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Abstract: The interaction of propane-1,3-dithiol with the chiral bis-thioether, which combines two
2(5H)-furanone moieties, bridged through their carbon atoms C(4) by the propane-1,3-dithiol frag-
ment, in DMF in the presence of potassium hydroxide or cesium carbonate resulted in the formation
of an optically active fused bicyclic sulfur heterocycle, possessing 1,4-dithiepine and unsaturated
v-lactone moieties. The studied reaction follows an unexpected pathway in a basic medium with the
thiolate—thiolate exchange. The structure of the novel heterocycle of the 1,4-dithiepinofuranone series
is characterized by single-crystal X-ray diffraction.

Keywords: 2(5H)-furanone; propane-1,3-dithiol; bis-thioether; trans-thiylation; thiolate—thiolate
exchange; S,0-heterocycle; X-ray diffraction analysis

ﬁ';ecf;‘tfgsr 1. Introduction
Citation: Khabibrakhmanova, A.M.; Organosulfur compounds are very diverse and are widely used in chemical synthesis,
Rabbanieva, E.S.; Gerasimova, D.D; herbal medicine, pharmacology, new materials development, agriculture, the food indus-
Latypova, L.Z.; Kurbangalieva, A.R. try, modern technology, etc. [1-8]. The sulfur heterocycles of the 2(5H)-furanone series,
8(S)-[(1R,2S,5R)-2-Isopropyl-5- including optically active ones, are also attractive objects in this area of research. 2(5H)-
methyleyclohexyloxy]-3,4-dihydro- Furanones are oxygen heterocyclic compounds belonging to the group of «,3-unsaturated
2H-[14]dithiepino[2,3-c]furan-6(8H)-  y-lactones that play an important role in organic and medicinal chemistry. It is known that
one. Molbank 2024, 2024, M1820. the substances possessing a 2(5H)-furanone ring exhibit a wide range of biological activities,
https://doi.org/10.3390/M1820 including antitumor, antimicrobial, antifungal, antiviral, anti-inflammatory, and antiox-
Academic Editor: Nicholas idant [9-13]. The combination of two biologically active fragments in a single molecule,

Leadbeater namely the y-lactone ring and the sulfur-containing moiety, is considered as a promising
approach towards the extension of the range of pharmaceutically important compounds
and substances with other practically useful properties.

The reactions of furanones with aliphatic, aromatic, and heterocyclic thiols have
been well-studied, and various thioethers, possessing an SR substituent at carbon atoms
C(3), C(4), or C(5) of the lactone ring, have been selectively obtained. Sulfur-containing

binucleophilic reagents have received less attention in contrast to the application of thi-
ols in the reactions with 2(5H)-furanones, carried out under basic or acidic conditions.
Thus, the interaction of furanone derivatives with S,0-, S,N-, and S,S-binucleophiles,
such as 2-mercaptoethanol [14,15], o-aminothiophenol [16], thioamino acids and their
This article is an open access article ~ d€Tivatives [17], disodium 2-oxo-1,3-dithiole-4,5-dithiolate [18], ethane-1,2-dithiol [19],
distributed under the terms and  Propane-1,3-dithiol [20], and 2,2'-oxydiethanethiol [21], are described. The use of these
conditions of the Creative Commons  binucleophilic reagents in the reactions with 3,4-dichloroderivatives of 2(5H)-furanone
Attribution (CC BY) license (https://  allowed us to observe the structural diversity of the thiylation products on the basis of the
creativecommons.org/ licenses /by / unsaturated lactone ring, including thioethers, various bis-thioethers, sulfur-containing
40/). fused systems, and spiro bicyclic systems. Moreover, the S,O-macroheterocyclic compound
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containing an 18-membered oxathiamacrocycle and two 2(5H)-furanone moieties was
obtained from the thiol of the furanone series in an alkaline medium [21].

Further research on furanone substrates capable of participating in macrocyclization
led us to the discovery of an unexpected reaction pathway that occurs in a basic medium.
Here, we report the synthesis and characterization of a novel chiral fused bicyclic sulfur
heterocycle, possessing y-lactone and 1,4-dithiepine moieties, as a trans-thiylation product
of the 2(5H)-furanone bis-thioether on the basis of propane-1,3-dithiol.

A literature search revealed very few reported cases of the trans-thiylation or thiolate-
thiolate exchange reactions found in the series of 1,4-diisopropylsulfanyl-2-nitrobenzene [22],
5-tert-butylsulfanyl-6-nitroquinoline [23], 2-arylsulfanyl-, and 2-benzothiazolylsulfanyl
1-nitroethenes [24], as well as the bis-thioethers obtained from the reactions of propane-1,3-
dithiol with 2-chloronitrobenzene and 2-chloro-3-nitropyridine [25]. A common feature
of all these reactions is that the activating nitro group is in an adjacent position to the
exchanged sulfur-containing substituent. In contrast to these examples, we show in this
paper the possibility of a trans-thiylation reaction in the absence of a nitro group in the
molecule of the chlorocontaining bis-thioether of 2(5H)-furanone.

2. Results and Discussion

A compound that has been considered as a possible precursor of thiamacrocycle
bearing a lactone ring is an optically active bis-thioether 1 that combines two furanone frag-
ments bridged through their carbon atoms C(4) by the—S(CH;)3S—chain (Scheme 1). The
bis-thioether 1 was obtained from stereochemically pure 5(S)-(I-menthyloxy)-3,4-dichloro-
2(5H)-furanone and propane-1,3-dithiol under base catalysis according to a previously
reported procedure [20].

Hs” " en

KOH, DMF, 55°C

Scheme 1. Reaction of bis-thioether 1 with propane-1,3-dithiol in the presence of KOH.

We assumed that the interaction of compound 1 with dithiol in the presence of a base
would lead to the formation of the product of the nucleophilic substitution of both chlorine
atoms at position 3 of two lactone rings in molecule 1 by the propane-1,3-dithiol fragment.
However, the reaction of bis-thioether 1 with propane-1,3-dithiol carried out in DMF in
the presence of potassium hydroxide resulted in the formation of the novel chiral bicyclic
sulfur-containing compound 2 in a yield of 62% (Scheme 1). The same fused heterocycle 2
was isolated in a similar yield (58%) using high dilution conditions with the slow addition
of reactants and cesium carbonate as a base, although in this case the reaction required
more prolonged heating in DMF at 55 °C.

The structure of compound 2 was confirmed by IR, 'H and ¥C NMR spectroscopy,
and HRMS (see the Supplementary Materials). The IR spectrum of bicycle 2 exhibits the
absorption bands of the stretching vibrations of the C-H bonds (2800-3000 cm 1), a strong
doubly split band of the carbonyl group (1770, 1749 cm™!), and a band of medium intensity
at 1654 cm™~! assigned to the stretching vibrations of the C=C bond of the lactone ring.
In the 'H NMR spectrum of heterocycle 2, there were a singlet for the methine proton at
carbon atom C-8 at § 5.60 ppm, complex multiplets of the diastereotopic SCH, protons
in the range of  3.1-3.4 and 3.7-4.1 ppm, and a multiplet (2.2-2.4 ppm) arising from the
methylene protons at carbon atom C(3). The monoterpene alcohol fragment is represented
in the spectrum by three doublets of three methyl groups in the high field region (5 0.79,
0.92, and 0.93 ppm), the signal of the methine proton at the carbon atom C(1’) (§ 3.47 ppm),
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as well as complex multiplets, corresponding to other protons of the I-menthol moiety in
the range of 5 0.7-2.3 ppm. The signals in the one-dimensional NMR spectra were assigned
by analyzing the HSQC spectrum of heterocycle 2.

The structure of bicyclic compound 2 was also determined by single-crystal X-ray
diffraction using colorless crystals obtained from a hexane/benzene solution (Figure 1).

Figure 1. Molecular structure of bicyclic compound 2 in the crystal.

The structure of compound 2 was solved in the chiral space group P2;2;2;, and
the asymmetric unit contains a single crystallographically independent molecule (Z' = 1).
According to the X-ray data, the five-membered ring is planar. The seven-membered
cycle of 2 in the crystal assumes a “twist” conformation: the S(1)C(9)C(10)S(5) fragment,
containing a double bond C(9)=C(10) and the sulfur atoms adjacent to it, is planar. The C(3)
atom lies in the same plane, and the C(2) and C(4) atoms are spaced at equal distances on the
opposite sides of this plane. The X-ray diffraction data confirm the absolute configuration
of the menthyl group and the specified (5)-configuration of the asymmetric carbon atom
C(8) of the lactone ring in the crystal. The absolute configuration of the chiral centers has
been determined from the anomalous scattering of the heavy sulfur atoms.

The observed formation of heterocycle 2 in the basic medium can be explained by the
initial thiolate anion creation from propane-1,3-dithiol and the nucleophilic addition of the
thiolate anion to the vinylic carbon atom C(4) of the lactone ring of bis-thioether 1. Presum-
ably, the cleavage of the C-S bond in the intermediate anion adduct leads to the formation
of two identical thiolate anions, which cyclisize to produce 1,4-dithiepinofuranone 2.

Since the result of this transformation consists of the replacement of one sulfur-
containing group with another, it can be described as a trans-thiylation reaction or thiolate—
thiolate exchange. This reaction may be used for the preparation of bicyclic fused sulfur-
containing heterocycles possessing the 2(5H)-furanone moiety and similar compounds
difficult to access by other methods.

To the best of our knowledge, only one representative of the class of fused hetero-
cycles, possessing y-lactone and 1,4-dithiepine moieties, has been described in the lit-
erature [26]. Namely, 8-cyclohexyl-3,4-dihydro-2H-[1,4]dithiepino[2,3-c]furan-6(8H)-one
was obtained in two steps, starting from the alkylation of 2-cyclohexanoyl-1,3-dithiane
with methyl bromoacetate. The subsequent treatment of the resulting ester with sodium
bis(trimethylsilyl)amide caused an unexpected base-promoted carbanion rearrangement
with the formation of the 1,4-dithiepinofuranone system.

3. Materials and Methods
3.1. General Information

4 4'-(Propane-1,3-diylsulfanediyl)bis{5(S)-[(1R,2S,5R)-2-isopropyl-5-methylcyclohexyloxy]
-3-chlorofuran-2(5H)-one} (1) was synthesized according to the known method [20]. Propane-
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1,3-dithiol and CspCOj3 (both from Acros Organics, China) were used as received without
further purification. All solvents were purified and distilled by standard procedures. Ana-
lytical thin layer chromatography (TLC) was carried out on Sorbfil PTLC-AF-A-UF plates
using UV light (254 nm) as the visualizing agent. Silica gel 60A (Acros Organics; China,
70-230 mesh; 0.060-0.200 mm) was used for open column chromatography. The melting
point was measured on a Boetius hot stage and was not corrected. Optical rotation was
measured on a Perkin-Elmer model 341 polarimeter at A 589 nm and at 20 °C in chloroform
(concentration c is provided as g/100 mL). IR spectrum was recorded on a Bruker Tensor-27
spectrometer fitted with a Pike MIRacle ATR accessory (diamond/ZnSe crystal plate).
IR spectrum was recorded of solid with characteristic absorption wavenumbers (Vmax)
reported in cm~!. NMR spectra were measured on a Bruker Avance III 400 spectrometer at
400.17 MHz (*H) and 100.62 MHz (13C) at 20 °C in the deuterated chloroform. The chem-
ical shifts (5) are expressed in parts per million (ppm) and are calibrated using residual
undeuterated solvent peak as an internal reference (CDCl3: 6y 7.26, 5¢ 77.16). All coupling
constants (J) are reported in Hertz (Hz) and multiplicities are indicated as s (singlet), d
(doublet), ddd (doublet of doublets of doublets), and m (multiplet). High-resolution mass
spectrum (HRMS) was obtained through electrospray ionization (ESI) with positive (+) ion
detection on a Bruker micrOTOF-QIII quadrupole time-of-flight mass spectrometer.

The X-ray diffraction (XRD) data for the single crystal of compound 2 were obtained on
a Bruker D8 QUEST automated three-circle diffractometer with a PHOTON III area detector
and an IuS DIAMOND microfocus X-ray tube: A(MoK«x) = 0.71073 A w/d scanning mode
with a step of 0.5°. Data collection and indexing, determination, and refinement of unit
cell parameters were carried out using the APEX4 v2021.10-0 software package. Numerical
absorption correction based on the crystal shape, additional spherical absorption correction,
and systematic error correction were performed using the SADABS-2016/2 software [27].
Using OLEX2 [28], structures were solved by direct methods using the SHELXT-2018/3
program [29] and refined by full-matrix least-squares on F? using the SHELXL-2018/3
program [30]. Nonhydrogen atoms were refined anisotropically. The positions of hydrogen
atoms of methyl groups were inserted using the rotation of the group with idealized bond
angles; the remaining hydrogen atoms were refined using a riding model. Most calculations
were performed using the WinGX-2021.3 software package [31].

Crystal data for C17H603S, (M = 342.50 g/mol): orthorhombic, space group P2;2712;
(no. 19), a = 8.2365(3) A, b = 12.4920(6) A, ¢ = 17.0520(7) A, V = 1754.49(13) A3, Z =4,
T=105K, (Mo Ka) = 0.313 mm ™!, Dy = 1.297 g/cm3, 54580 reflections measured
(2.746° < 20 < 30.062°), 5021 unique (Rint = 0.0930, Rsigma = 0.0532), which were used
in all calculations. The final R1 was 0.0577 (I > 20(I)) and wR2 was 0.1147 (all data).

CCDC 2345671 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk). XRD data were obtained from the Collective Spectro-Analytical
Center of FRC Kazan Scientific Center of RAS by support of the State Assignment of the
Federal Research Center “Kazan Scientific Center”, Russian Academy of Sciences.

3.2. 8(S)-[(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyloxy]-3,4-dihydro-2H-[1,4]dithiepino-[2,3-
clfuran-6(8H)-one (2)

To a solution of bis-thioether 1 (0.26 g; 0.4 mmol) in DMF (25 mL) with intense stirring
under argon at room temperature was added KOH (0.05 g; 0.9 mmol), and dropwise a
solution of propane-1,3-dithiol (0.04 mL; 0.4 mmol) in DMF (5 mL). The reaction mixture
was stirred at 55 °C for 6 h, followed by addition of the second portion of KOH (0.05 g;
0.9 mmol) and subsequent mixing for 18 h at the same temperature (monitored by 'H
NMR spectroscopy). According to 'H NMR spectroscopy, the reaction mixture contained
product 2 and bis-thioether 1 in a ratio of 1:0.13. The solution was then decanted from
solid and evaporated to dryness. The resulting brown solid residue was purified by
column chromatography on silica gel (eluent CH,Cl,). The main fraction (R¢ = 0.60) was
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recrystallized from a hexane-benzene mixture (5:1) to afford bicycle 2 in 62% (0.17 g) yield.
Colorless crystals; mp 128-130 °C; [oc]%o +87.2 (¢ 0.87, CHCI3); IR (ATR) vimax 2960, 2930,
2875 (C-H), 1770, 1749 (C=0), 1654 (C=C lactone) cm~!; 'H NMR (CDCl;, 400 MHz, ppm) o
5.60 (1H, s, H-8), 4.02-3.91 (1H, m, SCH,), 3.87-3.76 (1H, m, SCH,), 3.47 (1H, ddd, 3] = 10.7,
4.4 Hz, H-1'), 3.34-3.24 (1H, m, SCH,), 3.24-3.14 (1H, m, SCH,), 2.39-2.18 (4H, m, H-3, H-¢/,
H-8), 1.71-1.59 (2H, m, H-3/, H-4), 1.47-1.26 (2H, m, H-2/, H-5), 1.15-0.73 (3H, m, H-3/,
H-4', H-6'),0.93 (3H, d, 3] = 7.0 Hz, CH; (iPr)), 0.92 (3H, d, 3] = 6.5 Hz, H-7'), 0.79 (3H, d,
3] = 6.9 Hz, CHj (iPr)); 1*C{'H} NMR (CDCl3z, 100 MHz, ppm) 6 167.5 (C-6), 153.5 (C-8a),
125.0 (C-5a), 104.0 (C-8), 83.8 (C-1'), 48.1 (C-2'), 42.4 (C-6), 34.2 (C-4"), 32.4, 31.6 (C-2, C-4),
31.7 (C-5'), 30.8 (C-3), 25.4 (C-8'), 23.0 (C-3'), 22.2, 21.0, 16.0 (C-7', C-9’, C-10"); HRMS (ESI)
m/z 365.1217 (caled for C17Hy6NaO3S, [M + Na]* 365.1216).

4. Conclusions

The bis-thioether 1 on the basis of 5(5)-(I-menthyloxy)-2(5H)-furanone was converted
into a novel sulfur-fused bicyclic compound 2 as a result of the thiolate-thiolate exchange
reaction with propane-1,3-dithiol carried out in DMF in the presence of a base. The
obtained optically active product 2 contains unsaturated y-lactone, I-menthol, and 1,4-
dithiepine fragments. The observed reaction, accompanied by the replacement of one
sulfur-containing group with another, can serve as a convenient method for the preparation
of bi- and tricyclic fused S-heterocycles.

Supplementary Materials: The following supporting information can be downloaded online. 'H,
1BC{1H}, HSQC NMR, IR spectra, HRMS for compound 2.
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