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Nitric oxide (NO) is a component of air pollution and 
cigarette smoke. It is also an endogenous compound of 
the body and plays many roles in biological functions.14 
This important biochemical free radical is involved in a 
variety of biological processes including regulating immune 
functions,z physiological control of blood p re~su re ,~  and 
neurotransmi~sion.~ Thus, owing to the ubiquitous nature 
of nitric o ~ i d e , ~ ? ~  to the limited fundamental chemistry of 
nitric oxide,7and to the widespread use of garlic in diets,a13 
we are investigating the nitric oxide oxidation of some of 
the compounds found in garlic. Passage of pure nitric 
oxide gas through water a t  room temperature slowly leads 
to the oxidation of S-(2-propenyl)cysteine (l), which is 
found in garlic bulbs and extracts, to bis(2-propenyl) 
disulfide (2), S-(2-propenyl) 2-propene-1-sulfinothioate 
(allicin, 31, S-(2-propenyl) 2-propene-1-sulfonothioate 
(pseudoallicin, 41, and 2-oxopropanoic acid (5). A free 
radical mechanism involving sulfinyl radicals,14 thioallyl 
radicals, vicinal disulfoxides (61, and 0-sulfenyl sulfinates 
(7) is proposed (Schemes 1 and 2)Ik2l for the slow oxidation 
reaction (20% conversion after 24 h). Compounds 2 and 
3 are formed when garlic is crushed or cut and compound 
4 may be formed when 3 stands for some time.13 
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A reasonable first step in the nitric oxide oxidation of 
1 could be hydrogen atom abstraction from the carbon 
bonded to the amino and carboxyl groups (Scheme 1). 
This leads to a particularly strongly stabilized radical (8) 
owing to the presence of both an electron-attracting and 
electron-donating substituent (captodative stabilization2z 
or merostabilizationB). Homolytic dissociation of the C-S 
bond in 8 affords the thioallyl radicall2 and the enamine 
9 which hydrolyzes to 2-oxopropanoic acid (5). 

The thioallyl radical dimerizes to the disulfide 2 and 
reacts with nitric oxide to form the highly unstable 
S-nitroso compound (thionitrite) 10.19~2c2s Thionitrite 10 
can undergo S-N bond cleavage to eventually afford 
disulfide 2 and nitric oxidez7 and/or react with nitric oxide 
to form an unstable intermediate which loses dinitrogen 
oxide2a3l and rearranges to the sulfinyl radical 11 which 
abstracts a hydrogen atom to form 2-propenesulfenic acid 
(12). Cyclodehydration of 12 affords allicin (3).3233 
Alternatively, allicin (3) may be formed from the thioallyl 
radical and the sulfinyl radical 11 (Scheme 2). The sulfinyl 
radical 11 may dimerize to the vicinal disulfoxide 6 and/or 
to the 0-sulfenyl sulfinate 7, either of which can rearrange 
to pseudoallicin (4). The disulfide 2 is not oxidized to 3 
under these experimental conditions. Although under the 
experimental conditions allicin (3) is stable in water in the 
absence of nitric oxide at  room temperature for 24 h ,W7 
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Scheme 1 

Notes 

reaction was observed with 14 after passage of NO through 
the solution for 24 h at  room temperature. However, both 
1 and 13 are oxidized byI4O in this acidic aqueous solution. 
The stability of 2 and 14 under these experimental 
conditions is consistent with the report that disulfides, 
including cystine and glutathione disulfide, are prepared 
from the NO oxidation of the corresponding thiol~.~9-31$42 
These results suggest that the disulfide linkage is stable 
to nitric oxide under these experimental conditions.29-31 

An alternate mechanism (eq 1) involving disulfide carbon 
radicals ( 1 ~ ~ 3 - 4  may account in part why sulfides 1 and 
13 undergo cleavage when treated with NO but disulfide 
14 does not. Interaction of NO with 1 or 13 at  sulfur could 
lead to cation radical 15 (cf. 8, Scheme 1) which undergoes 
cleavage to 9 and the thioallyl radical. The corresponding 
cation radical 16 from 14 may not undergo similar cleavage 
owing to stabilization provided by the adjacent sulfur (eq 
2). If 16, which is an oxidant, is so stabilized, it would 
simply wait around toregenerate 14 by an electron transfer 
with NO- (i.e. reversal of eq 1). 
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it is slowly oxidized by NO to pseudoallicin (4).3u1 Thus, 
part of the pseudoallicin (4) formed during the NO 
oxidation of 1 may arise from 3. No disulfide (2) was 
isolated from the NO oxidation of 3. 
(+)-S-(2-Propenyl)-~-cysteine sulfoxide (alliin, 13) was 

oxidized by fi0 to compounds 3-5, which is consistent 
with the proposed mechanisms (Schemes 1 and 2). The 
absence of the disulfide 2 from the oxidation of aliin (13) 
is also consistent with the proposed mechanism. 

13 14 

S-(2-Propenylthio)-~-cysteine (14) is not soluble in water 
but dissolves in acidic (CFsCO2H) aqueous solution. No 

(38) Although thiosulfinates generally disproportionate to disulfides 
and thiosulfonates,m the corresponding products were not formed from 
allicin (3).40*41 
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Experimental Section 
Melting points were obtained in open capillaries on a Thomas- 

Hoover melting point apparatus and are uncorrected. IR spectra 
were obtained in CCq, as neat films, in Nujol, or as KBr disks. 
HRMS were obtained at 70 eV, CIMS (2-methylpropane) at 50, 
70, or 100 eV, and EIMS at 100 eV. *H NMR and 'SC NMR (300 
and 500 MHz) spectra were recorded in CDCla unless specified 
otherwise. Analytical TLC was performed on Analtech Uniplate 
10 X 20 cm (250 l m  thick) silica gel GF prescored glass plates, 
which were developed with solvent A 7:30.5 CHCl&HsOH/ 
H2O or solvent B 52 hexanes/ethyl acetate. The plates were 
analyzed with ninhydrin or UV light and/or developed in a 
diiodine chamber. Flash column chromatography was performed 
on 230-400 mesh silica gel. 

Reagents and solvents were purified by standard procedures. 
N2 was dried by passing it through a column of Drierite and 4-A 
molecular sieves, and nitric oxide (Aldrich, 98.5%) was bubbled 
through 10 M NaOH and dried by passing through column 
containing NaOH pellets." 

Synthesis of 5-(2-Propenyl)-~-cysteine ( l ) . 4 7 p "  To the ice- 
cooled solution of L-cysteine [ (R)-2-amino-3-mercaptopropanoic 

~ ~ ~~ ~~ 
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acid, 10.0 g, 82.6 mmol)] in NH4OH (2 M, 240 mL) was added 
3-bromopropene (15.0 g, 124 mmol) was vigorous stirring. The 
mixture was stirred at 0 "C for 40 min and filtered, and the 
filtrate was concentrated in vacuo (<40 "C) to a small volume, 
and filtered. The solid was washed repeatedly with ethanol, dried 
in vacuo, and recrystallized from 2:3 H20/C2HbOH to yield white 
needles (1,10.7 g, 80.1 %): mp 219-220 "C; (lit.47 mp 208-210 "C 
(dec)]; IR (KBr, cm-1) 2919,2598 (m, C-H), 1610 (8, C=C), 1588, 
1508,1397 (8 ,  COO-), 760 (m, S-C); lH NMR (DzO) 6 2.90-3.10 
(m, 2 H, allyl-CHz), 3.20 (d, 2 H, SCH2) 3.85 (m, 1 H, CHNHz), 
5.20 (m, 2 H, C H p ) ,  5.80 (m, 1 H, CH=); 13C NMR (DzO + 
m/z 162.0595 (calcd for C6HllNO2S 162.0582). 

Purification of (+)-8(2-Propenyl)-~-cysteine Sulfoxide 
(Alliin, 13). Crude racemic aliin (10 g)" was dissolved in H2O 
(20 mL) at 50 "C and filtered, and the filtrate was added to 120 
mL of aqueous acetone (20 mL of H2O). The suspension was 
kept at  0 "C for 24 hand filtered. The solid (4.2 g) was dissolved 
in 14 mL of water at 50 "C. This solution was added to 62 mL 
of aqueous acetone (12 mL of H2O). The suspension was kept 
at 0 "C for 20 h and filtered. The crystals (3.0 g) were dissolved 
in H20 (8 mL) at 50 "C and the solution was added to 32 mL of 
aqueous acetone (6 mL of HzO). The suspension was kept at 0 
"C for 24 h and filtered, and the solid was dried to afford the 
optically pure alliin (13): mp 164-166 "C [lit." mp 163-165 "Cl; 
[aim = +63.O0 (HzO); (Nujol, cm-l) 2921,1649,1460,1377,1304, 
1133,1018,913; lH NMR ID20 + (CD3)2C=OI 6 3.45-3.48 (m, 
1 H), 3.72-3.79 (m, 1 H), 3.81-3.97 (m, 1 H), 4.16-4.18 (d, 1 H), 
4.28-4.35 (m, 1 H), 5.54-5.69 (m, 2 H), 5.94-6.00 (m, 1 H); 13C 
NMR 6 29.80, 48.83, 57.83, 105.13, 126.84, 171.15; HRFABMS 
m/z 178.0531 (calcd for CeH11N03S + 1.0078, 178.0538). 

Synthesis of S-(2-Propenylthio)-~-cysteine (14). To an 
ice-cooled solution of bis(2-propenyl) disulfide (2, 15.0 g, 0.103 
mol) in acetic acid (50 mL) was added dropwise during 1 h a 
solution of 30% hydrogen peroxide (17.8 g, 16 mL, 0.157 mol) in 
acetic acid (50 mL)."@ After addition, the mixture was stirred 
for 2 h at 0 "C, for 4 h a t  rt, and poured into ice-water (1 L). The 
aqueous solution was extracted with CHzCl2 (4 X 300 mL), and 
the combined extracts were washed with aqueous Na2C03 solution 
(3 x 100 mL) and dried (Na2S04). The solvent was removed in 
vacuo to give a residue (13 g) of crude S-(2-propenyl) 2-propene- 
1-sulfinothioate (allicin, 3). To the residue was added the solution 
of L-cysteine (7.0 g, 0.579 mol) in H2O (200 mL) in small portions 
with vigorous stirring at rt. After stirring at  rt for 40 min, the 
reaction mixture was kept at  0 "C overnight and filtered. The 
solid was washed successively with HzO, C2HsOH, and ethyl 
acetate to yield white crystals (13,9.2 g, 76.3%): mp 198-199 "C 
[lit.M mp 185 "C dec]; IR (Nujol, cm-l) 2923, 2853, 1581, 1460, 
1377,847,722; 1H NMR (DzO + CF3COOH) 6 2.88-3.05 (m, 2 H, 
allyl-CH2), 3.15 (d, 2 H, SCHz), 3.80 (m, 1 H, CHNHz), 5.15 (m, 
2 H, CH,-), 5.75 (m, 1 H, CH=); 13C NMR (D20 + CF3COOH 

m/z 193.0257 (calcd for C6HllNO& 193.0231). 
Reaction of S-(2-Propenyl)- cysteine (1) with Nitric 

Oxide in Water. S-(2-Propenyl)cysteine (1, 810 mg, 5 mmol) 
was dissolved in H2O (10 mL). The solution was deoxygenated 
with dry N2 before NO was slowly bubbled through the solution 
at rt for 24 h. The excess NO was removed under vacuo and the 
remaining mixture was extracted with diethyl ether (3 X 20 mL). 
The combined organic extracts were dried (NazSOd), the solvent 
was evaporated, and the residue was chromatographed to give 
diallyl disulfide (2,47 mg) and allicin (3,36 mg) [IR (neat, cm-l) 
3084, 3014, 2910, 1635, 1426, 1403, 1230, 1087, 989; lH NMR 
(CDC13) 6 3.70-3.90 (m, 4 H, CH2), 5.20-5.50 (m, 4 H, C H p ) ,  
5.86-6.02 (m, 2 H, -CH=); 13C NMR (CDCl3) 6 34.60,59.40,118.70, 
123.65,125.50, 132.60; HRCIMS m/z 163.0250 (calcd for CeHlo- 
OS2 + 1.0078, 163.0251)], and S-(2-propenyl) 2-propene-1- 
sulfonothioate41 (pseudoallicin, 4, 48 mg) [IR (neat, cm-l) 1324, 

2 H,CH2,J = 7.5 Hz), 5.20-5.55 (m,4 H,CH2),5.80-5.94 (m, 2 

131.50; HRCIMS, m/z 179.0210 (calcd for C ~ H I O O ~ S ~  + 1.0078 = 
179.0200)]. 

CDSOD) 6 168.30, 129.08, 113.90, 44.51, 29.50, 26.31; HRCIMS, 

+ CD30D) 6 168.0,130.10,113.80,44.50, 30.20,25.80; HRCIMS 

1127; 'H NMR (CDC13) 6 3.78 (d, 2 H, CH2, J 7.0 Hz), 3.98 (d, 

H, -CH=); 13C NMR (CDC13) 6 39.20,66.95,119.92,124.30,125.80, 
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The aqueous solution was neutralized (pH paper) with 0.1 M 
NaOH, and the volume of the solution was reduced at  r t  and 
stored a t  0 "C for 24 h and filtered. Unreacted 1 (650 mg, 19.8% 
conversion) was recovered. The fiitrate was evaporated overnight 
in a flow of dry air and the residue recrystallized from H2O to 
give sodium 2-oxopropanoate (45 mg): lH NMR (D20) 6 2.37 (8, 

205.11 (COO-). Treatment of sodium 2-oxopropanoate with 
thionyl chloride followed by aniline gave the anilide derivative 
CH&OCONHC&: mp 102-103 "c [lit.61 mp 104 "c]; IR (neat, 
cm-1) 1721,1694,1599,1534,909,735; 1H NMR (CDCl3) 6 2.65 
(8 ,  3 H, CH3), 7.14-7.65 (m, 5 H, CeHs), 8.74 (br, 1 H, NH); 13C 

197.29; HRCIMS, m/z 163.0640 (calcd for CsHsNO2, 163.0633). 
Reaction of B(2-Propenyl)-~-cysteine (1) with Nitric 

Oxide in Water and Trifluoroacetic Acid. S-(2-Propenyl)- 
L-cysteine (1, 322 mg, 2 mmol) was dissolved in 12 mL of H20 
containing 1 mL of trifluoroacetic acid. The solution was 
deoxygenated with dry Nz before NO was slowly bubbled through 
the solution at rt for 5 h. The products were detected by TLC 
(solvent B, 2, Rf = 0.90, 3 Rf = 0.40, 4 R, = 0.10); solvent A 
2-oxopropanoic acid (S), R, = 0.311. 

Stabilityof Allicin (3) in Water. Allicin (3,162 mg, 1 mmol) 
was added to 5 mL of H2O. The two-phase mixture was stirred 
at  rt for 24 h. No reaction was observed by TLC. 

Reaction of Allicin (3) with Nitric Oxide. Allicin (324 mg, 
2 mmol) was added to 10 mL of H2O. Nitric oxide was slowly 
bubbled through the two-phase mixture at  rt for 24 has described 
above for the oxidation of 1. The reaction mixture became 
homogeneous during the passage of nitric oxide. The product 
solution was extracted with CHzCl2 (3 X 10 mL), and the combined 
extract was dried (NazSO4) and evaporated. The residue was 
chromatographed with cooled 81 hexanes/ethyl acetate to give 
an unstable product (6 mg), with 5:l hexanes/ethyl acetate to 
give allicin (3, 250 mg, 24% conversion), and then with 1:l 
hexanes/ethyl acetate to give pseudoallicin (4, 12 mg). 

Attempted Reaction of Diallyl Disulfide (2) with Nitric 
Oxide. Diallyl disulfide (2,292 mg, 2 mmol) was added to water 
(10 mL). Nitric oxide was bubbled slowly through the stirred 
two-phase mixture at r t  for 24 h as described above for the 
oxidation of 1. No reaction was observed by TLC. 

Reaction of (+)-S-(2-Propenyl)-~-Cysteine Sulfoxide 
(Alliin, 13) with Nitric Oxide in Water. (+)-S-(2-Propenyl)- 
L-cysteine sulfoxide (14,531 mg, 3 mmol) was dissolved in 10 mL 
of water. Nitric oxide was slowly bubbled through the solution 
at  r t  for 24 h as described above for the oxidation of 1. Starting 
material (13,400 mg, 24.7 % conversion) and sodium 2-oxopro- 
panoate (35 mg) were obtained from the aqueous layer. The 
organic layer afforded allicin (3, 50 mg) and pseudoallcin (4,45 
mg). 

Reaction of (+)-8(2-Propenyl)-~-Cysteine Sulfoxide 
(Alliin, 13) with Nitric Oxide in Water and Trifluoroacetic 
Acid. (+)-S-(2-Propenyl)-~-cysteine sulfoxide (13, 354 mg, 2 
mmol) was dissolved in 12 mL of water containing 1 mL of 
trifluoroacetic acid. Nitric oxide was slowly bubbled through 
the solution at  rt for 6 h. The products were detected by TLC 
[solvent B, 3Rf = 0.40,4 Rf = 0.10); solvent A, 2-oxopropanoic 
acid (5), Rf = 0.311. 

Attempted Reaction of 82-(Propenylthio)-~-cysteine (14) 
with Nitric Oxide in Water and Trifluoroacetic Acid. S-2- 
Propeny1thio)-L-cysteine (14,579 mg, 3 mmol) was dissolved in 
12 mL of H2O containing 1 mL of trifluoroacetic acid. Nitric 
oxide was passed slowly through the solution at  rt for 24 h as 
described above for the oxidation of 1. No reaction was observed 
by TLC. 

3 H); 13C NMR [DzO + (CD)3)2COl 6 26.51 (CHI), 170.16 (C=O), 

NMR (CDCW 624.04 (CH3), 119.80,125.27,129.22,136.21,157.52, 

Acknowledgment. We thank Yukihiro Kodera for 
helpful discussions and the  National Science Foundation 
(NSF CHE-90-15849) for support of this research and for 
financial assistance toward the purchase of the  mass 
spectrometers and the  NMR spectrometers. 

(51) Carre, P.; Jullien, P. Compt. Rend. 1936, 202, 1521. 


