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The presented article is devoted to the synthesis and study of the antioxidant properties

of sulfur-containing heterocyclic compounds. Initially, thiiranes were synthesized by

replacing the oxygen atom in the epoxy ring with a sulfur atom. Later, the corresponding

thietanes were synthesized under the influence of nucleophilic reagents in an aqueous

medium. The structure of the synthesized compounds is confirmed by IR and PMR

spectra, and their composition is confirmed by elemental analysis. The antioxidant

properties of the compounds were studied in the presence of an initiator in a

chlorobenzene medium. For this purpose, the interaction of the compounds with cumene

peroxide and cumene hydroperoxide radicals was studied and the kinetic parameters of

the reactions were obtained. The antioxidant activity of the samples with and without

inhibitors was determined from the kinetic curves based on the obtained parameters.

The oxidation products of one of the studied compounds, sulfoxide and sulfone, were

obtained and their antioxidant activity was studied. From the obtained results, it was

established that this activity is imparted to the newly synthesized thietane compounds by

the sulfur atom present in the thietane ring.
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Introduction

One of the most important challenges in modern
chemistry is protecting fuels, lubricants, and other
petroleum products from oxidation during long-term
storage and use. Antioxidant additives are widely applied
to prevent oxidative degradation of fuels and lubricants.
Currently, various organic compounds are used as
antioxidant additives in industrial practice worldwide
[1]. In addition to sulfides, thiophosphates,
phenothiazines, benzothiazines, and sulfur-containing
heterocyclic compounds such as thiirane and thietanes
are successfully employed for this purpose [2].

Experimental, results and discussion
The thiirane and thietane derivatives under study

were synthesized via the reaction of 1,2-epithio-3-
chloropropane with nucleophiles [3]:

CH2CH CH2

S

NaCl
ROCH

CH2

CH2

SRONa + Cl
, (I, II)

where R= (I), H- (II).
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The corresponding 3-thietanyl isothiocyanates
(III) were synthesized by treatment of the synthesized
3-substituted thietanes with ammonium thiosulfate
[4]:

CH2 CHCH2Cl + NH4SCN

S

CH

CH2

CH2

S
NH4Cl

H2O
N=C=S (III)

When the synthesis is carried out in an alcoholic
medium, thiirane isothiocyanate (IV) was obtained:

In the PMR spectrum of thiethanes, four protons
in two equivalent methylene groups located in the
four-membered thietane ring are observed in the range
of 1.85–4.00 ppm as a quintet with an intensity
ratio of 1:4:6:4:1. The signal of the only methine
proton in the thietane ring is shifted downfield due
to the negative inductive effect of the oxygen atom
bonded to it and appears as a quintet in the range of
4.8–5.4 ppm as a result of spin–spin coupling with
two neighboring methylene groups. In naphthyl-
substituted thietanes, the signal of seven
aromatic protons appears as a multiplet in the range
of 7.1–8.0 ppm.

Thioureas are white crystalline or oily
compounds. To purify crystalline 3-thietanyl-
substituted thioureas, they are dissolved in ethyl
alcohol and then reprecipitated upon addition of
benzene. The IR spectra of 3-thietanyl-substituted
thioureas retain absorption bands at 670–680,
720–730, and 1420–1445 cm–1, characteristic of the
four-membered thietane ring. The spectra also exhibit
an absorption band at 1500–1510 cm–1, corresponding
to stretching vibrations of the –NH–C(=S)– fragment.
The IR spectra do not show an absorption band
corresponding to the isothiocyanate functional group
around 2090 cm–1.

In the IR spectrum of 3-thietanyl-substituted
thioureas recorded as KBr pellets, a broad absorption
band in the region of 3320–3330 cm–1 is attributed
to N–H stretching vibrations. In the IR spectrum
recorded for a 0.005 M solution of these compounds
in CCl4, absorption bands at 3380 and 3480 cm–1

correspond to free (non-hydrogen-bonded)
N–H stretching vibrations. In addition, a band at
3040 cm–1 is observed in the spectrum of the dilute
solution, indicating the presence of intramolecular
N–H⋅⋅⋅S hydrogen bonds, which is consistent with
literature data [7].

In the NMR spectra of 3-thietanyl-substituted
thioureas, the protons of two equivalent methylene
groups in the four-membered thietane ring appear as
a quintet with an intensity ratio of 1:4:6:4:1 in the
range of 2.7–3.75 ppm. The signal of the methine
group in the thietane ring appears as a quintet in the
region of 4.3–4.7 ppm. The NH proton of the thiourea
fragment in all synthesized N-substituted thioureas
appears as a singlet in the region of 7.05–7.75 ppm.
In addition, depending on the nature of the substituents
in the amino moiety, signals corresponding to various
substituents are also observed.

Considering the complexity of studying the
antioxidant properties of fuel additives and other
petroleum products, model reactions were used.
The test reaction was carried out in a chlorobenzene

3-Thietanyl-substituted thioureas were
synthesized by reaction of 3-thietanyl isothiocyanates
(V–VI) with primary and secondary amines [5]:

CH2=CH-CH2NHC-NH-C6H4-CH3

S

CH2=CH-CH2N=C=S + H2N-C6H4-CH3
(V)

NHC-NH-CH2-C6H5

S

(VI)CH-

CH2

CH2

S N=C=S + NH2-CH2C6H5 CH-

CH2

CH2

S

To determine the effect of the thietanyl fragment
on the antioxidant properties of the synthesized thietane
compounds, the corresponding sulfoxides and sulfones
of 3-substituted thietanes were obtained by oxidation
under various conditions. The sulfoxides and sulfones
(VII, VIII) were obtained by oxidation with 30% H2O2

in glacial acetic acid or absolute ethanol [6]:

The structure of the compounds was established
by IR and PMR spectroscopy, while the composition
was confirmed by elemental analysis and purity was
assessed by thin-layer chromatography. In the IR spectra
of the synthesized 3-substituted thietanes, intense bands
corresponding to C–S stretching vibrations of the four-
membered thietane ring are observed at 670–680,
720–730, and 1425–1440 cm–1. Bands in the
1590–1610 and 1470–1450 cm–1 regions are assigned
to C=C stretching vibrations of the aromatic ring,
whereas the bands at 1710–1720 and 1730–1740 cm–1

correspond to C=O stretching vibrations of the ester
group.
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solution. 2,2'-Azobisisobutyronitrile (AIBN) was used
as an initiator. Oxygen is consumed during
the oxidation reaction, and based on this consumption,
the oxygen pressure was automatically compensated
[8]. The reaction was carried out at 600C.
The concentration of azobisisobutyronitrile was
2⋅10–2 mol⋅L–1. To study the antioxidant properties of
thiirane and thietane compounds, their interaction
with cumene hydroperoxide radicals was investigated.
Chlorobenzene, cumene, and cumene hydroperoxide
were purified prior to use [9,10].

The concentrations of the studied compounds were
investigated in the range of 3⋅10–4–5⋅10–6 mol⋅L–1.
The results showed that the compounds inhibit the
initiator-induced oxidation of cumene. The reaction
of thiirane and thietane compounds with cumene
hydroperoxide was studied in the oxidation of cumene
initiated by AIBN. A chlorobenzene solution was placed
in a glass reactor maintained in a thermostat, and the
reaction was carried out at an initiator concentration
of 2⋅10–2 mol⋅L–1 in the presence of cumene
hydroperoxide. To prevent air ingress, argon was
periodically purged through the reaction medium.
Samples were periodically withdrawn from the reactor,
and the amount of cumene hydroperoxide was
determined by the iodometric method. The rate of
interaction between hydroperoxides and the studied
compounds was evaluated based on the consumption
of cumene hydroperoxide:

studied] being compounds  theoftion [concentra

]ROOH[[ROOH]
= 0 ∞

−
v .

The stoichiometric coefficient (f) was calculated
based on the value of the induction period (τ):

0

i

[InH]

Wτ
=f

⋅

(1)

The stoichiometric coefficient (f) is defined as
the number of oxidation chains terminated by one
molecule of the inhibitor or its transformation product.
The rate of initiation (Wi) is 2⋅10

–7 mol⋅L–1⋅s–1. [InH]0

denotes the initial concentration of the inhibitor
(mol⋅L–1).

K7 is the rate constant for the reaction between
the inhibitor and peroxide radicals. It was determined
from the slope of the linear plot obtained by
transforming the kinetic oxygen absorption curve into
coordinates ∆[O2]

–1 versus reciprocal time (t–1) [11]:

(2)

The rate constant K7 is determined using Eq.
(1):

(3)

Here K2=1.51 L/mol⋅s; RH]=6.9 mol/L [12].
The kinetic curves for the initiator-induced

oxidation of cumene in the presence of the synthesized
thiiranes and thietanes are shown in Fig. 1.

Fig. 1. Kinetic curves of the initiated oxidation of cumene under the action of thiirane and thietane compounds (600C).

AIBN]=2⋅10–2 mol/L; [InH2,3,4,5,6]=3⋅10–4 mol/L. 1 – without inhibitor; 2 – InH1; 3 – InH2; 4 – InH3; 5 – InH4; 6 – InH5
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As can be seen from Fig. 1, the studied
compounds slow down the oxidation process by
reacting with cumene peroxide. In the absence of the
studied compounds, cumene oxidation proceeds at a
constant rate and no induction period is detected.
However, when the compounds are added to the
reaction medium at a concentration of 5⋅10–4 mol⋅L–1,
the oxygen uptake rate decreases. Figure 2 shows the
kinetic curves of cumene autoxidation in the presence
of the synthesized compounds. It is evident from the
kinetic curves that thiourea derivatives exhibit the
longest induction periods. Among them, compound 2
shows the longest induction period (250 min).

The reaction of the synthesized compounds with
cumene peroxide was performed in chlorobenzene
under a nitrogen atmosphere at 1100C using various
molar ratios. The corresponding kinetic parameters
characterizing the antioxidant activity of the compounds
are summarized in Table 1.

The results showed that the studied compounds
promote the decomposition of cumene hydroperoxide.
The kinetic curve of decomposition in the presence
of the synthesized compounds is S-shaped and is
characteristic of autocatalytic processes. The S-shaped
behavior has also been reported for other antioxidants
currently used in industry [13]. As can be seen in
Fig. 3a, a small amount of cumene hydroperoxide is
initially consumed over a period of about 10 min,
and an induction period is observed for compound 3.
Subsequently, the rate of cumene hydroperoxide

decomposition decreases as its concentration decreases.
This indicates that cumene hydroperoxide
decomposition proceeds in the presence of the newly
synthesized compounds (Fig. 3b).

The kinetic parameters for the catalytic
decomposition of cumene hydroperoxide in the
presence of the studied compounds are presented in
Table 2.

It was found that the corresponding sulfoxide
and sulfone derivatives do not inhibit cumene oxidation
(Table 1).

Conclusions

The results show that the key contributor to the
antioxidant activity of 3-substituted thietane compounds
is divalent sulfur in the thietane ring. The synthesized
3-substituted thietanes, their thiourea derivatives, and
functionally substituted thiirane compounds terminate
oxidation chains by reacting with peroxide radicals
and also catalytically decompose cumene hydroperoxide
into molecular products.
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Table 1

Kinetic parameters for the reaction of the synthesized compounds with cumene hydroperoxide radicals

Formula f 
K7⋅10

–4
,

L/mol⋅s 
[InH]⋅10

5
 τ, s 

No. 

T=60
0
C T=110

0
C 

1 
O CH

CH2

CH2

S
0.24 2.2 5 105 

2 CH

CH2

CH2

SHO 0.24 2.4 5 90 

3 CH

CH2

CH2

SS=C=N 0.96 2.23 5 80 

4 
CHCH2 CH2

S

S=C=N
0.59 2.13 5 65 

5 CH2=CH-CH2NHC-NH-

CH3

S
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6 CH-NHCNHCH2C6H5

CH2

CH2

S

S

34 7.05 5⋅10
–6 250 
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C H 2
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O
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Table 2

Kinetic parameters for the decomposition of cumene hydroperoxide induced by the synthesized compounds (T=1100C)

No. Formula [InH]⋅10
–4

 K', L/mol⋅s ν 

1 
O CH

CH2

CH2

S

 

5 43 82000 

2 CH

CH2

CH2

SHO

 

5 

2 

0.5 

42 78000 

3 CH

CH2

CH2

SS=C=N

 

5 32 82000 

4 
CHCH2 CH2

S

S=C=N

 

2 26 73800 

5 CH2=CH-CH2NHC-NH-

CH3

S
 

1 

5 
300 860000 

6 CH-NHCNHCH2C6H5

CH2

CH2

S

S
 

0.5⋅10
–5

 

5⋅10
–5 125 586000 

Fig. 3. (a) – kinetic curve of cumene hydroperoxide decomposition under the action of compound (2) (1100C).

[InH2]=5⋅10–5 mol/L. (b) – Kinetic curve of cumene hydroperoxide decomposition of other compounds (1100C).

[InH3,4,5]=5⋅10–5 mol/L. 1 – InH3; 2 – InH4; 3 – InH5
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ÄÎÑË²ÄÆÅÍÍß ÂËÀÑÒÈÂÎÑÒÅÉ ÑÈÍÒÅÇÎÂÀÍÈÕ
Ò²²ÐÀÍÎÂÈÕ ² Ò²ÅÒÀÍÎÂÈÕ ÑÏÎËÓÊ ßÊ
ÀÍÒÈÎÊÑÈÄÀÍÒÍÈÕ ÄÎÁÀÂÎÊ

Í.À. Øèðèíîâà, Ã.Ì. Òàëèáîâ

Äàíà ñòàòòÿ ïðèñâÿ÷åíà ñèíòåçó òà äîñë³äæåííþ
àíòèîêñèäàíòíèõ âëàñòèâîñòåé ñ³ðêîâì³ñíèõ ãåòåðîöèêë³-
÷íèõ ñïîëóê. Ñïî÷àòêó ò³³ðàíè áóëè ñèíòåçîâàí³ øëÿõîì
çàì³ùåííÿ àòîìà êèñíþ â åïîêñèäíîìó ê³ëüö³ àòîìîì ñ³ðêè.
Çãîäîì ó âîäíîìó ñåðåäîâèù³ ï³ä ä³ºþ íóêëåîô³ëüíèõ
ðåàãåíò³â áóëè ñèíòåçîâàí³ â³äïîâ³äí³ ò³åòàíè. Ñòðóêòóðó
ñèíòåçîâàíèõ ñïîëóê ï³äòâåðäæåíî ²×- òà ÏÌÐ-ñïåêòðî-
ñêîï³ºþ, à ¿õí³é ñêëàä – äàíèìè åëåìåíòíîãî àíàë³çó. Àí-
òèîêñèäàíòí³ âëàñòèâîñò³ ñïîëóê äîñë³äæóâàëè ó ïðè-
ñóòíîñò³ ³í³ö³àòîðà â ñåðåäîâèù³ õëîðáåíçåíó. Ç ö³ºþ ìå-
òîþ áóëî âèâ÷åíî âçàºìîä³þ ñïîëóê ³ç ðàäèêàëàìè ïå-
ðîêñèäó êóìîëó òà ã³äðîïåðîêñèäó êóìîëó é âèçíà÷åíî ê³íå-
òè÷í³ ïàðàìåòðè â³äïîâ³äíèõ ðåàêö³é. Àíòèîêñèäàíòíó àê-
òèâí³ñòü çðàçê³â ó ïðèñóòíîñò³ ³íã³á³òîð³â ³ áåç íèõ îö³íþ-
âàëè çà ê³íåòè÷íèìè êðèâèìè íà îñíîâ³ îòðèìàíèõ ïàðà-
ìåòð³â. Äîäàòêîâî áóëî îòðèìàíî ïðîäóêòè îêèñíåííÿ
îäí³º¿ ç äîñë³äæóâàíèõ ñïîëóê, ñóëüôîêñèä ³ ñèëüôîí, òà
äîñë³äæåíî ¿õíþ àíòèîêñèäàíòíó àêòèâí³ñòü. Íà îñíîâ³ îò-
ðèìàíèõ ðåçóëüòàò³â âñòàíîâëåíî, ùî àíòèîêñèäàíòí³ âëà-
ñòèâîñò³ íîâîñèíòåçîâàíèõ ò³åòàíîâèõ ñïîëóê çóìîâëåí³
íàÿâí³ñòþ àòîìà ñ³ðêè â ò³åòàíîâîìó ê³ëüö³.

Êëþ÷îâ³ ñëîâà: ãåòåðîöèêë³÷í³ ñ³ðêîâì³ñí³ ñïîëóêè,
ò³³ðàí, ò³åòàí, àíòèîêñèäàíò, êóìîë, ³íã³á³òîð.
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