s (l I ” (l
AL L, ASL A
Me S Me C.
2N
12 ve me

—CHZR /Hg:CMez
_,.V \
CHy=S MeS-0-D
22 10-0D

Scheme 13. Generation of methanesulfenic acid (10) by FVP methods.

Compound 10 showed a molecular ion at m/z 64 when
examined using coupled FVP-mass spectrometric analysis.
Through coupled FVP-microwave spectroscopic studies of a
series of isotopically substituted forms of 10 (!3C, CD,; %0,
OD) its full structure was determined (Fig. 3). Compound 10
contains dicoordinate rather than tricoordinate sulfur (form
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A rather than B) and a geometry similar to that of H,S,
(HSSH angle 90.6°).1Y The structural determination was
aided by the finding that 10 readily exchanges with deuteri-
um oxide in the waveguide giving 10-OD. By means of a
tandem pyrolysis experiment it was further demonstrated
that 10 undergoes dehydration giving thioformaldehyde
(Scheme 13). The half-life of 10 in the gas phase at 0.1 torr
and 25°C is ca. one minute. When condensed at — 196 °C 10
could not be recovered on warming in vacuum. Analysis of

1.658A 1.610A

]
H H [s)
SEO/@ 0.957A \Cis/@ 1.469A

1.608A =2 / /

CH3 Geson = 93.9° H
10 40
+.08
H
H, _ H\ ::/H
H-r'C\ 1240 O C\ o
C——=5" (+.63) Cc—s*
/ /
H H
(Z)- 442 (Z)- 44b

calculated charge densities. The gas-phase lifetimes of 40 and
22 at room temperature and 30 um are ca. 30 minutes and 20
seconds, respectively. Compound 40 could be generated at
room temperature by fluorodesilylation of (trimethyisi-
lyl)methanesulfinyl chloride (41; Scheme 14).17%! Cyclopen-
tadiene was used as an in situ trap for 40. The major cy-
clopentadiene Diels—Alder adduct of 40, 2-thiabicyclo-
[2.2.1}hept-5-ene endo-2-oxide (42; 10% of the exo isomer
was also present) proved to be thermally unstable at room

1.611A
H CH, o
\, i . N
! /

22 (Z)-16, skew
H
H -
P2 H H S H
%, Ve \,:/
N\ \
C—=8+ C=—5"*

/N SN

(E)-44a (E'}- 44b

Fig. 3. Structures of methanesulfenic acid (10), thioformaldehyde S-oxide (40), thioformaldehyde (22), propanethial S-oxide (16),
and the conformers of ethanethial S-oxide (44) determined by microwave spectroscopy.

the low-temperature condensate warmed to room tempera-
ture revealed the presence of 12. In the gas-phase experi-
ments we were unable to detect even minor amounts of the
tautomer of type B. In agreement with our experimental ob-
servations, theoretical calculations confirm that CH,S-O-H
and its inorganic homologue H-S-O-H are significantly
more stable than their respective isomers CH,S(O)H%% and
H,S(0).1%3) The preference for form A rather than B has also
been found with stable, sterically hindered sulfenic acids.!5*
In other relevant work, 1-anthraquinonesulfenic acid, an-
other stable sulfenic acid, has been found to have a pK, value
of 7.51.163!

4.4. Sulfine (Thioformaldehyde S-Oxide)

Like sulfenic acids, sulfines (thiocarbonyl S-oxides) are
key compounds in A/lium chemistry. We generated the previ-
ously unknown parent sulfine, thioformaldehyde S-oxide
(40), by pyrolysis of 1,3-dithietane 1-oxide (37), 1,3-dithi-
etane 1,3-dioxide (38 afb; cf. Scheme 12), or methanesulfiny!
chloride. Compound 40 was fully characterized by mass
spectrometry, microwave, photoelectron, IR and NMR
spectroscopy.l°®~ %! The structures of 40 and, for compari-
son, thioformaldehyde (22) are shown in Figure 3 along with
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temperature, undergoing a [2,3]-sigmatropic rearrangement
to 2-oxa-3-thiabicyclo[3.3.0]oct-7-ene (43), a rare example of
an isolable sultene (a heterocycle containing an S-O single
bond).

: o]
. CsF, CH;CN N\
Me;SiCHS(0)Cl ———————————— Me;SiF 1
e35iCH2S(0) 50 5 325 °C C:/s + MesSiF + CsC
41
43
Mechanism:
G " O
S —_— c=S* _—_—
VA / o,
Me,Si % W \o— 90%
) “ 40
£
[2,3]

Scheme 14. Generation and Diels—Alder trapping reaction of sulfine 40, which
was generated from 41 by fluorodesilylation. The rearrangement of the primary
adduct 42 to led to the 43.

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178



5. Organosulfur Compounds from Cut Allium Spp.:
Post-1972 Results

Come, follow me by the smell,

here are delicate onions to sell;

I promise to use you well.

They make the blood warmer,

You'll feed like a farmer;

For this is every cook’s opinion,

no savoury dish without an onion;

But, lest your kissing should be spoiled,

Your onions must be thoroughly boiled :

Or else you may spare your mistress a share,
the secret will never be known:

She cannot discover the breath of her lover but think it as
sweet as her own.

“Verses for Fruitwomen”,
Jonathan Swift (1667—-1745)

The work done prior to 1972 suggests that, when Allium
spp. are cut, highly reactive sulfenic acids and/or sulfines are
produced by enzymatic action on precursors in the intact
bulb. The main fate of the short-lived sulfenic acids appears
to be condensation to form thiosulfinates. The thiosulfinates
can then participate in a variety of subsequent reactions
which depend on conditions and which afford various types
of organosulfur compounds. These compounds can be cate-
gorized as headspace volatiles (products formed above cut
Allium or Allium homogenates at room temperature), prod-
ucts formed when the thiosulfinates stand in solution at
room temperature, or compounds produced by more vigor-
ous processes such as steam distillation (or decomposition in
the injection port of a GCI"!11) (Scheme 15). The volatile,
thermally stable compounds are best analyzed by GC or
GC-MS while the thermally unstable compounds are prefer-
ably isolated/identified by milder chromatographic methods
(e.g. HPLC, supercritical fluid chromatography (SFC), or
GC under modified injection conditions). In our discussion
we will first treat the unique low-temperature volatile onion
lachrymatory factor and its dimer, then those thermally un-
stable constituents of 4//ium homogenates formed in solu-
tion, and finally those constituents of headspace volatiles
and steam distillates identified primarily by gas chromatog-
raphy.

Precursors L - —_—
lintact bulb) Cut intermediates

Scheme 15. Schematic presentation of types of compounds associated with the processing of Allium spp.
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5.1. Onion Lachrymatory Factor (LF) and its Dimer

Indeed the tears live in an onion that should water this sorrow.

“Antony and Cleopatra”, 1. ii. 173
William Shakespeare (1564—1616)

A number of points from the published work on the onion
LF required clarification. Assuming that the LF is
propanethial S-oxide (16) as postulated by Wilkens'*”! and
Brodnitz,1’% how can the exchange of a single proton (from
Virtanen’s deuteration studies!?!) be rationalized? Is the ste-
reochemistry of the LF indeed E (anti)? Is it reasonable to
assume that the same enzyme allinase could catalyze both the
sulfenic acid eliminations of Schemes 1 and 4 as well as Brod-
nitz’s retro-ene mechanism of Scheme 5? These questions
will be addressed below.

Extraction of chopped onions at low temperatures with
CFC(l, followed by low-temperature vacuum distillation
gave the onion lachrymatory factor (LF). The LF was puri-
fied by trap-to-trap distillation (— 35 to —196°C) at
0.001 torr. Authentic propanethial S-oxide (16) and its lower
homolog ethanethial S-oxide (44) were prepared from the
reactions of propanesulfinyl chloride (19) and ethanesulfinyl
chloride (45), respectively, with triethylamine.

CH,CH,CH,S$(0)Ct —>» CH,CH,CH=8*-0"
19 16

CH,CH,S(0)C1 — CH,CH=S8"-0O"
45 44

5.1.1. Microwave and NMR Spectroscopic Analysis of
Onion LF and Homologs

Mine eyes smell onions; I shall weep anon;
good Tom Drum, lend me a handkercher.

“All's Well That Ends Well”, V. iii. 316
William Shakespeare (1564-1616)

Samples of the LF and 44, prepared as described in Sec-
tion 5.1, were evaporated at room temperature into a mi-
crowave guide. Only the normal isotopic species were used in
the analysis of the microwave spectra of 16 and 44. Struc-
tural conclusions for 44 are based upon the assumption that

Primary volatiles
(headspace)

d

Primary solution
components
(fresh extract)

Secondary volatiles
{distilted oil)

Secondary solution
components
(aged extract)
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the CHSO framework is identical to that of thioformalde-
hyde S-oxide (40) and that the methyl groups are tetrahedral
with C-H =1.093 A. The structures of (Z)-44 and the onion
LF, (Z)-16, determined by microwave spectroscopy, are
given in Figure 3 (also see Section 5.1.4).I72) The E (anti)
isomer of 44 could not be detected by microwave spec-
troscopy. The dipole moment of (Z)-44 is 3.23(2) D, slightly
larger than that determined for 40 (2.994 D). Microwave
analysis of 16 is complicated by the fact that internal rota-
tion about the CH-CH,, bond gives this sulfine an additional
conformational degree of freedom. Of the four possible con-
formations/structures for 16—Z skew ((Z)-16a), Z cis ((Z)-
16b), E skew ((E)-16a), and E cis ((E)-16b)—only (Z)-16a
fits the calculated rotational constants and fulfills the heavy-
atom nonplanarity implied by the observed constants. Un-
like 40, sulfines 16 and 44 are stable in the wave guide at
0.050 torr and 25 °C. Neither ethenesulfenic acid (15a/15b)
nor (E)- or (Z)-1-propenesulfenic acid (14) could be detected
in any of the samples examined by microwave spectroscopy
(cf. Scheme 4). As will be detailed in Section 5.3.1, TH-NMR
analysis of the onion LF indicated a Z: £ ratio of 95:5 for 16.
Similar Z: £ ratios were obtained for 44 and other thioalde-
hyde S-oxides.

5.1.2. Determination of the Configuration of Onion LF
from the Structures of Cyclopentadiene Diels—Alder
Adducts

Determination of the configuration of the onion LF by
spectroscopic means requires concentration and, in the case
of microwave spectroscopy, vaporization. An alternative ap-
proach involves directly trapping the LF with cyclopentadi-
ene at low temperature followed by NMR measurement of

the adduct cis:trans ratio [(46a + 46d):(46b + 46¢),
Scheme 16]. As we have already mentioned in Section 4.3,
sulfine 40 is readily trapped by cyclopentadiene giving ther-
mally labile endo-adduct 42 which undergoes a facile [2,3}-
sigmatropic rearrangement to 43 even at 0°C (see
Scheme 14).

Adducts 46b and 46 d were independently synthesized and
characterized (Schemes 16 and 17); adduct 46 ¢ could not be
prepared.!”3) A novel procedure was used to prepare 2-thia-
bicyclo[2.2.1}hept-5-ene 2,2-dioxide (47). Thus, treatment
of (trimethylsilyl)methanesulfonyl chloride (48) or (tri-
methylsilyl)methanesulfonic anhydride (49) with cesium flu-
oride and excess cyclopentadiene gave 47 in 64 % isolated
yield from 48 or 75% isolated yield from 49 by a reaction
which must involve thioformaldehyde S,S-dioxide (50,
sulfene) as an intermediate.[”*! This reaction represents the
first instance of Diels-Alder trapping of sulfene.[**™ Com-
pound 47 could also be prepared by oxidizing the unstable
adduct 42 of cyclopentadiene and sulfine (40) or by oxida-
tion of the known 2-thiabicyclo[2.2.1thept-5-ene.!”! Sequen-
tial treatment of 47 with butyllithium followed by ethyl
iodide gave exo-3-ethyl-2-thiabicyclo[2.2.1]hept-5-ene 2,2-
dioxide (51a), which was reduced with lithium aluminum
hydride to exo-3-ethyl-2-thiabicyclo[2.2.1]hept-5-ene (52a)
and then oxidized with MCPBA to exo-3-ethyl-2-thiabicy-
clo[2.2.1]hept-5-ene exo-2-oxide (46d).

A 23:77 mixture of 51 a and its endo-isomer (51b) could be
prepared in 76% yield by treatment of 1-(trimethylsil-
yl)propanesulfonic anhydride (53) with cesium fluoride and
excess cyclopentadiene, a reaction which must involve
propanethial S,S-dioxide (54) as an intermediate
(Scheme 17). When the product from the Diels—Alder reac-
tion of cyclopentadiene with the onion LF or 16, prepared
from propanesulfiny! chloride (20), was oxidized with one

B0 Ko @
Onions C——)  C=S, * f=s ?746a,b,¢,d??
H 16 Et
3¢ 95; 8 5.3 1) BuLi
SO.
0 74 e — 7 :
= _0 SO.
1) PhLi Ng 7 s a7
T2 10] ! 51a
42% EEA H
Et H Et
57 5€
35°C ?[2:3]
LiAIH,
§1b
so
g TH
1
/ 48a o \
MCPBA Et  LiAIH,
] SO. S S Nt SO,
" 7 H 7 Bt £t
52b 52a 55a
MCPB Et H MCPBA H
MCPB
/ 0 ¢ -0
H /. Et
46b 48d
H
Scheme 16. Cyclopentadiene-LF adducts 110 °C, 50 h l 110 °C, 50 h l
of type 46: their synthesis, interconversion,
no reaction na reaction

and rearrangement.
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equivalent of MCPBA, 51b could be 1solated in 79 % yield.
Lithium aluminum hydride reduction of the above cyclopen-
tadiene-LF or cyclopentadiene-16 adduct gave endo-3-ethyl-
2-thiabicyclof2.2.1}jhept-5-ene (52b)17¢) which on reoxida-
tion with one equivalent of MCPBA gave endo-3-ethyl-2-
thiabicyclo[2.2.1lhept-5-ene exo-2-oxide (46 b). Oxidation of
51a and 51b with excess MCPBA gave exo-5,6-epoxy-
exo-3-ethyl-2-thiabicyclof2.2.1}hept-5-ene 2,2-dioxide (55a)
and exo-5,6-epoxy-endo-3-ethyl-2-thiabicyclof2.2.1]hept-5-
ene 2,2-dioxide (55b), respectively. The structure of 55b was
established by X-ray crystallography.t73- 772

_._-—>: | pe=s0, | —> %&sc,
CsF
50 a7

CHZCN

Me;SIiCH,S(0)X

48,X=Cl
49, X = 0SO,CH,SiMe3

Et

/ 51a
Me,Si)CHS0,),0 —— | EtCH=50
{CHg(Me;Si) 2)2 CoF ‘ 2‘ \
53 CHiCN 54
Y SO,
5

Et

|
Scheme 17. Synthesis of 47 (64—75% yield) and 51a,b (76 % yield) by trapping /\/ch£0“2

of thioformaldehyde $,S-dioxide (50) and propanethial S,S-dioxide (54) with
cyclopentadiene. The sulfenes are generated by fluorodesilylation.

While compounds 46b and 46d were unchanged after re-
fluxing in deuteriotoluene for 50 hours, the adducts of cy-
clopentadiene with LF or 16 rearranged upon refluxing in
methylene chloride for 1.5 hours to give exo-4-ethyl-2-oxa-3-
thiabicyclo[3.3.0]oct-7-ene (56), isolated in 50% yield. The
same type of rearrangement was also observed for the ad-
ducts of cyclopentadiene with ethanethial S-oxide (44), and
butanethial S-oxide.I” 72 This novel rearrangement forms the
basis for a useful synthesis of 5-alkylidene-2-cyclopenten-
ones, e.g. 57 (Scheme 16).1772

When an onion slurry, prepared from frozen chopped
onions, was extracted with Freon-11 and the dried extract
treated with cyclopentadiene at —78°C followed by low-
temperature concentration, a 15:1 mixture of endo-3-ethyl-
2-thiabicyclo[2.2.1Thept-5-ene endp-2-oxide (46a) and exo,
exo-adduct 46d could be detected through coincidence of
13C-NMR peaks in the olefinic region with corresponding
peaks of authentic samples. We were unable to detect NMR
peaks corresponding to exo,endo-adduct 46 b. The reason for
the absence of 46b is clear if we assume that formation
of exo-3-ethyl-2-thiabicyclo[2.2.1]hept-5-ene endo-2-oxide
(46¢) is significantly favored by secondary orbital interac-
tions over 46b and that substantially less 46 ¢ is formed than
46 a. While we could not prepare an authentic sample of 46 ¢,
in the LF-cyclopentadiene adduct mixture we observed sev-
eral minor unidentified olefinic 13C-NMR signals which dis-
appeared on warming, and could be due to 46¢. We estimate
that the concentration of 46¢ is less than 5%, reflecting a
Z . E ratio for the LF of at least 95:5, in agreement with the
NMR data (see Section 5.3.1).77%
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5.1.3. Mechanism for the Formation of Onion LF from
( E)-1-Propenesulfenic Acid

And if the boy have not a woman’s gift 1o rain
a shower of commanded tears,

Anr onion will do for such a shift,

which in a napkin being close conveyed,

Shall in despite enforce a watery eye.

“The Taming of the Shrew”, Introduction, 122.
William Shakespeare (1564—1616)

We examined the pyrolysis of (E,Z)-tert-butyl-1-propeny!
sulfoxide (58) and ter¢-butyl-2-vinyl sulfoxide (59) with the
hope of generating (E,Z)-1-propenesulfenic acid (14b) and
ethenesulfenic acid (18b) (which, by analogy with the struc-
ture of methanesuifenic acid (10), should possess dicoordi-
nate sulfur) and determining the relationship, if any, between
these suifenic acids and propanethial S-oxide (16) and
ethanethial S-oxide (44), respectively. Both 58 and 59 are
efficiently converted by FVP at 250 °C into the respective
(Z}-sulfines (Z)16 and (Z)-44, as characterized by both mi-
crowave and NMR spectroscopy (Scheme 18). A 97:3 (Z)-

o~ AH ) to Et o
250 °C (‘é ~[1,4] \
C==s*
P . S
Me’ Me H
14b 18
58
650 °c g HE=C=S
/ 1
H
0 AH ) o Me, 0"
l,) (! 250 °C (I ~[1,3] \__ {
NS e T s c==5
VAR 650 °C H
Me Me
59 15b 44
650 °C
HC=CCO,Me H,C=CHS(0) H CH3CHO
R ——
100 °C —
H CO,Me
80
=
o éSchcm
SN
Me Me
59

Scheme 18. Flash vacuum pyrolysis of 1-aikenyl teri-butyl sulfoxides such as
58 and 59 as a route to 1-alkenesulfenic acids such as 16 and 44, respectively.

16:(E)-16 ratio and a 95:5 (Z)-44:(E)-44 ratio was estab-
lished by ‘H-NMR analysis (discussed in Section 5.3.1).
Heating a solution of 59 in excess methyl propiolate at
100 °C affords sulfenic acid adduct 60. Neat 59 decomposes
within 4 h at 100 °C to give, among other products, acetalde-
hyde, which we have separately found to be a major decom-
position product of ethanethial S-oxide (44). Finally, mi-
crowave spectroscopic analysis indicates that sulfine 44
decomposes under high-temperature FYP conditions (650~
750°C) to both acetaldehyde and thioketene (61).172!
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The above results are most simply explained in terms
of a' [1,4]-sigmatropic rearrangement of 14b and 15b
(Scheme 18), a reaction leading to (Z)-sulfines. The conver-
sion of 58 via 14b into 16, and of 59 via 15b into 44 finds
precedence in the known tautomerism of thioamide S-ox-
ides!’8! and the isomerization of other «,fB-unsaturated
sulfenic acids to sulfines.!”®! At high temperatures 15b un-
dergoes unimolecular dehydration to thioketene (61), in
analogy with the previously noted high-temperature dehy-
dration of methanesuifenic acid (Scheme 13). McLafferty et
al. have examined the formation of 15b and 44 from 59 by
tandem FVP and neutralization-reionization mass spec-
trometry and ab initio calculations.'®®! Their studies exciude
an alternative retro-ene route from 59 to 2 (Scheme 13) and
indicate that 44 is 12 kJmol ™! (2.9 kcalmol ™ ') more stable
than 15b with a transition state interconversion barrier
of 137 kJmol ™! (33 kcalmol ') and that 15b has a near-
orthogonal geometry with a CSOH dihedral angle of 88°.
When 15b-OD is examined in the mass spectrometer under
conditions allowing conversion into 44, OH loss predomi-
nates >2:1 over OD loss.

A mechanism for the genesis of the onion LF from precur-
sor 5 is proposed (Scheme 19). Our mechanism is consistent

Enzyme
C? OP(O)(OH)0~
H

0 NH,

"\/k

S — s ﬂ
/\/ COH /\/ H co;

§

Pyridoxal
phosphate 62
B:
Enzyme

|

) (‘o NH,
/\/ S * )\cozn

14b

l ~[1,4)

Scheme 19. Mechanism for allinase catalyzed conversion of § into the onion
LF 16.

with the deuteration studies of Virtanen if it is assumed
that rearrangement of deuterated 1-propenesulfenic acid
14b-OD precedes electron-impact-induced fragmentation
(Scheme 20). Our mechanism also has the advantage of al-
lowing a common mode of enzymatic decomposition for LF
precursor § and cysteine sulfoxides 2, 6, and 7. The interme-
diacy of Schiff base 62 is consistent with the requirement for
pyridoxal phosphate as a cofactor for the enzymatic reac-
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Scheme 20. Mechanisms of the allinase-catalyzed conversion of 5into LF 16 in
the presence of deuterium oxide,

-0D- (disfavored)

tion™ and the demonstration that sulfenic acids can be
eliminated from related structures (Scheme 21) in vitro at
neutral pH and ambient temperatures.(81]

0
H 6.5 <
— PP . ImsoH]

HN NH HN NH

Y

o [o]

H
RS{O)CH, O

Scheme 21. Formation of sulfenic acids from hydantoins at room temperature
in almost pH neutral solution.

5.1.4. The “Syn Effect” of Onion LF and Other Sulfines

While the [1,4]-sigmatropic rearrangements of 14b to (Z)-
16 and 15b to (Z)-44 are aesthetically appealing and accom-
modate most observations (Scheme 18), it is curious that
(Z)-16 and (Z)-44 are also the predominant products formed
upon treatment of propanesuifiny! chioride (19) and ethane-
sulfinyl chloride (45), respectively, with triethylamine, reac-
tions that should not involve the intermediacy of 14b and
15b! Theoretical calculations were therefore performed to
examine the relative energies of the conformers of 44.182!
Restricted Hartree-Fock calculations on 44 indicate that
conformer (Z)-44 a is more stable than conformers (Z)-44h,
(E)-44a, and (E)-44b by 0.8, 1.7, and 3.1 kcalmol ™, respec-
tively (Fig. 3). These calculations are in good agreement
with microwave spectroscopic studies of 44-CH,D
(CH,DCH=8*-07), in which 44a was the only conforma-
tion to be observed. The conformational preference for Z-
44a can be explained in terms of orbital and electrostatic
interactions between the terminal oxygen and methyl hydro-
gens, which are negligible in the (E)-form. Calculations indi-
cate substantial negative charge on the sulfine oxygen
(Fig. 3). It is suggested that there is an attractive electrostatic
interaction between the methyl hydrogens (which according
to the calculations bear a positive charge) and the negatively
charged oxygen. A o-type interaction, characterized by the
formation of six 6-MOs, of which the HOMO is 1,5-bond-
ing, also favors conformer (Z)-44a.13% Both of these types of
interactions are missing in the (£)-conformers. The general
phenomenon of enhanced stability of (Z)- or syn isomers, the
“syn-effect”, is in fact well known.!32 83! An important con-
sequence of the above theoretical findings is that alternative
routes from 14 b to (Z)-16, e.g. by protonation of the enolate
of the (£)-1-propenesulfenate anion, cannot be excluded.
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5.1.5. The Hydrolysis of Onion LF

When 16 is allowed to remain in contact with water, sulfur
is split off, perhaps initially as HSOH, leaving behind
propanal, which readily undergoes aldol condensation. In
the medium following hydrolysis of 16, sulfur is found as the
free element as well as (in minor quantities) sulfate and sul-
fite. Hydrogen sulfide, detected in onion volatiles and pre-
sumably a decomposition product of 16, may be trapped by
propanal, forming cis- and trans-3,5-diethyl-1,2,4-trithi-
olane (63). 63 has likewise been isolated from volatiles of
onion and other Allium spp. (Scheme 22).184

1
E‘\ 3 H,0 &, O~y
/c.__5+ —_— "c/ j | ——— EtCH=0 + ([HSOH]
4\
W o N0
16

2EtCHz=0 ——— /\/L
¢ # CHO

3[HSOH]

4[HSOH]

S S
oo« ns —— (YN O
$—§ $—s§

3 2H,S + SO, + H0
??

———» 3H,S + H,S0,

—— = 3/8S; + 3H,0

cis-63 trans-63

Scheme 22. Hydrolysis of LF 16 and formation of 1,2,4-trithiolanes cis- and
trans-63 .

5.1.6. The Dimer of Onion LF

As already noted, in 1961 Wilkens reported that the onion
LF dimerized, affording a compound claimed to be 2,4-di-
ethyl-1,3-dithietane 1,3-dioxide (18 a) (cf. Scheme 5).1*” The
proposed structure seemed to us to be at odds with the IR
spectrum of the dimer, which indicated the presence of a
sulfonyl group, and our examination of the IR spectra of
authentic cis- and frans-1,3-dithietane 1,3-dioxide (38a/b)
(cf. Scheme 12),15°! which failed to show the type of unusual
“pseudo-sulfone infrared absorption” proposed by Wiltkens
to explain the spectrum of 18 a. Furthermore, the stability of
the 38a/b contrasts with the instability of 18a. Finally, it is
mechanistically difficult to reconcile the formation of 18a
from 16 with the reported formation of trans-4,5-diphenyl-
1,2,3-trithiolane 1,1-dioxide (65) from thiobenzaldehyde S-
oxide (64, Scheme 23).18%1 In view of the uncertainty about
the structure of the LF-dimer we re-examined the self-con-
densation of 16.

A sample of 16 from natural or synthetic sources was
purified by trap-to-trap distillation at —30°C, dissolved in
about twice its volume of freshly dried benzene and kept in
the dark at 3 °C for 7 days. The slightly yellow solution, now
devoid of lachrymatory properties, was concentrated in vac-
uo and the residue subjected to molecular distillation, af-
fording a clear, practically colorless liquid with a strong
onion-like odor. Analysis by GC indicated a single major

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178
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Scheme 23. Formation of 1,2,3-trithiolane 1,1-dioxides 65 and 71 from sulfines
64 and 16, respectively.

product with retention time slightly longer than that of
propyl propanethiosulfonate. High resolution mass spec-
trometry confirmed the formula C;H,,S,0, for the LF
dimer. The IR spectrum, showing sulfonyl bands, was very
similar to that published by Wilkens."*”! The LF dimer gave
a positive thiosulfonate test'®®! and absorbed in the UV
(EtOH or hexane) at 4_,, = 280 (¢ 100, sh).[*71 Reduction of
the compound with LiAlH, in ether gave 90 % ( +)-hexane-
3,4-dithiol and 10% meso-hexane-3,4-dithiol. The above
data and the 'H- and !3C-NMR spectra, discussed in Sec-
tion 5.3.2, are most consistent with trans-3,4-diethyl-1,2-
dithietane 1,1-dioxide (18b) as the structure of the LF
dimer .18 Compound 18b is formed by a process that be-
gins with 1,3-dipolar addition of 16 to itself followed by
rearrangement (Scheme 24).18%% Minor amounts of cis-18b
are also formed.

(Z,E)-(Trimethylsilyl)methanethial S-oxide (66), prepared
by treatment of (trimethylsilyl)methanesulfinyl chloride (41)

Et

Et
—SH
H
Et
Et
—SH
H
H

or product)

Et o- €t _ Et 0
—s 0 4
H S H s7 M .
Lele, —_— \
"_3*\ 3°C, 7d : S\\ S o-
o H "0 H trans-18b
Et Et £t | (Maj
16
LiAlH,
Et Et
H Ksc(s)ome_ M S\ _g _ LiAmH, H SH
: 0 ————— S/—— —_—
H H
Et Et

SH

Et
Et s ; Et
o Ksc(sjome S/__s LiAIH,
f H
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LiAIH,
Et o Et ! Et ()
e O 4
Et S Et si, Et /s,\
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Scheme 24. Mechanism for the dimerization of propanethial S-oxide 16 to 18b.
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CH3CH,CH,S(0)CI

Me3SiCH>S(0)Ci

with one equivalent of triethylamine. also dimerizes on stor-
age at room temperature for several days to afford trans-3,4-
bis(trimethylsilyl)-1,2-dithietane 1,1-dioxide (67) in 42%
yield as a colorless, crystalline solid of m.p. 100-101°C
(Scheme 25).177>8% Compound 67 affords (+-1,2-bis-

) Et;N e e X2
Me3SiCH;S(0)C! —————— MesSICH=S"-0 e

41 66

Me;Si
W:SH
) LiAIH ——SH
Me,Si ) / Me,Si
0, 99% 68

N
67 Me,Si We,Si
70

o
Me,;Siv

Me.Si w SiMe,

&9

Scheme 25. Synthesis of silylated 1,2-dithietane 1,1-dioxide 67 from
(trimethylsilyl)methanethial S-oxide (66); conversion of 67 into 2,3-
bis(trimethylsilyl)thiirane (69) and the compounds (+)-68 and 70 (only the
S,S forms are shown).

(trimethylsilyl)-1,2-ethanedithiol (68) on reduction and
trans-2,3-bis(tnmethylsilyDthiirane  (69) and wrans-1,2-
bis(trimethylsilyl)ethene (70) on photolysis.'®?! In benzene
solution, the LF 16 may also undergo unimolecular rear-
rangement giving oxathiirane 17, which in turn could donate
sulfur to LF dimer 18b giving trans-4,5-diethyl-1,2,3-tri-
thiolane 1,1-dioxide (71, Scheme 23).

5.1.7. a~Chloroalkyl Alkanethiosulfonates: By-products
in the Synthesis of Onion LF and Other Alkanethial
S-Oxides from Alkanesulfinyl Chlorides

In the course of preparing onion LF 16 by treatment of
propanesulfinyl chloride (19) with triethylamine we noticed
the formation of small quantities of 1-chloropropyl
propanethiosulfonate (72). We found that the formation of
a-chloroalkyl alkanethiosulfonates was a general reaction
with optimum yields when an alkanesulfinyl chioride was

S EN-20C _  ercHCISSOPr

19 T2

Mechanism:

EtsN 19

CH;CH,CH,S(0)C1  ———— EtCH=S"-0" ——3» [EtCH=S"-0-S(0)Pr CI'}

—  a  [EtCHCIS-O-S(O)Pr] — = 7

0.5 CsF
CH,CN, =20 °C
41 40 3

Scheme 26. Synthesis of a-chioroalkyl alkanethiosulfinates such as 72 and 73
from sulfines such as 19 and 41, respectively.
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treated at low temperature with one-half an equivalent of
triethylamine.!?! Thiosulfonates such as 72 result from reac-
tion of the sulfine, functioning as a nucleophile, with the
suifinyl chloride, functioning as an electrophile (Scheme 26).
In support of this mechanism we found that separately gen-
erated sulfines react with sulfinyl chlorides forming the ex-
pected chlorinated thiosulfonates. If thionyl chloride is sub-
stituted for the sulfinyl chloride, the product is a
bis(a-chloroalkyl) disulfide. In another variant, we found
that slow addition of 0.5 equivalent of cesium fluoride to
(trimethylsilylymethanesulfinyl chloride (41) in acetonitrile
at —20°C gave S-chloromethyl (trimethylsilyl)methane-
thiosulfonate (73) in nearly quantitative yield. Here the
sulfine being trapped is the parent compound 40.17% We have
recently utilized this reaction to establish the formation of
cyclopropanethione S-oxide from cyclopropanesulfinyl
chioride.[*!]

5.2. Organosulfur Constituents of Allium Homogenates
Separated by HPLC and GC-MS

If Leekes you like but do their smell dis-leeke

Eat Onyuns and you shall not smell the Leeke.

If you of Onyuns would the scent expelle

Eat Garlicke and that shall drowne the Onyun’s smelle.

Anonymous

A variety of procedures have been examined for the sepa-
ration of compounds formed in solution from cut Allium
spp. The plant can be finely cut using a Waring Blender, a
food processor or a tissue homogenizer. While the Waring
Blender gives satisfactory results with “‘softer’” plants, garlic
and shallot bulbs are best cut first with a food processor
followed by a tissue homogenizer. The plant is chopped us-
ing a 2:1 water:plant ratio. For the preparation of an ex-
tract, the homogenate is squeezed through cheese cloth or
nylon mesh, saturated with sodium chloride, and shaken
twice with dichloromethane, filtering/centrifuging each time.
The separated dichloromethane layers are combined, dried
and concentrated in vacuo at room temperature and then
analyzed by FT-NMR and HPLC and/or GC (with a modi-
fied injector; see Section 5.2.1). Supercritical carbon dioxide
can also be used as the extraction solvent.!®?! For prepara-
tion of a room temperature “‘steam distillate”’, the above ho-
mogenate is subjected to distillation at high vacuum using an
oil bath to keep the pot at room temperature. The distillate
is collected at —196 °C,173-°4 saturated with sodium chlo-
ride and extracted and analyzed as above. For a particular
plant the extract and room-temperature distillate were ana-
lytically quite similar (cf. Fig. 4). Although the distillates
were generally cleaner with less component isomerization, in
some cases more material was lost by distillation than by
extraction, or other differences were observed.

5.2.1. Thiosulfinates: Primary Products in Cut Allium spp.

In addition to LF 16, detected exclusively in the case of the
onion but probably formed in other Allium spp., the primary
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Fig. 4. a) HPLC separation of an extract of store-purchased garlic containing benzy! alcohol as internal standard. Conditions: 250 x 4.6 mm, 5 pm Rainin Microsorb
silica gel column, UV detection at 254 nm; 1.6 mL min ™!, gradient from 2:98 2-propanol: hexane (10 min hold), to 20:80 during 10 min (5 min hold). Peak identifica-
tion: 1, (E)-105, R = All); 2, (Z)-106, R = All); 3, (£)-106, R = All); 4, allicin 1; 5, benzyl alcohol, internal standard; 6, 102; 7, (Z)-106, R = Me; 8, (£)-106, R = Me;
9,101, 10, 12 (cf. Schemes 1, 4, 34, and 37). b) HPLC separation of a distillate of white onion (conditions as above). Peak identification: 1, (E)-105, R = Pr; 2, (Z)-106,
R = Pr; 3, 16; 4, (E)-106, R = Pr; 5 (shoulder), 13; 6, (E)-105, R = Me; 7, benzyl alcohol, internal standard; 8, 30; 9, (Z)-106, R = Me; 10, (£)-106, R = Me and
29 (overlapping peaks); 11, 123; 12, 12 (cf. Schemes 4, 5, 10, 37, and 46). ¢) GC-EI-MS total ion chromatogram of the same sample of white onion as in Figure 4b.
A = abundance. Conditions: 30 m x 0.53 mm methy] silicone gum capillary column, cryogenic on-column injection at 0 °C, column programmed from 0-200°C at
5°Cmin~}; column head pressure 34.5 x 103 Pa (5 psi), GC-MS transfer line temperature, 100 °C. Peak identification: 1, 12; 2, 29; 3, (£,2)-106, R = Me; 4, 30; 5,

(E)-105, R = Me; 6, (E)-106, R = Pr and trans-zwiebelane (118); 7, cis-zwiebelane (117) (cf. Schemes 4, 10 and 37, and Fig. 7).

products detected by HPLC, NMR, and GC-MS from the
above procedures are thiosulfinates (Table 1) with negligible
di- and polysulfides or thiosulfonates. Together with LF 16,
these thiosulfinates closely duplicate the taste and aroma of
the freshly cut Allium spp. and serve as progenitors of virtu-
ally all of the organosulfur compounds formed in the cut

plants. In view of the thermal instability of allicin 1 and other -

thiosulfinates it is surprising that vacuum “‘steam distilla-
tion” succeeds so well. Room-temperature steam distillation
is successful because of the stabilizing effect of water,
through hydrogen bonding, on the thiosulfinates; mildly
acidic conditions (e.g. pH 2—4) also seem to stabilize thiosul-
finates.!?® Since the thiosulfinates are water soluble, the
physical laws applied to steam distillation of water-insoluble
compounds are not applicable. It is likely that thiosulfinates
form azeotropes under our vacuum ‘‘steam distillation” con-
ditions.t21®!
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Some comments are necessary regarding the “best” chro-
matographic methods for characterizing and quantifying un-
stable aroma and taste substances such as thiosulfinates pro-
duced on cutting Alfium spp. Because of their excellent
resolving powers, GC and GC-MS have dominated studies
on Allium headspace volatiles and room-temperature ex-
tracts, despite early cautionary notes that many of the com-
pounds seen by GC may be “artifacts of analysis”*°! and
that more recent work suggests that equivalent or superior
resolution of 4llium components may be achieved at room
temperature using HPLC!195- 261211 We have already noted
in Section 4.1 that some, but not all, aliphatic thiosulfinates
possessing up to eight carbons survive GC analysis using
short columns and low injection port and column tempera-
tures.[2 341 Unfortunately most studies on Allium vola-
tiles employ long, narrow bore capillary columns (e.g.
0.20 mm x 50 m) and/or injection port temperatures as high
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Table 1. Relative concentrations of thiosulfinates and other compounds in Afium spp. (in mol-% referred to total RS(O)SR’). Data from Ref. [21b,c].

105 MeCH=CHS(O)SR 106 RS(O)SCH=CHMe

RS(O)SR Garlic Garlic Garlic Garlic Garlic Garlic Garlic “Elephant™-  “Elephant™-  Wild
(NY) (NY) (NY) (S) (S)R (Ind. 1) (Ind. 2) garlic garlic garlic
{b] D [b] Rlb,c} [b) [b, ¢} [b, €] [b, e] ib] (NY)DIb]  [b]
12 MeS(O)SMe - - - 2.2 09 2 4 10 8.6 20
101 MeS(O)All 2.9 3.0 39 18 11 20 27 27 28 34
102 AlIS{(O)SMe 14 1.7 1.6 8.1 7.5 9 11 15 16 16
(E.Z)-106, R = Me [a] X X X 1.2 [a] 1.9 (a] 1 [a] t [a] 3.6 [a] 1.5 [a] 1 [a]
(E)-105, R = Me - - - X 0.6 - - 1.7 X X
29 MeS(O)SPr - - - - - - - - - -
30 PrS(0O)SMe - - - - - - - - - -
1 AlIS(O)SAl 89 89 79 62 59 64 53 38 43 28
(E,Z)-106, R = All {a] 5.3 [a] 5.5 [a] 13 [a) 5.9 [a] 18 [a) 3 [a] 3(a} 4.5 [a} 2.6 [a] 1 [a]
(E)-105, R = Al 1.6 0.8 31 21 1.6 1 1 0.6 0.6 -
13 PrS(O)SPr - - - - - - - - - -
(E,Z)-106, R = Pr [a] - - - - - - - - - -
(E)-105,R = Pr - - ~ - - - - - - -
16 LF - - — - - - - - - -
123 Bissulfine - - - - - - - - - -
117/118 cis/trans-Zwiebelane - - - - - - ~ - - -
Total-% Allyl 94 95 89 80 78 80 74 61 67 54
Total- % Methyl 2 2 3 16 11 18 24 34 31 45
Total-% 1-Propenyl 3 3 8 4 11 2 2 5 2 1
Total-% Propyl - - - - - - - - - -
Total-RS(O)SR’ {umolg '] 14.3 {f] 7.51f] 22.110f] 25.6[f] 20.71If] 15.5[f] 36.5[f] 5.21f] 2,711 20.8 [g]
RS(O)SR’ Onion Onion Shallot Scallion Chive Leek Chinese
(white) [b-d] (yellow) [b—d] [b-d] [o-d] [b-d] [b-d} chive [b-d]
12 MeS(O)SMe 1 14 9 1 1.2 74
101 MeS(O)SAll - - - - - - 12
102 AlIS(O)SMe - - - - - - 9
(E,Z)-106, R = Me [a] 34 [a] 25 [a} 15 [a] 18 [a] 4.4 [a) 27 [a] 5 (a]
(E)-105, R = Me 14 24 9 2.5 13 12 -
29 MeS(O)SPr 1 1 1.2 7.5 6.8 5 -
30 PrS(O)SMe 1 1 2.8 7.5 3.8 5 -
1 AlIS(O)SAll - - - - - - -
(E£,Z)-106, R = All [a] - - - - - - -
(E)-105, R = All - - - - - - -
13 PrS(O)SPr 9 13 27 35 57 25 -
(E,Z)-106, R = Pr [a] 33 fa) 10 [a] 22 [a] 28 [a] 23 [a] 15 [a] -
(E£)-105,R =Pr 7 12 14 1.5 2.4 8 -
16 LF + + + + + + + + - + -
123 Bissulfine 8% TS 05% TS 02% TS X X X ~
117/118 cis/trans-Zwicbelane 29% 1S 20% TS 4% TS 8% TS 4% TS 1% TS -
Total-% Allyl - - - - - - 11
Total-% Methyl 19 33 22 17 9 27 87
Total-% 1-Propenyl 59 47 33 30 19 31 3
Total-% Propy! 22 20 45 53 72 42
Total-RS(O)SR’ [umolg ™) 0.20 [f] 0.35[f, hj 0.25[f, h] 0.08 [f] 0.26 [f] 0.15(f, h] 2.0 {f}

[a} Typical E:Z ratio 2—-3:1. [b] by HPLC analysis; [c] by NMR analysis; [d] by GC-MS analysis; [¢] Ind. 1 = from farm in mountainous region of India with
22-23°C average growing temperatures; Ind. 2 = from farm in plains region of India with 30-32°C average growing temperatures; (f] fresh weight; for comparison,
average fresh weight values reported for garlic and elephant garlic by Lawson by extraction are 34 pmolg ™! and 11 umolg ™!, respectively; since garlic and elephant
garlic contain ca. 60% water, approximate dry weight values are obtained by multiplying fresh weight values by 2.5 [121b]; [g] dry weight; {h] average fresh weight
values reported by Lawson for f-propeny! thiosulfinates from scallion, shallot, leek, yellow onion, and white onion are 1.65, 1.89, 1.77, 0.50, and 0.40 pmolg™',
respectively [121a]; *, trace level detected; + +, substantial amounts of LF detected; not quantitated due to variable loss on workup; zwiebelanes and bis-sulfine 123
not included in calculation of total number of moles present but indicated as % total thiosulfinates (TS) present; D, distilled then extracted (if not indicated, sample
prepared by direct extraction of homogenized plant); R, refrigerated for 8 weeks; S, typical store purchased garlic (Mexican or Californian origin); NY, from farm
in upstate New York (average growing temperature 19-22 °C); Total, percent of total thiosulfinates found as allyl-, methyl- 1-propenyl- and propyl group, respectively.

as 280 °C,71:928.97.98] conditions which are especially con-
ducive to thiosulfinate decomposition.

Our comparison of the resuits of both GC and HPLC
analyses of fresh extracts and room-temperature distillates
of Allium spp., using authentic samples of the thiosulfinates
thought to be present to evaluate analysis conditions, reveal
that gas chromatography, as typically performed with high
injector and column temperatures, presents a highly inaccurate
picture of the composition, both of the headspace volatiles as
well as of the room-temperature extracts from Allium spe-
cies.!>'® Thus, analysis of Allium extracts or vacuum distil-
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lates by both normal (Si) and reverse phase (C-18) HPLC,
using diode-array UV detection, indicate that the predomi-
nant constituents are thiosulfinates. We find no evidence from
HPLC for the presence in these samples of the polysulfides
claimed by prior GC-MS studies! Using Si-HPLC, almost all
of the thiosulfinates from Allium spp. can be separated and
quantified using an internal standard.

While some thiosulfinates survive gas chromatography us-
ing short columns and low temperatures, these earlier GC
analyses frequently suffered from peak broadening and tail-
ing, indicative of partial sample decomposition. We find that

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178



by using a standard polymethylsilicone column (30 m,
0.53 mm internal diameter, “Megabore”’) with on-cofumn in-
jection ramped from 0°C (liguified CO, cooling) with a
5°Cmin™" temperature injector and column program and a
GC-MS transfer line temperature of 100°C, nicely resolved,
clean GC-MS total ion chromatograms could be obtained
for pairs of thermally unstable C, regioisomers such as 105/
106, R = Me, and 29/30.12'<1 While some C, compounds

RSS'(O)CH=CHMe RS(O)SCH=CHMe MeS(O)SPr MeSS(O)Pr
105, R = Me 106, R = Me 29 30

could also be resolved under the above conditions, com-
pounds such as PrS(O)SPr 13 required a slower temperature
program (2°Cmin~') and higher flow rates or a shorter
(15 m) column for analysis. The various allylic thiosulfinates
from garlic, such as allicin, could not be satisfactorily ana-
lyzed even under the mildest GC conditions.?1<]

The Si-HPLC and cryogenic-injector silicone capillary
column GC-MS A4llium analyses are complementary since
the former separates on the basis of polarity and uses UV
detection, while the latter separates on the basis of boiling
point and uses EI/CI-MS detection. Peaks that are not re-
solved using one technique can often be separated using the
other technique. Furthermore, ion extraction and selective
ion MS methods (SIMS) can be employed to resolve overlap-
ping GC peaks, especially when authentic samples are avail-
able for calibration purposes. Because of the great thermal
instability of allylic thiosulfinates, HPLC represents the pre-
ferred method of analysis for garlic, elephant garlic, wild
garlic, and Chinese chive extracts. HPLC peaks can also be
identified by LC-MS, although the volatility of the C, and
C, components limit the utility of this technique at
present.!2'® Representative analyses of Allium extracts un-
der our HPLC and GC-MS conditions are shown in Fig-
ure 4a—-c and Table 1. An important conclusion from these
analyses is that thiosulfonates and di- and polysulfides are not
detected in the fresh Allium extracts examined by us. Thiosul-
fonates are seen in some samples that have been allowed to
stand for some time. These compounds therefore may con-
tribute to the flavor (or off-flavor!) of processed or cooked
Allium spp.

The Allium-derived thiosulfinates are of four types: 1) ful-
ly saturated, RS(O)SR’ (R,R’ = Me or Pr) such as 12, 13, 29,
and 30; 2) mono- or bis-f,y-unsaturated thiosulfinates All-
S(O)SMe 102, AlISS(O)Me 101 or AUS(0)SAll 1; 3) mono-
a,f-unsaturated thiosulfinates, (E)-105 or (E,Z)-106
(R = Me or Pr); 4) mixed «,8- and f,y-unsaturated thiosul-
fonates, (E)-105 or (£,Z2)-106, R = All. Notable in their
omission from this listing are the isomeric bis-a,-unsaturat-
ed thiosulfinates, MeCH=CHS(O)SCH=CHMe. These are
thought to be formed and to rapidly rearrange; they will be
considered separately (see Section 5.2.5). The chemistry of
the fully saturated thiosulfinates has aiready been discussed
above (Section 4.1). The chemistry of the other classes of
Allium thiosulfinates will be considered in Sections 5.2.3 and
5.2.4 following some general observations on thiosulfinates
from garlic, wild garlic, elephant garlic, onion, shallot, scal-
lion, chive, leek, and Chinese chive (see Table 1).
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5.2.2. General Observations on Thiosulfinates from Each
Allium spp.

One way to categorize the different Allium spp. is by the
types of alkyl groups present in the thiosulfinates, or less
reliably (using gas chromatography), in derived compounds
such as polysulfides. This type of chemotaxonomic informa-
tion has been used to establish relationships between differ-
ent members of the 4l/ium genus.1>% % 1901 Only the Chinese
chive showed a predominance of methy! groups, although all
of the Allium species examined contain methyl groups.!'®!
In three of the plants, garlic, elephant garlic, and wild garlic,
the allyl group is the major alkyl group (Fig. 5). The only

C.

Cs Cs

Mes(0)sTF
Mess(0)”F

AN
Allleln g ‘S’ﬁ
N

MesS(0)s” "
Mess(0)” "

MeS(O)S/ﬁ

Fig. 5. C,, C,, and C, thiosulfinates in garlic extracts.

other plant containing detectable quantities of allyl groups is
Chinese chive. The propy{ group is the major alkyl group in
chive, scallion, shallot, and leek, and is present in onion.
Contrary to earlier reportst3"3#1 but consistent with Law-
son’s observation!™2!1 the propyl group is absent in garlic as
well as in elephant garlic, wild garlic and Chinese chive, the
I-propenyl group being present instead. While all of the
plants contain {-propenyl groups, it is the dominant group
only in onion (Fig. 6). The total percentage of the 1-propenyl

C,

Cq

MeS(0)s” "
MesS(0)”" X"

MeS(O)S/ﬁ

MeSS({O)Pr

MeS(0)SPr

Fig. 6. C,, C,, and C, thiosulfinates in onion extracts.

group incorporated in onion thiosulfinates, zwiebelanes and
bissulfine (e.g. 59 % for white onions) is somewhat mislead-
ing since the majority of the 1-propenyl group generated as
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1-propenesulfenic acid ends up as the LF, which is not in-

cluded in the calculation because most is lost during analysis.

However, in one experiment using ether as solvent to extract

white onion, 0.5 umolg™' of LF was isolated compared to

ca. 0.2 umolg ™! total thiosulfinate! Small quantities of bis-
sulfine were also found in some of the extracts. When the
plant homogenates were allowed to stand in methanol for

24 hours before extraction and workup by chromatographic

methods, a number of other organosulfur compounds were

isolated as described below.

In view of the ephemeral nature of Alliwm thiosulfinates,
the significance of the numbers in Table 1 can be questioned
both with regard to variation in isolation techniques and in
plant specimens. Allium homogenates prepared from the
trimmed bulbs (garlic, elephant garlic, wild garlic, onion,
shallot) or the trimmed plants (scallion, chive, leek, Chinese
chive; roots and tips of stalks removed) were typically al-
lowed to stand at room temperature for 30 min and then
analyzed after rapid extraction and extract concentration.
The analytical results were not altered upon increasing the
interval between homogenization and extraction to 6h.
When the homogenate was allowed to stand overnight at
room temperature, the only significant change was the disap-
pearance of thiosulfinates of type MeCH=CHS(O)SR 105
(see Section 5.2.5). For quantitative analysis, some variation
is seen between different methods of homogenization. Lower
yields of thiosulfinates and, in some cases, minor qualitative
differences were obtained using distillation rather than ex-
traction methods. Organoleptic evaluation of the room tem-
perature “steam distillate” of the onion indicated that the
taste and smell closely duplicate that of the freshly cut plant.
Thus, for a given plant sample, reasonable reproducibility is
achieved and the analytical data so obtained is relevant to
plant flavor.

The situation with regard to the plant specimens is more
ambiguous. Thus, the relative percentages for different alkyl
groups can vary with the part of the plant, e.g. in Chinese
chives the methyl:allyl ratio varies from 71:29 to 36:64 with
the leaves, roots, and rhizomes,''°?! with the plant variety
(e.g. yellow, white or red onion), with the developmental
stage!*! and, as we shall discuss below, with the growing and
storage conditions.[28¢! In particular, we find considerable
variation in methyl group percentages between plant sam-
ples.

Despite limitations in the reproducibility of the data in
Table 1, a number of interesting features can still be noted.
The following data, extracted from Table 1 and from more
extensive studies, will be considered in more detail in Sec-
tions 5.2.3 to 5.2.5:

a) There is excellent qualitative agreement in the thiosulfi-
nate composition of extracted and room temperature
“steam-distilled” garlic (see Table 1) and elephant garlic
(NY extract not shown).

b) For thiosulfinates of type 106 both E and Z isomers are
found, with £ Z ratios varying from 9:1to 1.1: 1, with an
average value of 2:1. Since pure £ and Z isomers undergo
rapid isomerization in solution (see Section 5.2.4) only
the E + Z sum is reported. For thiosulfinates of type 105,
only the E isomer is found in plant extracts or distillates.
In all but one case, significantly more (E,Z)-106 is found
than (£)-105.
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c) Store-purchased garlic (origin: Mexico) shows a typical
allyl:methyl:1-propenyl ratio of 80:16:4; the ratio of
101:102 is 2.2:1.

d) Refrigerated store-purchased garlic shows an al-
lyl:methyl:1-propenyl ratio of 78:11:11; the ratio
101:102 is 1.4:1.

e) New York grown garlic (average growing temperature
19-22°C) shows an allyl:methyl:1-propenyl ratio of
95:2:3; the ratio 101:102is 1.8-2.1:1.

f) Refrigerated New York grown garlic shows an al-
lyl:methyl: 1-propenyl ratio of 89:3:8; the ratio 101:102
is 2.4:1.

g) Garlic grown in a plains region of India (average growing
temperature 30-32°C) shows an allyl:methyl:1-
propenyl ratio of 74:24:2; the ratio 101:102 is 2.5:1.

h) Garlic grown in a mountainous region of India (average
growing temperature 2223 °C) shows an allyl: methyl: 1-
propenyl ratio of 80:18:2; the ratio 101:102 is 2.2:1.

i) “Deodorized” garlic"®® shows an allyl:methyl:1-
propenyl ratio of 84:11:6 (not listed in Table 1).

i) Store-purchased elephant garlic shows an allyl:methyl:1-
propenyl ratio of 61:34:5; the ratio 101:102 is 1.8:1.

k) New York grown elephant garlic shows an al-
lyl:methyl: 1-propenyl ratio of 67:31:2; the ratio
101:102 is 1.8:1.

5.2.3. Mono- and Bis-B-y-unsaturated Thiosulfinates
and Their Derivatives

The first thiosulfinate to be discovered was allicin (1), so
it is appropriate to consider its chemistry first. As already
noted, 1 is a colorless, odoriferous, unstable antibacterial
substance with a characteristic garlic odor (cf. Section 3).13%
While 1 was first described as being optically inactivel3%
recent work suggests that natural 1 is in fact optically active
as determined qualitatively by HPLC with a chiral detector
and quantitatively using a polarimeter.!*®#) Natural 1 shows
a specific rotation of —3.90°; its optical purity is unknown.
Thiosulfinates such as methy! 2-methyl-2-propanethiosulfi-
nate (23) have been prepared in optically active form.['°5 In
the absence of tert-butyl or other bulky groups they tend to
be optically unstable. If the optical activity of 1 is real, what
is its origin? Based on mechanisms suggested above for thio-
sulfinate formation (Scheme 8), if natural 1 originates from
free, achiral 2-propenesulfenic acid (2) or its anion, it must
also be achiral. On the other hand, if the sulfenic acid re-
mains bound to the allinase via hydrogen bonding (cf.
Scheme 19) when it is attacked by a second, free sulfenic
acid, asymmetric induction giving optically active 1 is pos-
sible.[*95%] Fyrther research is necessary to clarify these pos-
sibilities.

Decomposition of neat allicin is said to afford sulfur diox-
ide along with allyl alcohol, dimethyl trisulfide, diallyl
mono-, di- and trisuifides (4a—¢), and allyl methyl di- and
trisulfides, while passage through a gas chromatograph is
said to furnish a 2.4:1 mixture of 3-vinyl-3,4-dihydro-
1,2-dithiin  (9) and 3-vinyl-3,6-dihydro-1,2-dithiin (9a)
(Scheme 3).13%#! Thiosulfonates (RSO,SR’), typically pro-
duced along with disulfides upon disproportionation of most
thiosulfinates (cf. Scheme 11), were not formed from 1.

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178



Compounds 9 and 9a were thought to be dehydration prod-
ucts of 1 formed according to the following equation akin to

CeH 68,0 — C(HgS, + H,0
1 9/9a

the formation of 1-propenyl propyl disulfide from propyl
propanethiosulfinate (13).13%% (cf. Ref. [35b]). Our investi-
gation of the mechanism of decomposition of 1 was prompt-
ed by a collaborative study with M. K. Jain and R. Apitz-
Castro on the identity of several antithrombotic substances
they had isolated from garlic extracts''®® and it is this work
that is presented first. The chromatographic separation of
solutions prepared by soaking chopped garlic in methanol
afforded allicin (1), diallyl di-, tri-, and tetrasulfides (4b—d),
allyl methyl trisulfide, 2-vinyl-2,4-dihydro-1,3-dithiin (74),
3-vinyl-3,4-dihydro-1,2-dithiin (9) along with two isomeric
polar compounds, showing the greatest antithrombotic
activity. The substances were named (E)- and (Z)-ajoene
(based on the Spanish word for garlic, ajo, pronounced
“aho”), ultimately characterized as (E)- and (Z)-4,5,9-trithi-
adodeca-1,6,11-triene 9-oxide (75) (cf. Scheme 31) by spec-
troscopic and synthetic methods.['®7!

The sulfoxide thio-Claisen rearrangement: Two pairs of
structures, (E,Z)-75 and (E,Z)-4,5,9-trithiadodeca-1,7,11-
triene 9-oxide (76), seemed compatible with the spectroscop-
ic data for (E,Z)-ajoene and we sought syntheses of both. A
proposed synthesis of 76 involved oxidation of allyl 3-
chloro-1-propenyl sulfide!’®® (77) to allyl 3-chloro-1-
propenyl sulfoxide 78, displacement of chloride by thioac-
etate, and hydrolysis of thioacetate to thiolate followed by
use of allyl 2-propenethiosulfonate (79) to construct the S-S
bond (Scheme 27). To our surprise MCPBA oxidation of 77

PAV PN
4a
1NCS
a a
S MCPBA S. _1)_Ac$' S
) i %) Base T I
™ Ci [N Cl ™ S-
7 78 )
' )
1 Na?
0°C ‘ A gNF
90% ' 78
[0}
O H . H
-O,S\ ( |
Cl BF;-OEt, Cl \LS\SM
HgO
x> n
80 76
DBU

Scheme 27. Discovery of the sulfoxide thio-Claisen rearrangement.

Angew. Chem. Int. Ed. Engl. 1992, 3/, 1135—-1178

at 0°C did not lead to 78 but rather to (Z)-2-chloromethyl-4-
pentenethial S-oxide (80) in 90 % isolated yield. This sulfine
could be converted into 2-methylene-4-pentenal (81) by se-
quential desulfurization with boron trifluoride etherate-mer-
curic oxide!*®®! and dehydrochlorination with DBU .[110]

The conversion of 78 into 80 is an example of a sulfoxide-
accelerated thio-Claisen rearrangement,!’®! a stereospecific
[3,3]-sigmatropic process occurring under upusually mild
conditions. Additional examples of the sulfoxide thio-
Claisen rearrangement include conversion of allyl vinyl sul-
foxide (82) into lacrymatory (E,Z)-4-pentenethial S-oxide
(83; E,Z=5:95) and then aldehyde 84, of allyl (E)-1-
propenyl sulfoxide (85) into (E,Z)-2-methyl-4-pentenethial
S-oxide (86; E,Z = 2:98) and then aldehyde 87, and of allyl
2-methyl-1-propeny! sulfoxide (88) into (£,Z)-2,2-dimethyl-
4-pentenethial S-oxide (89; £,Z =70:30) and then aldehyde
90 (Scheme 28).1120!
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Scheme 28. Examples of the sulfoxide thio-Claisen rearrangement. a:
BF, - OEt,, HgO.

While the activation enthalpy for the thio-Claisen reac-
tion is typically greater than that for the Claisen re-
arrangement,l!!!  the activation energy for the
sulfoxide thio-Claisen reaction of allyl vinyl sulfoxide 82
(AH* =19.32 kcalmol ™, AS® = — 43 calmol™'K™1) is
lower than that for the Claisen rearrangement of
allyl vinyl ether (AH¥ =25.40kcalmol™!, AS* =
--15.9 calmol " *K ~ 11112}y The sulfoxide thio-Claisen rear-
rangement, an example of a zwitterion-accelerated Cope
process,!' 13! proceeds with comparable substrates at 23 °C
ca. 50 times faster than the thio-Claisen rearrangement un-
der neutral conditions and 39 times faster under acidic con-
ditions. The low AH * for this reaction reflects, in part, the
low C,,5-S(0) bond strength (ca. 46 kcalmol™* in 82).

We have noted (Section 5.1.4) that the Z-stereochemistry
is favored for sulfines. Thus, it is of interest to observe that
88 (and several other similarly substituted 1-alkenyl allyl
sulfoxides) prefer the thermodynamically less stable E-config-
uration in the rearranged sulfine 89. If it is assumed that the
sulfoxide thia-Claisen rearrangement involves a pseudo
chair transition state then pseudoaxial or pseudoequatorial
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orientations are possible for sulfoxide oxygen. For thiane
S-oxides an axial oxygen orientation is favored except when
there are substituents at the 3- or 5-positions cis to sulfoxide
oxygen, such as 3,3-dimethyithiane S-oxide where the equa-
torial/axial oxygen ratio is >95:5.114) Similar effects should
prevail in the sulfoxide thio-Claisen favoring 91a — (Z)-92
when R* = H but favoring 91b — (E)-92 when R* = Me
(Scheme 29).1110- 113}

R? Rt
R? & R*zH RS,
-~ S 2
R2” > ?+ RZN /\\x?
R4 o R "O‘
(Z)-92 91a
Rt l R
o > R3 . o —A\ _m?
\S/\\/ v BizMe \S/X"\(\Rz
+ +
R* R
(£)-92 91b

Scheme 29, Steric arrangement of the transition state 91a=91b for the sulfox-
ide thio-Claisen rearrangement.

Synthesis of ajoenes, 2-vinyl-2,4-dihydro-1,3-dithiin and 3-
vinyl-3,4-dihydro-1,2-dithitn and mechanistic considerations:
Our discovery of the significant facilitating effect of the
sulfinyl oxygen on the thio-Claisen rearrangement made it
apparent that structure 75 (cf. Scheme 31) was to be pre-
ferred to 76 for (E,Z)-ajoene as there was no indication of
rearrangement of this material to a sulfine upon heating.
Since allicin (1) is the first isolable product formed when
garlic is cut, we suspected that 1 might be the immediate
precursor of 75. Indeed, we found that when synthetic 1 was
refluxed with 3:2 acetone: water for 4 hours, (£,Z)-75 could
be isolated in 34 % yield.1°7- 116} Other products included
2-vinyl-2,4-dihydro-1,3-dithiin (74) and 3-vinyl-3,4-dihydro-
1,2-dithiin (9), in a 4.4:1 ratio, dially! di- and trisulfides (4b
and 4¢), and propene. The structures of 74 and 9 were estab-
lished by comparison with the known products of the dimer-
ization of thioacrolein (93) at — 180 °C which likewise affords
74 and 9 in a 4.4:1 ratio. 93 is formed in the flash vacuum
pyrolysis of dialty! sulfide (4a) (Scheme 30).1*17

S

4a 74 (4.4:1) 9

Scheme 30. Dimerization of thioacrolein (93) from flash vacuum pyrolysis of
dially! disulfide (4a).

The isolation of 74 and 9 as decomposition products of 1
and the identity of the 74:9 ratio to that observed upon
dimerization of 93 suggests that the first step in the decom-
position of 1 involves Cope-elimination to give 2-propene-
sulfenic acid (3) and 93 (Scheme 31). This postulate, which is
consistent with our suggestion for the decomposition of
methyl methanethiosulfinate (12) (Scheme 6), finds addi-
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Scheme 31. Mechanism for the decomposition of ailicin (1) and formation of
ajoene (75).

tional support in our observation of the characteristic sap-
phire blue color of 93 when 1 is distilled into a liquid nitrogen
cooled trap, and our isolation of ethyl-3,4-dihydro-2H-
thiopyran-2- (94) and -3-carboxylates (95) and (Z)-ethyl-2-
thioformyl-4-pentenoate S-oxide (97) when solutions of 1 in
ethyl acrylate and ethyl propiolate, respectively, are kept
overnight at room temperature (Scheme 32).[118] Pre-
sumably 97 results from sulfoxide thio-Claisen rearrange-
ment of the initial adduct 96 of ethyl propiolate and 3. The
earlier work of Brodnitz!3%?! (Scheme 3) on the decomposi-
tion of 1 in a gas chromatograph must be corrected by re-
placing his incorrect structure 9a with 74.

S S
e
/ CO,E!
94 95

CO,Et

(o]
]
S.
/\/ \S/\/ o
1]
1 S LS,
\HcEcncozex I 07N
— \ ———
CO,E & CO,Et
96 97

Scheme 32. Trapping of thioacrolein (93) (H,C=CH-CH=S) and 2-propene-
sulfenic acid (3) (H,C=CH-CH,SOH) from allicin (1) as 94 + 95 and 97, re-
spectively.
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With the mechanism proposed by us for the decomposi-
tion of 12 (Scheme 11) as a model, a detailed scheme for the
decomposition of allicin 1 can be suggested (Scheme 31). A
key step involves S-allylthiolation of 1 to give the sulfonium
ion 98, which can: a) undergo f-elimination to give carbo-
cation 99 followed by y-addition of 3 to give (E,Z)-75;
b) undergo Sy2’ hydrolysis giving allyl alcohol and then 4¢;
¢) undergo hydrolysis to 2-propenesulfinic acid (100) and
4p.f11%) Direct hydrolysis of 1 can give 100 and 2-
propenethiol. fi,y-Unsaturated sulfinic acids such as 100 are
known to readily lose sulfur dioxide by retro-ene type reac-
tions.l'1°! A search was made for the presence of allyl 2-
propenethiosulfonate (79) among the decomposition prod-
ucts of 1, but none was found. This observation can be
rationalized by assuming that the rate of loss of sulfur diox-
ide from 100 (k) is more rapid than its rate of nucleophilic
attack on 1 (k,; Scheme 33).1'*°4 [t is noteworthy that when
1 is dissolved in liquid sulfur dioxide and the solution is
allowed to stand at room temperature in a sealed vial, 79 can
be isolated in good yield (Scheme 33).I13591 Compound 79,
sometimes referred to as pseudoallicin, has only 50 % of the
antibacterial activity of alliicin.[*2%]

1 s} o}
s S0, Ng?
/\/ \s/\/ T50% /\/sxs/\/
1 7%
SO S
NS 2 WSO; “Me

MeS(O)SMe
12

Mechanism:
11 H,0 0 k1
PSP TCRCRERSH T ANoSon T AN ¢ 5
1 100
P
¥ i2° K O57° N SOH
Sl R A gNF s
_ 79 3
2 _SOH —H0 §
=z AN \s/\/
3 1

Scheme 33. Formation of allyl 2-propenethiosulfonate (79) from allicin (1) and
sulfur dioxide.

Other allyl thiosulfinates in garlic, elephant garlic, and wild
garlic: We have previously noted (Section 2.1) that garlic
grown in colder climates contains far less (4 )-S-methylcys-
teine S-oxide (6) than garlic grown in more temperature
climates.[?!1 This lower concentration of 6 translates into
diminished levels of methyl group-containing thiosulfinates.
Thus, some garlic grown in New York State (cooler climate:
19-22°C average growing temperatures) shows an al-
lyl: methyl: 1-propenyl ratio of 94:2:3, which differs dramat-
ically from the more typical ratio of 80:16:4 seen in store-
purchased garlic of Mexican origin. A similar but smaller
decrease in methyl group levels is seen when the composition
of New York State grown elephant garlic (allyl:methyl:1-
propenyl ratio of 67:31:2) is compared to that of store-pur-
chased elephant garlic (allyl:methyl:1-propenyl ratio of
62:35:3), grown in a warmer climate. A comparison of sam-

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178

ples of Indian garlic obtained from a mountainous area (22—
23°C average) and from an area with a climate averaging
10 °C warmer show a similiar trend: the allyl:methyl ratio is
larger for the garlic grown in a cooler climate. Finally, garlic
treated to allegedly make it “odorless”* %3] also shows a
lower relative methyl content (allyl: methyl: 1-propenyl ratio
of 84:11:6). It can therefore be concluded that when garlic
(and elephant garlic) is grown under harsher conditions or
treated with certain chemicals the specific enzymes associat-
ed with formation or hydrolysis of S-methylcysteine S-oxide
(6) are attenuated or destroyed.?*- 2%

Lawson has observed that y-glutamyl-S-(£)-1-propenyl-
cysteine and y-glutamyl-S-2-propenylcysteine (see e and c,
respectively, in Scheme 2), the dominant y-glutamyl peptides
in homogenates of fresh garlic, decrease markedly when
freshly picked garlic is refrigerated.['!- 121l This decrease
is coupled with a corresponding increase in (+)-S-(E)-1-
propenylcysteine S-oxide (5) and (+ )-S-2-propenylcysteine
S-oxide (2), respectively, which in turn afford 1- and 2-
propenesulfenic acids. Thus, for store-purchased garlic of
Mexican origin the allyl:methyl: 1-propenyl ratio of 80:16:4
changes to 78:11:11 after refrigeration for two months; for
New York grown garlic the allyl: methyl: 1-propenyl ratio of
94:2:3 changes to 90:3:8 after refrigeration for this same
period.

In addition to 1 and «,f-unsaturated thiosulfinates, two
isomeric thiosulfinates, allyl methanethiosulfinate 101, and
methyl 2-propenethiosulfinate 102, are important compo-
nents of some Allium homogenates. Interpretation of the
data in Table 1 is facilitated if it is recognized that in garlic,
thiosulfinates containing only the 1- and 2-propenyl groups
are formed ten times more rapidly than thiosulfinates con-
taining methyl groups.[*??) There would therefore be little 1-
or 2-propenesulfenic acid available to condense with the
more slowly forming methanesulfenic acid (10). A mecha-
nism involving reaction of 10 with allicin 1 (Scheme 34) ac-
commodates the facts that: 1) after 1 is maximally formed in
0.5 min it decreases until the mixed allyl methyl thiosulfi-
nates are maximally formed after 5 min;"22 2) for each
mole of 1 lost, 1.9 moles of mixed allyl methyl thiosulfinates
are formed; 221 3) the 101: 102 ratio increases to ca. 2: 1 after

- H\o
2 i 4
A ~Sng\F MesoH AoSgl TMe
1 v

o}
n"
Me/S\SM + /\/SOH
101 3
-H,0
/\/SOH + MeSOH —_— =

3 10
2
Me’S\S/\/ * Me’s\s/\/
g
101 102

Scheme 34. Formation of allyl methanethiosulfinate (101) and methyl 2-
propenethiosulfinate {(102) in garlic.
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1-5min and 101 dominates; 4) when powdered garlic
(e.g. alliin/allinase) is added to excess aqueous methyl
methanethiosulfinate (12), the major product is 102
(Scheme 34).1212]

Decomposition of an authentic sample of 101 in acetone/
water affords 9,74, 12, 4b, 4¢, allyl methyl trisulfide and two
new polar compounds identified as (E,Z)-2,6,7-trithiadeca-
4,9-diene 2-oxide (103, “methyl ajoene”) and (£,7)-2,3,7-
trithiaocta-4-ene  7-oxide (104, ‘‘dimethyl ajoene”)
(Scheme 35). Compounds 103 and 104, thought to be present
in low concentrations in garlic extracts, have recently been
found in extracts of ramsons or wild garlic (4/lium ursinum)
and are derived from the isomers 101/102, which predomi-
nate over allicin 1 in this plant (ratio of 1:101/102:12 is
1.26:0.14:0.01 in garlic and 0.53:0.70:0.27 in ramsons).l*?3!

After our identification of 74 as one of the antithrombotic
components of garlic extracts, the novel use of 74 in a
copolymer with  N-vinylpyrrolidone was described
(Scheme 36).11241 This copolymer is proposed as an anti-

on o,f-unsaturated thiosulfinates, despite the fact that such
compounds are present in onion and garlic extracts and dis-
play significant inhibitory activity toward lipoxygenase and
cyclooxygenase enzymes.!28 1251 We therefore conducted a
systematic study of the natural occurrence, synthesis and
properties of these compounds.

Natural occurrence of mono-o,f-unsaturated thiosulfinates:
Considerable quantities of «,f-unsaturated thiosulfinates of
type (E)-105 (alkyl (E)-1-propenethiosulfinate) and (E,Z)-
106 ((E.Z)-1-propenyl alkanethiosulfinates, R = Me, Pr, or
All) are present in fresh extracts or room-temperature steam
distillates of all of the Allium spp. examined as noted in
Table 1. The thiosulfinates 106 (R = Me, Pr) have been iden-
tified in yellow onion extracts by Wagner et al.['>% and by
Kawakishi et al.;[1*°¥ Wagner also noted the rapid intercon-
version of geometric isomers. Lawson reports the presence of
105 and 106 (R =Me and Pr) in scallion, shallot,
leek, yellow onion, boiling onion, white onion and red
onion'2?!! and of 105 and 106 (R = Me, All) in garlic, and
also comments on the ease of geometric isomerism in
106.[121b]

Synthesis of mono-o,f-unsaturated thiosulfinates: Synthet-

ic routes to the stereoisomers 105 and 106 (R = Me, Pr, All)
are summarized in Scheme 37. One approach involves
propy!l 1-propynyl sulfide (108), available from base-cata-

) L
AIBN, 60 °C

s s, Moo ABN.S0C.  s7g NG zz0
. O T O
7 x

Scheme 36. Copolymer of 2-vinyl-2,4-dihydro-1,3-dithiin (74) and N-vinyl
pyrrolidone [124].

thrombogenic and antibiotic composition for use as a coat-
ing for artificial prostheses and implants which remain in
contact with blood.

5.2.4. Mono-a,p-unsaturated Thiosulfinates

While saturated aliphatic and allylic thiosulfinates have
been known for many years, little work has been carried out
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lyzed isomerization!'2¢! of propyl 2-propynyl sulfide (107),
as the key intermediate. Lithium aluminum hydride converts
108 into (E)-1-propenyl propyl sulfide ((E)-109) while di-
isobutylaluminum hydride or trimethoxyaluminum hydride-
cuprous bromide!'?” converts 108 into (Z)-109. Lithium-
liquid ammonia reduction of (E)- and (Z)-109 gives lithium
(E)- and (Z)-1-propenethiolate (110), which are treated with
the appropriate thiosulfonate to afford alkyl (£)- and (Z£)-1-
propenyl disulfides (111). Oxidation of (£}- and (Z)-111 af-
fords (E)-105/(E)-106 and (Z)-105/(Z)-106, respectively. A
second approach to (E)- and (Z)-1-propenethiolate (110)
involves lithiation at —-110°C of readily available pure (E)-
and (Z)-1-bromo-1-propene!* 8- 1291(112) followed by treat-
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ment of each lithio compound with styrene sulfide. The
unique *H- and !*C-NMR chemical shifts for 105/106 are
useful3%! in determining the composition of Allium ex-
tracts.(2!- 13521

HC=CCHoBr + PiSNa  ~““ - HC=CCH,SPr — oo m
107
Li/NH; .
LIiAlH, (€)-MeCH=CHSPr —————— (£)-MeCH=CHSLI
s~ )0 ©)-110
MeC=CSPr
108 \
IBAL (15%) (2)-MeCH=CHsPr =M (7).MeCH=CHSL
c:zrer, (73(%) ol (Z)-109 (2)-110
(E)-MeCH=CHSLi RASSO.Me (E)-MeCH=CHSSR MCPBA
(£)-110 (E)-111
(E)-MeCH=CHSS(O)R + (£)-MeCH=CHS(O)SR
(£)-108 (£)-105
(Z)-MeCH=CHSLi RSSOMe (Z)-MeCH=CHSSR MCPBA
(2)-110 (2)-m
(2)-MeCH=CHSS(O)R + {Z)-MeCH=CHS(O)SR
(Z)-106 (2)-105

1) #BuLi, THF-Et;0-Pentane, -110 °C

Ph
B

(E)- or (Z)-MeCH=CHBr
(E)- or {2)-112 2

{E)- or {2)-MeCH=CHSLi
(E)- or {Z)-110

Scheme 37. Synthesis of the a,f-unsaturated thiosulfinates 105 and 106.

E,Z-Isomerization of mono-o,S-unsaturated thiosulfinates:
All attempts to isolate pure samples of (E)- or (Z)-106 from
mixtures with 105 always led to mixtures of (E,Z)-106. Fur-
thermore stereochemically pure samples of (£)-105/(E)-106
or (Z)-105/(Z)-106 were converted during the course of one
hour at 25°C into (E)-105/(E,Z)-106 or (Z)-105/(E,Z)-106,
respectively. This facile isomerization of isomers of 106, but
not 105 or precursor disulfides 111, can be explained by a
[2,3]-sigmatropic rearrangement (Scheme 38) analogous to
reactions of allylic sulfoxides or methallyl 2-methyl-2-

propenethiosulfinate.!**!! This isomerization explains the
puzzling observation that although only (+)-S-(E)-1-
propenyl-L-cysteine S-oxide (5) occurs naturally, affording,
it is assumed, only (£)-1-propenesulfenic acid ((£)-14b),
both (E)- and (Z)-106, but only (E)-105, are found in A/lium
extracts and distillates. Compound 105, of course, is inca-
pable of isomerization by the mechanism of Scheme 38.

(2)-106

Scheme 38. Interconversion of (£)- and (Z)-1-propeny! alkanethiosulfinate ge-
ometric isomers 106. The half-life at 25°Cisca. 1 h.

Oxidation of mono-u,B-unsaturated thiosulfinates: We have
examined the oxidation of 105/106 as a route to the corre-
sponding thiosulfonates 113/114, of interest as natural prod-
ucts themselves (e.g. methyl (E)-propenethiosulfonate, (£)-
113, R = Me, has been isolated from Allium grayi)13% as
well as synthetic reagents for preparation of «,f-unsaturated
disulfides. “Nucleophilic”” oxidation 23! of (E)-105/(£)-106
or (Z)-105/(Z)-106 using sodium metaperiodate/acetic acid
gave (E)-113/(E)-114 or (Z)-113/(Z)-114 (R = Me, Pr, All)
with no stereoisomerization (Scheme 39). Unlike (E)- and
(Z)-106, stercoisomers of 114 were configurationally stable,
showing no tendency to undergo E,Z-isomerization. “Elec-
trophilic” oxidation!'33 of either (E)-105/(E)-106 or (Z)-
105/(Z)-106 with MCPBA gave identical 1:1 mixtures of

s. R NalO, s.__R
~ Nao”
' ;SI/ AGAC, Fi;0 ol g
(o]
/\/S\S/R MCPBA _ {£1-108 Nucleophilic oxidation £)-14
[o]
(E:-111 il o
S R NalO,4 s m
= Me, Pr, ~ —_——— N
. CH,=CHCH, N HoRe 0 ™ 7N s
(E)-105 {minor) (E-113
Electrophilic oxidation
lMCPBA
o
g
R” Y%S*
i
o
116
Mechanism: Concerted 1,3-shift ?
o] o [s) l
S R g R 1 g
AN TN MEPBA 1NN e N s e Ty s
! ! i !
(£)-106 (E)-115 16

Scheme 39. Nucleophilic and electrophilic oxidation
of 1-propenyl alkanethiosulfinates (106) and alkyl
1-propenethiosulfinates (105) furnishing thiosul-
fonates 113/114 and a-sulfinylsulfines 116.
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compounds characterized as (Z)-2-(alkanesuifinyl)pro-
panethial S-oxide (Z)-116 (see below for NMR assignment
of sulfine stereochemistry as Z). We presume that initial
oxidation of 105/106 gives a-disulfoxide 115. While 115
could undergo pseudopericyclict***! rearrangement to 116,
stereochemistry would be expected to be conserved, which is
not the case. Therefore either: 1) stereochemistry in 115 is
lost through [2,3]-sigmatropic rearrangement (Scheme 39)
which is more rapid than pseudopericyclic processes; 2) two
diastereomers of 115 are formed initially; or 3) a free radical
mechanism (Scheme 39) is involved in conversion of 115 into
116.[13531

5.2.5. Bis-a,B-unsaturated Thiosulfinates

“Is there any point to which you would wish to draw my
attention?”’

“To the curious incident of the dog in the nighttime.”
“The dog did nothing in the nighttime.”

“That was the curious incident,” remarked Sherlock
Holmes.

“Silver Blaze™
Sir Arthur Conan Doyle (1859-1930)

What is unusual about the thiosulfinates isolated from cut
Allium spp. is the complete absence of bis-a,f-unsaturated
derivatives, despite the preeminence of the bis-8,y-unsaturat-
ed thiosulfinate allicin (1) from garlic and the abundance of
mono-a,f~unsaturated thiosulfinates from onion. Our curi-
ousity piqued, we examined synthetic approaches to 1-
propenyl 1-propenethiosulfinates. Serendipitously, while
these efforts were underway, Professor Hildebert Wagner
invited our participation in a study of some unusual
organosulfur compounds isolated by his doctoral student,
Thomas Bayer.!'*¢! This collaborative study led to some
fascinating chemistry, detailed below.

2,3-Dimethyl-5 ,6-dithiabicyclof2.1.1 Jhexane 5-oxides
(“zwiebelanes” ) : Two isomers 117 and 118 (smaller amounts
of latter) were isolated as colorless oils of formula C,H, ,0S,
following chromatography of onion extracts. Compound
117 showed intense IR bands at 1065 and 1085 cm ™! (S=0)
and UV 1, =250nm. NMR data for 117 and 118 are
discussed in Section 5.3.3. The above spectroscopic data, the
chemical shifts in presence of Eu(fod), shift reagent and
aromatic solvents, as well as the synthetic results described
below point to 117 and 118 having the structures
(1e,20,30,40,58)- and  (+)-(1,2a,35,40,58)-2,3-dimethyl-
5,6-dithiabicyclo[2.1.1]Thexane S-oxide, respectively (Fig. 7).
These two compounds were given the trivial names cis- and
trans-zwiebelane (“‘zwiebel” is German for onion), respec-
tively.''3”! Compounds 117 and 118 have been isolated by us

S+ S+
| |
o~ o
17 ne

Fig. 7. Isomeric “zwiebelanes™” 117 and 118 isolated from onion extracts.
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from extracts of shallot, scallion and chive as well. The
mixture of 117 and 118 showed a 65-90% inhibition of
thrombin-induced TXB, biosynthesis in human platelet rich
plasma at a concentration of 0.1-1.0mgmL~! Re-
cently, other examples of substituted 5,6-dithiabicy-
clo[2.1.1Jhexanes have been reported.[!38!

Monooxidation of the isomeric bis( 1-propenyl) disulfides:
The isomeric bis(1-propenyl) disulfides (K E)-119 and
(Z,Z)-119 were prepared by oxidation of lithium (E)- and
(Z)-1-propenethiolate ((E)-110 and (Z)-110) while (E,Z)-
bis(1-propenyl) disulfide ((£,Z2)-119) was prepared by reac-
tion of (E)-110 with (Z)-1-propenyl methanethiosulfonate
((Z)-114) at —78°C (Schemes 37 and 40).1'*39 Compound
(Z)-114 can be conveniently synthesized through reaction of
(Z)-110 with methanesulfony! chloride; the latter reagent
can also be used for the conversion of (E)-110 and
(Z)-110 into (E.E)-119 and (Z,7)-119, respectively
(Scheme 40).1'3°<1 Isomers of 119 can be separated by

AN — AN

{E1-109 (£,£)-119, 82%

0.
(E)-114 R=Me,22%

NP
(Z)-109 S/\I

(2,2)-119, 72%

IEE)-119

c
—
I\/s\gzn M l\/s\s/ﬁ
2

2)-114, R = Me, (2,2)-19
34%, R = Pr, 30%
I\/s\ Me A SY 60% S
cs) N e > Ve Ve \S/ﬁ
2
1Z)-14 E)-110 E2Z)-119

Scheme 40. Synthesis of (E,E)-, (Z,Z)-, and (E,Z)-bis(1-propenyl) disuifide
119. For the reaction 109 —110 cf. Scheme 37. a: 1) Li/NH;; 2) 2MeSO,Cl,
—78°C;3) H,0.b) 1) Li/NH,; 2) 20 MeSO,Cl, — 78 °C; 3) H,0.¢) 1) Li/NH,;
2) 20 RSO,CI, —78°C; 3) H,0.

preparative HPLC on a C-18 reverse phase column. While
(E,E)-119 and (Z,Z)-119 are relatively stable at room tem-
perature, (E,Z)-119 disproportionates on standing to a mix-
ture of all three isomers of 119.

Solutions of pure isomers of 119 in CDC], at — 60 °C were
treated with chilled solutions of MCPBA in the presence of
one equivalent of anhydrous sodium carbonate. After 5 min
the reaction mixture was transferred to an NMR tube cooled
to —60°C and placed in a —60°C NMR probe. Thus,
(E,E)-119 gave (F)-1-propenyl (£)-1-propenethiosulfinate
((E,E)-120) (Scheme 41), (Z,Z)-119 gave the (Z,Z)-isomer,
((Z,Z)-120) (Scheme 42), and (E,Z)-119 gave a ca. 2:1 mix-
ture of (Z)-1-propenyl (E)-1-propenethiosulfinate ((£,2)-
120a) and (E)-1-propenyl (Z)-1-propenethiosulfinate
((E.Z)-120b) (Scheme 43). Qualitative studies indicate that
the relative rates of oxidation are (E,E)-119 > (E.Z)-
119 > (Z,Z)-119. Assignment of structures to isomers

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178
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{E,Z)-120a,b is based both on kinetic considerations that the
disulfide sulfur adjacent to a cis double bond is oxidized at
a slower rate than the disulfide sulfur adjacent to a trans
double bond, as well as on careful comparison of the 'H and
13C chemical shift data for thiosulfinates (E,E)-120, (Z,Z)-
120, (E,7)-120a,b, and the methyl 1-propenethiosulfinates
(E)-106 and (Z)-106, R = Me.

Solutions of thiosulfinates (£,E)-120, (Z,Z)-120, and
(E.Z)-120a,b in NMR tubes with dioxane as internal stan-
dard were warmed to —15°C. The disappearance of peaks
associated with the thiosulfinates was followed with time.
The so-determined first order rate constants for disappear-
ance of thiosulfinates at —15°C are 8.22x107*s~* for
(E.E)-120, 4.13x107*s™! for (EZ)-120a,b, and
3.02x107%s™! for (Z,Z)-120. From the rate data for
disappearance (rearrangement) of (Z,2)-120 we calcu-
late: E, =16 kcalmol™!, AH* =15.5kcalmol ™!, AS* =
—153calmol 'K ™!, and AG* =19.5 kcalmol™?, all at
273 K. These values may be compared to those described in
Section 5.2.3 for the Claisen and suifoxide thio-Claisen rear-
rangements. If the ratio of these rate constants, 2.7:1.4:1, is
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Scheme 41. Oxidation of (E,E)-bis(1-propenyl)
disulfide (£,E)-119 giving 121 a (via (E,E)-120).
122 always shown as the (25,3R) form.

12
Major product

compared to the analogous ratio for Claisen rearrangement
of isomeric 1-propenyl 2-butenyl ethers, '3} it is apparent
that the rate ratio for the rearrangement of thiosulfinates is
contracted suggesting a more advanced transition state than
for the Claisen rearrangement. The initial products of rear-
rangement are a 4.5:1 mixture of endo-5-methyl-exo-6-
methyl-2-oxa-3,7-dithiabicyclo[2.2.1]heptane (121 a) and its
exo,endo-isomer 121b from (E,E)-120 after 3h at —40°C, a
27:3:1 mixture of (+)-118, 121a and 121b from (Z,Z)-120
after 3h at —40°C, and a 10:10:1 mixture of 117, exo-5-
methyl-exo-6-methyl-2-oxa-3,7-dithiabicyclof[2.2.1]heptane
(121 ¢) and its endo,endo-isomer 121d from (E,Z)-120 a,b af-
ter 3 h at —40 °C (Schemes 41 -43). Isomers 121 are bicyclic
sultenes similar to compounds 43 and 56 (see Sections 4.4
and 5.1.2 and Schemes 14 and 16). Isomers 121 react rapidly
with thiophenol giving ring-opened thiolane derivatives.
Mechanistic considerations: We propose that—foliowing
the oxidation of (E,E)-119 with one equivalent of peroxy
acid—the thiosulfinate ((F,E)-120) oxygen assumes a pseu-
doaxial orientation for the [3,3]-sigmatropic rearrangement
since this orientation is also favored in 1,2-dithiane 1-oxides

' -
18 ©
Major product

Scheme 42. Oxidation of (Z,Z)-bis(1-propenyl)
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1210
Minor product

disulfide (Z,Z2)-119 giving 118 (via (Z,Z)-120). 122
always shown as the (2R, 35) form.
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and in sulfoxide thio-Claisen rearrangements.['1%-135%) Re-
arrangement from this transition state gives (Z)-(2R,3S/
2S,3R)-2,3-dimethyl-1,4-butanedithial S-oxide ((Z£)-122),
which can assume an appropriate conformation to undergo
a very facile intramolecular 1,3-dipolar cycloaddition of the
C=S7-0O" group to the C=S function!®®® with formation
of 121 a,b (Scheme 41), a structure similar to the well-known
2,5-dimethylthiophene-singlet oxygen adduct!**%! and to
5,6-dimethyl-2,3,7-trithiabicyclo[2.2.1]heptane, recently iso-
lated from scallion distillates.!*!! Rearrangement of (£, E)-
120 should be facilitated by the weak S-S bond (the bond
dissociation energy would be expected to be quite similar to
that of phenyl benzenethiosulfinate, e.g. 35 kcalmol™!).
Subsequent cyclization should be aided by the very high
reactivity of the thial group of (£)-122 as a 1,3-dipolar-
ophile.!'4?) Precedence exists for formation of heterobicy-
clo[2.2.1}heptanes via intramolecular 1,3-dipolar cycloaddi-
tion reactions.'*3 On the other hand, on analogous
oxidation of (Z,Z2)-119, steric effects associated with the cis
double bonds lead the intermediate to adopt a transition
state geometry in which thiosulfinate ((Z,2)-120) oxygen is
pseudoequatorial, resulting in the formation of (£)-(2R,3S/
28,3R)-2,3-dimethyl-1,4-butanedithial S-oxide ((£)-122),
where the (E)-geometry of the C=S"-O~ group favors the
{2 + 2] process yielding 118 over the sterically now more dif-
ficult 1,3-dipolar cycloaddition (Scheme 42). In the case of
(E,Z)-119 either pseudoaxial or pseudoequatorial thiosulfi-
nate ((E,Z)-120a, (E,Z)-120b) oxygen transition state ge-
ometry is possible with the consequence that the heterobicy-
clo[2.1.1]hexane and heterobicyclo[2.2.1]heptane systems
(117 and 121c respectively) are formed in comparable
amounts (Scheme 43). While there is variation in the type of
ring system formed on monooxidation of (E,E)-, (Z,Z)- and
(E£,Z)-119, there is complete stereoselectivity in carbon-car-
bon bond formation.l!35%

Problems are encountered in extending the above concepts
of the mechanism of the monooxidation of stereoisomers of
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form.

119 to reactions that occur when onions are cut. We have
shown that zwiebelane 118 originates from (Z,Z)-120. For-
mation of this latter compound in onion homogenates would
require condensation of two molecules of (Z)-1-propene-
sulfenic acid ((Z)-14b). However, since (Z)-(+)-S-1-
propenyl-L-cysteine S-oxide ((Z)-5) is not found in onions,
and the barrier to interconversion of (£)- to (Z)-1-propene-
sulfenic acid is anticipated to be substantial (a 33 kcalmol ~!
activation energy barrier separates ethenesulfenic acid and
ethanethial S-oxide;!®% a similar barrier should exist for
interconversion of (E)- and (Z)-14b by way of LF 16), it is
unlikely that the concentration of (Z)-14b would suffice for
self condensation to take place. Furthermore, the detection of
substantial amounts of alkyl (£)-1-propenethiosulfinates
((E)-105), but not a trace of the Z-isomers in Allium spp.
extracts, also argues against the formation of significant
amounts of (Z)-14b and thus of (Z,Z)-120. It is possible,
under the conditions existing when onions are cut, that 121a
can isomerize to 118 (Scheme 44), and that 117 is similarly
formed by isomerization of 121 ¢. Alternatively, a molecule
of (E)-14b could react with a second molecule of (£)-14b
that is hydrogen bonded to allinase (see Scheme 19; the

S+

‘\/O-—H

)

S
> S+
|
o-
118

Scheme 44. Possible isomerization of 121a to 118.

—_—

121a

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178



o]

(E)-14b h S
R/S‘S/ﬁ ——— H/S~sf NN
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dimeric/tetrameric structure proposed for allinase is consis-
tent with the presence of more than one sulfenic acid mole-
cule within the enzyme at any given time). The resultant
(E,E)-120, if still associated with the allinase, may undergo
a [3,3])-sigmatropic process from a more compact transition
state, with the sulfoxide oxygen pseudoequatorial, to give
118. (£,Z2)-120a, the postulated precursor to 121 ¢, could be
formed in onion homogenates through reaction of (E)-14b
with (Z)-106 (Scheme 45).

H
SOH R
e o_4 ?

-RSOH st

N

(€,Z)-120a

Scheme 45. Reaction of (E)-14b with (Z)-106 giving (£,Z)-120a.

(Z,Z)-( + )-2,3-Dimethylbutanedithial S,S'-dioxide: Ex-
amination of the 'H-NMR spectrum of onion extracts re-
vealed the presence of a doublet at & = 8.09 just upfield from
the position of the triplet for the methine proton in LF 16
(6 = 8.21), suggesting the natural occurrence of a second
sulfine.l77% 144 Ultimately, compound 123 was isolated as a
colorless solid of formula C,H,,S,0, which showed absorp-
tion bands at 1103 and 1120 cm ™! (C=S=0) in the IR spec-
trum. Sequential treatment of synthetic 123 (see below) with
ozone (at —50°C), H,0,/HCOOH and MeOH/H,SO, gave
in 88% yield a compound which according to GC-MS and
13C-NMR was identical with an authentic sample of (4 )-
dimethyl 2,3-dimethylsuccinate ((+)-124), but different
from an authentic sample of meso-124, thereby establishing
123 as (Z,Z)-(+)-2,3-dimethylbutanedithial S,S’-dioxide
((+)-123) (Scheme 46). The Z,Z arrangement of the CSO

(£,6)-125 0-123
H
1) Oy H;0/HCOOH _  , MeOOC
2) MeOH/H,S0,
H
(21124

Scheme 46. Proof of structure of bis-sulfine 123 by ozonolysis. 123 and 125
always shown as (R,R) form.

group was established by NMR methods similar to those
used with 16 (see Section 5.3.1). Compound 123 is unique as
the first example of a bis(thial S-oxide); so far, also only a
single example of a bis(thione S-oxide) is known 143!

Angew. Chem. Int. Ed. Engl. 1992, 31, 11351178

—_——— -
/T/\\/\\S\ o

Bis-oxidation of bis(1-propenyl) disulfides; mechanistic
considerations: The close relationship that 123 bears to inter-
mediate (Z)-122 in Scheme 41 suggests that 123 originates
via a novel double sulfoxide-accelerated dithin-Claisen rear-
rangement of (E,E)-bis(1-propenyl) vic-disulfoxide ((E,E)-
125) (Scheme 46). Indeed, oxidation of (E,E)-119 with 2.2
equivalents of MCPBA at —60 °C or of (E,E)-120 with one
equivalent of MCPBA (Scheme 47) leads to a product iden-
tical to 123 isolated from omion extracts.['*4 Oxidation of
(E,E)-120 should give (E E)-125 with an anti (diaxial) ar-
rangement of the oxygens, which represents an energy mini-
mum according to theoretical calculations on model sys-
tems.!1*¢! This geometry of (E,E)-125 correlates with
(Z)-CSO geometry in 123 (Scheme 47). Compound (E,E)-

?_
s [0] S+ [3,3]
I - <\\/\\ s
\A/ \?-} g /\\/ ?+
‘ o w-12s 9
. 10]
N
\ r
SQ
S 2O .
S o | AN o W
<SS <3\ = S+ I > ~
DA~V ! - ~ ?+
o
(E,£)~120 L o-

Scheme 47. Oxidation of (£,E)-120 to (£ )-123 (shown as (S,5) form).

125 should undergo particularly facile [3,3]-sigmatropic re-
arrangement due to the weakness of the S-S bond (compara-
ble with the S-S bond in diphenyl vic-disulfoxide, i.e. ca.
26 kcalmol ~1) as well as the rate-enhancing effect of the two
zwitterionic sulfinyl functions.['!3] This assumption is in
agreement with the observation that (£,E)-125 could not be
detected in low-temperature NMR studies!!*”! of the oxida-
tion of (E,E)-120. In contrast, to the stereospecificity seen in
the oxidation of (E,E)-120 or its precursor (E, E)-119, oxida-
tion of (Z,Z)-119 with two equivalents of MCPBA gives a
2:1 mixture of (+)-123 and meso-123 (Scheme 48).1!*°® In
this case, for the second oxygen to be antiperiplanar to the
first, the bis(1-propenyl) vic-disulfoxide (Z,Z)-125 would
have to assume an open conformation unsuitable for [3,3]-
sigmatropic rearrangement, and favoring a homolytic pro-
cess. 11371

How is 123 formed in onion extracts? One possibility
would involve thioalkylation of (£)-105 (R = Me) giving
thiosulfonium ion 126, which could undergo nucleophilic
displacement at the sulfinyl sulfur by (E)-1-propenesulfenate
(Scheme 49 A). A second possibility would involve “thio-
philic” addition of (E)-14b to 16 (Scheme d9B; the
reverse of vie-disulfoxide decomposition,l'*8] shown in
Scheme 49 C) followed by nucleophilic attack of a second
molecule of (E)-14b on vic-disulfoxide intermediate 115. A
weakness of both mechanisms is the need for one reactive
intermediate ((E)-14b or its anion) to attack another one
(126 or 115). An additional problem with the second mecha-
nism is that attack of (£)-14b on 115 would have to occur
more readily than the rate of rearrangement 115 to 116 (see
Scheme 39), since the latter is not found in onion extracts.
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Scheme 48. Oxidation of (Z,Z)-120 to (+)-123
(2,2)-120 (Z,2)-125 (Z,2)-()-123 (shown as (R,R) form) and meso-123.
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5.2.6. Cepaenes

Isolation of cepaenes and mechanisms of formation: In 1988
Kawakishi and Morimitsu identified methyl 1-(methyl-
sulfinyl)propyl disulfide (127a, R = R’ = Me) as a new

platelet aggregation inhibitor from onion extracts.

{149a]

Simultaneously, Wagner et al. reported the isolation of
diastereomeric pairs 1-((F)-1-propenylsulfinyl)propyl propyl
disulfide (127¢) (R = (E)>MeCH=CH, R'=Pr) and 1-
((E)-1-propenylsulfinyl)propyl (E,Z)-1-propenyl disulfide
(127d) (R = (E)-MeCH=CH, R’ = (E,Z)-MeCH=CH) as
cyclooxygenase and S-lipoxygenase inhibitors from onion
extracts.[12%¢ 1361 Waoner proposed that the onion a-sulfinyl
disulfides be called “cepaenes”. Later it was reported that: 1)
other cepaenes could be isolated including 1-(methyl-
sulfinyl)propyl (E,Z)-1-propenyl disulfide (127b, R = Me,
R’ = (E,Z)-MeCH=CH);!'4°* 2) individual enantiomers of
diastereomeric pairs showed only a twofold to fourfold dif-
ference in biological activity, contrary to expectations of
substantial differences associated with stereospecific enzy-

matic recognition ;[14%<

of types of interesting biological

3) cepaenes display a variety

activity (see Sec-

tion 7.3);112%4. 0. 1494.1501 4y by combining fresh onion and
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“H Scheme 49. Proposed mechanisms for formation of
1 bissulfine 123 in onion homogenates. A~C, see text.

garlic juice, various mixed cepaenes, including some with
allylic groups, can be prepared.['4°d A mechanism for for-
mation of cepaenes in onion juice is proposed
(Scheme 50 A).[135¢- 144.149¢.d] precedence for “carbophilic”
addition of (E£)-14b to 16 includes addition of thiols to 16
(Scheme 50B)!'°Y) and sulfenic acids to thiones.'5?! o-
Alkylthiodisulfides (‘‘deoxycepaenes™) are found in distilled
oils of shaliot and scallion, e.g. ethyl-1-(methylthio)propyl
disulfide,'®> methyl 1-(methylthio)propyl disulfide, 1-
(methylthio)propyl propyl disulfide,l'3*} 1-(methylthio)-
propyl 1-propenyl disulfide, 1-propenyl-1-(propylthio)-
propyl disulfide, and 1-propenyl-1-(1-propenylthio)propyl
disulfide.l?#1-153: 1341 1t is not known whether these com-
pounds originate via deoxygenation of cepaenes, either in
solution or in the inlet of a gas chromatograph, or through
entirely different mechanisms.

Synthesis of fully saturated cepaenes: In 1973 we reported
that refluxing alkyl alkanethiosulfinates in benzene/water
affords a-sulfinyl disulfides, e.g. 33 or 34 (Scheme 11).134¢!
The isolated yield of 33 was high, whereas the yield of 34 was
quite low. A more efficient synthesis of the saturated cepa-
enes such as 127a was developed starting from 1-chloro-
propanesulfenyl chloride (128) via: 1) nucleophilic attack on

Angew. Chem. Int. Ed. Engl. 1992, 31, 1135-1178
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/S‘ PhCH,SH \/ -Hzo ~ Scheme 50. Proposed mechanism for
ANF formation of cepaenes 127 in onion
16 homogenates. A, B see text.

the sulfenyl chloride group by an alkanethiol with formation
of an alkyl 1-chloropropy! disulfide; 2) replacement of the
a-chloride by thioacetate; 3) hydrolysis and atkylation of the
latter giving an alkyl 1-(alkylthio)propyl disulfide; 4) oxida-
tion of the latter to the alkyl 1-(alkylsulfinyl)propy! disulfide
127, formed as diastereomeric pairs (Scheme 51 A). When
methanethiol was used, 128 could be directly converted into
methyl 1-(methylthio)propyl disulfide.t 52!

A /\/5\5/\/ Cly /\rsc' 1) RSH, Et;N
2) NaSAc
a
128

S, R NalO,

chloride by thioacetate to give 130; 3) hydrolysis of 130
followed by thioalkylation with an alkyl alkanethiosulfonate
to give an alkyl 1-((E)- or (Z)-1-propenylthio)propy! disul-
fide; 4) oxidation of the latter to the alkyl 1-((E)- or
(Z)-1-propenylsulfinyl) propy! disulfide diastereomers
(Scheme 51 B). An alternative non-stereospecific synthesis of
130 involves addition of one equivalent of HCI to bis(1-
propenyl) sulfide followed by displacement of the a-chio-

/\(S\S/R

SAc

S R

1) K,CO;, MeOH R S ~s”
2) RT > \E

e . R./s ~g”
H,0/MeOH \(

127
y A e
/\’/sm KI /\r )\/ 2) NaSAc . /\/s SAc
[ed}
128 129 (£)-130
1]
¢ (e-130 ) KiCOy MeOH _ A S S\ R _MCPBA_ A S\ S\ P
2) RSSO,R’
E)-127
RGN HCI NN NaSAc P N
\( \E Scheme 51. Synthesis of fully saturated and
(£,2)-130 singly unsaturated cepaenes. A—-C see text.

Synthesis of singly unsaturated cepaenes: In the above syn-
theses, the sulfenyl chloride group becomes the disulfide
function of 127 while the a-chloride of 128 becomes the
alkylsulfinyl group. The fate of these groups is reversed in a
synthesis of singly unsaturated cepaenes, which involves: 1)
oxidation of 128 to bis(1-chloropropyl) disuifide (129); 2)
treatment of 129 with (E)- or (Z)-1-propenyllithium at low
temperature followed by immediate displacement of the a-
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rides by thioacetate (Scheme 51 C). 1-(Methylthio)propyl
(E,Z)-1-propeny! disulfide (a deoxycepaene) has been syn-
thesized from methyl dithiopropionate (Scheme 52).113¢1
Synthesis of doubly unsaturated cepaenes: Two novel syn-
theses of doubly unsaturated cepaenes have been developed.
The first involves 3,5-diethyl-1,2,4-trithiolane (63), a compo-
nent of onion oil. Treatment of 63 with (E)-1-propenyllithi-
um followed by bis((£)-1-propenyl) disulfide ((£)-119) gives
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Scheme 52. Synthesis of the deoxycepaene 1-(methylthio)propyl (£,Z)-1-
propenyl disulfide; total yield 36%.

the deoxycepaenes (E,E)-6-ethyl-4,5,7-trithiadeca-2,8-diene
(131; 31%) and (E E)-6,8-diethyl-4,6,7,9-tetrathiadodeca-
2,10-diene (132; 16%) (Scheme 53).11354-1558) We suggest
that the initial product (133) from ring-opening of 63 frag-
ments to 134 and propanethial (135) at a rate competitive
with nucleophilic attack on (E,F)-119 to form 132. The re-
verse of the fragmentation reactions, carbophilic addition to
135, may also take place.

cl
SC! s /|\/
K1 ~ Na,S-9H,0 /\( 7,,\
CCl/H;0 /Y s DWF, 25 °C
Cl 100% a
128 120
Ve
/\/s\(s\s/\/
1 Y e EE1-131, 31%
—_— >
2) A e < /(
S._ S
(E.£)-119 /\/ ~s s/\/
(excess)
L E.£)-132, 16%
Mechanism

]»

/\(7/\_’/\{?;\ -EtCH=s /\(

A
S /§/ PN
) 63 £)-133 (£)-134 £)-110
A
£)-134 /E
- s _S
EE3 — g N N NN
E)1-110 IE.E)-132

Scheme 53. Synthesis of doubly unsaturated deoxycepaenes 131 and 132 via
3,5-diethyl-1,2,4-trithiolane 63.

A second synthesis of 131 and 132 also involves fragmen-
tation of a-(alkenylthio)alkanethiolates such as 134 to thials
such as 135. This synthetic route was developed in connec-
tion with a study concerning the use of mesy! chloride as an
alternative to iodine for stereospecific conversion of (£)- or
(Z)-1-propenethiolate (110) into (E,E)- or (Z,Z2)-119, re-
spectively (Schemes 37 and 40).1354 While treatment of (E)-
110 (from lithium-ammonia cleavage of (£)-109) with two
equivalents of mesyl chloride gave (E,E)-119 in 82% yield,
use of 0.7 equivalents of mesyl chloride led instead to a
mixture of (E,E)-131 (27 %) and (E,E)-132 (15%). Similarly,
while treatment of (Z)-110 (from (Z)-109) with 2 equivalents
of mesyl chloride gave (Z,Z)-119 in 72% yield, use of 0.7
equivalents of mesyl chloride led to a mixture of (Z,Z2)-131
(20%) and (Z,Z)-132 (10%). Oxidation of (E,E)-131 with
MCPBA led to a 2:1 diastereomeric mixture of the cepaene
(E,E)-6-ethyl-4,5 7-trithiadeca-2,8-diene =~ 7-oxide  127d
(64 %) which could be separated by chromatography. The
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results in Scheme 54 can be explained by the mechanism
shown in Scheme 55.[1334]

/\/s\/\ -2 - /\/S\Es\s/\/ . /\/S\C\s/(s/\/

[E)-109 (EE)-131, 27% {EE)-132, 15%
|\/ - ‘\/ !\/s S Ji
x S\/\ N S\C\s/ﬁ + = \(\5 s/ﬁ
12)-109 (Z2)-131, 20% 12.2)-132, 10%
9
/\/S\C\s/\/ —_—r . /\/S\C\s/\/
EE)-131 |E.£)-127d, 64%

Scheme 54. Synthesis of 131, 132, and 127d. (E,E)-127d formed as a chro-
matographically separable 2:1 mixture of diastereomers. a: 1) Li/NH;; 2)
0.7MeS80,Cl, —60°C; 3) ~5°C 1.5h; H,0. b} 100% MCPBA, —78°C,
CH,Cl,.

K,spr LiMH, K,su + LiNH, + PrH

(2)-109 zi-110
MeSO0,Cl + LiNH; —— MeSO,NH, + LICI
kxs‘-‘ Meso’,NHz I\,SH ——= [EtCH=S]}
H
210 ©O°H) 135
| st mesoct _z-110_
z)-110 z)-114
1Zz)-119
sti
l\/SL cicHos ! _221-119
i+ EC iz
iz-110 135 12)-134 —
\s/ﬁ 2113
O 2
(ZZ)-131

2.2)-132

Scheme 55. Mechanism for formation of (£,2)-131 and (Z,Z)-132 by reaction
of (Z)-110, obtained by liquid ammonia reduction of (Z)-109, with mesyl chlo-
ride.

5.3. Characterization of Organosulfur Constituents of
Allium Preparations by Nuclear Magnetic Resonance
Spectroscopy

My dear Watson, you see but you do not observe!
Sir Arthur Conan Doyle (1859 -1930)

Of the analytical techniques available for the study of such
sensitive organosulfur compounds as are associated with
Allium spp., none is more powerful than NMR spectroscopy.
It permits the direct observation of all of the relevant nuclei
(H, C, O) at low as well as ambient temperatures. A broad
range of chemical shifts are observed, allowing identification
of the components of complex mixtures. The configuration
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can be determined by analysis of coupling constants, facili-
tated by two-dimensional NMR methods, and by studying
solvent- or reagent-induced chemical shift effects in com-
pounds containing the sulfiny! group. With the more unusu-
al organosulfur components, novel NMR effects abound.

5.3.1. NMR Study of the Onion Lachrymatory Factor (LF)
and Related Sulfines

Sulfines (thiocarbony! S-oxides) play an important role
in Allium chemistry. We have studied the S-oxides of
ethanethial (44), propanethial (16), (trimethylsilyl)meth-
anethial (66), and 2-(alkanesulfinyl)propanethial (116), as
well as the bissulfine (+)-2,3-dimethyl-1,4-butanedithial
S.S'-dioxide (123). The stereochemistry about the C=S
bonds was established by NMR methods.

The NMR spectrum of onion lachrymatory factor (LF) 16
in CDCI; shows a downfield methine triplet at § = 8.21
(/ =7.81 Hz), in agreement with the spectrum of 16, which
was prepared from propanesulfiny! chloride (19) or by pyrol-
ysis of (E,Z)-tert-butyl 1'-propenyl sulfoxide (58). Examina-
tion of the NMR spectrum of the natural 16 in CDCI, re-
veals the presence of a second downfield triplet at § = 8.88
(/ =8.79 Hz), with ca. 5% of the area of the triplet at
6 = 8.21. This minor triplet, not reported in earlier NMR
studies of LF 16, was found to be present at somewhat lower
intensity in the NMR spectrum of synthetic 16. In C;Dy, 16
shows downfield triplets at § =7.61 (major triplet; J =
7.82 Hz) and 8.37 ppm (minor triplet; J = 8.89 Hz).[77% 157]

Thus, the NMR spectrum of 16 reveals a minor triplet
Ad = 0.67-0.68 downfield from the major triplet in CDCl,
and Ad = 0.77 downfield from the major triplet in C;D,. On
using C4Dy instead of CDCl; as solvent, the major triplet
was shifted A§ = 0.59, the minor triplet A = 0.50 to higher
field. From a comparison of this NMR data with NMR data
of related structures of the type RCH=N-X (X = OR,
NR'R")1581 we concluded that 16 exists as a mixture of E-
and Z-isomers, with the latter dominating. This assignment
is consistent with the observation in the nitrogen systems
that: 1) protons resonate at lower fields when syn than when
anti to X in RCH=N-X; 2) anti protons are shifted further
upfield than syn protons on changing the solvent from CCl,
to C¢Dg; and 3) the coupling constant Jy y;_(€.8. Jiy, y, int 16)
is slightly larger in the gnt#/ compound than in the syn com-
pound.!'*8) In analogy with the mechanism proposed for the
aromatic solvent induced shifts in nitrogen systems™>® and
sulfoxides,!”3 1591 dipole forces should favor the orientation
relative to benzene shown in Figure 8 in which the anti-pro-
ton in the (Z)-isomer (Et) should experience greater shield-
ing than the syn-protons (R, = H) in the (E)-isomer.

Similar conclusions are drawn from consideration of sol-
vent effects on the 'H-NMR spectra of 44, 66, 116, and 123.
In the case of the bissuifine 123 isolated from onion a Z,Z-
configuration is assumed, since the HC=SO proton is shifted

Fig. 8. Aromatic solvent induced shift (ASIS) effects on onion LF (Z)-16.
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to even lower field (6 = 8.09 in CDCl;, § =7.06 in C,Dy),
and this change of solvent influences the chemical shift even
more strongly (Ad = 1.03) than in the case of the correspond-
ing proton in (Z)-16. In the case of the sulfine 116 (R =Me
and Pr) a Z-configuration is assumed, because of similarity
of the chemical shifts of 116 and of (Z)-16 (116, R = Me,
diastereomer A: HC=SO appears as a doublet at § = 8.27 in
CDCl, and 6 =7.19 in C,Dg; diastereomer B: HC=SO ap-
pears at § = 8.44 in CDCl; and § =7.62 in C;Dy; very sim-
ilar effects are seen for the two diastercomers of 116,
R = Pr). Interestingly, in methanethial S-oxide (40) the
chemical shifts of the two protons (6 =7.84 and 7.73 in
CFCL,!*®) are much closer together in value than in the
higher homologs, perhaps due to the slight change in HCS
angles. It is also of interest to contrast the chemical shift
of the HC=S proton in 22-dimethylpropanethial
{(1BuCH=S)l"¢% at § =11.67 with the chemical shift of this
proton in 2,2-dimethylpropanethial S-oxide (rBuCH=S80}
at § =7.62 (£)/9.00 (E) (all data recorded in CDCi; as sol-
vent). While the C=S group deshields an attached proton
relative to C=0, the C=S0 group has the opposite effect!

The *C-NMR spectra of (Z)- and (£)-16 show the reso-
nances for C=S0 at 6 =180.5 and 184.5, respectively. The
minor E-isomer shows deshielding at the sp?-carbon center
compared to the major Z-isomer. In the case of the sulfine
116 (R = Me or Pr) and the bissulfine 123 in CDCI,, C=SO
appears at 6 =175.92 (116, R = Me), 176.24 (116, R = Pr),
and 179.6 (123), values more consistent with a Z- rather than
an E-configuration. These 1*C-NMR values for C=SO dif-
fer markedly from the value for HC=S in 2,2-dimethyl-
propanethial 160 (5. = 255.6).

In the 1"O-NMR spectrum the signal for the sulfine oxy-
gen atom of (£)-16 and (Z)-44 appears at 6, =196 and 199,
respectively. These values may be compared to the 'O
chemical shifts of SOCl,, (MeQ),S=0*, Me,S=0, thiane
S-oxide and thiolane S-oxide which have been determined as
8, =292, 176, 13, —3, and 15, respectively.'*®: 1641 The
strong deshielding of the oxygen in sulfines compared to that
in simple sulfoxides may be a consequence of the enhanced
electronegativity of carbon sp” orbitals attached to the
sulfine sulfur compared to carbon sp* orbitals utilized in the
sulfoxides, since other sulfinyl compounds containing elec-
tronegative substituents on sulfur are also deshielded relative
to simple sulfoxides.

5.3.2. NMR Spectroscopy of the Dimer of LF: the
Four-Membered Ring Sulfone Effect

The 'H- and '*C-NMR data of the LF dimer 18b (see
Scheme 24) and of the homolog trans-3,4-bis(trimethylsilyl)-
1,2-dithietane 1,1-dioxide (67) (see Scheme 25) clearly indi-
cate the presence of two substantially different, coupled,
“CHR” groups, i.e. -SO,CHR and —-SCHR. The difference
in the S, values of the two pairs of methine carbon atoms
(e.g. 97.9 and 39.2 in 18b and 88.4 and 14.8 in 67) is quite
striking. While part of the difference is due to deshielding of
the a-sulfonyl carbon atoms of thiosuifonates compared
with sulfones,[*%2! and a vicinal deshielding effect due to the
trans-ethyl or trans-trimethylsilyl groups (e.g. 2-methyloxe-
tane and cis- and trans-2,3-dimethyloxetane show 13C shifts
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for C-2/C-3 at 4, =78.3/29.2, 79.6/31.8 and 85.0/37.4, re-
spectively),t!631it is necessary to invoke an unusual deshield-
ing effect characteristic of four-membered ring sulfones!%4
to fully explain the magnitude of the difference.

Consider the 13C-NMR shifts of the a-carbon atoms in the
three- to six-membered ring sulfur heterocycles thiirane, thi-
etane, thiolane and thiane (with ~S— group), which are 18.1,
26.1, 31.7, 29.1. In the analogous sulfoxides (-S(O}-) and
sulfones (-S(0O,)-) the values are 33.8, 52.7, 54.3, 49.0 and
31.6, 65.6, 51.1, 52.6, respectively.''®* Note the downfield
shift of the C -signal of Ad = 40 on oxidation of thietane to
thietane 1,1-dioxide and the downfield shift of Ad =13 in the
oxidation of thietane 1-oxide to the 1,1-dioxide. With most
sulfide-sulfoxide-sulfone systems, oxidation of a sulfide to a
sulfone results in such a downfield shift of only Ad = 20-25;
very little difference is seen in the chemical shifts of the
a-carbon atoms in the sulfoxides and sulfones, the latter
sometimes even appearing slightly upfield of the former (cf.,
e.g., the above data for thiolane 1-oxide and 1,1-dioxide).
The so-called ‘“‘four-membered ring sulfone effect” con-
tributes to the above noted differences in the chemical shifts
of the methine carbon atoms in the sulfine dimers 18b and
67.

The unusual '*C chemical shift effects for thietane 1,1-
dioxides and related four-membered rings such as I8b and
67 are reflected in similar but smaller effects in the 'H and
170 chemical shifts. Thus, unusually deshielded HCSO, pro-
tons are observed in 18b (6 = 4.35) and 67 (6 = 5.06). The
170 chemical shifts for thiirane, thietane, thiolane and thiane
1,1-dioxide appear at 65 =111, 182, 165, and 142, respective-
ly, once again showing maximum deshieiding for the four-
membered ring. Compound 18b shows bands at d, = 210
and 243 which is notable for the substantial deshielding seen
as well as the fact that for the first time discrete 17O chemical
shifts are observed for nonequivalent sulfone oxygens.!'** Ad-
ditional examples of !’O-NMR investigations on sulfones
with diastereotopic protons have subsequently appeared in
the literature.!' %%

5.3.3. Comparative NMR Spectroscopy of Derivatives
of Bicyclof2.1.1 [hexane, 5- Thiabicyclof2.1.1 Jhexane,
and 5,6-Dithiabicyclo[2.1.1]hexane

In connection with the identification of the zwiebelanes by
'H- and !’C-NMR spectroscopy, heterobicyclo[2.1.1]-
hexanes were sought as model compounds for comparison of
coupling constants. While 5-thiabicyclo[2.1.1}hexane (136a),
its S-oxide 136b, and its S,S-dioxide 136¢ are known, the
symmetry of 136 limits the number of H-H couplings seen.
The synthesis of a less symmetrical derivative of 136 a, name-
ly 139a, was therefore developed (Scheme 56).11%6! Exposure
of 3-cyclopentenol (137) to Mitsunobu thioacetylation con-
ditions affords S-3-cyclopentenylthioacetate, which was
treated directly with bromine in CCl, to give the trans-1,2-di-
bromo derivative 138 in 54 % overall yield. Treatment of 138
with KOH in aqueous ethanol at reflux for 90 hours afforded
exo-2-bromo-S-thiabicyclo{2.1.1Jhexane (13%9a) in 40%
yield. Compound 139a was oxidized to the corresponding
sulfoxide 139b and sulfone 139 ¢ with H,0,/HOAc/CH,CI,
at 0 °C and at reflux, respectively. Table 2 enables a compari-
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Scheme 56. Synthesis of 2-bromo-5-thiabicyclo[2.1.1jhexane 139a and its S-
oxides 139b and 139¢. a: HSAc, Ph,P, EtO,CN=NCO,Et.

son to be made of the NMR data for zwiebelane 118 with
those for model compounds 139a—c. It is noteworthy that

Tabelle 2. *H- and **C-NMR data for compounds 118 and 139a—c.

S S
He Hy
Me. Br.
Hy ) s Hy Hq
H He ] ',: He
aMe o %‘l. Hg
18 139a

Position
Cpd. a b c d € f g
118 3C 480 794 77.7 39.4
'H 2.33 4.25 4.21 2.85
Jan I 10 J 6.7 J, 1.0
Je 4.0

139a 3C 511 624 546 490  43.6
TH 479 389 380 309 287 253 1.88
Jur w22 JL62 T 22 Jy22 Jo130
J.73  Jw22 J 1T LTS

J 2.2 Js 0.7
139p 3C 413 685 630 336 228
'H 449 388 366 117 297 279 149

g Jw22 A6 S 22 J,22 U 134
J 78 S22 J, 22 J,123
J, 3.2

139c 3C 383 785 720 336 318
H 449 414 398 (276 (2.76) 265 176
e Jw 23 S 61 L 23 Jy23  J 128
J, 10.7 Ty 12.8
Je 4.6

the *J,y bridgehead-bridgehead coupling in 118 (6.7 Hz) is
quite similar to that in 139a-¢ (6.1 Hz) and that reported for
bicyclo[2.1.1]hexane (6.23 Hz).l'¢71 Apparently this large
“W” long-range coupling is little affected by the nature of
the “spacer atoms” between the CH groups.
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5.3.4. Diastereotopic Effects in Polysulfides

The diastereotopic character of CH, protons in sulfinyl
compounds is well known, and leads to complex NMR spec-
tra for compounds such as allicin, alliin, and ajoene. It is less
well recognized that the helical geometry of polysulfides can
also lead to magnetic nonequivalence of methylene protons
or enhancement of this effect in molecules containing other
chiral centers. In the case of the 'H-NMR spectra of com-
pounds 140 a—c (Fig. 9) found in the distilled oil of garlic, we
find that the SCH_CH_H,S group shows the largest differ-
ence between H, and H, in the case of 140¢ (4, = 3.09,
é, =317, J,=141Hz, J, =8.7Hz, J,,=6.5Hz). The

Hy, H, Hy, H, Hy, Ha
S, s S 57 S s g NF
| H, ‘ c I H,
1408 1400 140¢

Fig. 9. 3.4-Dihydro-2 H-thiopyran derivatives 140 a—c.

'H-NMR spectrum of 140a shows no separation of H, and
H, while that of 140b shows a separation of only Aé = 0.01
for these protons.t*!®!

6. Steam-Distilled Oils

The earliest chemical studies on garlic and onion involved
distillation procedures. While the first detailed chemical re-
port of the preparation and analysis of the distilled oil of
garlic appeared in 1844,1 it is likely that many centuries
earlier alchemists and pharmacists distilled garlic bulbs to
produce potions for a plethora of ailments. Wertheim’s 1844
paper attributes garlic’s appeal to “‘the presence of a sulfur-
containing, liquid body, the so-called garlic oil. All that is
known about the material is limited to some meager facts
about the pure product which is obtained by steam distilla-
tion of bulbs of Allium sativum. Since sulfur bonding has
been little investigated so far, a study of this material promis-
es to supply useful results for science.” The components of
garlic oil, separated by Wertheim by fractional distillation,
were described as forms of “allylschwefel”, establishing the
garlic connection to the common name *allyl”. Semmler!™!
indicated that the principal constituents of the distilled oils
of garlic and onion are, respectively, diallyl disulfide (4b)
and a compound of formula C;H,,S,, structurally unspeci-
fied by him but suggested by others to be allyl propyl disul-
fide.!* 8! For the onion oil analysis, 5000 kg of onions were
steam distilled, affording only 233 g (0.005%) of oil! Today
the steam-distilled oils of garlic and onion are items of com-
mercial importance for use both in food and health products.

6.1. Qil of Garlic

Although distilled garlic oil lacks the antibacterial and
antithrombotic activity of the room temperature extract, it
possesses equally interesting antitumor and antioxidant

properties. Garlic oil and some of its components inhibit
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lipoxygenase (LO), one of the enzymes involved in arachi-
donic acid metabolism, which may be related to its antitu-
mor activity and other biological properties. Two observa-
tions in particular prompted us to study the effect of heat on
garlic oil: 1) Belman and Barany noted that ageing or heat-
ing of the garlic oil component allyl methy! trisulfide effected
an increased inhibitory activity toward the soybean 15-
lipoxygenase (LO) enzyme compared to a freshly synthesized
sample; %% 2) Granroth observed that “diallyl disulfide 4b
is slowly decomposed even at room temperature, and at
100°C at least 25 reaction products were revealed by gas
chromatography, the true number being still greater’” and
that “allylic compounds may undergo changes upon heating
garlic-spiced foods, but the chemistry and possible physio-
logical importance of these changes do not so far appear to
have been investigated.” 2% Analysis of the thermally more
robust heavier compounds in garlic oil by GC and GC-MS
suggested the presence of an unusual family of thiaheterocy-
cles and acyclic compounds. The composition and origin of
this group of compounds was clarified by examining the
behavior of diallyl disulfide upon heating.

We have analyzed distilled garlic oil preparations using the
inhibition of soybean lipoxygenase (LO) to determine the
compounds responsible for its biological activities. We found
that: 1) the LO-inhibitory activity of garlic oil increases upon
heating and concentration; 2) GC-MS analysis of garlic oil
revealed a group of previously unknown higher boiling cyclic
and acyclic organosulfur compounds with two to five sulfur
atoms (e.g. 140a—c, 141a—c, 142a—f, Scheme 57); 3) most

S S S
A O O
EJ\/S\/\ sxs/\/ S\S,S\/\

1412 141 141c
\/\5/‘\/3\/\

\/\s/kfs‘s/\/
142¢

142a
/\/S~5J\/5\/\
142b
/\/S\SJ\/S\S/\/
142d
\/\S/S\SJ\/S\S/\/ /\/S\SJ\/S\S’S\/\
142¢ 1421

Scheme 57. Higher molecular weight compounds of type 140- 142 from the
pyrolysis of diallyl disulfide.

of these same compounds are generated upon heating pure
samples of diallyl disulfide (4b); 4) the formation of these
new compounds is best explained by a remarkable sequence
involving thermal C-S homolysis of 4b (rather than S-S
homolysis, which only occurs upon photolysis), addition of
the allyldithio radical in Markownikoff fashion to 4b, in-
tramolecular hydrogen atom abstraction-fragmentation of
the radical adduct to produce thioacrolein (93, Scheme 58),
and finally Diels~Alder addition of 93 as a heterodiene to
diallyl sulfide (4a) and 4b and dimerization to form 9 and 74
(Scheme 59).1118] The viability of such processes could be
independently established using known thermal sources of
93 including allicin (Scheme 32) and diallyl sulfide (in a
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Scheme 58. Mechanism for decomposition of diallyl disulfide (4b).

An unexpected dividend to our examination of different
thermal sources of 93 was our discovery that one of the most
efficient low-temperature sources of 93 is diallyl sulfoxide
(143)! Thus, when excess 143 is heated at 110°C with
dienophiles such as N-phenylmaleimide, dimethyl fumarate
or ethyl acrylate, the corresponding thioacrolein Diels—
Alder adducts such as 144 can be isolated in good to excel-
lent yields (Scheme 61).1171) We suggest that the sulfur atom
of reversibly formed allyl-2-propenesulfenate (145) acts as a
nucleophile toward a second molecule of 145, forming thio-
sulfonium ion 146, a process similar to that observed with
thiosulfinates (Schemes 11 and 31). Hydrolysis of 146 gives
allicin 1, known to be a low-temperature source of 93
(Scheme 32). When garlic oil is examined by HPLC, polysul-
fides with up to six sulfur atoms (e.g. AllS,, 4f) are

P i
z S, S S
93 s o Y 20 |
Z s T s
s ] 74 74a
P NN
7 Taa = s §NF 5
s - e
Z
/9\3/ [)/\ Sy
P 140a 141a
s s
4n | 575~ R E)\,
S‘s/\?
140b 141b

Scheme 59. Diels~-Alder reaction of thioacrolein (93).

sealed tube; Scheme 60) and by demonstrating by mass spec-
trometric methods that the C-S and S-S bond dissociation
energies in 4b are 46 and 62 kcalmol ™ !, respectively.!' 181 We
conclude that the formation of the complex mixture of
acyclic and heterocyclic polysulfides in the distilled oil of
garlic is a consequence of the action of heat during the distil-
lation process on the allicin and 4b forming 93 and allyl-
dithio radicals. Obviously any culinary procedure which ex-
poses garlic or garlic-spiced food to heat could also generate
the types of compounds described herein with possible
health benefits associated with the antioxidant or lipoxyge-
nase-inhibitory activity,[*70#
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Scheme 60. Sealed tube pyrolysis of diallyl sulfide (4a).
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found.!* 7% These are difficult to detect by GC because of
their thermal instability. They may be formed by known
sulfur transfer processes from allylic disulfides.t18:172
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Scheme 61. Pyrolysis of diallyl sulfoxide (143) to give thioacrolein 93; trapped
as 3,4-dihydro-2H-thiopyran derivative 144.
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6.2. Pyrolysis of Bis(1-propenyl) Disulfide

When a 1% solution of the isomers of bis(1-propenyl)
disulfide 119 in benzene is kept at 85 °C for 3 hours two new
compounds, identified as cis- and trans-3,4-dimethyl-2,3-di-
hydrothiophene-2-thiol (147 a,b), are formed ina 1:1 ratio in
over 85% vyield together with minor quantities of 3.4-
dimethylthiophene (148).I' 73! Compound 148 was previous-
ly observed as the predominant product formed when 119 is
heated to 150—200 °C in the presence of KHSO,.!'7* Pro-
longed heating at higher temperatures results in the conver-
sion of 147 a,b into 148 (Scheme 62). All three isomers of 119
lead to the same mixture of 147a,b; no isomerization from
one isomer of 119 to another occurs under pyrolysis condi-
tions. The relative rates of reaction of the three isomers of
119 were found to be E,Z > ELE> Z,Z.

i
s~ S A s 55 s S
19
Hs S A S
A0
148

147a,b

Scheme 62. Dithio-Claisen reaction of bis(1-propenyl) disulfide (119) and for-
mation of cis- and trans-3,4-dimethyl-2,3-dihydrothiophenethiol (147 a,b) and
3,4-dimethylthiophene (148).

Compounds 147 a,b are thought to be formed from 119 via
a [3,3}-sigmatropic dithio-Claisen rearrangement!'’®! fol-
lowed by thioenolization and intramolecular addition of SH
to CH=S (Scheme 62), similarly to cyclizations involving
1,4-diketones. The similarity of the activation parameters for
rearrangement of (Z,Z)-119 (E, =19 kcalmol™!, AH¥ =
18.3 kcalmol ™!, AS* = — 24 8 calmol 'K ! and AG* =
27.5 kcal mol ™%, all at 373 K)!**** 1o the corresponding val-
ues for (Z,Z)-120 (Section 5.2.5, cf. Schemes 41-43) sug-
gests a similar mechanism. The absence of interconversion of
isomers of 119 under the reaction conditions precludes a
homolytic route to 147a,b. Compounds 147a,b as well as
2-alkyldithio-3,4-dimethylthiophenes (alkyl = Me or Pr)
have been detected in steam-distilled volatiles from scallion
and Welsh onion.['4 It is likely that the thiophene 148, one
of the significant contributors to the aroma of garlic, leek,
and cooked or fried onion,!! 7% is formed in these plants from
147 a,b by loss of H,S, although additional routes to 148 and
other dimethylthiophenes are conceivable.

7. Physiological Activity
Belief in the preventive or curative effect of vegetables to-
wards disease has persisted for thousands of years. Garlic,

onion, cress, and cabbage are examples. In Eastern Europe
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and Asia Minor, large amounts of raw onion or garlic are a
normal feature of the diet. The science of nutrition has paid
little serious attention to these beliefs, since, to some extent,
they can be explained on the basis of the vitamins and minerals
contained in these vegetables, and because other alleged ef-
Jects, if they exist, seem to be connected with substances better
regarded as drugs than foods.

A. Virtanen (1895-1973)13

7.1. Antimicrobial Activity

Since things that here in order shall ensue,

Against all poysons have a secret power.

Peare, garlicke, reddish root, nuts, rape and rue—
But garlicke chiefe; for they that it devoure

May drinke, and care not who their drinke do brewe.
May walk in aires infected, every houre

Sith garlicke them have power to save from death,
Bear with it though it maketh unsavory breath,

And scorne not garlicke, like some that thinke

It only maketh men winke, and drinke—and stinke.

“The Englishman’s Doctor”
Sir John Harington (1561-1612) {177a]

Before the availability of modern antibiotics, garlic prepa-
rations were widely used in epidemics of typhus, cholera,
dysentery, amoebic dysentery, diphtheria, and tuberculo-
sis.l3 Albert Schweitzer first treated amoebic dysentery in
Africa with garlic only.['77"! The antimicrobial effect of al-
licin is considerable.[! 22?1 It has a growth inhibiting effect on
both gram-negative and gram-positive bacteria (e.g. Strepto-
cocci, Staphylococci, Eberthella typhosa, B. dysenteriae, B.
enteritidis and Vibrio chlorae) even at a 1:100000 dilu-
tion.1®31 The antimicrobial effect of methyl methanethiosulfi-
nate (12), propyl propanethiosulfinate (13), and thiosulfi-
nates found in onion extracts (first noted to be antibacterial
by Louis Pasteur!!*78!) are weaker than allicin 1.[2-179-180]
Allicin and garlic extracts show anticandidal and antifungal
(e.g. anti-Cryptococcus neoformans) activity.!*81 71831 Garlic
bulb volatiles have fungicidal properties!*34 1851 which may
protect the bulb against invading microorganisms. Diallyl
trisulfide, 4¢, a constituent of garlic oil, has been used in

China to treat viral infections and cryptococcal meningi-
tis 11861

7.2. Cancer Preventive Properties

Since the 1957 discovery that ethyl ethanethiosuifinate 31
showed anti-tumor activity, considerable attention has fo-
cussed on the cancer preventive properties of Allium
spp.[186- 1871 A fascinating epidemiological study conducted
in the People’s Republic of China reveals that in a region of
China where gastric cancer rates are high, a significant re-
duction in gastric cancer risk parallels increasing consump-
tion of garlic, scallion, and Chinese chive. Persons in the
highest quartile of intake of these plants experienced only
40 % of the risk of those in the lowest.!*#®] Since nitrites have
been implicated in gastric cancer, it is relevant that gastric
juice nitrite concentrations were lower in individuals con-
suming garlic compared to those who rarely take garlic; the
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reduction of nitrite concentration in gastric juice after intro-
duction of fresh garlic homogenate was significantly larger
than that of controls.['#%?1 It is also known that diallyl disul-
fide 4b inhibits in vivo activation of nitrosamines.!* 8% Un-
saturated polysulfides found in AMium spp. inhibit tumor
promotion,*87 1901931 perhaps by enhancing glutathione-
dependent detoxification enzymes,!'*4* * and also modulate
mutagenesis of aflatoxin B1.[194] Steam-distilled onion oil,
but not garlic oil, can also function as a weak tumor pro-
moter as well as antipromoter in 7,12-dimethylbenz[a]-
anthracene-initiated mouse skin.['%%

7.3. Cardiovascular Effects on Lipid and Arachidonic Acid
Metabolism, and Platelet Aggregation Inhibitory Activity

Dietary garlic has a lipid- and cholesterol-lowering ef-
fect.[3 1961 v Glutamyl-S-alkylcysteines inhibit the blood-
pressure regulation hormone.2°!#l A detailed mortality
study!*®®) on patients who had prior heart attacks showed
that of those given gelatin capsules containing garlic oil (ca.
6 mg/person/day) high in ajoene (75) and dithiins (9,
74)1119%) for three years, there was significant reduction in
serum lipids, a 35% reduction in new heart attacks, and a
45 % reduction in total deaths compared to those consuming
placebo capsules. Allicin (1) is a specific inhibitor of acetyl-
CoA synthetases from plants! 272 while diallyl disulfide (4b)
inhibits 3-hydroxy-3-methylglutaryl CoA ;[!°7®! in this man-
ner lipid, cholesterol and fatty acid biosynthesis may be in-
hibited. The inhibitory effect of garlic and onions on human
platelet aggregation has been known for two decades and has
been variously attributed to adenosine, allicin 1, alliin 2,
ajoene 75, polysulfides (such as 4f), and vinyl dithiins (e.g. 9
and 74).128 1981 The identity of the organosulfur compounds
found in the blood or tissues after consumption of the plants
remains unknown (apart from the compounds found in
breath or sweat after ingestion of garlic). In view of the in
vivo findings of Lawson?8! and the observations of Cavalli-
to!3%1 and Wills!'°94! that allicin reacts immediately with the
SH-group of free or enzyme-bound cysteine forming S-
(allylthio)cysteine, it is unlikely that allicin itself is found in
blood after consumption of garlic. Indeed S-(allylthio)-
cysteine may well be responsible for much of the biological
effects of garlic within the body.?#* Several studies indicate
that the components of freshly cut garlic!®*®! and onion!!4*
inhibit platelet aggregation and smooth muscle contraction
through inhibition of cyclooxygenase and related enzymes.
The antiasthmatic effects of onion extracts has been demon-
strated; some of the most active components are thiosulfi-
nates and cepaenes. These compounds exert a wide range of
pharmacological effects such as inhibition of the cyclooxyge-
nase and lipoxygenase pathways of arachidonic acid
metabolism, inhibition of histamine release and leukotriene
biosynthesis, prevention of bronchial asthma in guinea pigs
after inhalation of allergens and platelet-activating factor,
and inhibition of inflammatory cell influx.t* 23! Allicin is re-
ported to inhibit human platelet aggregation in vitro without
affecting cyclooxygenase or thromboxane synthase activity
or cyclic AMP levels, possibly by influencing calcium move-
ment.!1983]
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7.4. Physiological Activity of Ajoene

Ajoene 75 is cytotoxic toward a tumorgenic lymphoid cell
line with an EC, of 12 pm;1299 it shows an IC,, of 1.6 um
and 5.1 uM towards the 5-lipoxygenase and cyclooxygenase
enzymes, respectively;[2°1 it synergistically potentiates the
antiaggregatory action of prostacyclin, forskolin, indo-
methacin and dypiridamole on human blood platelets.[* 6!
Administration of 75 to dogs under conditions used in open
heart surgery prevents the thrombocytopenia induced by
contact of blood with artificial surfaces; it shows excellent
activity in preventing the loss of platelets and in increasing
the rate of restoration of platelet clotting activity.[2°23 Other
anticlotting agents (aspirin, heparin) had longer lasting ef-
fects and did not protect platelets. Ajoene is thought to in-
hibit platelet activation by impairing the interaction of fi-
brinogen receptors on the platelet surface with the rest of the
membrane signal transduction system and by affecting the
plasma-membrane internal microviscosity.1?%2* 74! Alterna-
tively, it is suggested that ajoene alters the conformation of
a hemoprotein implicated in platelet activation.!?°32 Ajoene
can also inhibit adhesive interactions of human neutrophiles
and consequently effect in vivo superoxide anion forma-
tion.[?93%1 Ajoene possesses significant antifungal activity,
inhibiting the growth of Aspergillus niger, Candida albicans,
Paracoccidioides- Brasiliensis, and Fusarium species at con-
centrations of <20 pgmL~1,1294 possibly by damaging the
fungal cell walls.[?94%] Ajoene inactivates human gastric li-
pase (HGL), a sulfhydryl enzyme involved in the digestion
and adsorption of dietary fats. This observation corrobo-
rates previous reports on the ability of garlic to lower triacyl-
glycerol blood levels (“blood thinning” effect of folk
medicine).[2°%1 A garlic preparation prepared by dissolving
fresh garlic extract in coconut oil (forming ajoene and dithi-
inst®1) significantly decreases ADP-induced platelet aggre-
gation in volunteers consuming 0.25 mgkg~! daily for 4
weeks.[206]

7.5. Acid Reflux Effect

Eat no onions nor garlic, for we are to utter sweet breath.

“A Midsummer Night’s Dream”
William Shakespeare (1564-1616)

Anyone who has overindulged in onions is aware of the
consequences. Gastroenterologists refer to the effect as ““acid
reflux and reflux symptoms”, e.g. regurgitation of the stom-
ach contents into the esophagus with resultant “heartburn”.
A more precise physiological description is inappropriate
transient lower esophageal sphincter (LES) relaxation, e.g.
erratic opening of the valve separating the esophagus from
the stomach.?°”) Since, as we have already mentioned in
Section 7.3, several of the organosulfur compounds formed
when onions are cut are potent inhibitors of the cyclooxyge-
nase and lipoxygenase pathways of arachidonic acid
metabolism, raw onions may cause heartburn by blocking
these pathways.!?°®] This inhibition might then result, either
singly or in combination, in the transient relaxation of the
LES as well as injury to the esophageal mucosa.
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7.6. Lachrymatory, Olfactory, and Gustatory
Characteristics of Allium spp.

Provence with her garlic-scented smile.
Rudyard Kipling (1865-1936)

While it is not known precisely how crying is triggered by
an onion, it has been suggested that the onion LF, along with
other lachrymators such as tear gases, undergo particularly
facile reduction by NADPH following reception in a nerve
cell membrane.f*°?! The organoleptic properties of some
fresh onion extract and distilled onion oil components have
been evaluated by “expert flavorists” who described odor
and taste. The “room-temperature steam distillate” of
onion, consisting primarily of o,f-unsaturated thiosulfi-

MeCH=CHSS(O)R MeCH=CHS(O)SR
106 105

114 127d

nates, had an odor and taste quite similar to that of fresh
onions. Of the isomeric pair (£)-106, R = Me/(F)-105,
R = Me, the former had a pronounced fresh raw onton or
shallot flavor while the latter had more of a cabbage or
radish note. The flavor of (E,Z)-106, R = Pr, is that of
green, raw fresh onions. On the other hand, (£,Z)-114,
R = Pr, lacked the fresh raw onion flavor of the thiosulfi-
nates, having more of an oniony, solvent-like flavor. The
cepaene (E,E)-127d had a fruity melon-like flavor combined
with a slight fresh onion flavor.1?!! Propyl, propeny! di- and
trisulfides possess the odor of cooked onions.!'7¢ The
threshold (minimal levels for detection in aqueous solutions
by taste) range from 5—10 ppb for the thiosulfinates, the
deoxycepaenes (E,E)- and (Z,Z)-131 and the cepaene 127d
to 0.01 -6 ppb for (Z,2)-119, Pr,S,, MeSSCH=CHMe, and
PrSSCH=CHMe, to an amazing level (for one experienced
flavorist) of 0.001 ppb for (£,Z)-114, R = Pr[21.176]

7.7. Bad Breath and Further Negative Effects of Garlic
and Other Allium spp.

...edit cicutis alium nocentius.*!

“Episode 3"
Horace (65 B.C.—8 B.C\)

Eating alliaceous plants causes bad breath and perspira-
tion odors. Components of garlic breath and prespiration
include: allyl methyl sulfide and disulfide, diallyl sulfide and
disulfide, 2-propenethiol, and p-cymene and (+ )-limonene
(present in garlic distilled oils).121% 2111 Garlic breath odor
comes from the lungs presumably by way of the blood and
not solely from particles of garlic retained in the structures
about the mouth.1?!} After ingestion of 2 g of raw garlic,
garlic odor in human urine was said to persist up to 96 hours
while exhaled air no longer had an odor after 24 hours.2!32
When garlic is rubbed on the foot, a garlic taste is soon

[*] That wicked garlic, more poisonous than the hemlock.
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detected.[213%) Presumably fat-soluble allicin is absorbed
through the skin (as in the case of dimethy! sulfoxide) into
the lymphatic system which carries it intact to the upper part
of the body in a medium where no protein or cysteine is
present.?13% In areas where Allium spp. grow wild, cows
often eat them, causing a bad flavor in milk. A vacuum
treatment can remove these sulfur compounds and the bad
taste.?%! Studies on nursing mothers have shown that their
milk has a more intense odor 2 hours after having ingested
garlic. Furthermore it was found that the nursing babies
sucked more and ingested more milk when the milk smelled
like gartic.t2!4!

A few individuals have an allergic response, e.g. dermatitis
or asthma, to fresh garlic or onions,!5% diallyl disulfide,
allicin or garlic dust.13" 2151 Freshly ground garlic can cause
severe dermatitis on prolonged contact with the skin.[?161 in
a case associated with excessive garlic ingestion, sponta-
neous spinal epidural hematoma causing paraplegia follow-
ing a qualitative platelet disorder has been reported.t?!”!
When given orally to laboratory animals, garlic has been
noted to cause anemia,®! abdominal hemorrhage and
death.!*87 In mice, allicin (1) has an LD, of 60 mgkg™* i.v.
and 120 mgkg™"' 5.c.*1 An occupational hazard associated
with sulfur compounds in the perspiration of a garlic lover
has been reported.t2t 1

7.8. Insect and Animal Attractive/Repulsive Effects

Propyl propanethiosulfinate (13) has been identified as the
most attractive substance from crushed leek for the leek
moth, Acrolepiopsis assectella; 13 is repellent to Ephestia
kuehniella (based on our recent analyses of thiosulfinates
from leek, this work may require revision!)!?°! Allicin, its
homologs, and related sulfur compounds are thought to pro-
tect Allium spp. against pathogens and predators.t0% 140
Garlic oil components/metabolites diallyl disulfide and
trisulfide are toxic to mosquito and other insect larvae at
levels of 2 ppm!2*8 and are repellant to Ixodes ricinus, the
tick which carries the encephalitis virus.!2!% Diallyl disulfide
has been employed to drive away crop-damaging birds.[3!

8. Summary and Outlook

In the fifty years since the discovery of allicin (1)©*°I much
progress has been made in identifying the various unusual
organosulfur compounds formed when garlic and onion are
cut (Figs. 10 and 11) and in understanding their origin. De-
spite this progress, many other compounds remain to be
identified in Allium extracts. For example, application of
field desorption mass spectroscopy to the analysis of onion
extracts indicates that the heaviest compounds present have
masses of m/z = 325-326 and 298-301, corresponding re-
spectively to molecular formulas C,,H,,S,0,/C,,H,,S,0,
and C, H$5,0,/C,,H,,5,0,. Analysis of these extracts by
LC-MS indicate the presence of a series of compounds (per-
haps a family of homologous isomers?) with masses 324/326
and 298. Possible structures include S,S'-dioxides of 132
(Scheme 53) or isomers 149 (Scheme 63), together with ho-
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Fig. 10. Collection of some of the principal organosulifur compounds and in-
termediates associated with onion.

mologs with methyl replacing a 1-propenyl group. Efforts to
identify these compounds are underway.

s
4 |
S\/\
S.
140b
s 1L
\s/\/
1424
141b

Fig. 11. Collection of some of the principal organosulfur compounds and in-
termediates associated with garlic.

How might dietary Allium spp. benefit us? Consider the
following: 1) The Allium spp. tissue is not completely
crushed when it is eaten, thus allowing a significant portion
of the S-alk(en)ylcysteine S-oxides such as 2, §, 6, and 7 to
pass unchanged into the intestinal tract. While allinases are
irreversibly deactivated at the pH of gastric juice, intestinal
bacteria have been shown to cleave the sulfoxides, ultimately
giving the corresponding disulfides.'?® 2) Thiosulfinates
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Scheme 63. Possible structure for mfe 324 compound (149) from onion ex-
tracts.

which have made their way into the stomach may survive the
low pH long enough to act on pathogenic microorganisms
present. 3) Alk(en)ylthiolation of certain biological SH
groups by thiosulfinates, di- or polysulfides or ajoene might
be beneficial. For example, “allylthiolation” of thiamine
readily occurs affording allithiamine, which is more easily
absorbed from the intestine than thiamine.!3" 381 4) Disul-
fides and other sulfur compounds formed from Allium spp.
are thought to play an important role in the intestinal tract
in deactivating nitrites or other environmental toxins. One
thing is clear: tracking the metabolic fate of 4/lium spp.
organosulfur compounds is both an important and a fertile
area for future research.
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