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Abstract-Unsymmetrical sulfides were prepared by reactions of w-(3,5-di-tert-butyl-4-hydroxyphenyl)-
alkanethiols with various alkyl halides, and their antioxidant activity with respect to thermal autooxidation
of lard was studied in relation to their structure.

SO-3 antioxidant {bis[3-(3,5-di-tert-butyl-4-hy-
droxyphenyl)propyl] sulfide} is a well-known high-
performance versatile inhibitor of oxidative degrada-
tion of organic and bioorganic substrates [134]. It is
a bifunctional antioxidant; its molecule contains two
phenolic moieties exhibiting antiradical activity and
one sulfide moiety with antiperoxide activity. It has
been shown previously that, with respect to some mod-
el systems, the antioxidant activity (AOA) of SO-3 is
lower than that of its structural analogs containing the
same number of sulfide and phenolic fragments [436].
In this connection, we prepared from w-(3,5-di-tert-
butyl-4-hydroxyphenyl)alkanethiols I and alkyl hal-
ides a series of unsymmetrical sulfides II and com-
pared their antioxidant power with respect to oxida-
tion of lard as a model reaction:

4
e
iifc

ehj
HOÄ Ä(CH2)nSR + HHlg,

IIa3IIj

6cOH 3

4
e
iifc

ehj
HOÄ Ä(CH2)nSH + RHlg

Ia3Ic

4
e
iifc

ehj
HOÄ Ä(CH2)nSR + HHlg,

IIa3IIj

6cOH 3

4
e
iifc

ehj
HOÄ Ä(CH2)nSH + RHlg

Ia3Ic

where n = 2 (Ia), 3 (Ib), 4 (Ic); n = 2, R = Bu (IIa);
n = 3, R = Me (IIb); n = 3, R = Et (IIc); n = 3,
R = Pr (IId); n = 3, R = Bu (IIe); n = 3, R = s-Bu
(IIf); n = 3, R = t-Bu (IIg); n = 3, R = C18H37
(IIh); n = 3, R = CH2Ph (IIi); n = 4, R = Bu (IIj).

The initial thiols Ia3Ic were prepared from the cor-
responding alkyl halides as described in [7]. The reac-

tions of thiols I with primary and secondary alkyl
halides were performed in ethanol in the presence of
NaOH at approximately equimolar ratio of the reac-
tants. The yields of sulfides IIa3IIf and IIh3IIj were
72386%.

There were certain problems with synthesis of the
tert-butyl sulfide IIg. This compound could not be
prepared from Ib and 2-chloro- or 2-bromo-2-methyl-
propane under the above-described conditions because
of vigorous dehydrohalogenation and evolution of
2-methylpropene. Sulfide IIg could be prepared in
43% yield only in the absence of bases at 150oC and
elevated pressure (sealed ampules).

The composition and structure of all the com-
pounds II were confirmed by elemental analysis and
spectroscopy.

The relationship between the structure and the anti-
oxidant power was studied for sulfides II with thermal
autooxidation of lard as a model reaction. As references
we used SO-3, Ionol (2,6-di-tert-butyl-4-methylphenol),
and a 1 : 1 mixture of Ionol with didodecyl sulfide.
The rate of lard oxidation was monitored by accumula-
tion of primary oxidation products (hydroperoxides),
and the AOA was judged from the induction period t
(time in which the lard was oxidized to a peroxide num-
ber of 0.1). The results are obtained listed in the table.

All the sulfides II synthesized exhibited pro-
nounced AOA, surpassing that of both Ionol and its
mixture with didodecyl sulfide. The striking lack of
synergistic effect in this mixture is most probably
due to specific features of lard as oxidation substrate.
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It is known [9] that lard contains a large amount of
unsaturated fatty acid residues [in particular, oleic
(41354%), linoleic (5316%), and linolenic and ara-
chidonic (up to 2%)] whose hydroperoxide derivatives
are thermally unstable. Because of the relatively high
oxidation temperature in our model system, the rate
of decomposition of hydroperoxides appears to be con-
siderably higher than the rate of their reaction with
didodecyl sulfide; as a result, the antioxidant effect
of didodecyl sulfide is not manifested, and AOA of
the synergistic mixture of Ionol and dodecyl sulfide
is determined essentially by the antiradical activity of
Ionol. Since neither SO-3 nor its structural analogs
surpass Ionol in the antiradical activity [10], their high
AOA can be accounted for only by the internal syn-
ergism (bifunctional antioxidant activity).

The internal synergism of SO-3, sulfides II, and
their structural analogs [11, 12] is probably due to the
favorable steric arrangement of the phenolic and sul-
fide moieties, owing to which the hydroperoxide
molecule formed by reaction of the generated radical
with the phenolic group of the inhibitor is activated
by the sulfide moiety, having no time to escape to
the bulk of the substrate:
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Thus, the reaction of the antioxidant with an active
radical yields a thermally stable alkanol instead of
hydroperoxide acting as a chain-branching agent.

According to the generally accepted mechanism of
the effect of phenolic antioxidants, phenoxyl III can
react with peroxy radical to form quinoid peroxide IV
or quinone V, with the former pathway presumably
being preferable [13]:

e
iifc

ehj
6 7BHB
HO
;=

OOR`
(CH2)nÄSOÄR

IV

6

gggggggg
c

4
e
iifc

ehj
Ä(CH2)nÄSOÄR + R`OO..OÄ

III

e
iifc

ehj
7BHB
HO
B
HCH(CH2)n 3 1ÄSO2ÄR + R`OH

V

e
iifc

ehj
6 7BHB
HO
;=

OOR`
(CH2)nÄSOÄR

IV

6

gggggggg
c

4
e
iifc

ehj
Ä(CH2)nÄSOÄR + R`OO..OÄ

III

e
iifc

ehj
7BHB
HO
B
HCH(CH2)n 3 1ÄSO2ÄR + R`OH

V

Induction period in lard oxidation inhibited with phenolic
antioxidants (1 mmol per gram of lard, 130oC)
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄ

Antioxidant* ³ t, min
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄ
R(CH2)2SC4H9 (IIa) ³ 254
R(CH2)3SCH3 (IIb) ³ 271
R(CH2)3SC2H5 (IIc) ³ 296
R(CH2)3SC3H7 (IId) ³ 290
R(CH2)3SC4H9 (IIe) ³ 282
R(CH2)3SCH(CH3)C2H5 (IIf) ³ 297
R(CH2)3SC(CH3)3 (IIg) ³ 321
R(CH2)3SC18H37 (IIh) ³ 284
R(CH2)3SCH2C6H5 (IIi) ³ 266
R(CH2)4SC4H9 (IIj) ³ 350
RCH3 (Ionol) ³ 169
C12H25SC12H25 ³ 34
RCH3 + C12H25SC12H25 (synergistic mixture) ³ 169
R(CH2)3S(CH2)3R (CO-3) ³ 290
Control ³ 34
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄ
* R = 3,5-di-tert-butyl-4-hydroxyphenyl.

In this connection, the oxidative transformations
of sulfides II and SO-3 in reactions with peroxy radi-
cals can be represented by schemes (1) and (2), re-
spectively:
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Under the conditions chosen by us for oxidation of
lard, the antioxidant activities of SO-3 and sulfides II
are similar (the induction periods differ by no more
than 20%), which is quite consistent with the assumed
mechanism [reactions (1), (2)]. Despite the lower
sulfur content in SO-3, its sulfide moiety, similar to
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that in unsymmetrical sulfides II, is capable of deacti-
vating all the hydroperoxide molecules formed with
the participation of the phenolic groups of the anti-
oxidant. Therefore, SO-3 and sulfides II exhibit sim-
ilar degrees of internal synergism. The capability of
sulfoxide IV to reduce a second hydroperoxide mole-
cule formed in the substrate without participation of
the antioxidant does not contribute noticeably to the
inhibiting effect, as shown by data on the antioxidant
activity of didodecyl sulfide (see table).

Among sulfides II, sulfide IIj appeared to be the
most effective as inhibitor of lard oxidation; AOA
grew in the order IIa3IIe3IIj, i.e., with increasing
number of methylene units linking phenolic and sul-
fide moieties [10]. The effect of alkyl substituent R
on AOA of sulfides II is most probably determined by
its electron-donor power. For example, there is a reli-
ably detected trend toward an increase in the antioxi-
dant activity in the order IIe3IIf3IIg and in going
from IIb to IIc, i.e., with an increase in the electron
density on the sulfur atom and, hence, in the reactivity
of the sulfide moiety toward hydroperoxides.

On the whole, sulfides IIa3IIj can be considered
effective polyfunctional antioxidants.

EXPERIMENTAL

The 1H NMR spectra were taken on a Bruker spec-
trometer (500 MHz, CDCl3, external reference TMS),
and the IR spectra, on a Vektor 22 Fourier spectrom-
eter [neat samples, CCl4 solutions, or KBr pellets
(150 : 1).

The melting points were determined with a PTP
device.

Butyl 2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethyl
sulfide IIa. 1-Chlorobutane (1.9 ml, 18.3 mmol) was
added dropwise at room temperature to a solution of
4.5 g (16.9 mmol) of thiol Ia and 0.71 g (17.7 mmol)
of NaOH in 25 ml of ethanol. The mixture was re-
fluxed for 2 h, cooled, and treated with toluene. The
extract was washed with water and dried over Na2SO4;
the solvent was distilled off, and the residue was
vacuum-distilled. Yield of sulfide IIa 4.03 g (74%),
bp 1593161oC (1 mm Hg). 1H NMR spectrum
(CDCl3), d, ppm: 1.0131.04 t (3H, CH2 -M3e), 1.513
1.53 m (2H, C3H2Me), 1.55 s (18H, t-Bu), 1.683
1.69 m (2H, C3H2Et), 2.6332.66 t (2H, SC3H2Pr),
2.8732.90 m [4H, Ar(C3H2)2S], 5.17 s (1H, OH),

7.12 s (2H, Ar3H). IR spectrum (KBr), nmax,
cm31: 3646 (PhOH).

Found, %: C 74.63, H 10.78, S 10.17.
C20H34OS.
Calculated, %: C 74.47, H 10.62, S 9.94.

Methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl sulfide IIb was prepared similarly to IIa from
5 g (17.8 mmol) of thiol Ib and 1.2 ml (19.2 mmol)
of iodomethane; yield 4.11 g (78%), bp 145oC
(1 mm Hg). 1H NMR spectrum (CDCl3), d, ppm: 1.403
1.43 s (18H, t-Bu), 1.8931.90 m (2H, ArCH2C3H2),
2.10 s (3H, S3Me), 2.5132.54 t (2H, CH2S -M3e),
2.6132.64 t (2H, ArC3H2), 5.04 s (1H, OH), 6.98 s
(2H, Ar3H). IR spectrum (KBr), nmax, cm31: 3644
(PhOH).

Found, %: C 73.47, H 10.32, S 11.06.
C18H30OS.
Calculated, %: C 73.41, H 10.27, S 10.89.

Ethyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)pro-
pyl sulfide IIc was prepared similarly to IIa from 5 g
(17.8 mmol) of Ib and 1.5 ml (18.5 mmol) of iodo-
ethane; yield 4.0 g (73%), bp 1503151oC (1 mm Hg).
1H NMR spectrum (CDCl3), d, ppm: 1.2331.26 t (3H,
CH2 -M3e), 1.43 s (18H, t-Bu), 1.8531.91 m (2H,
ArCH2C3H2), 2.5332.57 m (4H, CH2SCH2), 2.613
2.63 t (2H, ArC3H2), 5.03 s (1H, OH), 6.98 s (2H,
Ar3H). IR spectrum (thin film), nmax, cm31: 3645
(PhOH).

Found, %: C 73.84, H 10.51, S 10.55.
C19H32OS.
Calculated, %: C 73.97, H 10.45, S 10.39.

Propyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)pro-
pyl sulfide IId was prepared similarly to IIa from 5 g
(17.8 mmol) of thiol Ib and 2 ml (22.6 mmol) 1-chlo-
ropropane; yield 4.32 g (75%), bp 1553157oC (1 mm
Hg). 1H NMR spectrum (CDCl3), d, ppm: 0.9630.99 t
(3H, CH2 -M3e), 1.3931.47 s (18H, t-Bu), 1.5831.62 m
(2H, C3H2Me), 1.8631.89 m (2H, ArCH2C3H2), 2.473
2.55 m (4H, CH2SCH2), 2.6132.64 t (2H, ArC3H2),
5.03 s (1H, OH), 6.98 s (2H, Ar3H). IR spectrum
(thin film), nmax, cm31: 3645 (PhOH).

Found, %: C 74.61, H 10.78, S 9.83.
C20H34OS.
Calculated, %: C 74.47, H 10.62, S 9.94.
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Butyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)pro-
pyl sulfide IIe was prepared similarly to IIa from
5 g (17.8 mmol) of thiol Ib and 1.9 ml (18 mmol)
of 1-chlorobutane; yield 4.68 g (78%), bp 165oC
(1 mm Hg). 1H NMR spectrum (CDCl3), d, ppm:
0.8930.92 t (3H, CH2 -M3e), 1.3831.42 m (2H,
CH2Me), 1.43 s (18H, t-Bu), 1.5331.59 m (2H,
CH2Et), 1.8631.91 m (2H, ArCH2C3H2), 2.5032.52 t
(2H, SC3H2Pr), 2.5332.55 t (2H, C3H2SBu), 2.613
2.64 t (2H, ArCH2), 5.03 s (1H, OH); 6.98 s (2H,
Ar3H). IR spectrum (thin film), nmax, cm31: 3646
(PhOH).

Found, %: C 75.08, H 10.85, S 9.69.
C21H36OS.
Calculated, %: C 74.94, H 10.78, S 9.53.

sec-Butyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl sulfide IIf was prepared similarly to IIa from
5 g (17.8 mmol) of thiol Ib and 2 ml (18.3 mmol)
of 2-bromobutane; yield 4.33 g (72%), bp 151oC
(1 mm Hg). 1H NMR spectrum (CDCl3), d, ppm:
0.9630.99 t (3H, CH2 -M3e), 1.2431.26 d (3H,
SC3HMe), 1.43 s (18H, t-Bu), 1.5131.61 m (2H,
C3H2Me), 1.873 1.89 m (2H, ArCH23CH2), 2.5332.56 t
(2H, C3H2S), 2.6132.63 t (2H, ArC3H2), 2.6832.69 m
(1H, SC3H), 5.03 s (1H, OH), 6.98 s (2H, Ar3H). IR
spectrum (thin film), nmax, cm31: 3647 (PhOH).

Found, %: C 74.98, H 10.89, S 9.72.
C21H36OS.
Calculated, %: C 74.94, H 10.78, S 9.53.

tert-Butyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl sulfide IIg. A 120-ml ampule was charged with
5 g (17.8 mmol) of thiol Ib and 30 ml (270 mmol) of
2-bromo-2-methylpropane and kept at 150oC for 3 h
in a thermostat equipped with a shaker, after which it
was cooled. The reaction mixture was treated with
benzene. The extract was washed with water and dried
over Na2SO4; the solvent was distilled off. The prod-
uct was purified by column chromatography (silica
gel, hexane). Yield 2.60 g (43%), bp 1573160oC
(1 mm Hg). 1H NMR spectrum (CDCl3), d, ppm:
1.31 s (9H, S3t-Bu), 1.43 s (18H, Ar3t-Bu), 1.87 m
(2H, ArCH2C3H2), 2.57 t (2H, C3H2S), 2.66 t (2H,
ArC3H2), 5.03 s (1H, OH), 6.98 s (2H, Ar3H). IR
spectrum (KBr), nmax, cm31: 3632 (PhOH).

Found, %: C 74.87, H 10.91, S 9.94.
C21H36OS.
Calculated, %: C 74.94, H 10.78, S 9.53.

Octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propyl sulfide IIh was prepared similarly to IIa from
5 g (17.8 mmol) of thiol Ib and 6.16 g (18.5 mmol)
of 1-bromooctadecane (synthesis time 8 h); yield
7.45 g (78%), mp 48350oC. 1H NMR spectrum
(CDCl3), d, ppm: 0.8730.89 t (3H, (CH2)17 -M3e),
1.2631.30 s [30H, (CH2)15 -M3e], 1.43 s (18H, t-Bu),
1.57 m (2H, C3H2C16H33), 1.88 m (2H, ArCH2C3H2),
2.5032.56 m (4H, CH2SCH2), 2.6132.69 t (2H,
ArC3H2), 5.03 s (1H, OH), 6.98 s (2H, Ar3H). IR
spectrum (KBr), nmax, cm31: 3645 (PhOH).

Found, %: C 78.84, H 12.23, S 6.21.
C35H64OS.
Calculated, %: C 78.88, H 12.10, S 6.02.

Benzyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)pro-
pyl sulfide IIi was prepared similarly to IIa from 5 g
(17.8 mmol) of thiol Ib and 2.15 ml (18.7 mmol) of
benzyl chloride (synthesis time 0.5 h); yield 5.73 g
(86%), mp 75376oC. 1H NMR spectrum (CDCl3), d,
ppm: 1.42 s (18H, t-Bu), 1.85 m (2H, ArCH2C3H2),
2.4232.45 t (2H, CH2S), 2.5732.60 t (2H, ArC3H2),
3.69 s (2H, C3H2Ph), 5.03 s (1H, OH); 6.94 s (2H,
Ar3H); 7.2637.28 m (5H, Ph). IR spectrum (KBr),
nmax, cm31: 3574 (PhOH).

Found, %: C 77.91, H 9.19, S 8.79.
C24H34OS.
Calculated, %: C 77.78, H 9.25, S 8.65.

Butyl 4-(3,5-di-tert-butyl-4-hydroxyphenyl)butyl
sulfide IIj was prepared similarly to IIa from 5.7 g
(19.3 mmol) of thiol Ic and 2.2 ml (21.3 mmol) of
1-chlorobutane (synthesis time 4 h); yield 4.88 g
(72%), bp 1683170oC (1 mm Hg). 1H NMR spectrum
(CDCl3), d, ppm: 0.9230.95 t (3H, CH2 -M3e), 1.423
1.42 m (2H, C3H2Me), 1.46 s (18H, t-Bu), 1.563
1.62 m (2H, C3H2Et), 1.71 m [4H, ArCH2(C3H2)2],
2.5532.56 m (4H, CH2SCH2), 2.64 t (2H, ArC3H2),
5.03 s (1H, OH), 6.99 s (2H, Ar3H). IR spectrum
(KBr), nmax, cm31: 3645 (PhOH).

Found, %: C 75.61, H 11.09, S 9.32.
C22H38OS.
Calculated, %: C 75.36, H 10.92, S 9.15.

Lard was oxidized at 130oC in an oxidation cell
with bubbling oxygen, as described in [14]. The
amount of lard placed in the cell was 50 g, and
the concentration of antioxidants, 1 mmol per gram
of lard. The progress of oxidation was monitored
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by accumulation of peroxide compounds whose con-
centration was determined iodometrically [15] and
expressed in peroxide numbers. The initial peroxide
number of the lard was 0.002% iodine. The induction
periods were determined graphically from the kinetic
curves.

CONCLUSIONS

(1) The alkyl w-(3,5-di-tert-butyl-4-hydroxyphen-
yl)alkyl sulfides synthesized exhibit high inhibiting
activity, which is due to the bifunctional mechanism
of the antioxidant effect and to the internal synergism.

(2) Under the conditions of the model reaction
used in this study, the antioxidant activity of the sul-
fides grows with increasing length of the hydrocarbon
chain linking the phenolic and sulfide moieties and
with increasing electron-donor power of the aliphatic
substituent.

(3) The compounds synthesized are of interest as
antioxidants preventing development of oxidation
processes in fats.
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