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Mechanism and kinetics of synthesis of allicin
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Allicin, allyl-thiosulfinate, a pharmacologically active compound with considerable fungicidal, bacterici-
dal, antioxidant and anticarcinogenic effects, was obtained by oxidizing allyl disulfide with acid hydro-
gen peroxide. The synthesis mechanism was studied by the ESR spin trap method. The kinetics of
allicin synthesis was ascertained by determination of the concentration of the limiting reactant during
the synthesis using HPLC and it was found that the allicin synthesis reaction was of zero order. The
allicin obtained was determined using UV, FT-IR, MS, 1H and 13C NMR analysis.

1. Introduction

Allicin is a thioester of sulfenic acid, i.e. allyl thiosulfinate.
The liquid is oily, and slightly yellowish in colour, with the
characteristic garlic (Allium sativum L.) odor (Sticher 1991).
Allicin is pharmacologically the most important and the
most active substance in the raw aqueous extract of garlic
(Koch et al. 1989, Lawson et al. 1991a, Lawson et al.
1991b). It has a wide range of antimicrobial effects. It acts
upon a great number of bacteria, viruses, fungi, and on some
parasites (Adetumbi and Lau 1983, Hughes and Lavson
1991, Koch 1993). It inhibits the growth of Staphylococcus,
Streptococcus, Bacillus, Brucella, Vibrio and Candida spe-
cies in low concentrations (Cavallito and Bailey 1944,
Huddleson 1944). Its antimycotic effect is stronger than

that of nystatin and other antimycotics (Adetumbi and Lau
1983, Moore and Atkins 1977, Prasad and Sharma 1980.
Sandhu et al. 1980). It shows virucidal effects (Nagai
1973, Weber 1992) in vitro on Herpes simplex type 1 and
2, Parainfluenza virus type 3, Vaccinia virus, Vesicular
stomatitis virus and Human rhinovirus type 2.
Besides its antimicrobial effects allicin has an important
clinical application in the prevention of cancer and cardio-
vascular diseases, as well as antioxidant activity as a free
radicals scavenger (Criss 1982, Ernst 1987, Kroning 1964,
Lau et al. 1983, Meng and Shyu 1990, Phelps and Haris
1993). It is produced by the transformation of alliin [(þ)-
S-allyl-L-cysteine sulfoxide] in the garlic bulb under the
influence of alliinase from plant tissue (Sticher 1991,
Stool and Seebeck 1949, Scheme 1).
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At room temperature, the allyl sulfenic acid is very un-
stable and very reactive. Two molecules of allyl sulfenic
acid condense spontaneously into allicin with the elimina-
tion of water (Sticher 1991, Scheme 2).
Due to its high instability and volatility, the isolation, de-
termination and standardization of allicin based products
are very difficult. It is hard to obtain commercially pure
allicin, and in recent decades there has been considerable
interst in the synthesis of allicin. Most of the procedures
for the synthesis of allicin involve the oxidation of allyl
disulfide with hydrogen peroxide in acid medium (Caval-
lito et al. 1944, Freeman and Kodera 1995, Iberl et al.
1990, Vedejs et al. 1982), the oxidation of allyl disulfide
with m-chloroperbenzoic acid in chloroform (Jansen et al.
1987) or the treatment of dichloromethane solution of
allyl disulfide with magnesium monoperoxyhydrate in am-
monium-butyl-sulfate (Cruz-Villalon 2001). It is character-
istic of all these procedure that they take place at low
temperatures (from zero to room temperature) and that,
depending on the purification method used, various purity
degrees of allicins are obtained.
In this paper investigations of the mechanism and kinetics
of the synthesis of allicin from allyl disulfide with hydro-
gen peroxide in acidic medium are reporter.

2. Investigations, results and discussion

2.1. Mechanism of synthesis of allicin with acid hydro-
gen peroxide

During the allicin synthesis (Scheme 3) the ESR trap
method was used to determine the mechanism of synthesis
and the antioxidant activity, and 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) was used as the spin-trap compound.
Fenton reaction was used as a reference.
DMPO reacts directly with hydroxy radicals and produces
the DMPO-OH spin adduct, which is a more stable oxy-
gen radical with longer life and easier to detect by ESR
methods (Brunet 1998, Scheme 4).
To determine the mechanism of producing reactive free hy-
droxy radicals in the allicin synthesis reaction mixture, the
following model system was used: 1 ml of 0.01 mol/l
FeCl2 � 4 H2O, 1 ml of 0.01 mol/l H2O2, 0.089 mol/l of
DMPO and 1 ml of sodium phosphate buffer, pH ¼ 7.2,
the ESR spectrum of which is given in Fig. 1a.
In the spectrum, a hyperfine structure is observed (Fig. 1a)
showing four lines of relative intensities 1 : 2 : 2 : 1 and

splitting constants for one 14N atom (I ¼ 1) aN ¼ 14.9 G,
and one 1H atom (I ¼ 1/2) aH ¼ 14.9 G. The spectro-
scopic splitting factor (g-value) determining the position
of the absorption line of the ESR spectrum for the nitrox-
ide radical obtained (DMPO-OH spin-adduct) was
2.0060.
Since the dissociation energy of the O––O bond in hydro-
gen peroxide is about 200 kJ/mol (Oa+ 1975), it is con-
cluded that the bond readily breaks and gives hydroxy
radicals in the reaction system of allicin synthesis. This
assumption is confirmed by the ESR analysis results
(Fig. 1b) of the partially formed reaction mixture (1.5 ml
of 30% hydrogen peroxide, made up to 10 ml with glacial
acetic acid).
The hyperfine structure of this spectrum is complex and
consists of a number of fine spectral lines because no
DMPO was added and there is no stable radical.
The presence of hydroxy radicals during the allicin synth-
esis was confirmed by ESR spectroscopy of the complete
reaction mixture with the spin-trap DMPO added. The
spectrum obtained retained the hyperfine structure from
Fig. 1a, while the intensity of the signal was decreased to
67%. This indicates that allicin reacts with the free hydro-
xy radicals. If the allicin concentration is increased to
10 mg/ml there is no signal in the ESR spectrum, which
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Fig. 1: Electron spin resonance spectrum of a) DMPO-OH spin adduct in
the model system (Fenton reaction), b) free hydroxy radical pro-
duced in acid medium by decomposition of hydrogen peroxide
without adding DMPO



shows that allicin has a strong antioxidant activity. The
antioxidant activity of allicin is related to its antimuta-
genic and anticarcinogenic effect, since the hydroxy radi-
cals contribute to these diseases (Gutteridge et al. 1990,
Halliwell 1978, Halliwell 1994, Halliwell and Gutteridge
1984).
Based on the ESR analysis confirming the existence of
hydroxy radicals, and the mechanism of condensation of
allyl sulfenic acid to allicin (Sticher 1991), the mechanism
of the synthesis in Schemen 5 can be given.
Since the dissociation energy of the O––O bond in the
peroxide (200.9 kJ/mol) is weaker than the dissociation
energy of the S––S bond (301.39 kJ/mol) (Oa+ 1975), it
favors the formation of hydroxy radicals, which attack the
allyl disulfide molecule and produce a thiil radical and
allyl sulfenic acid. The thiil radical can be further com-
bined with a hydroxy radical to produce unstable allyl
sulfenic acid, or react with non-decomposed hydrogen per-
oxide and produce another hydroxy radical and allyl sulfe-
nic acid. It is also possible to recombine two thiil radicals
to obtain allyl disulfide, the starting substrate for allicin
synthesis. Two molecules of allyl sulfenic acid, which is a
very unstable compound, react and produce allicin isolat-
ing a water molecule. The slowest phase in the synthesis
of allicin is the decomposition of the compound into radi-
cals, whose concentration is constant in the stationary
state, which indicates that the synthesis is a zero order
reaction, which can be confirmed by observing kinetics of
allicin synthesis.

2.2. The kinetics of allicin synthesis

The allicin synthesis reaction can be presented as:
A þ B ¼ C þ D where A is allyl disulfide, B is hydrogen
peroxide, C is allicin and D is water. Allyl disulfide is a
limiting reactant because hydrogen peroxide was given
with a small surplus of about 10%. The kinetics of allicin
synthesis was examined by HPLC. The test results for
syntheses at 13 �C are given in Fig. 2.
The peak with a retention time of 2.19 min corresponds to
acetic acid, whil an allyl disulfide peak is seen at
Rt ¼ 20.44 min, and with the progress of the reaction its area
decreases. The hydrogen peroxide peak at Rt ¼ 2.01 min

shows a decrease in area due to consumption during the
synthesis. Allicin, as the synthesis product, has the peak at
Rt ¼ 4.00 min and its area increases continually. The peak
areas are proportional to the concentrations of the corre-
sponding compounds. HPLC shows another peak at about
Rt ¼ 41 min, coming from allyl trisulfide, present in the initi-
al reactant, allyl disulfide. During the reaction its concentra-
tion changes slightly, which shows that within the tempera-
ture range of the reaction process it does not take part in the
reaction. On the other hand, HPLC diagrams show almost no
peaks that could indicate more important secondary pro-
ducts.
The concentrations of allyl disulfide and hydrogen perox-
ide decrease lineally with reaction time (Fig. 3), indicating
that the allicin synthesis reaction is of zero order. Applica-
tion of the differential equation for the zero order reaction
rate:

� dCA

dt
¼ k ð1Þ

for the initial conditions where CA ¼ CA0 for t ¼ 0 the
calculation gives:

CA ¼ CA0 � k � t ð2Þ
Using eq. (2) the rate constant for the allicin synthesis re-
action, i.e. the consumption of allyl disulfide at 13 �C,
was determined as k ¼ 0.00126 mol/l min. Similary, the
synthesis was carried out at 26 �C and the reaction rate
constant of allyl disulfide depletion was obtained at
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Fig. 2: HPLC chromatograms of the samples taken from the reaction mix-
ture for allicin synthesis at various time intervals (t ¼ 0, 25, 77,
125, 170 min)



k ¼ 0.00236 mol/l min. With the two values of the rate
constant at two different temperatures we obtain the Ar-
rhenius’s equation:

k ¼ 2:338 � 103 � e� 34320
R �T ð3Þ

The synthesis reaction is very selective, and no relevant
secondary products are produced during the synthesis, as
seen in Fig. 2.
The synthesized allicin structure was characterized by UV,
FT-IR (Fig.), 1HNMR, 13CNMR and MS.
In the UV-spectrum of the aqueous allicin solution two
bands are observed with peaks at 198 nm (p! p* transi-
tion from isolated C¼C bond and n! s* from S¼O) and
254 nm (n(py) ! p* from C¼C).
In the IR spectrum of the synthesized allicin, the sharp band
of medium intensity at 1635 cm�1 is indicative of two ter-
minal C¼C bonds and a high intensity band at 1087 cm�1

is indicative of valence vibrations of S¼O group.

3. Experimental

3.1. Reagents

Allyl disulfide (80%, r ¼ 1.008 g/ml) and 5,5-dimethyl-1-pyrroline N-oxide
(97%, r ¼ 1.015 g/ml) were purchased from Aldrich Chemical Co. Other
reagents used in the work were of analytical quality.

3.2. Synthesis and purification

Dissolve allyl disulfide 80% (3.5 ml) in glacial acetic acid, make up with
glacial acetic acid to 25 ml, and leave the solution in a cold bath (0 �C).
Add to the allyl disulfide solution the acid solution of hydrogen peroxide
dropwise for 25 min with intensive stirring. The acid solution of hydrogen
peroxide is prepared by dissolving 30% hydrogen peroxide (3.5 ml) in gla-
cial acetic acid and the volume is adjusted to 25 ml. After the whole vol-
ume of hydrogen peroxide has been added, continue the synthesis reaction
with intensive stirring for several hours at constant temperature between 10
and 30 �C. Neutralize the reaction mixture by adding potassium hydroxide
solution (43 g potassium hydroxide was dissolved in distilled water and
volume adjusted to 50 ml) dropwise with intensive stirring and cooling. If
potassium acetate should form and separate during the neutralization, add
distilled water (5–10 ml) to the reaction mixture to dissolve the separated
potassium acetate. During the neutralization phase, an oily liquid is sepa-
rated with the characteristic intensive garlic odor.
The allicin is isolated from the raw reaction mixture by extraction with
diethyl ether (4� 50 ml). Ether is evaporated from the coalesced ether frac-
tions and two oily fractions are obtained which are not miscible, a color-
less heavier fraction and a light yellow lighter fraction, allicin.

3.3. ESR investigations

Electron spin resonance spectral determinations were carried out on a Bru-
ker 300 E spectrometer, with microwave radiation with nominal frequency
9.5 GHz (x-rays), and the following operating characteristics: modulation

frequency 100 kH, modulation amplitude 0.204 G, time constant
327.68 ms, measuring time range 1310.72 ms, field center 3440 G, total
measuring range 100 G, microwave frequency 9.64 GHz, microwave area
power 20.0 mW, and measurement temperature 20 �C. The reaction mix-
ture samples were contained in a standard Bruker ER-160 FC quartz cuv-
ette for aqueous solutions.

3.4. HPLC analysis

Allicin determination and content were carried out during the synthesis
process by HPLC under the following conditions: Apparatus: Hewlett
Packard 1100 (pump, detector, software). Column: LiChrosorb1; RP-18,
5 mm. Eluent: methanol : water : formic acid ¼ 60 : 40 : 0.1. Flow rate:
1.2 ml/min. Task volume: 20 ml. Detection: UV detector 205 nm.

3.5. UV spectroscopy

The UV spectrum was obtained in water on a Perkin-Elmer lambda
15 UV/VIS spectrophotometer in quartz cuvettes 1 cm thick. UV, lmax

(H2O): 198 and 254 nm.

3.6. FT-IR spectroscopy

IR spectrum was recorded on Bomem Hartmann 7 Braunm MB series FT-
IR spectrophotometer between KBr plates with 0.1 mm film thickness, wa-
velength region between 4000 and 400 cm�1. IR, nmax (KBr), cm�1: 3083,
2978, 1635, 989, 926, 1043, 1087.

3.7. 1H NMR and 13C NMR spectrometry
1H NMR and 13C NMR spectra were obtained on a Bruker AC 250 E
spectrometer with operating frequency 250 and 62.5 MHz, respectively, in
5 mm dia glass cuvettes at room temperature by the impulse method with
multiple repetitions of scans to obtain 13C NMR spectra. 1H NMR
(250 MHz, CDCl3) at d: 3.25–3.5 (2H, CCH2SO), 3.5–3.6 (2H, SCH2C),
5.16–5.3 (2H, CH2C), 5.8–5.96 (1H, CH2CHCH2). 13C NMR (62.5 MHz,
CDCl) at d: 33.17 (3b, SCH2CH), 53.6 (3a, CHCH2SO), 118.55 (1b,
CHCH2), 123.96 (1a, CH2CH), 125.3 (2b, CH2CHCH2), 132.6 (2a,
CH2CHCH2).

3.8. MS spectrometry

MS spectra were obtained on a GC-MS Voyager spectrometer with elec-
tron ionization 70 eV. EI MS (70 eV) m/z (rel. intensity) 162 (M+, 10),
144 (24), 73 (M-C3H5OS, 28), 72 (40), 45 (48), 41 (M-C3H5OS2, 100).

References

Adetumbi MA, Lau BH (1983) Allium sativum (garlic)––an natural atibio-
tic. Med Hypothesis 12: 227–237.

Brunet JC (1998) Kiseonikovi slobodni radikali i prirodni antioksidanti,
Zaduzbina Andrejevic, Beograd p. 57–71.

Cavallito CJ, Bailey JH (1944) Allicin, the antibacterial principle of Allium
sativum. I. Isolation, physical properties and antibacterial action. J Am
Chem Soc 66: 1950–1951.

Cavallito CJ, Buck JS, Suter CM (1944) Allicin, the antibacterial principle
of Allium sativum. II. Determination of the chemical structure. J Am
Chem Soc 66: 1952–1954.

Criss WE (1982) Inhibition of tumor growth with low dietary protein and
with dietary garlic extracts. Fed Proc 41: 281–287.

Cruz-Villalon G (2001) Synthesis of allicin and purification by solid-phase
extraction. Anal Biochem 290: 376–378.

Ernst E (1987) Cardiovascular effects of garlic (Allium sativum): A Re-
view. Pharmatherapeutica 5: 83–89.

Freeman F, Kodera YJ (1995) Garlic chemistry: stability of S-(2-Propenyl)
2-Propene-1-sulfinothioate (Allicin) in blood, solvent, and simulated
physiological fluids. J Agric Food Chem 43: 2332–2338.

Gutteridge JMC, Maidt L, Poyer L (1990) Superoxide dismutase and Fen-
ton chemistry. Biochem J 269: 169–174.

Halliwell B (1978) Superoxide-dependent formation of hydroxyl radicals
in the presence of iron salts. FEBS Lett 96: 238–242.

Halliwell B (1994) Free radicals and antioxidants: A personal view. Nutr
Rev 52: 253–265.

Halliwell B, Gutteridge JMC (1984) Oxygen toxicity, oxygen radicals,
transition metals and disease. Biochem J 219: 1–14.

Huddleson IF (1944) Antibacterial substances in plants. J Am Vet Med
Assoc 105: 394–397.

Hughes BG, Lavson L (1991) Antimicrobial effects of Allium sativum
(garlic), Allium ampeloprasum (elephant garlic) and Allium cepa
(onion), garlic compounds and commercial garlic supplement products.
Phytother Res 5: 154–158.

Iberl B, Winkler G, Müller B, Knobloch K (1990) Quantitative determina-
tion of allicin and alliin from garlic by HPLC. Planta Med 58: 320–326.

Jansen H, Müller B, Knobloch K (1987) Allicin characterization and its
determination by HPLC. Planta Med 53: 559–562.

ORIGINAL ARTICLES

Pharmazie 59 (2004) 1 13

0 50 100 150 200 250
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Allyl disulfide
Hydrogen peroxide

C
,m

ol
/l

t, min

Fig. 3: Variations of concentrations of allyl disulfide and hydrogen perox-
ide with respect to the reaction time



Koch HP (1993) Garlicin –– fact or fiction? The antibiotic substance from
garlic (Allium sativum L.). Phytother Res 7: 278–280.

Koch J, Berger L, Reiter CV (1989) Allicin in Knoblauch – Allium sati-
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