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ABSTRACT: The antioxidant activities of ten thiobisphenols
were evaluated by an oxygen-absorption method at 60°C in
tetralin and determination of peroxide values at 160°C in paraf-
fin. For the 4,4’-thiobisphenols, alkyl groups ortho to the phe-
nolic hydroxyl groups increased the induction period compared
to that of other thiobisphenols for both oxidation of tetralin and
paraffin. The data on electrochemical oxidation potentials that
were determined by linear-sweep voltammetry and the '3C nu-
clear magnetic resonance chemical shifts (8) of these com-
pounds were associated with antioxidant activities. In particu-
lar, the activities exhibited during the induction period closely
correlated with the '3C chemical shifts of ipso-carbon of the OH
substituent.
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During the course of our studies of phenol derivatives as an-
tioxidants for hydrocarbons and other organic materials, we
have concluded that phenolic compounds that contain hy-
droxy-substituted diarylmethylene moieties, such as ben-
zylphenols and alkylidenebisphenols, show high antioxidant
activities (1-3). These phenol derivatives act as chain-break-
ing antioxidants. Their antioxidant activity is related to both
the 13C nuclear magnetic resonance (NMR) chemical shifts
of the ipso-carbon of the OH substituent and the electrochem-
ical oxidation potentials. The '3C chemical shifts of the ipso-
carbon of the OH substituent and the electrochemical oxida-
tion potential indicate the total n-electron density of the oxy-
gen atom and the simplicity of the one-electron and one-
proton transfers, respectively. Namely, the antioxidant activi-
ties of the benzylphenols and alkylidenebisphenols were gov-
erned by the ability of the one-electron and one-proton trans-
fers after the hydrogen abstractions, which are dependent
upon the total nt-electron density of the oxygen atom.

On the other hand, the long-standing antioxidants that con-
tain sulfur atoms are well known as effective peroxide de-
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composers and are synergistic in combination with chain-
breaking antioxidants (4,5). Therefore, it can be expected that
the coexistence of the phenolic hydroxyl group and a sulfur
atom in one molecule increases its antioxidant activity, pre-
dominantly at elevated oxidation temperatures.

In this study, in view of the activities as chain-breaking in-
hibitors and peroxide decomposers, 2,2’- or 4,4’-thiobisphe-
nols that contain methyl and/or tert-butyl groups as sub-
stituents were evaluated by an oxygen-absorption method at
60°C in tetralin and by determination of peroxide values at
160°C in paraffin, respectively. In addition, their antioxidant
activities are discussed in connection with their '3C NMR
chemical shifts and electrochemical oxidation potentials to
make a comparison with ethylidenebisphenols for clarifying
the role of the bridging S atom.

EXPERIMENTAL PROCEDURES

Measurements. NMR spectra were recorded with a Hitachi R-
90H FT spectrometer (Tokyo, Japan) operating at 90 MHz
for 'H and 22.7 MHz for '*C NMR with complete proton de-
coupling. The spectra were observed in a 1 M solution in
(CD;),CO. Chemical shifts were referenced to tetramethylsi-
lane (TMS). Gas-liquid chromatography (GLC) analyses
were carried out on a Yanagimoto (Kyoto, Japan) gas chro-
matograph (model GCG-G 1800-T) in a 1.5-m column
packed with Silicone SE-30 (10% wt). Liquid chromatogra-
phy was carried out on a Shimadzu (Kyoto, Japan) model L.C-
6A with a Shim-pack CLC-ODS column.

Antioxidants. Ten thiobisphenol derivatives and one sul-
fide studied in this work were 4,4’-thiobis(2,5-dimethylphe-
nol) (1), 4,4’-thiobis(2,6-dimethylphenol) (2), 4,4’-thio-
bis(2,3,6-trimethylphenol) (3), 4,4’-thiobis(2-isopropyl-5-
methylphenol) (4), 4,4’-thiobis(2-tert-butyl-6-methylphenol)
(8), 4,4’-thiobis(2-tert-butyl-5-methylphenol) (6), 2,2’-thio-
bis(4,5-dimethylphenol) (7), 2,2’-thiobis(4,6-dimethylphe-
nol) (8), 2,2’-thiobis(3,5,6-trimethylphenol) (9), 2,2’-thiobis(5-
tert-butylphenol) (10), and diphenyl sulfide (11) (Scheme 1).

Preparation. Commercially available compounds 5, 6, and
11 were further purified by recrystallization from a mixture
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HO1

1; Ri=R;=Me, R,=R,=H
2; R,=R,=Me, R,=R;=H
3; R{=R,=R,;=Me, Ry=H
4; R=iso-Pr, Ry=Me, Ry=R,=H
5; Ry=tert-Bu, R;=Me, Ry=R;=H
8; R,=tert-Bu, Ry=Me, R,=R,=H

7; Ry=R;=Me, R,=R,=H

8; R=R=Me, R,=Ry=H

9; R;=Rz=R,=Me, Ry=H
10; Ry=tert-Bu, R,=R,=R,=H

1a; R,=R;=Me, R,=R,=H
2a; R =R,=Me, R,=Rz=H
4a; R,=iso-Pr, Ry=Me, R,=R,=H
6a; R,=tertBu, Ry=Me, R,=R,=H

7a; Ry=R;=Me, R,=R,=H
8a; R=R,=Me, R,=R;=H

SCHEME 1

of benzene and hexane. Other known compounds used in this
work were prepared by known methods or simple modifica-
tions thereof (6-9). For example, compounds 1-4 and 7-10
were prepared by the usual method (6) involving the reaction
of the corresponding phenol with thiony! chloride in chloro-
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form solution. These compounds 1-10 gave satisfactory re-
sults for elemental analyses and "H NMR chemical shifts.
Determination of antioxidant activity for tetralin. Mea-
surement of the oxygen-absorption rate was performed with
an isobaric gas absorption apparatus with a closed-flow sys-
tem (2.0 £ 0.1 L oxygen hh provided with an electrolyzer. It
contained 50 mL of tetralin with an antioxidant (1 mM) and
azobisisobutyronitrile (AIBN) as the initiator (10 mM). The
oxidation temperature was kept at 60 + 0.1°C, and the oxy-
gen absorption was periodically measured in a constant-pres-
sure closed system. The induction period (IP) and the oxida-
tion rates were determined both during and after IP (2,3).
Determination of antioxidant activity for paraffin. Activi-
ties of 1-10 in paraffin (m.p. 52-54°C; Wako Pure Chemical
Co., Osaka, Japan) were evaluated by measuring the time re-
quired to oxidize the paraffin to a given extent by dry-air
blowing (2 L h™") at 160°C. The antioxidant was added as an
aliquot of an ethanol solution to 50 g melted paraffin. To re-
move the ethanol, the mixture was heated under reduced pres-
sure, and then poured into a glass test tube (3.5 cm diameter)
(10). The constant-temperature oil bath was equipped with an
immersion heating element to control temperature to +0.5°C.
The rate of oxidation of the paraffin was followed by measur-
ing the peroxide value. The IP was defined as the time re-
quired to obtain a peroxide value of 50 (10).
Electrochemical determination. Linear-sweep voltammo-
grams were recorded for each compound (1 mM) in acetoni-
trile with LiCIO, (0.1 M) as the supporting electrolyte. The
counter and working electrodes were made of platinum, and
the working electrode potential was referenced to Ag/AgClL
Potential sweeps were generated with a Hokuto (Tokyo,
Japan) Denko HB-107A function generator in connection

TABLE 1
13C Chemical Shifts for Compound 1-112
Compound G G, C, C, C G R, R, Ry R,
1 155.2 1233 134.6 1249 1378 117.5 15.7 20.2
1a 153.4 136.2
2 153.9 125.9 132.6 1269 132.6 125.9 16.7 16.7
2a 151.6 138.7
3 153.7 125.2 136.9 126.6 1324 123.5 13.2 16.8 17.4
4 154.7 134.4 130.7 125.4 1379 118.2 [23.1 20.3
27.5
4a 152.4 136.4
5 154.5 126.1 132.3 126.6 1285 138.3 16.8 {30,4
35.4
6 155.5 119.4 138.2 125.2 1314 135.4 20.2 30.2
353
6a 153.6 135.5
7 155.8 118.2 136.4 1294 1399 17.7 18.7 19.6
7a 151.9 129.9
8 153.5 121.1 1333 136.6 1329 126.0 20.8 17.1
8a 149.8 132.8
9 156.4 117.2 139.8 121.8 1393 125.1 20.5 215 13.0
10 156.8 117.5 134.7 118.3 154.2 113.2 {31.7
35.3
11 127.8 129.9 131.5 136.2 1315 129.9

2The data of 1a, 2a, 4a, 6a, 7a, and 8a are taken from Reference 3.
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with a Hokuto Denko HA-104 potentiostat. All measurements
at the scan rate of 200 mV s~! were carried out at 25 = 0.1°C
in a constant-temperature bath under a nitrogen atmosphere.

RESULTS AND DISCUSSION

The 13C chemical shifts of compounds 1-11. The '*C signals
for 1-11 were easily assigned by using the known chemical
shift rules on the parameters (11), and the results are given in
Table 1. These shifts are thought to be dependent on the struc-
tures of the phenol nuclei with R, _, substituents and bridging
S atom.

The & values of the C, carbons, the ipso-carbons of the OH
substituent, shifted due to both substituent and steric effects
produced by the ortho- and para-substituents and the bridg-
ing S atom. On the other hand, the C, values in 7-10, the
ipso-carbons of S in the 2,2’-series, exhibited higher upfield
shifts in comparison with the C, values in 1-6, the ipso-car-
bons of S in the 4,4’-series.

From the standpoint of the chemical shifts of both ipso-
carbons of the OH substituents and bridging S atom already
mentioned, compounds 1-10 may be divided into two groups;
the 4,4’-series (1-6) and the 2,2 -series (7-10), as shown in
Figure 1. In each group, the value of the ipso-carbon of OH is
inversely related to that of S. These results suggest that the
electron density of the ipso-carbon of the bridging S atom was
governed by both the position of the OH substituent and the
total m-electron density of the oxygen atom.

Furthermore, compared to the corresponding ethyli-
denebisphenols, the C, values exhibit lower downfield shifts
of 1.8-3.9 ppm, whereas the C, and C, values exhibit higher
upfield shifts of 10.3-11.7 ppm (see Table 1). That is, al-
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FIG. 1. Relationship between '3C chemical shift of the ipso-carbon of
OH and S: O, 4,4'-series, @, 2,2'-series.
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though the shifts are small, the electron densities of the ipso-
carbon of the OH substituent are influenced by the bridging S
atom.

Activities of antioxidants. Data regarding the activities of
compounds 1-11, denoted by their IP values, the stoichiomet-
ric factor (n), which is the number of radicals trapped by each
molecule of antioxidant (12), the rates of oxygen absorption,
and the oxidation potential (E), along with those of some eth-
ylidenebisphenols, are listed in Table 2.

The autoxidation of tetralin at 60°C was initiated by
AIBN, and the inhibition by phenol derivatives can be de-
scribed by the following chain-reaction schemes (12), where
RH denotes tetralin or paraffin and RO, is the peroxyl radi-
cal:

0,
Initiation: AIBN; RH —> RO, - [1]
k
propagation: RO,* + RH —> ROOH + R- 2]
R+ +0, —> RO, [3]
kt
termination: 2RO,* —> nonradical products [4]

In the presence of a chain-breaking phenolic antioxidant,
ArOH, the oxidation chains are terminated by Reactions 5 and
6, where n represents the stoichiometric factor for the antiox-
idant.

kinh
RO,* + AtOH —> ROOH + ArO- [5]
(n-1)RO,* + ArO» —> nonradical products [6]

Consequently, the IP and the rates of inhibited and uninhib-
ited oxidations can be represented by Equations 7, 8, and 9,
where R; is the rate of the chain initiation:

IP = n[ArOHV/R, (7
—d[O,}/dr = k R[RHVnk;,; [ArOH] (8]

and
—~d[O,)/dr = k (R/2k)"*[RH] 9]

From these equations, the characterizations of the antiox-
idative activities can be expressed by three values: IP, n, and
k.- However, the value of &, is difficult to experimentally
obtain. Consequently, instead of this value, the rate of oxygen
absorption in Equation 8 was used.

The IP values of the 4,4’-series for tetralin were greater
than those of the 2,2’-series. Of these compounds, 2 and 3 ex-
hibit a much longer IP and thus higher » values, in compari-
son with those of the other thiobisphenols.
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TABLE 2
Activities of Antioxidants Along with the Oxidation Potentials for Compounds 1-112
-d10,1/d
1P (M min™") 1P E,
Compound (min) n° mx10%  (px10? (h) V)
1 495 3.56 7.8 2.2 14.8 1.1
1a 425 3.06 8.9 3.1 6.0
2 655 4.72 5.4 3.1 19.2 0.95
2a 670 4.82 4.5 5.7 8.0
3 645 4.64 4.8 3.2 18.0 0.96
4 528 3.80 7.1 2.3 13.7 1.07
4a 508 3.66 7.1 5.6
5 540 3.89 7.4 2.1 16.5 1.02
6 514 3.70 7.3 2.1 13.6 1.07
6a 420 3.02 7.1 3.7
7 355 2.56 10.7 3.3 7.5 1.21
7a 591 4.26 5.1 4.3 7.9
3 556 4.00 6.3 3.9 10.8 1.03
8a 912 6.57 2.7 5.9 12.6
9 270 1.94 14.7 29 7.0 1.30
10 260 1.87 15.4 2.7 6.4 1.32
11 11 25.5 7.9
Control 6 9.1

“The data of 1a, 2a, 4a, 6a, 7a, and 8a except for the induction period (P} values of paraffin, were

taken from Reference 3.
2P values for tetralin.

“The stoichiometries were determined at 60°C by the IP method (Ref. 13).
The rates of oxygen absorption; (1) for an inhibited autoxidation during IP and (I) for after IP.

€The IP values for paraffin.

For oxygen absorption rates during IP [see (I) in Table 2],
relatively lower rates were found for 2, 3, and 8. According
to Equation 8, the rate varies inversely with the product of
and k., . Figure 2 shows that the rates vary inversely with n
and shows an approximately linear relationship. From this re-
lation, it is thought that the k, ; values of compounds 1-10
are nearly equal. On the other hand, the rates after IP [see (I)
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FIG. 2. Relationship between the stoichiometric factor (n) and the rate
of oxygen absorption during the induction period for the oxidation of
tetralin: O, 4,4'-series, @, 2,2'-series.
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in Table 2], occur in the range of (1.0-3.9) X 1074, Generally,
when all antioxidants are consumed by Reactions 5 and 6, the
rate of autoxidation obeys Equation 9 and is nearly equal to
that of the control test (2,3). In the thiobisphenol series, none
of the observed rates are close to 9.1, and are much lower than
those of the corresponding ethylidenebisphenols (see Table
2). This means that the retardation ability persists, even after
IP is over, due to the antioxidant activity of the bridging S
atom. Therefore, it is expected that thiobisphenols react not
only as the chain-breaking inhibitor but also as the peroxide
decomposer.

Correlations of antioxidant activities with 13C NMR chem-
ical shifts. Recently, we reported on studies of the hydrogen
abstractions of phenolic antioxidants in the chain process of
antioxidation by ab initio molecular orbital calculations (14).
The experimental results showed that the gain or loss of elec-
trons in the reaction states may be correlated to the experi-
mental data, the 1*C chemical shifts of the ipso-carbon of the
OH substituent, and the values of the IP as antioxidant activ-
ity (15,16). Consequently, to understand the factors and
mechanisms governing the activities, several attempts were
made to plot their IP values and the rates of oxygen absorp-
tion vs. the ipso-carbon chemical shifts of the OH substituent,
respectively. The data are taken from Tables 1 and 2. Figure 3
shows the relationship between IP values and the ipso-carbon
chemical shifts of the OH substituent. The plotted points fall
on a different line but show a linear relation in each group.
This fact indicates that the IP values increase with a decrease
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FIG. 3. Relationship between the induction period (IP) for tetralin and
13C chemical shift of the ipso-carbon of OH: O, 4,4'-series, @, 2,2'-se-
ries.

in the chemical shifts of the ipso-carbon of the OH substituent
in each group. Therefore, the IP values are governed by the
electron densities of the ipso-carbons of the OH substituent.
Figure 4 shows the linear relationship of the rate of oxygen
absorption of (I) with the ipso-carbon chemical shifts of the
OH substituent. The rate of (I) in each group increases with
increasing ipso-carbon shifts of OH. Namely, by increasing
the electron density of the ipso-carbon of OH, the rate (I) de-
creases. These facts indicate that the antioxidant activities ex-
pressed by the values of n, IP, and the rate of oxygen absorp-
tion are influenced by the electron densities of the OH sub-
stituent (2,3).
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FIG. 4. Relationship between the ipso-carbon chemical shift of OH and
the rate of oxygen absorption during induction period for tetralin: O,
4,4"-series, @, 2,2'-series.
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Therefore, it is considered that these thiobisphenols as an-
tioxidants for autoxidation of tetralin at 60°C act as a chain-
breaking inhibitor of the peroxyl radical (15,16). It is well
known that the bridging S atom acts as a peroxide decom-
poser (4,5). As shown in Table 2, the IP values for 7 and 8 are
greatly inferior to those of 7a and 8a, that have an ethylidene
group. On the contrary, the IP values for 1, 4, and 6 are larger
than those of 1a, 4a, and 6a, respectively. There are some dif-
ferences between the compounds of the 2,2’-series and 4,4'-
series. In the 2,2 -series, the structures of 7 and 8 might be
thought to have hydrogen bonds between the bridging S atom
and the OH substituent at the ortho-positions (17).

Furthermore, a previous study suggests that the rate con-
stant for the hydrogen abstraction by peroxyl radicals for a-
tocopherol and related compounds depends on the degree of
stabilization of the phenoxyl radical (18). Stabilization of the
phenoxyl radical depends on both the extent of orbital over-
lap between the 2p lone pair on the para oxygen atom and the
aromatic m-electron system, and the electron-donating ability
of the group bonded to the para oxygen atom. Thus, the het-
eroatom substituent at the position para to the hydroxyl
group, the bridging S atom in the 4,4’-tiobisphenols, may be
important in increasing antioxidant activity.

Antioxidant activity for paraffin. Activities of compounds
1-10 for paraffin at 160°C were evaluated by determining peroxide
value. The IP values are listed in Table 2. The compounds of
the 4,4’-series (1-6) exhibited a higher IP compared with
those of the 2,2"-series. In particular, compounds 2 and 3 ex-
hibit a much larger IP. As Figure 5 shows, this fact holds for
linear relations with the '3C chemical shifts of the ipso-car-
bon of the OH substituent in each group. The IP values in each case
increase with a decrease in the chemical shifts of the ipso-car-
bon of OH. This is similar to the phenomenon in the case of
tetralin at 60°C.

However, the IP values of the 4,4’-series are much greater

153 |-
%
£ o
~ 155 |-
S 5 o
157 |
. .
0 10 20

IP (h)
FIG. 5. Relationship between the induction period (IP) for paraffin

and the ipso-carbon chemical shift of OH: O, 4,4'-series, @, 2,2'-
series.

JAQCS, Vol. 72, no. 9 (1995)



1052

700

IP (min)
n
s
—
°

300 |

1 1
1.0 1.2
Ep (V)

14

FIG. 6. Relationship between the oxidation potential (£;) and the induc-
tion period (IP) for tetralin: O, 4,4'-series, @, 2,2'-series.
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FIG. 7. Relationship between the oxidation potential (£;) and the induc-
tion period (IP) for paraffin: O, 4,4’-series, ®, 2,2'-series.

than those of the 2,2’-series for paraffin when compared to
tetralin. For paraffin, the activity may be determined as the
peroxide decomposer, including the activity as a chain-break-
ing inhibitor (4). Therefore, it can be assumed that the high
IP values of the 4,4"-series in paraffin reflect the decomposi-
tion of hydroperoxides by the bridging S atom. The effect of
sulfur as a peroxide decomposer is small in the 2,2"-series
compared to the 4,4’-series. The difference between the 4,4’-
series and the 2,2"-series on IP values may be due to the for-
mation of the intramolecular hydrogen bond in the 2,2’-se-
ries.

JAOCS, Vol. 72, no. 9 (1995)
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Correlation of antioxidant activity with the oxidation po-
tential (Ep). The IP values of compounds 1-10 show a linear
relationship with the E_ values in the case for tetralin as can
be seen in Figure 6. On the other hand, Figure 7 shows that
the plotted points fall on individual lines for the 4,4’-series
and 2,2’-series in paraffin. In each case, however, the IP val-
ues increase with decreasing E_ values. When the oxidation
of a molecule is carried out at some potential, the reaction in-
volves an initial electron loss, followed by proton migration.
The simplicity of these transfers can be seen by the lower E
values. In a previous paper (2), we showed that the ease of
one-electron and one-proton transfers is greatly increased by
an increased electron density at the ipso-carbon of the OH
substituent, based on the '*C NMR chemical shifts.

From the above facts, it may be considered that the IP val-
ues for both tetralin and paraffin primarily depend on the sim-
plicity of the hydrogen abstraction of the phenolic OH gov-
erned by the electron transfer. Although the IP values for
tetralin were governed by only the hydrogen abstraction, the
IP values for paratfin were influenced both by the hydrogen
abstraction and, after decomposition of the hydroperoxides,
by the bridging S atom. Consequently, the thiobisphenols
acted primarily as chain-braking antioxidants as well as other
phenol derivatives, such as the benzylphenols and alkyli-
denebisphenols, and then acted as a peroxide decomposer
after the hydrogen abstraction by the peroxyl! radicals.
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