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Abstract: Thiophene endoperoxid® which was prepared by photooxygenation of thioph&ntansfers a

sulfur atom (up to 92%) to strained cycloalkenes to form thiiranes when thermolyzed in their presence. The
diastereomeric patis/trans-cyclooctene §b) reacted stereoselectively, which speaks for a concerted process
rather than open dipolar and/or diradical intermediates. The set of chiral cyclooctsiodswas 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 intermebiatesi| .
Whereas intermediatl is responsible for the competitive formation of elemental sulfur, intermediate
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 alkebese.

Introduction cycloalkenes to form the corresponding thiiranes in moderate

The epoxidation of alkenes is beyond doubt one of the most 0 good yields (Scheme 1).
important and best investigated synthetic transformations. A  Presently we report the full experimental details on this novel
variety of reagents are known, which may be used to transfer sulfur transfer to a set of olefins for assessing the diastereose-
an oxygen atom directly to an alkefé® Several enantiose-  lectivity and to explore the mechanistic details of this potentially
lective epoxidations demonstrate the significance of this well- important reaction. Since oxathiirat@ésave been postulated
explored methodology in organic chemistry. In contrast, the ~ as intermediates in the thermolysis of endoperoXitfsand
direct episulfidation of alkenes is reported only for a few special since their sulfur-transfer potential has been already claithed,
examples and has yet not been synthetically apgii€dTo these transients are postulated as the active sulfur-transferring
transform alkenes to their episulfides, usually indirect methods agents in this episulfidation. Comparison with the related
are used, of which the preparatively more useful ones are theepoxidation by the analogous dimethyldioxirane (DMD) sub-
conversion of epoxides to their episulfides by thiocarbonyl- stantiates this claim.
containing reagents (e.g., thiourea) or the addition of a sulfenyl
chloride to an alkene and subsequent base-catalyzed ringResults
closure'®

Recently, we have found that in the thermolysis of thiophene
endoperoxid® a sulfur atom is transferred directly to strained
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Episulfidations. Thiophenel reacted quantitatively with
singlet oxygen at- 30 °C to form the endoperoxid2, which
is persistent at- 20 °C in CDC} solution for several days; it
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Scheme 1 Table 1. Sulfur Transfer by Endoperoxid2to Cycloalkenes
o o 5a—e

products (%) drof 62

| N | OH entry alkene equiv 3 4 @ (transcis)
1 S 4 © 1 norbornenea) 1.3 26 38 57 d
2 23 29 51 59 d
3 36 24 53 68 d

10, CDClj3, - 30 °C, 4 cis-cyclooctenegis—5b) 11 15 60 64 <595

35h g 5 23 19 61 64 <5095

n 6 55 20 57 61 <595

0 o 7 103 14 55 61 <595

_ 8 transcyclooctenetfans—5b) 1.0 22 63 92 >955
S = 9  2-cyclooctenol§c) 24 f 54 56 >955
So 20 °C 0 10  3-cyclooctenolgd) 24 f 50 57 42:58
o~ / \ o) 11  4-cyclooctenol%e) 26 f 53 53 47:53
2 2 2 3 aDetermined from théH NMR spectra of the crude products by
R s comparison of characteristic signals with dimethyl 1,3-benzenedicar-
D j:s + S/S boxylate as internal standard; olefin mass balane@%." Based on
18 1R endoperoxide; sulfur mass balance90%, determined by converting
5 6 7a the extruded elemental sulfur with triphenylphosphine to the phosphine

sulfide. Traces of trithiolane7a. 9 Only the exo diastereomer was

. . - formed. 6% of cis-5b. f Not determined because of overlapping NMR
endoperoxide was isolated by silica gel chromatography at sjgnals.

—30 °C as a yellow solid with a positive peroxide test (KI/

HOAC). Table 2. Synthesis of Thiirane6c—e from the EpoxidesSc—e
The endoperoxid2 decomposed readily already at®©, both
in isolated form and in solution. Its primary thermolysis i

HQ . HQO HQ
i Oxidant HaoN NH»

products were elemental sulfur and the labile ene trigintbe @ can Qo 2 @s
latter rearranged to the hemiacetd[Scheme 1) in a reversible CHyCl3, 20 °C H;g;gzg(();.

reaction’® Although sulfines have been reported in the Sc-e 8c-e 6c-e
decomposition of a thiophene endoperoxi@isuch products

have not been found in the present work. The independently , yieldof  drof8* vyieldof drof6*
synthesized ene trior&(by oxidation of the corresponding furan ~ ©'€fin oxidant 8(%) (cistrang 6°(%) (cistrany
with DMD at — 20 °C)!115as well as the isolated showed in 5c  mCPBA 100 (109  <5:95 10 >955
CDCl; solution the presence of both speciand4 after 2 h 553 %Sg{" VO(acag) %é ((2833 >§g§§o g <f;?553
at room temperature (ca. 2€), together with small amounts 5e  MCPBA 4% (46" >95:9 9 <505

of additional decomposition products. After one week at 20 . -
°C, complete decomposition into a complex product mixture - Determined byH NMR spectroscopy” After silica gel chroma-

was observed, irrespective of whether one started from ene trioneﬁ%grzgp;ﬁdingp}éiigdeg ?S{efgsé'g?;mﬁgegsﬁcf\l&ﬁ F;Sfeirtfggsos)'

3 or hemiacetaH. was treated with thiouredThe cyclic ethersrans-10e€ (ref 21) were
For the sulfur-transfer experiments with the cycloalkesees observed as rearrangement products of the epdxathe-8e

e, the endoperoxid® was generated at 30 °C in CDCh

solution (0.16-0.15 M) and added to a mixture of the olefintrans-5b isomerized tcis-5b. Thetrangcisisomeriza-
cycloalkene and dimethyl 1,3-benzenedicarboxylate (internal tion of the olefin was also observed whegans-5b was added
standard). AftetH NMR analysis of the resulting solution at to a completely thermolyzed (28C, 2.5 h) solution of

— 20 °C, it was kept at 25C for 2 h, and analyzed again by endoperoxide2 (contained 3 and 4, their decomposition

IH NMR spectroscopy (Table 1). The produ8s4, 6, and7 products, and elemental sulfur). Isomerization did not take place
were identified by comparison with authentic materials and when the thermolysate was treated withsPHo remove the
quantified against the internal standatd* The pure new  elemental sulfur before the addition @fans-5b. Control
thiiranes6c—e were obtained by silica gel chromatography of experiments established that independently syntheszaatd

the crude product mixture or by independent synthesis (see4!! do not cause any isomerization toéns-5b, but elemental

below, Table 2). sulfur does. For this purpose, either the sulfur was activated
The thermolysis of endoperoxid@ in the presence of before use by N6IDMF6 or the solution of sulfur anttans-

norborneneRa, Table 1, entries-13) andcis-cyclooctene is- 5b was heated to 60C.

5b, entries 4-7) was run with different amounts of olefin to To assess whether hydroxy-directing effects operate in the

assess the efficacy of the sulfur transfer. The ratio of sulfur sulfur transfer, the chiral cyclooctendi€—e were chosen as
atom transfer to extrusion as elemental sulfur is reflected by sulfur atom acceptors (Table 1, entries®l). 2-Cyclooctenol
the yield of thiirane6, which was independent of the olefin  (5¢) was transformed highly diastereoselectively into the thiirane
concentration within the analytical erro#=$%). A constant trans-6¢, whereas the regioisomessl,e reacted unselectively
yield of thiirane6 (60 4 5% referred to converted endoperoxide to cis/trans mixtures of the corresponding thiiranéd,e.

2) was also observed by monitoring the reaction progress versus To assign the relative configurations of the thiirates-e,

time. they were prepared from the corresponding epoxi8ese

In the presence dffans-cyclooctene tfans-5b), almost all ~ (Table 2). Thiourea was used as the sulfur source, which
of the available sulfur was trapped in the form of the thiirane transforms the epoxide of 2-cyclohexenol to the corresponding
trans-6b exclusively; not even traces of thiirargs-6b were thiirane in 35% vyieldt? It is known that cyclooctene epoxides

detected (Table 1, entry 8). Concomitantly, 6% of the starting

(16) Shields, T. C.; Kurtz, A. NJ. Am. Chem. Sod.969 91, 5415-
(15) Sauter, M.; Adam, WAcc. Chem. Red.995 28, 289-298. 5416;.
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O H H OH
X=S cis-6¢c 04.44 trans-6¢c 0 3.48
X=0 cis-8¢c 04.41 (4.33) trans-8c¢ 83.61 (3.65)

cis-8d

X=S: trans-6d (confirmed by X-ray)
X=0: trans-8d

Figure 1. Characteristiay(CH—OH) data and NOE effects (%) of
selected thiirane§ and epoxides, in parentheses data from ref 21.

are less reactive than cyclohexene epoxides in such reaétions;
nevertheless, enough of the thiirarses-e were made available
for their complete characterization and configurational assign-
ment.

For this purpose, the 2-cyclooctendlcf was epoxidized by
MCPBA totrans-8¢,1° which was treated with thiourea to form
thiiranecis-6¢. The transformation of an epoxide to a thiirane
with thiourea is known to take place with inversion of the
configuration?® Thiirane trans-6¢ was prepared by the same
sequence, excepBuOOH/VO(acac) instead ofmCPBA was
used as epoxidant, to afford the other diasterecdterhe
configurations oftis- andtrans-6¢ were assessed B NMR
analysis (Figure 1). The resonance of the proton in d¢he
position to the hydroxy group is shifted to higher fieldtians-
6¢ because of the anisotropic effect of the heterocycle. This
effect is known for the epoxidesis- andtrans-8c.2!

The epoxidation of 3-cyclooctenobd) with mCPBA led to
a 1:1 mixture of both diastereomeric epoxidas,trans-8d,
which were treated with thiourea to form the thiirammés and

Adam et al.

When the 4-cyclooctenobg) was transformed to the thiirane
by this route, only the diasteromians-6e was observed. The
diasteromeridrans-8e epoxide rearranged in situ to the cyclic
ethergrans-10e€ under the reaction conditions of thaCPBA
epoxidatior?® Only epoxide cis-8e remained, which was
transformed into the thiirandrans-6e by thiourea under
inversion of the relative configuratic.

Epoxidations. For the epoxidations of the cycloalkertes—
e, a solution of DMD in acetone (ca. 0.08 M) was used, which
was added at room temperature to a stirreciClkisolution 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 cycloalkene$ab reacted rapidly with DMD to form
the corresponding epoxid&s,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 c) was
diastereoselectively epoxidized tans-8¢,1%2% but an excess
of DMD overoxidized it to the epoxy ketor@éc.?* The other
regioisomersbd,e did not react stereoselectively and formed
1:1 mixtures of theis- andtrans-epoxides. Excess DMD again
caused overoxidation to the epoxy ketoeie.2526

The epoxideBa—e are known, exceptrans-8e192723 As
mentioned aboverans-8e does not persist during the epoxi-
dation of5e with mCPBA and rearranges to the cyclic ethers
trans-10e€ 2127 Due to the labile nature afrans-8e under
acidic conditions, it was not possible to separate it fronréss-
8e diastereomer by silica gel chromatography.

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

Kinetics. The episulfidation of norbornene by endoperoxide
2 was'H NMR-monitored by the disappearance of the signal
at o 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 olefins in the episulfidation by endoper-
oxide 2 and in the epoxidation by DMD. A mixture of each
olefin and cis-cyclooctene ¢is-5b), as reference olefin, was

trans-8d (47:53). The diastereomers were separated by silica treated with less than 0.1 equiv of endoperox&jend after
gel chromatography, and their configurations were assigned bycomplete consumption of the endoperoxlethe final 6:cis-

an NOE effect between the H-1 and H-3 protons in the thiirane
cis-6d, which is absent in thérans diastereomer (Figure 1).

6b thiirane ratio was determined byH NMR spectroscopy
directly on the crude reaction mixture. The relative rate

The same effects were observed for the diastereomeric pair ofconstantsk.)) were calculated by division of th&cis-6b final

the knowncistrans-8d epoxides, but their structures have not
been rigorously determinéd. This configurational assignment
was confirmed by an X-ray analysis of theans-6d thiirane
(cf. Supporting Information).
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Table 3. Oxidation of CycloalkeneSa—e by Dimethyldioxirane (DMD)
Me. 9
HO HO o]
X Me”0 x X
| 0 + o
CH,Cl,, acetone, 20 °C
Sc-e 8c-e 9c-e
DMD conv of products (%)° dr of 8
alkene equiv time (h) 5 (%) 8 9 (transcis)
norbornenega) 1.0 0.2 >98 >98
cis-cyclooctene¢is-5b) 1.0 0.2 >908 >08 <2:98
trans-cyclooctenetfans-5b) 1.0 0.2 >08 >08 >08:2
2-cyclooctenol §¢) 0.9 0.2 20 >08 <2 >08:2
2.2 168 >9o5° 61° 3¥ >95:%
3-cyclooctenol §d) 0.9 0.2 87 93 7 47:5F
2.1 24 >95° <Be >95°
4-cyclooctenol 5e) 0.9 0.2 89 97 3 56:44
2.2 24 >98 <2 85

a Determined by GC analysis of the crude product mixt@i@ased on 100% conversiohDetermined byH NMR analysis of the crude product
mixture. 9 Estimated from the relative peak areas; 80% yield of isol@ed

Scheme 2

)

9e
’ DMD
H HO, HO,
Se cis-8e trans-8e
mCPBA TsOH
(ref 21)
HQ, OH
OH
cis-8e trans-10e trans-10e”
Table 4. Relative Rates of the Olefins in the Episulfidation by

Endoperoxide2 and in the Epoxidations by DMD andCPBA

epoxidation
olefin5  episulfidation ke ke(DMD)® ke(MCPBAY

trans—5b >50 100+ 14° 112
cis—5b 1 1 1

5e 0.15+£0.05 0.60+ 0.03

5c 0.15+ 0.04 0.56+ 0.01 0.88
5a 0.17£0.03 0.51+£0.01 0.73
5d 0.13+£0.04 0.44+ 0.04

aBy endoperoxide in CDCl; at 25°C relative tocis-5b. ® Deter-
mined byH NMR spectroscopy directly on the crude episulfide mixture
relative tocis-6b. ¢ 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 refe&ef-
erence 28! Reference 23b.

procedure (Table 4). The fina: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

Scheme 3
'Sy
7
trans-5b
2 trans-6b
1I 3

[

of olefin concentration. This indicates that the endoperoRide
itself is not attacked by the olefin and does not serve as the
sulfur-transferring species. Instead, endoperoRidecomposes

in the rate-determining step to the two intermedidtesd |l
(Scheme 3). Intermediateis 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
process3 The other intermediat# transfers a sulfur atom to
the olefins5 to form the thiirane$. If a common intermediate
were to intervene for both reaction modes, namelylfur
transferandformation of elemental sulfutheir ratio (reflected

by the yield of thiiraned per converted endoperoxi@én 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 intermediateand|l 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 intermediatés trans-cyclooctenetfans-

5b). This enhanced reactivity of the highly straingdns-5b

in the episulfidation was confirmed by competition experiments
(Kirans—sb:Keis—s5p > 50, Table 4) and is known fanCPBA and
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DMD epoxidations’228 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 energ#@s.

The episulfidation oftrans-cyclooctene tfans-5b) led ex-
clusively to thetransthiirane 6b. Unfortunately, no experi-

mental and/or theoretical strain energies of fused-ring thiiranes

are availablé® therefore, we assume that the isoroer6b is
thermodynamically more stable than tlrans-6b one. This

Adam et al.

trans attack

U

H H H OH

preferred conformer

Figure 2. Transselectivity for the episulfidation and epoxidation of

assumption is based on the data reported for the correspondingyclooctenolsc.

olefins and epoxides (the difference in the strain energy for the

cyclooctenesrans/cis-5b is 9.8 kcal/mol; for the corresponding
epoxidedrans/cis-8b it is 4.2 kcal/mol)?? If a stepwise sulfur

The carbonyl group of the endoperoxideseems to play an
essential role for the sulfur-transfer efficiency, since in the

atom transfer were to take place through diradical or dipolar thermolysis of the 2,5-dimethylthiophene endoperoxide in the

intermediates, bond rotation and, thtreingcis isomerization
to the thermodynamically favored thiirar@s-6b would be
expected® This isomerization was not observed, and therefore,

presence of a 10-fold excess of norborneba) Enly 7% of
thiirane6awas obtained3®whereas endoperoxidetransferred
ca. 60% of the available sulfur to norbornera,(Table 1).

the sulfur atom transfer is presumed to be a concerted processI'he additional carbonyl group enhances the electrophilicity of

Oxathiiranes and/or carbon@sulfides have been postulated

as transients in the thermolysis of 2,5-dimethylthiophene en-

doperoxide'® Both short-lived intermediates may serve as
potential sulfur-transferring speci€®. Consequently, in the
thermolysis of the unsymmetric endoperoxi@ the two
oxathiiranesA andB and the two carbonyD-sulfidesC andD
would result.

From the experimental results it is not possible to decide
unequivocally which of these speci@s-D serves as the sulfur-

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 DME.

Diastereoselective Episulfidation and Epoxidation of Cy-
clooctenol 5¢c. Whereas 3- and 4-cyclooctendd,e) reacted
unselectively to givecis/trans mixtures of the corresponding
episulfides6 or epoxides8, both the episulfidation and epoxi-
dation of 2-cyclooctenol5c) occurred completely diastereose-
lectively (Tables 1 and 3). Thisans selectivity is known for
the mCPBA epoxidation of5¢?* and is dictated by the
substraté? In the preferred conformation of the cyclooctenol
5¢, the OH group avoids the repulsive transannular interaction
and the sulfur or oxygen donor attacks from tinans side,
which is not shielded by the methylene groups of the cy-
clooctene (Figure 2).

Epoxidation of Cyclooctenols 5e-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 €H insertion to form alkenones2 In the cy-
clooctenol serie§c—e, epoxidation is favored due to the loss
of strain energy? and therefore, alkenone formation is not
observed. Only when most of the cyclooctenélge have

transferring and which as the sulfur-extruding agent, but as already been converted to the hydroxy epoxi8es are the

indicated above, it must be two distinct ones. However, from

latter oxidized by G-H insertion to the keto epoxide3d,e

what is known about the analogous dioxiranes, which are highly (Taple 3). For the epoxid@c, this C-H insertion is slower

efficient epoxidation reagentd2°and carbonyD-oxides, which
tranfer oxygen only in some special cadgs, higher sulfur-
transfer propensity should be ascribed to the oxathiiranasd
B.
oxathiiranes, generated photochemically from thiocarbonyl
S-oxides (sulfines}*

The diastereoselectivities of the episulfidations of the olefins
H5a—e (Table 1) follow qualitatively those for the epoxidations
(Table 2). Furthermore, the reactivity of the olefiba—e,
which was confirmed by competition experiments (Table 4),
follows the same trend in both reactions, iteans-5b > cis-
5b > b5e 5c ba 5d. These similarities in the
episulfidation by endoperoxideand the epoxidation by DMD
suggest that the dioxirane-related oxathiiraAesndB function
as active sulfur-transferring agents.

~
~

~
~

~
~

(28) Adam, W.; Curci, R.; D’Accaolti, L.; Dinoi, A.; Fusco, C.; Gasparrini,
F.; Kluge, R.; Paredes, R.; Schulz, M.; Smerz, A. K.; Veloza, L. A;
Weinkdz, S.; Winde, RChem. Eur. J1997, 3, 105-109.

(29) Adam, W.; Smerz, A. KBull. Soc. Chim. Belgl996 105, 581—
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because of its deactivation by the inductive effect of the
neighboring epoxy group.

Indeed, recently we have demonstrated this efficacy of Conclusions

Thiophene endoperoxid2 which can readily be prepared
by photooxygenation of thiopherig transfers a sulfur atom to
norbornenefa) and cyclooctenesp—e). The diastereomeric
pair cis/transcyclooctene §b) 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 endoperoide
itself is not the sulfur-transferring species. Instead, it is
thermally transformed to the intermediatés(formation of
elemental sulfur) andl (sulfur transfer). An unequivocal
structural assignment of these intermediates based on the present
experimental facts is not possible, but the oxathiirafiesnd

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

(32) Hoveyda, A. H.; Evans, D. A,; Fu, G. ©Chem. Re. 1993 93,
1307-1370.
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B are the most likely species for intermedialle, since support. S.W. is grateful to the Hermann-Schlosser-Stiftung for
oxathiiranes are known to possess sulfur-transfer capacity.a doctoral fellowship (19951997).
Credence for this mechanistic hypothesis provides a comparison
of the episulfidation, presumably by oxathiiranes, with the
tehpOX|dat|0n b3|’.ttht.e retlate((jj d_|o>t<;‘rand§ DtMD' S'rllcet_b_ct’th Sgo,z’r\]’ Supporting Information Available: Experimental details

€ same qualitative trends In the diastereoselectivity an e(19 pages, print/PDF). See any current masthead page for
reactivity toward the alkengsa—e. o . . )

ordering information and Web access instructions.
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