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Abstract: Thiophene endoperoxide2, which was prepared by photooxygenation of thiophene1, transfers a
sulfur atom (up to 92%) to strained cycloalkenes to form thiiranes when thermolyzed in their presence. The
diastereomeric paircis/trans-cyclooctene (5b) reacted stereoselectively, which speaks for a concerted process
rather than open dipolar and/or diradical intermediates. The set of chiral cyclooctenols5c-e was also
investigated, and the relative configurations of the respective thiiranes were assigned by chemical correlation
and NMR spectral and X-ray analysis. The first-order kinetics of the process clearly shows that the endoperoxide
2 itself is not the sulfur-transferring species, but it is thermally transformed to the intermediatesI and II .
Whereas intermediateII is responsible for the competitive formation of elemental sulfur, intermediateI ,
presumably an oxathiirane, is the active sulfur-transferring species. The episulfidation was compared with
the epoxidation by the related dimethyldioxirane, and both show the same qualitative trends in the
diastereoselectivity and the reactivity toward the alkenes5a-e.

Introduction
The epoxidation of alkenes is beyond doubt one of the most

important and best investigated synthetic transformations. A
variety of reagents are known, which may be used to transfer
an oxygen atom directly to an alkene.1-8 Several enantiose-
lective epoxidations demonstrate the significance of this well-
explored methodology in organic chemistry.2-7 In contrast, the
direct episulfidation of alkenes is reported only for a few special
examples and has yet not been synthetically applied.9,10 To
transform alkenes to their episulfides, usually indirect methods
are used, of which the preparatively more useful ones are the
conversion of epoxides to their episulfides by thiocarbonyl-
containing reagents (e.g., thiourea) or the addition of a sulfenyl
chloride to an alkene and subsequent base-catalyzed ring
closure.10

Recently, we have found that in the thermolysis of thiophene
endoperoxide2 a sulfur atom is transferred directly to strained

cycloalkenes to form the corresponding thiiranes in moderate
to good yields (Scheme 1).11

Presently we report the full experimental details on this novel
sulfur transfer to a set of olefins for assessing the diastereose-
lectivity and to explore the mechanistic details of this potentially
important reaction. Since oxathiiranes12 have been postulated
as intermediates in the thermolysis of endoperoxides11,13 and
since their sulfur-transfer potential has been already claimed,14

these transients are postulated as the active sulfur-transferring
agents in this episulfidation. Comparison with the related
epoxidation by the analogous dimethyldioxirane (DMD) sub-
stantiates this claim.

Results

Episulfidations. Thiophene1 reacted quantitatively with
singlet oxygen at- 30 °C to form the endoperoxide2, which
is persistent at- 20 °C in CDCl3 solution for several days; it
was characterized by its1H and 13C NMR data.11 The
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endoperoxide2 was isolated by silica gel chromatography at
-30 °C as a yellow solid with a positive peroxide test (KI/
HOAc).

The endoperoxide2 decomposed readily already at 0°C, both
in isolated form and in solution. Its primary thermolysis
products were elemental sulfur and the labile ene trione3; the
latter rearranged to the hemiacetal4 (Scheme 1) in a reversible
reaction.11 Although sulfines have been reported in the
decomposition of a thiophene endoperoxide,13 such products
have not been found in the present work. The independently
synthesized ene trione3 (by oxidation of the corresponding furan
with DMD at - 20 °C)11,15as well as the isolated4 showed in
CDCl3 solution the presence of both species3 and4 after 2 h
at room temperature (ca. 20°C), together with small amounts
of additional decomposition products. After one week at 20
°C, complete decomposition into a complex product mixture
was observed, irrespective of whether one started from ene trione
3 or hemiacetal4.

For the sulfur-transfer experiments with the cycloalkenes5a-
e, the endoperoxide2 was generated at- 30 °C in CDCl3
solution (0.10-0.15 M) and added to a mixture of the
cycloalkene and dimethyl 1,3-benzenedicarboxylate (internal
standard). After1H NMR analysis of the resulting solution at
- 20 °C, it was kept at 25°C for 2 h, and analyzed again by
1H NMR spectroscopy (Table 1). The products3, 4, 6, and7
were identified by comparison with authentic materials and
quantified against the internal standard.11,14 The pure new
thiiranes6c-e were obtained by silica gel chromatography of
the crude product mixture or by independent synthesis (see
below, Table 2).

The thermolysis of endoperoxide2 in the presence of
norbornene (5a, Table 1, entries 1-3) andcis-cyclooctene (cis-
5b, entries 4-7) was run with different amounts of olefin to
assess the efficacy of the sulfur transfer. The ratio of sulfur
atom transfer to extrusion as elemental sulfur is reflected by
the yield of thiirane6, which was independent of the olefin
concentration within the analytical error ((5%). A constant
yield of thiirane6 (60( 5% referred to converted endoperoxide
2) was also observed by monitoring the reaction progress versus
time.

In the presence oftrans-cyclooctene (trans-5b), almost all
of the available sulfur was trapped in the form of the thiirane
trans-6b exclusively; not even traces of thiiranecis-6b were
detected (Table 1, entry 8). Concomitantly, 6% of the starting

olefin trans-5b isomerized tocis-5b. The trans/cis isomeriza-
tion of the olefin was also observed whentrans-5b was added
to a completely thermolyzed (25°C, 2.5 h) solution of
endoperoxide2 (contained 3 and 4, their decomposition
products, and elemental sulfur). Isomerization did not take place
when the thermolysate was treated with Ph3P to remove the
elemental sulfur before the addition oftrans-5b. Control
experiments established that independently synthesized3 and
411 do not cause any isomerization oftrans-5b, but elemental
sulfur does. For this purpose, either the sulfur was activated
before use by NH3/DMF16 or the solution of sulfur andtrans-
5b was heated to 60°C.

To assess whether hydroxy-directing effects operate in the
sulfur transfer, the chiral cyclooctenols5c-e were chosen as
sulfur atom acceptors (Table 1, entries 9-11). 2-Cyclooctenol
(5c) was transformed highly diastereoselectively into the thiirane
trans-6c, whereas the regioisomers5d,e reacted unselectively
to cis/trans mixtures of the corresponding thiiranes6d,e.

To assign the relative configurations of the thiiranes6c-e,
they were prepared from the corresponding epoxides8c-e
(Table 2). Thiourea was used as the sulfur source, which
transforms the epoxide of 2-cyclohexenol to the corresponding
thiirane in 35% yield.17 It is known that cyclooctene epoxides
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Scheme 1 Table 1. Sulfur Transfer by Endoperoxide2 to Cycloalkenes
5a-e

products (%)a

entry alkene equiv 3 4 6b
dr of 6a

(trans:cis)

1 norbornene (5a) 1.3 26 38 57c d
2 2.3 29 51 59c d
3 3.6 24 53 63c d
4 cis-cyclooctene (cis-5b) 1.1 15 60 64 <5:95
5 2.3 19 61 64 <5:95
6 5.5 20 57 61 <5:95
7 10.3 14 55 61 <5:95
8 trans-cyclooctene (trans-5b) 1.0 22 63 92e >95:5
9 2-cyclooctenol (5c) 2.4 f 54 56 >95:5

10 3-cyclooctenol (5d) 2.4 f 50 57 42:58
11 4-cyclooctenol (5e) 2.6 f 53 53 47:53

a Determined from the1H NMR spectra of the crude products by
comparison of characteristic signals with dimethyl 1,3-benzenedicar-
boxylate as internal standard; olefin mass balance>90%. b Based on
endoperoxide2; sulfur mass balance>90%, determined by converting
the extruded elemental sulfur with triphenylphosphine to the phosphine
sulfide. c Traces of trithiolane7a. d Only the exo diastereomer was
formed.e 6% ofcis-5b. f Not determined because of overlapping NMR
signals.

Table 2. Synthesis of Thiiranes6c-e from the Epoxides8c-e

olefin oxidant
yield of
8 (%)

dr of 8a

(cis:trans)
yield of
6b (%)

dr of 6a

(cis:trans)

5c mCPBA 100 (100c) <5:95 10 >95:5
5c tBuOOH, VO(acac)2 82 (83d) >95:5 13 <5:95
5d mCPBA 60e (58c) 50:50 25 47:53
5e mCPBA 43e (46d) >95:5f 9 <5:95

a Determined by1H NMR spectroscopy.b After silica gel chroma-
tography and Kugelrohr distillation.c Reference 19.d Reference 21.
e The crude epoxide8 (yield determined by1H NMR spectroscopy)
was treated with thiourea.f The cyclic etherstrans-10e,e′ (ref 21) were
observed as rearrangement products of the epoxidetrans-8e.
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are less reactive than cyclohexene epoxides in such reactions;18

nevertheless, enough of the thiiranes6c-ewere made available
for their complete characterization and configurational assign-
ment.

For this purpose, the 2-cyclooctenol (5c) was epoxidized by
mCPBA to trans-8c,19 which was treated with thiourea to form
thiiranecis-6c. The transformation of an epoxide to a thiirane
with thiourea is known to take place with inversion of the
configuration.20 Thiirane trans-6c was prepared by the same
sequence, excepttBuOOH/VO(acac)2 instead ofmCPBA was
used as epoxidant, to afford the other diastereomer.21 The
configurations ofcis- andtrans-6c were assessed by1H NMR
analysis (Figure 1). The resonance of the proton in theR
position to the hydroxy group is shifted to higher field intrans-
6c because of the anisotropic effect of the heterocycle. This
effect is known for the epoxidescis- and trans-8c.21

The epoxidation of 3-cyclooctenol (5d) with mCPBA led to
a 1:1 mixture of both diastereomeric epoxidescis,trans-8d,
which were treated with thiourea to form the thiiranescis- and
trans-8d (47:53). The diastereomers were separated by silica
gel chromatography, and their configurations were assigned by
an NOE effect between the H-1 and H-3 protons in the thiirane
cis-6d, which is absent in thetrans diastereomer (Figure 1).
The same effects were observed for the diastereomeric pair of
the knowncis,trans-8d epoxides, but their structures have not
been rigorously determined.19 This configurational assignment
was confirmed by an X-ray analysis of thetrans-6d thiirane
(cf. Supporting Information).

When the 4-cyclooctenol (5e) was transformed to the thiirane
by this route, only the diasteromertrans-6ewas observed. The
diasteromerictrans-8eepoxide rearranged in situ to the cyclic
etherstrans-10e,e′ under the reaction conditions of themCPBA
epoxidation.21 Only epoxide cis-8e remained, which was
transformed into the thiiranetrans-6e by thiourea under
inversion of the relative configuration.20

Epoxidations. For the epoxidations of the cycloalkenes5a-
e, a solution of DMD in acetone (ca. 0.08 M) was used, which
was added at room temperature to a stirred CH2Cl2 solution of
the olefin. The crude reaction mixture was analyzed by gas
chromatography to identify the products by comparison of the
retention times with authentic material.

The cycloalkenes5a,b reacted rapidly with DMD to form
the corresponding epoxides8a,b in very clean reactions (Table
3) and with retention of the original double-bond configuration
of the olefinscis- and trans-5b.22 2-Cyclooctenol (5c) was
diastereoselectively epoxidized totrans-8c,19,23 but an excess
of DMD overoxidized it to the epoxy ketone9c.24 The other
regioisomers5d,e did not react stereoselectively and formed
1:1 mixtures of thecis- andtrans-epoxides. Excess DMD again
caused overoxidation to the epoxy ketones9d,e.25,26

The epoxides8a-e are known, excepttrans-8e.19,21-23 As
mentioned above,trans-8e does not persist during the epoxi-
dation of5e with mCPBA and rearranges to the cyclic ethers
trans-10e,e′.21,27 Due to the labile nature oftrans-8e under
acidic conditions, it was not possible to separate it from itstrans-
8e diastereomer by silica gel chromatography.

To establish the structure and the configuration of thetrans-
8e, an aliquot of the crude epoxide mixture, obtained in the
epoxidation of5e with 1 equiv of DMD, was oxidized to the
epoxy ketone9e by excess DMD and another one was treated
with acid (Scheme 2). The latter caused quantitative rearrange-
ment of trans-8e to trans-10e,e′, whereascis-8e remained
unchanged.

Kinetics. The episulfidation of norbornene by endoperoxide
2 was 1H NMR-monitored by the disappearance of the signal
at δ 2.00 relative to the signals of dimethyl 1,3-benzenedicar-
boxylate as internal standard. The rate of the disappearance of
2 follows a first-order rate law and was independent of the olefin
concentration.

Competition experiments were performed to determine the
relative rates of the olefins5 in the episulfidation by endoper-
oxide 2 and in the epoxidation by DMD. A mixture of each
olefin and cis-cyclooctene (cis-5b), as reference olefin, was
treated with less than 0.1 equiv of endoperoxide2, and after
complete consumption of the endoperoxide2, the final 6:cis-
6b thiirane ratio was determined by1H NMR spectroscopy
directly on the crude reaction mixture. The relative rate
constants (krel) were calculated by division of the6:cis-6b final
thiirane ratio by the initial5:cis-5b olefin ratio (Table 4). The
relative epoxidation rates for DMD were determined by the same
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Figure 1. CharacteristicδH(CH-OH) data and NOE effects (%) of
selected thiiranes6 and epoxides8, in parentheses data from ref 21.
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procedure (Table 4). The final8:cis-8b epoxide ratio was
assessed by gas chromatography.

Discussion

Mechanism of the Episulfidation. The rate of endoperoxide
2 consumption, which follows first-order kinetics, is independent

of olefin concentration. This indicates that the endoperoxide2
itself is not attacked by the olefin and does not serve as the
sulfur-transferring species. Instead, endoperoxide2 decomposes
in the rate-determining step to the two intermediatesI and II
(Scheme 3). IntermediateI is responsible for the formation of
elemental sulfur, but the mechanism of such a sulfur extrusion
is still obscure. Presumably, bimolecular processes are involved,
since the expulsion of atomic sulfur is energetically an unlikely
process.13 The other intermediateII transfers a sulfur atom to
the olefins5 to form the thiiranes6. If a common intermediate
were to intervene for both reaction modes, namely,sulfur
transferandformation of elemental sulfur, their ratio (reflected
by the yield of thiirane6 per converted endoperoxide2 in Table
1) should depend on the starting olefin concentration and should
decrease with reaction time. Both effects were not observed,
and therefore, one common intermediate does not suffice to
rationalize our results. The intermediatesI and II are formed
in a ratio of ca. 40:60, since the product composition (Table 1)
indicates that ca. 40% of the available sulfur is extruded as
elemental sulfur and ca. 60% is transferred to the olefins to
yield thiirane 6, which is independent of olefin type and
concentration. The only olefin reactive enough to abstract a
sulfur atom even from intermediateI is trans-cyclooctene (trans-
5b). This enhanced reactivity of the highly strainedtrans-5b
in the episulfidation was confirmed by competition experiments
(ktrans-5b:kcis-5b > 50, Table 4) and is known formCPBA and

Table 3. Oxidation of Cycloalkenes5a-e by Dimethyldioxirane (DMD)

products (%)a,b

alkene
DMD
equiv time (h)

conv of
5 (%)a 8 9

dr of 8a

(trans:cis)

norbornene (5a) 1.0 0.2 >98 >98
cis-cyclooctene (cis-5b) 1.0 0.2 >98 >98 <2:98
trans-cyclooctene (trans-5b) 1.0 0.2 >98 >98 >98:2
2-cyclooctenol (5c) 0.9 0.2 90 >98 <2 >98:2

2.2 168 >95c 61c 39c >95:5c

3-cyclooctenol (5d) 0.9 0.2 87c 93c 7c 47:53c

2.1 24 >95c <5c >95c

4-cyclooctenol (5e) 0.9 0.2 89 97 3 56:44
2.2 24 >98 <2 85d

a Determined by GC analysis of the crude product mixture.b Based on 100% conversion.c Determined by1H NMR analysis of the crude product
mixture. d Estimated from the relative peak areas; 80% yield of isolated9e.

Scheme 2

Table 4. Relative Rates of the Olefins5 in the Episulfidation by
Endoperoxide2 and in the Epoxidations by DMD andmCPBA

epoxidation

olefin 5 episulfidationa krel
b krel(DMD)c krel(mCPBA)d

trans-5b >50 100( 14e 112
cis-5b 1 1 1
5e 0.15( 0.05 0.60( 0.03
5c 0.15( 0.04 0.56( 0.01 0.83f

5a 0.17( 0.03 0.51( 0.01 0.73
5d 0.13( 0.04 0.44( 0.04

a By endoperoxide2 in CDCl3 at 25°C relative tocis-5b. b Deter-
mined by1H NMR spectroscopy directly on the crude episulfide mixture
relative tocis-6b. c Determined by gas chromatographic analysis on
an SE-52 column, average of three independent competition experi-
ments.d Calculated from the absolute rate constants of ref 22.e Ref-
erence 28.f Reference 23b.

Scheme 3
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DMD epoxidations.22,28 Shea recently demonstrated by means
of kinetics of themCPBA epoxidation that the reactivity of
strained olefins depends primarily on the strain-energy relief
in the transition state, which correlates with the difference in
the olefin and epoxide strain energies.22

The episulfidation oftrans-cyclooctene (trans-5b) led ex-
clusively to thetrans-thiirane 6b. Unfortunately, no experi-
mental and/or theoretical strain energies of fused-ring thiiranes
are available;10c therefore, we assume that the isomercis-6b is
thermodynamically more stable than thetrans-6b one. This
assumption is based on the data reported for the corresponding
olefins and epoxides (the difference in the strain energy for the
cyclooctenestrans/cis-5b is 9.8 kcal/mol; for the corresponding
epoxidestrans/cis-8b it is 4.2 kcal/mol).22 If a stepwise sulfur
atom transfer were to take place through diradical or dipolar
intermediates, bond rotation and, thus,trans/cis isomerization
to the thermodynamically favored thiiranecis-6b would be
expected.28 This isomerization was not observed, and therefore,
the sulfur atom transfer is presumed to be a concerted process.

Oxathiiranes and/or carbonylO-sulfides have been postulated
as transients in the thermolysis of 2,5-dimethylthiophene en-
doperoxide.13 Both short-lived intermediates may serve as
potential sulfur-transferring species.13b Consequently, in the
thermolysis of the unsymmetric endoperoxide2, the two
oxathiiranesA andB and the two carbonylO-sulfidesC andD
would result.

From the experimental results it is not possible to decide
unequivocally which of these speciesA-D serves as the sulfur-
transferring and which as the sulfur-extruding agent, but as
indicated above, it must be two distinct ones. However, from
what is known about the analogous dioxiranes, which are highly
efficient epoxidation reagents,12,29and carbonylO-oxides, which
tranfer oxygen only in some special cases,30 a higher sulfur-
transfer propensity should be ascribed to the oxathiiranesA and
B. Indeed, recently we have demonstrated this efficacy of
oxathiiranes, generated photochemically from thiocarbonyl
S-oxides (sulfines).14

The diastereoselectivities of the episulfidations of the olefins
5a-e (Table 1) follow qualitatively those for the epoxidations
(Table 2). Furthermore, the reactivity of the olefins5a-e,
which was confirmed by competition experiments (Table 4),
follows the same trend in both reactions, i.e.,trans-5b . cis-
5b > 5e ≈ 5c ≈ 5a ≈ 5d. These similarities in the
episulfidation by endoperoxide2 and the epoxidation by DMD
suggest that the dioxirane-related oxathiiranesA andB function
as active sulfur-transferring agents.

The carbonyl group of the endoperoxide2 seems to play an
essential role for the sulfur-transfer efficiency, since in the
thermolysis of the 2,5-dimethylthiophene endoperoxide in the
presence of a 10-fold excess of norbornene (5a) only 7% of
thiirane6awas obtained,13b whereas endoperoxide2 transferred
ca. 60% of the available sulfur to norbornene (5a, Table 1).
The additional carbonyl group enhances the electrophilicity of
the sulfur-transferring intermediate and promotes the reaction
with the nucleophilic olefin. A similar effect is observed in
dioxirane chemistry: less reactive substrates are treated with
methyl(trifluoromethyl)dioxirane instead of DMD.31

Diastereoselective Episulfidation and Epoxidation of Cy-
clooctenol 5c. Whereas 3- and 4-cyclooctenol (5d,e) reacted
unselectively to givecis/transmixtures of the corresponding
episulfides6 or epoxides8, both the episulfidation and epoxi-
dation of 2-cyclooctenol (5c) occurred completely diastereose-
lectively (Tables 1 and 3). Thistransselectivity is known for
the mCPBA epoxidation of 5c21 and is dictated by the
substrate.32 In the preferred conformation of the cyclooctenol
5c, the OH group avoids the repulsive transannular interaction
and the sulfur or oxygen donor attacks from thetrans side,
which is not shielded by the methylene groups of the cy-
clooctene (Figure 2).

Epoxidation of Cyclooctenols 5c-e. In general, two reac-
tion modes are known for the epoxidation of hydroxy-substituted
alkenes by DMD, namely, epoxidation, which usually domi-
nates, and C-H insertion to form alkenones.23a In the cy-
clooctenol series5c-e, epoxidation is favored due to the loss
of strain energy,22 and therefore, alkenone formation is not
observed. Only when most of the cyclooctenols5d,e have
already been converted to the hydroxy epoxides8d,e are the
latter oxidized by C-H insertion to the keto epoxides9d,e
(Table 3). For the epoxide8c, this C-H insertion is slower
because of its deactivation by the inductive effect of the
neighboring epoxy group.

Conclusions

Thiophene endoperoxide2, which can readily be prepared
by photooxygenation of thiophene1, transfers a sulfur atom to
norbornene (5a) and cyclooctenes (5b-e). The diastereomeric
paircis/trans-cyclooctene (5b) reacted stereoselectively, which
indicates that the sulfur-transfer step is a concerted process and
does not involve open dipolar and/or diradical intermediates.
Kinetic investigations clearly showed that the endoperoxide2
itself is not the sulfur-transferring species. Instead, it is
thermally transformed to the intermediatesI (formation of
elemental sulfur) andII (sulfur transfer). An unequivocal
structural assignment of these intermediates based on the present
experimental facts is not possible, but the oxathiiranesA and(28) Adam, W.; Curci, R.; D’Accolti, L.; Dinoi, A.; Fusco, C.; Gasparrini,

F.; Kluge, R.; Paredes, R.; Schulz, M.; Smerz, A. K.; Veloza, L. A.;
Weinkötz, S.; Winde, R.Chem. Eur. J.1997, 3, 105-109.

(29) Adam, W.; Smerz, A. K.Bull. Soc. Chim. Belg.1996, 105, 581-
599.

(30) Bunnelle, W. H.Chem. ReV. 1991, 91, 335-362.

(31) Curci, R.; D’Accolti, L.; Fiorentino, M.; Rosa, A.Tetrahedron Lett.
1995, 36, 5831-5834.

(32) Hoveyda, A. H.; Evans, D. A.; Fu, G. C.Chem. ReV. 1993, 93,
1307-1370.

Figure 2. Transselectivity for the episulfidation and epoxidation of
cyclooctenol5c.
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B are the most likely species for intermediateII , since
oxathiiranes are known to possess sulfur-transfer capacity.
Credence for this mechanistic hypothesis provides a comparison
of the episulfidation, presumably by oxathiiranes, with the
epoxidation by the related dioxirane DMD, since both show
the same qualitative trends in the diastereoselectivity and the
reactivity toward the alkenes5a-e.
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