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New diphenylsulfi mide derivatives containing substituents with the 2,6-di-tert-butylphenol 
moiety at the nitrogen atom were synthesized. Their molecular structures were established by 
X-ray diff raction. Antioxidant activity was experimentally evaluated by spectrophotometry based 
on hydrogen transfer to the stable radicals, namely, 2,2-diphenyl-1-picrylhydrazyl and the 
2,2´-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation (ABTS•+), and using 
in vitro lipid peroxidation in rat brain and liver homogenates. The presence of phenol and di-
phenylsulfi mide moieties in one molecule leads to a signifi cant enhancement of antioxidant 
activity. The new compounds exhibit moderate inhibitory activity against enzymes involved in 
carbohydrate and lipid metabolism. The evaluation of antiglycation activity showed that the 
new sulfi mides taken at a concentration of 100 μmol L–1 have activity comparable with that of 
aminoguanidine. 
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Sulfi mides are compounds with the general formula 
R1R2S=NR3.1—3 They have attracted interest because of 
their considerable synthetic potential associated with the 
presence of the labile SIV=N bond, at which both nucleo-
philic and electrophilic reagents can react. The reaction 
of free-base S,S-diphenylsulfi mide with aldehydes and 
ketones in the presence of the pyridine borane complex in 
acetic acid under mild conditions provides a convenient 
synthetic route to N-alkyl-S,S-diphenylsulf imides.4 
N-Acylsulfi limines react with ketenes to form oxazolinones 
and indolinones.5 Thermal decomposition and photolysis 
of sulfi mides Ph2S=NC(O)R aff ord isocyanates RNCO 
and Ph2S.6 The mechanism of formation of isocyanates is 
attributed to the involvement of nitrene in the S—N bond 
cleavage during the Curtius rearrangement.7 The free-base 
Ph2SNH forms complexes with Ag, Co, Cu, Fe, and Pt 
ions, the structures of which were established by X-ray 
diff raction.8—11 Diarylsulfi mides, diarylsulfoximines, and 

other related compounds have long been considered to be 
of little use for the design of pharmacologically active 
compounds. However, recent results showed that there is 
a broad range of sulfi mide-based structures belonging to 
targeted physiologically active substances. Some sulfox-
imines were found to have bactericidal, herbicidal, and 
antioxidant properties. However, relatively high toxicity 
limits their use as drugs.12—14 

Oxidative damage reactions play a signifi cant role in 
biochemical processes in the body. The cellular redox 
imbalance leads to oxidative stress that induces diff erent 
diseases. Phenol derivatives, in particular, tocopherols, 
tyrosine, or tyroxine, that form the antioxidant defense 
system are involved in radical biochemical processes and 
are essential for cellular homeostasis. Synthetic 2,6-di-
alkylphenols are less toxic than their unsubstituted precur-
sors and are widely used as antioxidants. The mechanism 
of antioxidant action of sterically hindered phenols is as-
sociated with the formation of relatively stable phenoxide 
radicals.15 The protective action of multifunctional anti-
oxidants is diverse and can be additive, antagonistic, or 
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synergistic. For instance, a mixture of sterically hindered 
phenols and aromatic amines exerts a synergistic eff ect in 
the carbohydrate oxidation, which can be attributed to 
interactions of inhibitors and their radicals.16 Phenolic 
antioxidants containing diff erent organic and heterorganic 
substituents in the para position are currently in trials as 
potential regulators of cellular oxidative stress17—20 and as 
cytotoxic agents.21,22 

The goal of this study was to prepare new multifunc-
tional compounds containing, apart from the SIV=N—R 
bond, the 2,6-di-tert-butylphenol moiety that reduces the 
general toxicity and simulates the action of α-tocopherol 
(vitamin E). We synthesized new multifunctional com-
pounds with desired biological activity based on diphenyl-
sulfi mide derivatives 1 and 2 containing the 2,6-di-tert-
butylphenol moiety (Scheme 1). We evaluated antioxidant 
activity using model reactions with the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) and the 2,2´-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical cation 
(ABTS•+), lipid peroxidation in rat brain and liver ho-
mogenates, and inhibition of enzymes, such as lipoxygen-
ase (LOX 1-B), dipeptidyl peptidase 4 (DPP-4), glycogen 
phosphorylase (GP), and α-glycosidase. Besides, we as-
sessed antiglycation activity of the new compounds. 

Results and Discussion

Synthesis of compounds and structural study. The start-
ing compound Ph2SNH used for the synthesis of sulfi mide 
derivatives was prepared by oxidative amination of diphe-

nyl sulfi de with chloramine T (see Scheme 1) described in 
the literature.23 The acid hydrolysis of the N-tosyl deriva-
tive of S,S-diphenylsulfi mide aff ords, depending on the 
reaction conditions, diff erent products, in particular 
Ph2SO. The temperature plays a key role in determining 
the reaction pathway.24 For instance, heating of Ph2S=N—
Ts under refl ux in the CHCl3—H2SO4 system for 15 min 
aff ords, after hydrolysis, diphenyl sulfoxide Ph2SO in 52% 
yield, which may be attributed to the possible oxidation 
of the product in the presence of a 22-fold excess of H2SO4. 
We modifi ed this procedure for the synthesis of sulfi mide 
Ph2S=NH by decreasing the amount of the acid (to a molar 
ratio of 1  :  8), which is required for dissolution of 
Ph2S=N—Ts, and performing the reaction at room tem-
perature for 1 h. The reaction fi rst gives hydrotosylate of 
the target product,24 which reacts with alkali to form free-
base Ph2S=NH as hydrate. The water solvate molecule 
can easily be removed by azeotropic distillation with ben-
zene. The reaction of anhydrous sulfi mide Ph2S=NH with 
3,5-di-tert-butyl-4-hydroxybenzoyl and 3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propanoyl chlorides in CH2Cl2 in 
the presence of the base NEt3 at 20  °C yields acylation 
products 1 and 2 containing the 2,6-di-tert-butylphenol 
moiety, which is conjugated with the electronic system of 
Ph2S=N—C(=O)— in one of them and is separated by 
the saturated —CH2CH2— spacer in the other one.  

Compounds 1 and 2 are crystalline compounds that 
are stable in air and solutions. Their structures were con-
fi rmed by IR spectroscopy, 1H and 13C NMR spectroscopy, 
and elemental analysis. The IR spectra of these compounds 

Scheme 1

Reagents and conditions: i. Ph2S, MeOH, HOAc; ii. H2SO4. iii. H2O, CHCl3; iv. 20% NaOH, H2O; v. SOCl2, hexane, Δ; vi. Ph2S=NH, 
NEt3, CH2Cl2.
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show absorption bands in the 3558—3640 cm–1 region 
corresponding to O—H stretching vibrations of the steri-
cally hindered non-associated phenol group. The C=O 
stretching vibrations of the carbonyl group in compounds 
1 (1593 cm–1) and 2 (1589 cm–1) have moderate intensity 
and appear at lower frequencies compared to ν(CO) for 
the starting acids (1704 and 1707 cm–1, respectively). 
Evidently, the frequencies ν(NH) for 1 and 2, as opposed 
to the starting sulfi mide, do not appear. The recrystalliza-
tion of compound 1 from benzene gave single crystals 
suitable for X-ray diff raction (Figs 1 and 2). 

In the crystal structure of compound 1, there are two 
crystallographically independent molecules with similar 
geometric parameters. The central >S=N—C(=O)—C 
moiety in compounds 1 and 2 is planar within 0.07 Å. An 
analysis of the Cambridge Structural Database25 shows 
that the geometric parameters of molecules 1 and 2 (Table 1) 
are similar to those in related N-carboxysulfi mines. 

The S=N—C double bond in compounds 1 and 2 
adopts a transoid conformation, one phenyl substituent 
lying virtually in the >S=N—C(=O)—C basal plane with 
the corresponding torsion angles larger than 157°, whereas 
the second phenyl substituent being perpendicular to 
this plane with the torsion angles close to 90°. In the 
crystals of 1 and 2, adjacent molecules are linked by 
O—H…O=C hydrogen bonds to form chains (see Figs 1, 
b and 2, b).

Nitrogen and sulfur atoms are not involved in hydrogen 
bonding. The carbonyl group of each molecule 1 forms a 
hydrogen bond with the phenol group of the adjacent 
molecule; the H(1) O(11) and H(2) O(21) distances are 
2.57(3) and 2.66(3) Å, respectively. Compound 2 forms 
a shorter intermolecular O(1)—H(1) O(2) hydrogen bond 
with the H(1) O(2) distance of 2.09(2) Å (see Table 1). 

Evaluation of radical scavenging and antioxidant activ-
ity. The introduction of the 2,6-di-tert-butylphenol moi-
ety into compounds 1 and 2 provides the appearance of 
radical scavenging and anti-
oxidant activity. The radical 
scavenging activity of the 
compounds was evaluated by 
spectrophotometry using the 
reaction with the stable radical 
2,2-diphenyl-1-picrylhydrazyl 
(DPPH).26 

The absorbance of 0.1 mM DPPH solutions in the 
presence of compounds 1, 2, and Ph2S=NH was measured 
within 30 min at a wavelength of 517 nm corresponding to 
the absorption maximum of DPPH. At a concentration of 
0.1 mmol L–1, Ph2S=NH did not exhibit antioxidant 
activity in the DPPH assay.

The eff ective concentration EC50 (the concentration 
of the compound required for decreasing the concentration 
of the DPPH radical by 50%)27 was determined from the 
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Fig. 1. Molecular structure of compound 1 (а) and its crystal packing (b). Thermal ellipsoids are drawn at the 50% probability level. 
Hydrogen atoms and benzene solvate molecules are omitted for clarity. 
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dependence of the concentration of DPPH, which re-
mained unconsumed (in %) 30 min after the beginning of 
the reaction, on the initial concentration of the compound 

(0.01—0.1 mmol L–1). A comparison of the EC50 values 
(Table 2) for phenol derivatives 1 and 2 containing the 
diphenylsulfi mide moiety shows that their activity is 
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Fig. 2. Molecular structure of compound 2 (a) and its packing showing hydrogen-bonded chains (b). Thermal ellipsoids are drawn at 
the 50% probability level. 

Table 1. Selected bond lengths and bond angles in compounds 1 and 2 

Bond d/Å Angle ω/deg

Compound 1 (molecule A)

S(1)—N(1) 1.6366(18) N(1)—S(1)—C(21) 101.90(11)
S(1)—C(21) 1.778(3) N(1)—S(1)—C(31) 104.89(11)
S(1)—C(31) 1.794(2) C(21)—S(1)—C(31) 101.40(11)
N(1)—C(19) 1.352(3) C(19)—N(1)—S(1) 110.08(16)
C(19)—O(11) 1.226(3) O(11)—C(19)—N(1) 125.2(2)
C(14)—O(12) 1.372(3) O(11)—C(19)—C(11) 120.9(2)
O(12)—H(1) 0.70(2)  

Compound 1 (molecule B)

S(2)—N(2) 1.6307(19) N(2)—S(2)—C(51) 101.26(11)
S(2)—C(51) 1.776(3) N(2)—S(2)—C(61) 104.43(11)
S(2)—C(61) 1.790(2) C(51)—S(2)—C(61) 101.31(11)
N(2)—C(49) 1.339(3) C(49)—N(2)—S(2) 112.16(16)
C(49)—O(21) 1.223(3) O(21)—C(49)—N(2) 125.3(2)
C(44)—O(22) 1.367(3) O(21)—C(49)—C(41) 121.0(2)
O(22)—H(2) 0.69(2)  

Compound 2

S(1)—N(1) 1.6543(10) N(1)—S(1)—C(11) 101.19(6)
S(1)—C(11) 1.7819(12) N(1)—S(1)—C(21) 107.43(6)
S(1)—C(21) 1.8016(14) C(11)—S(1)—C(21) 102.46(5)
N(1)—C(9) 1.3526(16) C(9)—N(1)—S(1) 108.64(8)
C(1)—O(1) 1.3720(13) O(2)—C(9)—N(1) 124.14(11)
C(9)—O(2) 1.2406(15) O(2)—C(9)—C(8) 120.50(11)
O(1)—H(1) 0.78(2)  
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signifi cantly lower than that of the known antioxidant ionol 
but is comparable with that of 3,5-But

2-4-HO C6H2-
(CH2)2COOH (EC50 >380 μmol L–1). The antioxidant 
activity of the compounds depends on the nature of the 
spacer. The activity of compound 1, which contains the 
sulfi mide moiety in resonance with the phenol group, is 
less pronounced that that of derivative 2, in which the 
phenol and sulfimide moieties are separated by the 
—CH2CH2— spacer that does not provide electron density 
transfer.

The stable ABTS•+ radical cation is widely used to 
evaluate the ability of antioxidants to react with radi-
cals.28,29 The ABTS•+ species is generated by the reaction 
of ABTS with hydrogen peroxide immediately before the 
measurement. The advantage of this radical is that it is 
soluble in water and organic solvents.

The ABTS assay also showed that compound 2 has 
signifi cant activity and its EC50 (Table 2) is higher than 
that of 6-hydroxy-2,5,7,8-tetramethylchromane-2-carb-
oxylic acid (Trolox).

Inhibition of lipoxygenase. Lipoxygenase (LOX 1-В) is 
the enzyme that catalyzes oxidation of polyunsaturated 
fatty acids.30 The oxidation of linoleic acid catalyzed by 
this enzyme in the presence of diff erent compounds was 
performed at room temperature. The course of the reaction 
was monitored by measuring a decrease in the absorbance 
of the reaction mixture at a wavelength of 234 nm corre-
sponding to the absorption maximum of the reaction 
products, isomeric (10E,12Z)-9-hydroperoxyoctadeca-
10,12-dienoic and (9Z,11E)-13-hydroperoxyoctadeca-9,11-
dienoic acids. The activity of the compound as a lipoxy-
genase inhibitor is characterized by the degree of inhibition 
(I (%)) of hydroperoxide accumulation after 5 min incuba-
tion with the tested compound (1 mmol L–1). It was found 
that diphenylsulfi mide does not inhibit the linoleic acid 
oxidation, whereas the introduction of the 2,6-di-tert-
butylphenol moiety into compounds 1 and 2 imparts 

moderate inhibitory activity to the compounds. Com-
pound 1 containing the sulfi mide moiety in resonance 
with the phenol group displays less pronounced inhibi-
tory activity (18±1%) than analog 2 (24±2%) with the 
—CH2CH2— spacer. 

Infl uence of compounds on lipid peroxidation in rat brain 
and liver homogenates. Oxidative stress that induces lipid 
peroxidation (LPO) underlies many pathologies, including 
neurodegenerative diseases. We evaluated the infl uence of 
the synthesized compounds on the LPO in rat brain homo-
genates. We used the Fe3+ salt (FeNH4(SO4)2•12 H2O)В 
to initiate LPO. Our results show that Ph2SNH•H2O does 
not exhibit antioxidant activity, whereas phenol-contain-
ing compounds 1, 2, and 3,5-But

2-4-HOC6H (CH2)2COOH 
effi  ciently inhibit Fe3+-induced LPO in a concentration-
dependent manner, virtually completely preventing the 
latter process at concentrations higher than 10 μmol L–1 
(Fig. 3). The IC50 values (the concentration of a compound 
required for achieving in vitro 50% inhibition of the LPO 
reaction) are given in Table 3.

The ascorbate-dependent LPO assay in rat liver homo-
genates revealed high antioxidant activity of compounds 
1 and 2 (at a concentration of 10 μmol L–1). The half-
maximal inhibitory concentration IC50 of compound 1 

Table 2. The IC50 values for the tested compounds in the 
DPPH and ABTS assay

Compound DPPH assay ABTS assay
 EC50/μmol L–1 EC50/mmol L–1

1 >400 0.130
2 >320 0.017
Trolox 36±1 0.091
Ionol 102±2 —
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Fig. 3. Inhibition of Fe3+-induced LPO (I (% of the control)) in 
a rat brain homogenate in the presence of compounds 1, 2, 
Ph2SNH•H2O, and 3,5-But

2-4-HOC6H2(CH2)2COOH. The 
rate of LPO was estimated by measuring accumulation of malo-
nic dialdehyde (MDA). 

Table 3. The IC50 values for the tested compounds as in-
hibitors of Fe3+-induced LPO

Compound IC50/μmol L–1

1 4.3±2.9
2 3.1±2.4
3,5-But

2-4-HOC6H2(CH2)2COOH 13.7±7.9
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(Fig. 4) indicates that it outperforms Trolox in activity and 
is only slight inferior to ionol. Compound 2 exhibited the 
highest activity comparable with that of the ionol used as 
the reference compound. The antioxidant activity of com-
pounds 1 and 2 suggests that they can be considered as 
potential pharmacological agents.   

Evaluation of antiglycation activity. Type 2 diabetes 
mellitus is a socially signifi cant disease in view of high 
prevalence, long-term chronic nature, and a high rate of 
mortality associated with the progression of cardiovascu-
lar complications. The current development of antidiabetic 
drugs is aimed at reducing side eff ects and overcoming 
drug resistance. Therefore, the design of new highly effi  -
cient low-toxic agents is a challenge. There are two ap-
proaches to the discovery of new hypoglycemic com-
pounds: the structural optimization of available drugs in 
order to reduce their toxicity and the target-oriented de-
sign. Previously, we have shown that ferrocene—2,6-di-
tert-butylphenol conjugates are effi  cient inhibitors of 
protein glycosylation, and their activity is comparable with 
or higher than that of the standard agent aminoguani-
dine.31 Testing of these compounds in in vitro models, 
which are employed to develop antidiabetic agents, is of 
interest for the design of effi  cient drugs for therapy of 
diseases the pathogenesis of which involves non-enzymatic 
glycosylation. 

The reaction of monosaccharides, in particular glucose, 
with free amino groups of proteins, the so-called Maillard 
glycation reaction, aff ords fi nal glycosylation products and 
underlies one the theories of aging. The accumulation of 
these products facilitates the progression of such diseases 
as diabetes mellitus, atherosclerosis, heart failure, and 
neurodegenerative disorders. Glycosylation products pro-
mote intracellular oxidative stress accompanied by accu-
mulation of reactive oxygen species, which are also involved 
in the damage of cellular structures. Scientifi c eff orts aimed 
at discovery of of inhibitors of glycosylation of biomole-
cules in the body, in particular among antioxidants, is 
currently underway.31 

Aminoguanidine is known to inhibit in vitro glycosyl-
ation. The evaluation of antiglycation activity (Table 4) 
demonstrated that compound 1 inhibited fl uorescence of 
glycated bovine serum albumin by 31% at a concentration 
of 1 mmol L–1, but it was almost inactive at a tenfold lower 
concentration. Compound 2 inhibited glycation of proteins 
by 13.1 and 6.0% at concentrations of 1 and 0.1 mmol L–1, 
respectively. Both compounds were inferior to aminogua-
nidine used as the reference compound at a concentration 
of 1 mmol L–1, while the activity of compound 2 at a con-
centration of 0.1 mmol L–1 was comparable with that of 
aminoguanidine.

Inhibition of enzymes. Dipeptidyl peptidase 4 (DPP-4) 
is a membrane enzyme that catalyzes the hydrolysis of the 
peptide bond of N-terminal proline and is involved in the 
immune regulation and apoptosis. Inhibitors of DPP-4 
belong to hypoglycemic agents. Vildagliptin (Galvus®) 
was approved in 2008 in the Russian Federation as a DPP-4 
inhibitor that improves glycemic control and reduces the 
level of glycated hemoglobin HbA1c and plasma glucose 
after eating in patients with type 2 diabetes mellitus. At 
a concentration of 0.1 mmol L–1, compound 1 (27.3±6.4%) 
signifi cantly inhibited DPP-4 activity, being inferior to the 
reference drug vildagliptin (97.8±1.8 %) approximately by 
a factor of three, while compound 2 (0.8±1.3%) was virtu-
ally inactive in this assay. 

Glycogen phosphorylase (GP) is a regulatory enzyme 
involved in glycogen breakdown to glucose 1-phosphate. 
The enzyme GP is considered as one of targets for the 
development of a new group of agents for the therapy of 
type 2 diabetes mellitus. Compound 1 did not exhibit 
activity in this model at a concentration of 0.1 mmol L–1, 
whereas compound 2 signifi cantly inhibited GP activity 
(by 9.4±1.6%), being approximately tenfold less effi  cient 
than the reference compound CP-316819 (94.1±4.8%).

α-Glucosidase inhibitors are used in the complex 
therapy of type 2 diabetes mellitus along with insulin. 
Drugs of this group retard digestion of complex carbo-
hydrates (including starch and sugar) and glucose absorp-
tion in the small intestine. We found that at a concentra-
tion of 1 mmol L–1, compound 2 acts as a weak inhibitor 
(4.9±1.6 %), being ~11 times weaker than acarbose used 
as the reference agent (56.9±0.8%). Compound 1 pre-
cipitated from the reaction mixture as an opalescent 
substance and did not exhibit activity.

Fig. 4. Inhibitory concentrations against ascorbate-dependent 
LPO in rat liver homogenates at diff erent concentrations of 
compounds 1, 2, Trolox, and ionol.
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Table 4. Antiglycation activity in the presence of compounds 
1 and 2 and aminoguanidine at diff erent concentrations

Compound Antiglycation activity (%)

 1 mmol L–1 0.1 mmol L–1

1 31.2±2.3 1.7±0.7
2 13.1±2.4 6.0±2.4
Aminoguanidine 57.8±0.6 6.0±2.1
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To summarize, we synthesized and structurally char-
acterized new sulfi mide derivatives containing 2,6-di-tert-
butylphenol moieties. Antioxidant activity of these com-
pounds appeared as an effi  cient inhibition of LPO in liver 
cell and brain cell membranes. We investigated possible 
mechanisms of antioxidant activity, such as lipoxygenase 
inhibition or radical scavenging activity based on reactions 
with stable radicals (DPPH and ABTS•+). The combina-
tion of phenol and diphenylsulfi mide moieties in one 
molecule was found to signifi cantly enhance antiradical 
activity. Antiglycation activity of the new compounds and 
their ability to inhibit a number of enzymes provide evi-
dence that they can be considered as biologically active 
compounds promising for further studies.

Experimental

The NMR spectra were recorded on a Bruker AMX-400 
spectrometer in CDCl3 (1H, 400 MHz; 13C, 100 MHz). The IR 
spectra were measured on an IR200 Fourier-transform IR spec-
trophotometer (ThermoNicolet) as Nujol mulls and KBr pellets. 
The electronic absorption spectra were recorded on Evolution 
300 (Termo Scientifi c, USA) and Zenyth200rt (Anthos, Austria) 
spectrophotometers. Elemental analysis was performed on a Vario 
micro cube elemental analyzer (Elementar).

The following commercially available reactants (Sigma-
Aldrich)  were used: diphenyl sulfi de (98%), 3,5-di-tert-butyl-4-
hydroxybenzoic acid (99%), sodium N-chloro-p-toluene sulfon-
amide trihydrate (chloramine T) (99%), NEt3 (99%), 2,2-diphe-
nyl-1-picrylhydrazyl, ABTS, lipoxygenase (LOX I-B, 15 MU), 
linoleic acid (99%), 2-thiobarbituric acid, ascorbic acid, bovine 
serum albumin, sodium azide, glucose, Gly-Pro p-nitroanilide, 
vildagliptin, glucose 1-phosphate, rabbit muscle glycogen phos-
phorylase, and CP-316819. 3,5-Di-tert-butyl-4-hydroxybenzoyl 
chloride32 and 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoic 
acid33 were synthesized according to known procedures. 

The solvents CHCl3, CH2Cl2, MeOH, EtOH, AcOH, DMSO, 
benz ene, acetone, and hexane (all of reagent grade) were used 
as received.

Synthesis of N-(diphenyl-λ4-sulfanylidene)-4-hydroxy-3,5-di-
tert-butylbenzamide (1).

Step 1. Synthesis of N-(diphenyl-λ4-sulfanylidene)-4-methyl-
benzenesulfonamide. Diphenyl sulfi de (9 mL, 50 mmol) was 
added to a solution of chloramine T (15.49 g, 55 mmol) in MeOH 
(70 mL). Then a solution of AcOH (2.5 mL) in MeOH (12.5 mL) 
was added dropwise. The mixture was stirred for 1 h at room 
temperature and then poured into a cold solution of NaOH (2.5 g) 
in water (225 mL). The white precipitate that formed was fi ltered 
off , washed with water, and dried in air. The product was recrys-
tallized from MeOH. Yield 16.14 g (91%), m.p. 112—113  °C 
(cf. lit. data23: m.p. 113 °C, cf. lit. data34: 123—124 °C).

Step 2. Synthesis of S,S-diphenylsulfi mide hydrotosylate. 
N-(Diphenyl-λ4-sulfanylidene)-4-methylbenzenesulfonamide 
(product of Step 1; 7.60 g, 21.4 mmol) was dissolved with stirring 
in 95% H2SO4 (9 mL) for 1 h. The solution was poured onto ice 
(20 g), extracted with CHCl3 (3×10 mL), and concentrated 
in vacuo to a small volume. Then acetone (4 mL) was added. The 
crystals that formed were fi ltered off  and washed with a small 
volume of acetone. Yield 4.32 g (54%), m.p. 127—128  °C 
(cf. lit. data24: m.p. 128.5 °C).  

Step 3. Synthesis of S,S-diphenylsulf imide monohydrate 
(Ph2SNH•H2O). S,S-Diphenylsulfi mide hydrotosylate (product 
of Step 2; 4.32 g, 11.6 mmol) was dissolved in CHCl3 (10 mL) 
and treated with a 20% NaOH solution (10 mL). The organic 
layer was washed with water (3×10 mL), separated, and dried over 
Na2SO4. The chloroform was distilled off  in vacuo. Methanol 
(1 mL) and several drops of water were added to the oily residue, 
and the solution was allowed to crystallize. The colorless needle-
like crystals were fi ltered off , washed with water, and dried in air. 
Yield 1.35 g (53%), m.p. 59—62 (cf. lit. data34: m.p. 56—59 °C 
(toluene), cf. lit. data24: 70—71 °C (benzene—hexane)).

Step 4. Synthesis of compound 1•C6H6. Anhydrous benzene 
(15 mL) was added to a solution of Ph2SNH•H2O (219 mg, 
1 mmol) in CH2Cl2 (2 mL). Then the solvents were distilled off  
in vacuo (10 Torr) on heating to 70 °C to remove solvating water. 
The residue was dissolved in CH2Cl2 (7 mL), NEt3 (139 μL, 
1 mmol) was added, and a solution of 3,5-di-tert-butyl-4-hydr-
oxybenzoyl chloride (268 mg, 1 mmol) in CH2Cl2 (3 mL) was 
added dropwise. The mixture was stirred for 1 h, the solvent 
was distilled off  in vacuo, the residue was dissolved in benzene 
(10 mL), the precipitate of triethylamine hydrochloride was 
fi ltered off , the benzene solution was concentrated in vacuo 
to a small volume, and the resulting solution was allowed 
to crystallize. The colorless crystalline precipitate that formed 
was filtered off, washed with hexane, and dried in vacuo. 
Yield 329 mg (64%). M.p. 155—157  °C (with decomp.). The 
crystals were used for X-ray diff raction measurements. IR 
(Nujol mulls), ν/cm–1: 3558 (OH); 2951—2858 (CH); 1593 (CO); 
1556; 1464; 1377, 928 (S=N). 1H NMR, δ: 1.51 (s, 18 H, But); 
5.51 (s, 1 H, OH); 7.39 (s, 6 H, C6H6); 7.45—7.55 (m, 6 H, 
CHarom); 7.80—7.90 (m, 4 H, CHarom); 8.19 (s, 2 H, CHarom). 
13C NMR, δ: 30.30 (C(CH3)3); 34.36 (C(CH3)3); 126.28 (2 C); 
127.80 (4 C); 128.34 (C6H4); 129.73 (4 C); 131.67 (2 C); 134.97; 
136.96; 156.61 (HOCarom); 177.23 (C=O). Found (%): C, 77.22; 
H, 7.20; N, 2.92; S, 5.99. C27H31NO2S∙C6H6. Calculated (%): 
C, 77.46; H, 7.29; N, 2.74; S 6.27. UV (CHCl3), λmax/nm (ε): 
271 (14730).

Biochemical assays were performed using compound 1 con-
taining no benzene solvate molecules. For this purpose, the 
solvate was recrystallized from a chloroform—petroleum ether 
mixture followed by vacuum drying (1 Torr) at 80 °C.

N-(Diphenyl-λ4-sulfanylidene)-3-(3,5-di-tert-butyl-4-hydr-
oxy phenyl)propanamide (2). Anhydrous benzene (15 mL) was 
added to a solution of Ph2SNH•H2O (219 mg, 1 mmol, see Step 3 
of the synthesis of compound 1) in CH2Cl2 (2 mL). Then the 
solvents were distilled off  in vacuo (10 Torr) on heating to 70 °C. 
The residue was dissolved in CH2Cl2 (10 mL), NEt3 (139 μL, 
1 mmol) was added, and a solution of 3-(3,5-di-tert-butyl-4-hy-
droxyphenyl)propanoyl chloride (297 mg, 1 mmol) in CH2Cl2 
(10 mL) was added dropwise. The mixture was stirred for 1 h and 
then kept for 16 h. The solvent was distilled off  in vacuo, the 
residue was dissolved in benzene (15 mL), the precipitate of 
triethylamine hydrochloride was fi ltered off , the benzene solution 
was concentrated in vacuo to a small volume, acetone (3 mL) was 
added, and the solution was allowed to crystallize. The resulting 
colorless crystalline precipitate was fi ltered off , washed with 
hexane, and dried in vacuo. Yield 247 mg (54%). M.p. 148 °C. 
The crystals were used for X-ray diff raction measurements. IR 
(KBr), ν/cm–1: 3639 (OH free); 3470 (OH bond); 3055—2853 
(CH); 1762 (C=O); 1590; 1569; 1463; 1376; 1109; 908 (S=N). 
1H NMR, δ: 1.44 (s, 18 H, But); 2.81 (t, 2 H, CH2, 3JH,H = 8.0 Hz); 
3.01 (t, 2 H, CH2, 3JH,H = 8.0 Hz); 5.06 (s, 1 H, OH); 7.11 
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(s, 2 H, C6H2); 7.45—7.55 (m, 6 H, Ph); 7.60—7.75 (m, 4 H, 
CHPh). 13C NMR, δ: 30.39 (C(CH3)3); 32.78 (CH2); 34.32 
(C(CH3)3); 39.73 (CH2); 125.00 (2 C); 127.94 (4 C); 129.80 (4 C); 
131.82 (2 C); 132.55; 135.64; 136.00; 151.81 (Carom); 184.09 
(C=O). Found (%): C, 75.45; H, 7.64; N, 3.03; S, 6.95. 
C29H35NO2S. Calculated (%): C, 76.19; H, 8.22; N, 3.33; S 6.37.

X-ray diff raction study. X-ray diff raction data sets were col-
lected on a Bruker SMART II automated diff ractometer at 295 K 
(for compound 1) and 150 K (for compound 2) using MoKα 
radiation (λ = 0.71073 Å, graphite monochromator) and ω-scan-
ning technique. Absorption corrections were applied based on 
intensities of equivalent refl ections.35 The structures were solved 
by direct methods and refi ned by the full-matrix least-squares 
method based on F2 with anisotropic displacement parameters 
for all nonhydrogen atoms (SHELXTL-Plus).36 The hydroxyl 
hydrogen atoms H(1) and H(2) in the structure of 1 were found 
in diff erence Fourier maps and refi ned isotropically. The other 
hydrogen atoms were positioned geometrically and refi ned using 
a riding model. In the crystal of 1, both benzene solvate molecules 
are rotationally disordered over two positions with an occu-
pancy ratio of 0.71/0.29 and 0.65/0.35. In the structure of 2, all 
hydrogen atoms were found in electron density maps, and their 
positional and thermal parameters were refi ned. Crystallographic 
data for 1 and 2 were deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC 1541082 (1) and CCDC 1541083 
(2) and are available at www.ccdc.cam.ac.uk/data_request/cif. 
The X-ray diff raction data statistics and principal crystallo-
graphic characteristics for compounds 1 and 2 are given in 
Tables 1 and 5.

Evaluation of antioxidant activity. DPPH assay. The antioxi-
dant activity was evaluated using the stable radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH)27 by spectrophotometry at λmax = 
= 517 nm. The known procedure26 was modifi ed for a Zenyth200rt 
microplate spectrophotometer. The reaction was performed 
in plate wells (96 wells). The reaction mixture contained 
DPPH (0.1 mL, 0.2 mmol L–1) and a solution of the tested 
compound at diff erent concentrations (0.01, 0.02, 0.05, and 
0.1 mmol L–1) in EtOH (0.1 mL). The experiments were per-
formed in triplicate. The reaction was accomplished at 25 °C for 
30 min. The antioxidant activity I (%) was calculated according 
to the formula 

I = (A0 – A1)/A0•100, 

where A0 is the absorbance of the control DPPH solution, and 
A1 is the absorbance of the reaction mixture in the presence of 
the tested compound after 30 min. 

The data were processed and the EC50 values were calcu-
lated using the Microsoft Excel 2010 and GraphPad Prism 5 
software. 

ABTS assay. For the ABTS assay,37 the reaction mixture was 
prepared from an ABTS solution (600 μL, 0.5 mg mL–1) and 
a hemoglobin solution (300 μL, 1 mg mL–1). The tested com-
pound was added to the sample in a specifi ed concentration range 
in an amount of 300 μL. Then phosphate buff er (1.2 mL), pH 6.8, 
and hydrogen peroxide (600 μL, 0.612 nm) were added. The 
absorbance was measured at a wavelength of 734 nm for 30 min 
with a time interval of 5 min. The activity of the compounds was 

Table 5. Crystallographic characteristics and X-ray diff raction data statistics for compounds 1 and 2

Compound 1 2

Molecular formula C33H37NO2S C29H35NO2S
Fw  511.70 461.64
Crystal size/mm 0.35×0.25×0.10 0.40×0.20×0.20
Crystal system Monoclinic  Monoclinic
Monoclinic P21/c P21/n
a/Å 22.6547(17) 8.6960(9)
b/Å 12.2146(9) 24.364(3)
c/Å 21.9753(16) 12.2616(13)
β/deg 102.073(1) 99.637(2)
V/Å3 5946.5(8) 2561.2(5)
Z  8 4
dcalc/g cm–3 1.143 1.197
μ(MoKα)/mm–1 0.137 0.152
F(000) 2192 992
θ-Angle range/deg  0.92—25.50 1.67—29.00
 h, k, l ranges –27 ≤ h ≤ 27 –11 ≤ h ≤ 11
  –14 ≤ k ≤ 14 –32 ≤ k ≤ 33
  –26 ≤ l ≤ 26 –16 ≤ l ≤  16
Number of refl ections
 total 50681 28183
 unique 11074 6813
 (Rint) (0.0437) (0.0203)
Number of variables 687 438
R1 based on I > 2σ(I) 0.0540 0.0418
wR2 (all data) 0.1782 0.1126
Goodness-of-fi t based on F2 1.013 1.041
Residual electron density, Δρmin/Δρmax/e Å–3 –0.258/0.354 –0.483/0.733
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calculated from the results of the ABTS assay 10 min after the 
beginning of the reaction.

Infl uence of compounds on enzymatic oxidation of linoleic acid 
by lipoxygenase. The lipoxygenase activity was evaluated by 
spectrophotometry.38 The concentrations of linoleic acid oxida-
tion products, isomeric hydroperoxides, were measured at λmax 
= 234 nm (ε = 25000 L mol–1 cm–1) with a 96-well microplate 
spectrophotometer.39 The analyte solution contained a linoleic 
acid solution (2 mL, 0.3 mmol L–1), borate buff er (0.89 mL), 
pH 9.0, and a solution of the tested compound in DMSO 
(0.01 mL). The reaction was initiated by the addition of 0.1 mL 
of the enzyme solution (500 U). The measurements were per-
formed for 5 min at 20  °C at diff erent concentrations of the 
tested compounds (0.1, 0.5, 1, and 2 mmol L–1). The degree of 
inhibition in the presence of the tested compounds was calcu-
lated according to the formula:

I (%) = (A0 – A1)/A0•100,

where A0 is the absorbance of the control solution, and A1 is the 
absorbance of the reaction mixture in the presence of the tested 
compound 5 min after the beginning of the reaction.

All experiments were performed in triplicate.
Infl uence of compounds on lipid peroxidation in rat brain and 

liver homogenates. The intensity of lipid peroxidation (LPO) in 
a rat brain homogenate was assessed using the modifi ed TBA 
assay.40 The TBA assay is based on the reaction of thiobarbituric 
acid (TBA) with LPO intermediates giving a colored trimethine 
complex with λmax = 540 nm. It is assumed that malonic dialde-
hyde (MDA) plays a key role in the formation of this colored 
product. 

Antioxidant activity was evaluated by measuring inhibition 
of in vitro ascorbate-dependent LPO in liver homogenates.41 
A 4% rat liver homogenate was used as the substrate. The com-
pounds were studied at concentrations of 1000, 100, 10, and 
1 μmol L–1. 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carb-
oxylic acid (Trolox) served as the reference compound. The reac-
tion was initiated with 50 mM ascorbic acid. The rate of LPO was 
determined from accumulation of MDA in the reaction with 
thiobarbituric acid. The absorbance of the colored product was 
measured at a wavelength of 532 nm on an Apel PD-303UV 
spectrophotometer (Japan) in a cell with an optical path length 
of 10 mm. The activity of compounds was expressed in percent-
age and was calculated according to the formula: 

I (%) = 100 – (As/Acontr•100),

where I is inhibition, As is the absorbance of the sample contain-
ing the tested compound, and Acontr is the absorbance of the 
blank sample. 

Compounds with a high activity level were studied in a broad 
concentration range, and the IC50 values (the concentration 
required for achieving 50% inhibition of the reaction) were cal-
culated. The statistical analysis of the results was performed 
using parametric Student´s t-test with the Statistica 6.0 software 
(StatSoft, USA). 

Evaluation of antiglycation activity. The protein glycation was 
simulated in a reaction mixture containing glucose (500 mmol L–1) 
and BSA (1 mg mL–1) dissolved in phosphate buff er, pH 7.4, 
supplemented with sodium azide at a concentration of 0.02% to 
prevent bacterial growth.42 All compounds were dissolved in 
DMSO. The tested compounds were added to experimental 

samples to the fi nal concentrations of 1 and 0.1 mmol L–1; equal 
volumes of the solvent were added to the control samples. All 
experimental samples were incubated for 24 h at 60  °C in 
a TS-80M-2 thermostat (Russia).

After completion of incubation, the specifi c fl uorescence of 
glycated bovine serum albumin was measured on a F-7000 spectro-
fl uorimeter (Hitachi, Japan) at λex = 370 nm and λem = 440 nm. 
The antiglycation activity was calculated relative to the fl uores-
cence of the control samples. Aminoguanidine, which is the 
inhibitor of non-enzymatic glycosylation, was used as the refer-
ence compound.43 

Evaluation of in vitro dipeptidyl peptidase 4 activity. The in-
hibitory activity of compounds against dipeptidyl peptidase 4 was 
evaluated as follows. Donor blood plasma (40 μL) was added to 
0.1 M Tris-HCl buff er (50 μL), pH 8.0, followed by the addition 
of a solution of the tested compound (10 μL) at a concentration 
of 0.1 mmol L–1 in Tris buff er. The solution was incubated at 
37 °C for 5 min, and then a 1 mM solution of Gly-Pro p-nitro-
anilide (100 μL) as the dipeptidyl peptidase 4 substrate was 
added to the reaction mixture. The incubation was performed at 
37 °C for 15 min, and the formation of p-nitroanilide was deter-
mined from the absorbance at a wavelength of 405 nm44 using 
an Infi nite M200 PRO microplate reader (Tecan, Austria). 
Vildagliptin was used as the negative control.45

Evaluation of in vitro glycogen phosphorylase activity. The 
inhibitory activity of compounds against glycogen phosphorylase 
was evaluated as follows. A 50 mM HEPES buff er solution 
(100 μL), pH 7.2, supplemented with 100 mM KCl, 2.5 mM 
MgCl2, 0.5 mM glucose 1-phosphate, and glycogen (1 mg mL–1) 
was preincubated with rabbit muscle glycogen phosphorylase and 
a solution (5 μL) of the tested compound at a concentration of 
0.1 mmol L–1 at 30  °C for 30 min. Then a solution (150 μL) 
containing 1.05% (NH4)2MoO4 and 0.034% Malachite green was 
added to the reaction mixture. The incubation was performed at 
30 °C for 20 min. The amount of released phosphate was deter-
mined from the absorbance at a wavelength of 620 nm46 using 
an Infi nite M200 PRO microplate reader (Tecan, Austria). The 
compound CP-316819 was used as the negative control.47 

Statistical data processing. The statistical data processing was 
performed using the Mann—Whitney U test with the Statistica 
6.0 software (StatSoft, USA).
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