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ABSTRACT: The reaction of bis(trimethylsilyl)
sulfide with different substituted thiiranes under tetra-
butylammonium fluoride (TBAF) catalysis leads to
the synthesis of 3,7-disubstituted-1,2,5-trithiepanes,
through regioselective reaction of a thiosilane inter-
mediate with another molecule of episulfide, followed
by intramolecular oxidation of two sulfur units. When
using bis(trimethylsilyl)selenide, the reaction with thi-
iranes and TBAF affords a smooth access to a novel
class of disubstituted-1,2,5-dithiaselenepanes. © 2014
Wiley Periodicals, Inc. Heteroatom Chem. 25:678-
683, 2014; View this article online at wileyonlineli-
brary.com. DOI 10.1002/hc.21157

INTRODUCTION

Sulfur-containing compounds are very interesting
molecules for their applications in synthetic organic
chemistry and for their properties as biologically ac-
tive compounds. A large number of sulfurated sys-
tems have been shown to be odor-active and odor-
relevant molecules in different kind of plants [1].
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Several examples refer to aliphatic derivatives,
and in recent years the interest toward thiahete-
rocyclic compounds has increased, owing to their
utilization in different fields of organic chemistry,
biochemistry, and food chemistry. Polysulfurated
heterocycles represent as well an interesting class of
compounds for their physical and chemical proper-
ties and synthetic utility [2]. Several cyclic polysul-
fides of different ring size have been isolated from
marine bacteria, and a profile of the pharmaceutical
and agrochemical properties was investigated [3].

In this context, seven-membered rings appear in-
teresting structures, and synthetic processes to ob-
tain cyclic trisulfides, such as trithiepane derivatives,
have been reported. In general, these compounds
have been obtained in moderate yields and in com-
plex mixture of products [2¢,3b,4].

In addition, the past decades have witnessed a
growing interest in the chemistry of organoselenium
compounds, mainly due to their antioxidant, antitu-
moral, and antimicrobial activities [5]. Among these
compounds, selenides, diselenides, and selenium-
containing heterocycles have attracted considerable
attention for their useful reactivity in organic syn-
thesis and potential biological applications [6].

Our long-dated interest in the chemical behav-
ior of bis(trimethylsilyl)sulfide (HMDST) [7] led us
to elucidate its efficiency as a useful reagent in the
ring opening of epoxides and more recently of thi-
iranes, leading to a direct and regioselective access to
B-mercaptoalcohols and 1,2-dithiols [8]. These bi-
functional compounds behave as very efficient
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FIGURE 1 Structure of 3,7-disubstituted-1,2,5-trithiepanes
and -1,2,5-dithiaselenepanes.

reagents for obtaining a variety of silylated
five-membered heterocycles, such as 2-silyl-1,
3-oxathiolanes and -1,3-dithiolanes [8b,8c].

During the course of an investigation on the syn-
thesis of different heterocyclic systems through the
reactivity of thiosilanes and selenosilanes, we turned
our attention to seven-membered thiaheterocycles of
types 2 and 5, namely 1,2,5-trithiepanes and 1,2,5-
dithiaselenepane (Fig. 1).

To the best of our knowledge, only few exam-
ples are reported in the literature for the synthe-
sis of the sulfurated derivative [2c,3b,4], whereas no
example is present for the selenated analogue.

In this context, we thought that thiosilanes and
selenosilanes could provide a convenient access to
these molecules through the reaction with episul-
fides, followed by intramolecular oxidative ring
closure.

RESULTS AND DISCUSSION

With this concept in mind, we reacted 2 equiv of
2-(5-hexenyl)thiirane 1a with HMDST under the
catalysis of tetrabutylammonium fluoride (TBAF).
The reaction proved quite efficient, leading to the
formation of 3,7-di(5-hexenyl)-1,2,5-trithiepane 2a
as ca. 1:1 mixture of cis/trans diastereoisomers
(Scheme 1).

A reasonable mechanism for the formation of
compound 2a is proposed in Scheme 2. On the basis
of our previous results in the fluoride ion induced
ring opening of episulfides with HMDST, the forma-
tion of the substituted B-dithiosilane intermediate
3 can be expected. This in turn should react with
another equivalent of thiirane, leading, after the ox-

1a

SCHEME 1 Reaction of thiirane with HMIDST.
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idation of two sulfur units of intermediate 4, to the
target trithiepane 2a.

Taking into account that the ring opening of
episulfides by thiosilanes proceeds in a regioselec-
tive way [8b,8¢c] with the attack on the less substi-
tuted position, the formation of the isomeric 3,6-
disubstituted-1,2,5-trithiepane can be excluded.

The structure of 2a was assigned by NMR and
mass spectra (MS) investigation, and by comparison
with the literature data reported on analogue deriva-
tives [3b,4b]. GC/MS analysis revealed the presence
of two peaks with very close retention times (15.43
and 15.52 min) and very similar MS. Mass spec-
trometric fragmentation contains a characteristic
ion at m/z 206 [M*- — CgHy4], which suggests the
formation of a 4-substituted-1,2,3-trithiolane sub-
structure. Other characteristic ions are at ni/z 141
[CsH3S]t and 109 [CgHy3]t. Proton NMR spectra
appear to be second-order spectra, due to chemical
nonequivalence of the methylene protons, while 13C
NMR shows signals in agreement with the proposed
symmetric structure, while in the unsymmetrical
3,6-disubstituted trithiepane all carbon atoms are
differentiated, due to the missing symmetry plane.
As already described in the literature [3b], the com-
plexity of proton spectra can be also due to rapid ring
interconversion of the thiepane ring, thus showing
broad signals.

To evaluate the generality of such methodology,
a series of substituted episulfides was reacted un-
der the same conditions. Results are summarized in
Table 1.

The reactivity proved general, leading in good
yields to the synthesis of trithiepanes 2a-i, bearing
different moieties, that could be further elaborated.
The reaction is operationally simple and represents
a direct, smooth access to cyclic polysulfides. Purifi-
cation on silica gel allowed the isolation of prod-
ucts as a mixture of diastereoisomers, which were
difficult to separate. Because of the mildness of ex-
perimental conditions, this procedure can also be
applied to very useful, but more labile compounds,
such as thioglycidol derivatives, which can repre-
sent versatile structures to be further functionalized.
In fact, protected thioglycidols 1e-i reacted in good

a
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SCHEME 2 Proposed mechanism.

TABLE 1 Synthesis of 3,7-Disubstituted-1,2,5-trithiepanes
2

S
S ’ TBAF
+  (MegSi)S —
£, THF.re,24h R /R
2

R
1

1,2,5- Yield
Entry R Thiirane  Trithiepane (%)?
1 (CH,),CH=CH, 1a 2a 83
2 (CH,),CH=CH, 1b 2b 8629
3 CHj 1c 2c 76°
4 (CH,)3CH3 1d 2d 75
5 CHQOCH(CHg)Q 1e 2e 720b.d
6 CH,OCH,Ph 1f 2f 64
7 (S)-(-)-CH,OCH,Ph 1g 2g 66°
8 CH,OCH,CH=CH, 1h 2h 659
9 CH,OCO(CH.),Ch; 1i 2i 68

aAfter purification. Isolated as a mixture of diastereoisomers.
bRefers to the crude product.

¢See references [4a—c].

9disolated yield not optimized.

€Single diastereoisomer.

yields, and the protective groups were not removed
under these conditions (Table 1, entries 5-9). When
enantiopure thiirane 1g is reacted, trithiepane 2g is
formed as a single diastereoisomer, due to enantio-
selective ring opening of the episulfide [8b,8c].

Taking into account the interest in the evaluation
of the biological activity of small sulfurated cyclic
structures, it is noteworthy to underline that the
so obtained compounds, with different substituents
and different polarity, could represent interesting
substrates to be tested for applications in pharma-
ceutical or agrochemical field.

Once we established the efficiency of HMDST/
TBAF in the formation of trithiepanes, we turned our
attention to the reactivity of the corresponding se-
lenium derivative bis(trimethylsilyl)selenide (TMS-
Se-TMS, HMDSS). This compound has received less
attention with respect to the analogue HMDST, de-
spite the relevance that organoselenium compounds
have actually gained.

We recently reported our preliminary results
in HMDSS-induced regioselective ring opening of
epoxides and episulfides, leading to the formation of
B-functionalized diselenides or selenols [9].

Thus, on the basis of these results, we decided
to evaluate the efficiency of HMDSS in the synthesis
of unreported 1,2,5-dithiaselenepane derivatives. In
a test reaction, thiirane 1b was reacted under TBAF
catalysis at 0°C with HMDSS (Scheme 3).

The reaction proved quite efficient, affording as
a predominant product 3,7-di(but-3-en-1-yl)-1,2,5-
dithiaselenepane 5a in good vyield, together
with minor amount (ca. 10%) of the corre-
sponding eight-membered 3,8-disubstituted-1,2,5,6-
dithiadiselenocane, arising from the oxidation of
both sulfur and selenium units of the selenium in-
termediate (analogue of 3 described in Scheme 2).
A mechanism similar to that proposed in Scheme
2 can in fact be responsible for the formation
of 5a.

This result was interesting, showing that under
these mild conditions the silyl selenide intermediate
(analogue of 4 in Scheme 2) was stable enough to
attack another molecule of thiirane, minimizing the
well-known high tendency of selenol derivatives to
be oxidized.

Heteroatom Chemistry DOl 10.1002/hc
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SCHEME 3 Reaction of thiirane with HMDSS.

TABLE 2 Synthesis of
selenepanes 5

3,7-Disubstituted-1,2,5-dithia

S .
+ (Me3Si)}Se /( )
L\\R iMesSlE THF, 0°C—rt.
12h
1
1,2,5- Yield

Entry R Thiirane Dithiaselenepane (%)?
1 (CH,),CH=CH, 1ib 5a 68
2 CHs 1c 5b 67
3 (CH2)3CH3 1d 5c 87>
4 CH,OCH(CHg3), 1e 5d 85b
5 CH>OCH,Fh 1f 5e 73
6 (S)-(-)-CH,OCH.Ph  1g 5f 71¢
7 CH,OCH,CH=CH, 1h 5¢g 73

aAfter purification. Isolated as a mixture of diastereoisomers.
bYield refers to the crude product.
¢Single diastereoisomer.

Similarly to what was described for the sul-
fur analogue, the structure of dithiaselenepane 5a
was also determined on the basis of MS and NMR
data, which indicate the formation of a symmetric
structure, arising from the expected regioselective
ring opening of thiirane through attack on the less
hindered position. Then, with the aim to evaluate
the limits and the potential of this reaction, thiiranes
with different substituents were reacted. The studied
examples are listed in Table 2. They are showing the
versatility of this synthetic approach to a novel class
of mixed thia-seleno heterocycles.

CONCLUSIONS

We have devised a general and convenient access to
differently 3,7-disubstituted-1,2,5-trithiepanes and
-1,2,5-dithiaselenepanes through the reaction of thi-
iranes with HMDST and HMDSS, followed by in-
tramolecular oxidative cyclization.

The reactions occur in a regioselective way and
stereoselective formation of seven-membered hete-
rocycles is observed when an enantiopure thiirane is
used as a substrate.

Investigation on possible applications of the ob-
tained compounds and optimization for purification

Heteroatom Chemistry DOl 10.1002/hc
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procedures are currently being investigated in our
laboratory.

EXPERIMENTAL
General

NMR spectra were recorded at 200, 300, and
400 MHz ('H); 50 and 100 MHz (3C); and 38 MHz
(""Se) in CDCl; (reference 7.26 ppm for 'H, 77.0 ppm
for 13C, 461 ppm for 7’Se—external ref. (PhSe),). MS
were obtained at 70 eV ionization potential. THF was
distilled prior to use from sodium/benzophenone.
Flash column chromatography was performed us-
ing silica gel (230-400 mesh).

Synthesis of 1,2,5-Trithiepanes (2). General Pro-
cedure. A solution of thiirane 1 (2 mmol) and
HMDST (1 mmol) in distilled THF (3 mL) was
treated under inert atmosphere at room temperature
with TBAF (0.2 mL of 1 M THF solution, 0.2 mmol).
After stirring at room temperature for about 24 h,
the solution was diluted with diethyl ether, washed
with water then with brine, and dried over Na,S0Oj,.
The solvent was evaporated under vacuum afford-
ing a crude product, which was purified on silica gel
(petroleum ether/diethyl ether).

3,7-Di(hex-5-en-1-yl)-1,2,5-trithiepane (2a). A
mixture of two diastereoisomers (83%); 'H NMR
(300 MHz, CDCl3) § ppm: 1.27-1.55 (m, 12H), 2.01-
2.10 (m, 4H), 2.75-2.98 (m, 2H), 3.00-3.27 (m, 4H),
4.91-5.03 (m, 4H), 5.65-5.88 (m, 2H); '*C NMR
(50 MHz, CDCl3) § ppm: 26.7, 28.6, 33.5, 33.8, 41.2,
42.7, 114.5, 138.6; MS m/z (%): 316 (M*-, 15), 206
(18), 141 (30), 109 (31), 95 (11), 87 (27), 79 (23), 67
(99), 55 (54), 41 (100).

3,7-Di(but-3-en-1-yl)-1,2,5-trithiepane  (2b). A
mixture of two diastereoisomers (86%); 'H NMR
(300 MHz, CDCl3) §: 1.46-1.75 (m, 4H), 2.01-2.38
(m, 4H), 2.68-3.15 (m, 6H), 4.95-5.06 (m, 4H), 5.66—
5.85 (m, 2H); '3C NMR (50 MHz, CDCI3) §: 22.9,
24.0, 30.9, 31.2, 32.7, 33.0, 41.2, 115.4, 137.4; MS
m/z (%): 260 (M*-, 9), 227 (3), 178 (5), 159 (6), 145
(10), 113 (39), 105 (12), 99 (18), 85 (15), 73 (17), 67
(29), 53 (24), 81 (100).
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3,7-Dimethyl-1,2,5-trithiepane (2¢). A mixture of
two diastereoisomers (76%); 'H NMR (200 MHz,
CDCl3) § ppm: 1.24-1.42 (m, 6H), 2.86 (bdd, J =
14.6 Hz, 7.4 Hz, 2H), 3.09 (bdd, J = 14.6 Hz, 3.8 Hz,
2H), 3.16-3.31 (m, 2H); MS m/z (%): 180 (M*", 68),
147 (11), 138 (33), 115 (23), 64 (21), 74 (85), 64 (21),
59 (32), 41 (100).

3,7-Dibutyl-1,2,5-trithiepane (2d). A mixture of
two diastereoisomers (75%); 'H NMR (200 MHz,
CDCl3) § ppm: 0.85-0.96 (m, 6H), 1.24-1.65 (m,
12H), 2.64-3.33 (m, 6H); 1*C NMR (50 MHz, CDCl3)
8 ppm: 13.6, 13.9, 19.7, 22.4, 23.9, 29.4, 33.3, 33.7,
42.2,51.1, 58.7; MS m/z (%): 264 (M*+, 16), 231 (3),
199 (10), 180 (21), 115 (31), 87 (17), 83 (38), 55 (90),
41 (100).

3,7-Bis(isopropoxymethyl)-1,2,5-trithiepane (2e).
A mixture of two diastereoisomers (72%); 'H NMR
(300 MHz, CDCl3) § ppm: 1.11-1.15 (m, 12H), 2.93-
3.41 (m, 6H), 3.48-3.77 (m, 6H); '*C NMR (50 MHz,
CDCl3) § ppm: 21.8, 21.9, 22.0, 34.1, 34.5, 50.5, 52.8,
69.2, 69.8, 72.2; MS m/z (%): 296 (M™*-, 3), 236 (2),
196 (1), 136 (3), 99 (56), 73 (28), 57 (100).

3,7-Bis((benzyloxy)methyl)-1,2,5-trithiepane (2f).
The product was purified by flash column chro-
matography (petroleum ether/diethyl ether 15:1) to
give 2f as a mixture of two diastereoisomers. Yel-
low oil (64%). "H NMR (400 MHz, CDCl3) § ppm:
2.93-3.42 (m, 6H), 3.58-3.79 (m, 4H), 4.50-4.55 (m,
4H), 7.28-7.36 (m, 10H); 3C NMR (50 MHz, CDCl3) §
ppm: 39.9,50.6,70.1,73.2,127.7,128.6, 129.7, 137.9;
MS m/z (%): 392 (M*-, 2), 301 (1), 284 (1), 195 (2),
147 (9), 105 (5), 91 (100). Elemental analysis: calcu-
lated for C,0H»4S,05: C, 61.19; H, 6.16. Found: C,
61.34; H, 6.34.

(3S,7S)-3,7-Bis((benzyloxy)methyl)-1,2, 5-
trithiepane (2g). The product was purified by flash
column chromatography (petroleum ether/diethyl
ether 15:1) to give 2g. Yellow oil (66%). 'H NMR
(200 MHz, CDCl;) § ppm: 2.98-3.39 (m, 6H),
3.60-3.78 (m, 4 H), 4.53-4.55 (m, 4H), 7.32-7.36 (m,
10H); '*C NMR (50 MHz, CDCl3) § ppm: 34.2, 50.2,
70.1, 73.2, 127.7, 128.1, 128.4, 137.8; MS m/z (%):
392 (M*, 2), 301 (1), 284 (1), 195 (2), 147 (9), 105
(5), 91 (100).

3,7-Bis((allyloxy)methyl)-1,2,5-trithiepane (2h).
The product was purified by flash column chro-
matography (petroleum ether/diethyl ether 3:1) to
give 2h as a mixture of two diastereoisomers. Yel-
low oil (65%). "H NMR (300 MHz, CDCl3) § ppm:
2.96-3.25 (m, 6H), 3.50-3.75 (m, 4H), 3.97-4.03
(m, 4H), 5.17-5.31 (m, 4H), 5.78-5.98 (m, 2H); 13C
NMR (50 MHz, CDCl;) § ppm: 34.2, 34.3, 46.8, 47.1,
71.7, 72.1, 117.1, 134.6; MS m/z (%): 292 (M*,
2), 235 (32), 177 (8), 105 (18), 97 (100), 73 (64),
55 (71).

(1,2,5-Trithiepane-3,7-diyl)bis(methylene) Dibu-
tyrate (2i). A mixture of two diastereoisomers (68%);
'"H NMR (300 MHz, CDCl;) § ppm: 0.92-0.97 (m,
6H), 1.57-1.74 (m, 4H), 2.26-2.35 (m, 4H), 2.79-3.41
(m, 6H), 4.07-4.37 (m, 4H); MS m/z (%): 352 (M*",
5), 264 (10), 224 (6), 176 (14), 136 (92), 104 (15), 71
(98), 43 (100).

Synthesis of 1,2,5-Dithiaselenepanes (5). Gen-
eral Procedure. A solution of thiirane 1 (2 mmol) and
HMDSS (1 mmol) in dry THF (3 mL) was cooled un-
der inert atmosphere at 0°C and treated with TBAF
(0.2 mL of 1 M THF solution, 0.2 mmol). After warm-
ing to room temperature and stirring for about 12 h,
the solution was diluted with diethyl ether, washed
with water then with brine, and dried over Na,SOj,.
The solvent was evaporated under vacuum afford-
ing a crude product, which was purified on silica gel
(petroleum ether/diethyl ether).

3,7-Di(but-3-en-1-yl)-1,2,5-dithiaselenepane (5a).
|A mixture of two diastereoisomers; yellow oil (68%).
'H NMR (200 MHz, CDCl;) § ppm: 1.48-1.73 (m,
4H), 1.98-2.35 (m, 4H), 2.65-3.18 (m, 6H), 4.96-5.11
(m, 4H), 5.61-5.84 (m, 2H); MS m/z (%): 308 (M*",
9), 226 (5), 194 (8), 145 (15), 113 (47), 81 (100), 41
(73).

3,7-Dimethyl-1,2,5-dithiaselenepane (5b). The
product was purified by flash column chromatog-
raphy (petroleum ether/diethyl ether 25:1) to give
5b as a mixture of two diastereoisomers. Yellow oil
(67%). "H NMR (200 MHz, CDCl;) § ppm: 1.24-1.43
(m, 6H), 2.93 (dd, J = 13.8, 6.4 Hz, 2H), 3.14 (dd,
J = 13.8, 3.8 Hz, 2H), 3.18-3.42 (m, 2H); 13C NMR
(50 MHz, CDCl;) 8§ ppm: 20.1, 20.8, 34.6, 38.3, 41.2.

3,7-Dibutyl-1,2,5-dithiaselenepane (5¢). A mix-
ture of two diastereoisomers; yellow oil (87%). 'H
NMR (400 MHz, CDCl;) § ppm: 0.86-0.93 (i, 6H),
1.23-1.75 (m, 12H), 2.58-3.23 (m, 6H); 13C NMR
(100 MHz, CDCl;) § ppm: 13.7, 22.3, 24.7, 26.6, 28.9,
29.2,32.3,32.6, 34.1.

3,7-Bis(isopropoxymethyl)-1,2,5-dithiaselene-
pane (5d). A mixture of two diastereoisomers;
yellow oil (85%). 'H NMR (200 MHz, CDCl3) § ppm:
1.14 (ap.d, J = 6.4 Hz, 12H), 2.91-3.28 (m, 6H),
3.40-3.68 (m, 6H); '3C NMR (50 MHz, CDCl;) $§
ppm: 22.1, 29.7, 49.5, 69.9, 70.1, 72.2; MS m/z (%):
344 (M*, 5), 244 (6), 137 (5), 121 (7), 99 (31), 73
(33),59(12), 57 (100), 43 (93).

3,7-Bis((benzyloxy)methyl)-1,2,5-dithiaselene-
pane (5e). A mixture of two diastereoisomers;
yellow oil (73%). "H NMR (200 MHz, CDCls) § ppm:
2.89-3.31 (m, 6H), 3.47-3.91 (i, 4H), 4.53-4.55 (m,
4H), 7.28-7.35 (m, 10H); MS m/z (%): 440 (M™*-, 2),
292 (2), 147 (4), 107 (7), 91 (100), 73 (7), 65 (9).

Heteroatom Chemistry DOl 10.1002/hc
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(3S,7S)-3,7-Bis((benzyloxy)methyl)-1,2,5-
dithiaselenepane (5f). Yellow oil (71%). '"H NMR
(200 MHz, CDCl3) § ppm: 2.91-3.32 (m, 6H), 3.61-
3.78 (m, 4H), 4.54 (ap.s, 4H), 7.31-7.36 (m, 10H);
13C NMR (50 MHz, CDCl3) § ppm: 29.6, 49.2, 72.1,
73.3, 127.6, 127.7, 128.4, 137.9; MS m/z (%): 440
(M*+, 2), 292 (2), 147 (4), 107 (7), 91 (100), 73 (7),
65 (9).

3,7-Bis((allyloxy)methyl)-1,2, 5-dithiaselenepane
(5g). The product was purified by flash column
chromatography (petroleum ether/diethyl ether 8:1)
to give 5g as a mixture of two diastereoisomers.
Yellow oil (73%). '"H NMR (400 MHz, CDCl3) § ppm:
3.01-3.22 (m, 6H), 3.37-3.76 (m, 4H), 3.97-4.05 (m,
4H), 5.18-5.30 (m, 4H), 5.81-5.98 (m, 2H); '*C NMR
(100 MHz, CDCl3) § ppm: 29.6,49.1,71.9,72.2,72.8,
117.4, 134.5; 77Se NMR (38 MHz, CDCl3) § ppm:
133.8, 134.7: MS m/z (%): 340 (M*, 6), 283 (8), 242
(9), 225 (5), 185 (7), 151 (6), 129 (15), 121 (21), 97
(60), 73 (100), 55 (58).
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