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Absrracr - The reacttvity of five- and su-membered unsaturated cyclic sulfones io sensitized 
photocyclodimerization depends on position and substitution of the double bond. Thus, 2-sulfolene (1) and 
its six-men&ted analogue thia-2-cyclohexene-l,l-dioxide (3) photodimerixe to yield each thtee products, 
5.6, 7 and 9, 10. 11. respectively. of wbh only 7 and 10 am analogous. However, 3-methyl-2-stdfolene 
(la). 3-sulfolene (2) and its Zmethyl derivative @I), BS well as this-3-cycl&xene-l,l-dioxide (4) remain 
unchanged under the same conditions. Dimerization of 1 and 3 is also effected by r_irradiation. Stnuztme 
and stereochemisey of the six dhoers were de.termined by crystal structural analyses. Except for 6, the 
main product of y-radiation-induced dimerization of 1. all the other dimers (5.7 and 9 - 11) are tricyclic 
[2+2] cycloadducts with anti (~ransoid) cont@raIion at the centi cyclobutane ring. 6 is an unsuuated 
open-chain dimu with C-C and C-S bond conlnuXkms. the latter indicating conjugation of the double 
bond with the sulfone gmup. While the cyclobutane rings of 5 and 7 @cm 1) are planar, those of all 
three dimem from 3 are folded; the 6.4.6 skeletons of two of them comprise one (11) or two (9) traas 
ftlSiOtl% 

INTRODUCTION 

Numerous studies on photocycktdimerixation of benxol%]thiophene-SS-dioxides, -S-oxides, and related compounds with 
phenyl-conjugated sulfone or sulfoxide groups have been published.“) Since the parent compound. thiophene-l.l~oxide, is highly 
reactive and dimerizez? readily in the darkP we became interested in the photochemistry of the themtally rather stable tsomeric 
dihydrothicphene-l&dioxides, 2-sulfolene (1) and 3-sulfolene (2). theii 3-methyl derivatwes (la, 2a), and their six-membered 

analogues. the thiqclohexene-l&dioxides 3 and 4. 

Little is known about the photochemical pqerdes of the -CH=CH-S02- group. Unsaturated cyclic sulfones have hitherto 
been used in C4-photocyc1&dition reactions only as the ground-state oleftic subsa~te.~) Photoexcited 2-cyclopentencne forms 

two 1:l addtIc@ with 1.” Maleic anhydride, excited via acetone photosensitixation, adds to 1. 2, la, 3 and 4, whereas the 
2.3-dichloro, monochloro, and monomethyl maleic anhydrides add to 2 and 2a but not to 1 and 1%’ 
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RESULTS AND DISCUSSION 

I. Conjugation in unsaturated cyclic sulfones. 

From an extensive study by RochMaandPal&ek *) it is known that die W spectroscopic properties of unsaturated 
five- and six-membered cyclic sulfones depend on the position of the double bond. ‘lbe absmption maxima ‘) of 1 (~,nax=202-203 

nm, a&IO0 in 30). la, and 3 are red-shifted by about 8-9 mu as compared with the wrrespomling j3,y-unsaturated compounds 
and they are about three times more intense. An influence of the sulfone group 9l on the conjugated double bond is also obvious 
from our IR data lo) (T&e I). Only very weak interaction, however, can be derived from a study of the photoelectron spectra.“) 
As will be shown below, conjugation of the double bond with the sulfone group is pmmquistte for the sensiwed photodimcaizahon 

of the unsaturated cyclic sulfones studied. 

Tubk I . Infrared C=C and SO, frequeocies (cm-‘) of unsaturated cyclic sulfones 

“c& 
compound KBr CHCI, 

“sYi* 
KBr 

“ST V” 
=2 CHCI, 

“ST 

1 1612 1605 1298. 1323 1127 1300, 1316 1136 
2 1625 1615 1287 1115 1317 1120, 1140 
la 1640 1638 1275 IICO, 1148 1295 1094, 1140 
2a 1654 1650 1285 1116, 1155 1312 1115. 1153 
3 1619 1624 1280, 1295 1112 1285, 1304 1115, 1130 
4 1647 1652 1275 1115 1310 1117 

II. Photosensitiaed and radiation-induced dimerization of unsaturated cyclic sulfones. Diiers of 2-sutfolene (1). 

In acetone, which serves BS solvent a8 well as a photosensitixcr (triplet state energy E+30 kcal/mol). pmparativ+scale 
W-irradiation,@80 nm) of solutions of 1 (0.25-M) yields several prtxlucts. Main product is dimer 5 which prectpitatcs in 

yields between 7 and 16%. By careful work-up of the fdtrate of dimer 5, dimers 7 (0.3-8.5W) and 6 (<l%) were obtamed besides 

very small amounts of unidentified products. According to their mass spectra, these compounds represent possibly a fourth rhmer, 
a frimer, and acetone adducu. With pmpiophenone (ET-75 kdmol) as the photosensmxer in bwuene solution, only dimer 5 

(2.7%) was obtained whereas no reaction was obsemd in the presence of benxophenone (El.-69 kcal/mol). ln acetone solution, 

formation of dimer 5 was completely inhibited in the presence of the triplet quencher piperylene. Direct uradiation of 1 at 254 

nm or 206.2 nm in various solvents gave only decomposttion products (@. Experimental). 

o°Cobalt+Gradiation in benzene or acetone yielded dimer 6 as the main product (Figure I). ln atton, some 5 and 

7 as well as small amounts of dihydm 6 (probably 8 in Figure I) and decomposition products (such as SOJ were formed. GC 

analyses of the reaction mtxtures show larger total yields in benxene (5-82) than in acetone (about 1%). 

Figure 1 . Formation of dimers of 1 on ‘%o-y-irradiation’ 
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With regard to chemical yields, sensitized 

photodimerixation in rvzetone remained unsmpassed for pro- 
duction of 5 and 7 whereas -tGradiation was the best 

method for dimer 6 formation. Table 2 shows the quantum 

yields of dimer formation under various conditions and 
supports the preparative results. Sensitixcrs widr triplet eoer- 

gies above -70 kcal/mol are necessary to excite 1 and the 
reaction is quenched by oxygen and piperylene. Comparison 
of preparative and quantum yields of dime-r 5 with those 
of diier 7 suggests that secondary reactions of the dimcrs 

may occur during irradiation and that precipitation of dimcr 

0 5 from irradmtcd solutions favours its yield. Quantum yield 
0 50 1M) 150 Zoo 250 3M) 350 h [l,mcl 

1115 7‘ lIOMw[dmcl 
determinations were done with low light doses (0.1-1.10-4 
Emsteins absorbed) in order to avoid prccipuation of dimer 

l O.lM. Icctone, 125 nun dluanee. 11992 curie. 
5. In a set of CC-monitored irrarhation experiments under 
equal condihons (Table 3) it was shown that ddution of the 
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Figure 2 . FamWion of dimw on 
illadiation of 1 ill acetone at 334 Id 
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(mdupen&le) solvent acetone not only with a polar (water) or mice&u (potassium 

dodecanoere ‘3 but also with an anpolar additive (benzene) favor the formation 

of 5 over 7. TLC and GC monitoring of the photochemical (Figure 2) as well as 
of the ~radiation-induced reacticn (Figure I) suggests a simultaneous start for 

the formation of the different dimers. 

Figure 3 . Fomhon of dime&s of 3 on @ko+nadiation.’ 
- in acetone, - - - in benzene 

’ 0.5M. clcctranic -,“) Gc snslysts. a O.lM. 125 mm distance. 11992 curie. 

Table 2 . Quantum yields (a) of the photochemical formation of 2-sulfolene dime-r? 

solvent sellsitizFx l+&ns.) 3 
c0nc.m (kcal/mol) dimer 5 diier7 dimex 6 

acetone 
acetone 
beWe& 
benzene 
benzene 
benzene 
acetone 
acetone 

acemne 
acetone 
acetone 
xanthone 
acetophenone 

zkzl$= 
(oxygen) 

13.6 -80 0.037 0.033 -0.007 
13.6 -80 0.038’ 0.034= - 
6.8 -80 0.009 0.017 - 
0.0014 -74 0.0004 - - 
0.017 -74 0.0013 - - 
0.012 -69 
0.1 -58 
salur. 

’ 0.5M 1. argon, dbchmuc aimmeter, 13) 
.s.c. at 314 nm, GC analyss; b repmducible by fo.008; ’ ext. at 334 nm; 

d no product in neat benzme. At 254 mn and 206.2 nm in various solvents only ill-defined decomposition obsavcd (see text). 

Table 3 . Chemical yields of 2-sulfolene photimers in vano~~ solvents’ 

solvent 
(1:l mixtures) dimer 5 

yieldsb (%) 
dimer 7 

diier ratio 
dima 6 St7 

acetone 6.716.1 6.Ul.8 0.11 1.6 
acetone./water 10.4D.6 8.5f2.7 0.40 1.8 
acemndwatef 5.415.1 4.olO.5 0.45 2.3 
acetoneM.nzne 11.6/11.2 4.210.6 4.7 
acetonitril~e 0.381024 0.26 2.4 
Lxnzened/acetophenonee 0.37 0.48 0.8 

’ 0.5M 1. Hg-lmnp Philips HP 125W. 50 ml Solidex glass immerhn well appwas. 40 h. 15oC, b GC analysis of sob~tioa 
and precipitate (second % values); error =+109b; ’ 0.15M aqueous K-dxkcanoate; d no product in neat benunc; D 0.57~. 
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Neither 3-methyl-2-stdfokne (la) nor 3-suffolene (2) or 3-methyl-3-sulfolene (&I) could be made to photodimaixe 

in acetone; attempts to dimerixe la or 2 m the presence of propiophenone in benzene failed as well. +o+rmdUon of la 
or 2a in benzene gave no dimers either. Mixed photo(cyclo)addition could not be accomphshedz UV-irmdiadon of a I:1 mixtme 

of 1 and la in acetone yielded dimer 5 exclusively. However, for unknown reasons only starting material was recovered from 
irradiated 1:l mixtures of 1 and 2. 

Dimers of this-2-cycluhexene-l,l-dioxide (3). 

Acetone-sensitized photodimrrixation of 3 gave three diem, 9, 10, and 11. in yields of 18, 13, and 51%. respectively, 
beudes a I:1 acetone adduct of 3. the structure of which was not yet studied. 4 did not react under the same conditions. 

y-Irradiation of benzene or acetone solutions of 3 gave exclusively dimers 9 and 10 accccding to CC analysis (&are 3). As 
in the case of 1, total yields were higher in benzene (3-78) than in acetone (1%). 

III. Crystal structural analysis. Dimers 5, 6, and 7 of 2-sulfolene (1). 
Due to the very low volubility of the diieric sulfones, ‘H NMR spectroscopy met with considerable difficulties. 

Structural analysis had, therefore, to be left to the X-ray method. Structures and crystallographic data of the dimus from 1 are 
shown in Figure 4 and Table 4, respectively. 

Dimer 5, the main photoproduct of 1, adopts the structure of a centrosymmetric head-to-tail cis,anti,cis cy&&uuane while 

the molecular strwture of 7 ccnforms to a head-to-head cis,anti,cis cyclobutane type dbncr of 1. 5 possesses uystallographically 
imposed Ci symmetry which gives rise to the exact planarity of the cyclobutane ring. Although not crystaUographicaUy rquimd, 
dimcr 7 exhibits a virtual C, molecular symmetry in the solid state. A Cz rotation of the molecule results in dre same confanmtion 

with corresponding atoms superimposed on each other within 0.03 A as mot-mean-square deviation. ‘Ihe cycktbutane skeleton 

of 7 is planar within M.02 A. III both 5 and 7 it is different from a normally puckered conformation. The heavier substituruts 
on C-l in 5 and on C-l and C-5 in 7 induce more strain to the ring system, which is probably compensated by the widening 

of internal angles at these atoms and a shortening of the C-l-C-5 bond in 7. The planes S-l,C-l,C-2.C-3 in 5 and 

S-l,C-l,C-2,C-3 and S-2,C-S,C-6.C-7 in 7 am planar within kO.02 A and make angles with the central cyclobutane plane of 

116.3”, 117.7“ and 115.6”. respecnvely. However, as usual for saturated five-membered rings, they are not & with four atoms 

lying in a plane, the fii atoms (C-l and C-8) ate tilted towards the central cyclobutane rings. The sulfur atoms of the sulfone 

groups conform to a tetrahedral geometry. The OS,0 planes are calculated to be pcdpendicular to the CS.C planes. The S-O 

bond kngdrs agree in both structures (av. kngth 1.442(S) A). 
Results obtained by comparison of the IR and Raman spectra of the dimers 5 and 7 am in line with the crystal stntctums. 

While 7 shows hugely coincidences of IR and Raman bands, 5 as well as its reduction product 12 (see below) do not, thereby 
obeying the mutual exclusion rule. On the basis of work by Ziffer and Levin,“) a centrosymmetric head-to-tail anti wntlgmadon 

with C, symmetry can thus be ascribed to 5. Furthermore, this asstgnment is in accord with the 13C and ‘H NMR spectra of 

the wrresponding tricyclic disulfide, 5.10-didtiatncyclo[5.3.0.0zeldecane, 12 (G Experimental), obtained by dibal-H &tction of 
dimer 5. 12 could be reoxidizcd to dimer 5. 

Compound 6 is an open-chain photodimer with one remaining double bond, C-5=C-6, in ring 2, which thus qresents 

a 3-substituted 2-sulfolene. Ring 2 is almost planar with deviations from planarity of MO5 A for C-7 and C-8; it is twisted 

about the connecting bond C-2-r-6 by 56’ from coplanarity with ring 1. Ring 1, a 3-substituted sulfolane, reveals a drastic 

difference from C2 symmetry. As noted most significantly. the bond C-l-C-2 (1.489 A) is remarkably shorter than the bond 
C-3-C-4 (1.534 A). In ring 2 a similar short bond is found between C-7 and C-8 (1.493 A). The shortening may be explained 
by the fact that these two bonds carry an electron acceptor SO, on one and an electron acceptor C=C on the other sp3-C-atom. 
whereas the single bond C-3-C-4 carries only one electron acceptor (SO,) at C-4. An explanation in terms of a disordex bet- 

ween both rmg systems can be excluded on the basts of differences in planarity. Ring 2 has a short S-2-t-5 bond of 1.746 

A as compared to other S-C bonds of 1.784, 1.782, 1.783 A in 6 and 1.777, 1.781. 1.779, and 1.773 A in 7. Wick Is) repatcd 

an unexpected observation of “no drfference” of sulfonyl S-C bond lengths between S<sp3) and S-Cammatic A shortening of 
0.03 A in 6 may thus result from the conjugation of the sulfonyl group with the adjacent rt-sy*,m of the C-5=&6 double bond, 
i.e. the bond contraction may be explained in terms of tbt-px bonding. Andre& et al.” have shown that conjugation with a 
vinyl system is favoured over that with an aromatic ring. Hence a delocalixation of the u system is likely to exist in 6. 
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Diers 9, 10, and 11 of this-t-eyelobexene-l,l+lioxide (3). 

The molecular suuctmu of 9 (Figure 4 and T&e 4) is char~terixed by a folded cyclobutane ring formed by a 
head-to-tail [2+2] cycloaddition of two twisted chair-formed cyclosalfone. rings 3. The hydrogen atoms of the cyclobutane ring 

assume axial positiats. Although not constrained by any crystailographic symmetry, the molecule reveals a virtual 5 axis passing 
through the cyclobumne ring center, papendicular to the ring plane. The corresponding atoms, when related by such a Cz rotation, 
superimpose each other with a mem deviation of O.ct29 A and a mot-mean-squam deviation of 0.031 A as catadated with a 
best molecular fit routine.t7) 

The molecuhtr str~ture of 10 (Figure 4 and Table 4) also shows a folded cyclobutane rmg that connects two head-to- 

head twisted chair cyclosulfone rings. In the cyclobutane ring, the hydrogens j3 to the sulfonyl group are in axial posinons. those 

a to the sulfonyl gtoup am in equatorial positions. Dimer 10 also exhibits a virtual C, symmetry, the C, symmetry element being 

directed along the midpoints of the two bridging lxmds. ‘Ibe corresponding atoms, whm rotated by such a C, symmetry, superim- 

pose each other with a mean deviation of 0.023 A and a mot-mean-square. deviation of 0.024 A as caktdated in the same way 
as for 9. 

The molecular strtuzture of 11 (Figure 4 and Table 4) has also a folded central cyclobutane ring. However, the two 
head-*ail twisted chair cyclostdfone rings ate not related by any symmetry element. Of the four hydrogen atoms of the 
cyclobutane ring, three are axial and one is equatorial. 

The presence of cyclobutane rings m cycloadducts 9 to 11 necessitates a diiferentiation between bridging bonds (formed 

as lhtkages between the orighral monomers) and non-bridgmg bonds (former double bonds in the monomers). If the hydrogen 
atoms at the non-bridging bonds are axial as in 9, the cyclobutane ring has a most folded geometry (dihedral angle: av. 40.54; 

if, however, both non-bridging bonds are arranged such that one axial and one equatorial hydrogen atom result as in 10, the 
cyclobutane ring is the least folded (dihedral angle: av. 28.9“). The inner torsion angles of 9 and 10 average to 28.4’ and 20.3’. 

respectively (Toblc 5). The non-bridging bond with two axial H-atoms mduces a staggered conformation, placing heavier 
substitueuts into the equatorial positions with torsion angles of ca. 70“ in 9. The strain due to the annellatum of the 6.4.6 

slceleton is bkely to be compensated by more twisting of the cyclobutane ring. The non-bridging bond with one axial and one 
equatoriat hydrogen atom as in 10, on the other hand, induces a conformation as eclipsed as possible by forcing the heavrer 

substitumts into much smaller torsion angles (ca. 33”). Here., strain induced by the 6.4.6 skeleton causes flatteuing of the 

cyclobutane ring. As a consequmce of these two different effects, the cyclobutane ring of 11 assames a conformauon that IS 

intermediate between 9 and 10 (Table 5). 

Although the strain of the 6.4.6 skeleton could be compensated by twisting or flattenhrg the cyclobutane ring, bond 

distances and angles of the ring are sensitive to axial or equatonal hydrogen arrangements of the non-bridging bonds. Despite 

the wide range of bond distances and angles, a seemmg pattern could he deduced in these three related structures. The inner 

angles directly reflect the folding of the cyclobutane ring: a twisted cyclobutane ring exhibits acute angles propmknal to the 

twisting. This correlation is seen in Figure 4 and may be explained by the geometrical variation from Da to Td’ A non-bridging 

bond with two axial hydrogen atoms is approximately equal in length to a bridging bond (compound 9: av. 1.552 A vs. I.540 

A), while a non-bridging bond with one axial, one equatorial hydrogen atom as in 10 is longer (av. 1.557 A vs. 1.52 A). b 

the latter case. the bridghrg bonds are apparently nonequivalent, with a stgnificant difference. of 0.04 A. 10 has a much tlatter 

cyclobutane ring indicating a probable x: character, however, no definite bondmg mteractions could explain a shorter bond drstance 

of the fi bridging bond and the implication of increased bond density. Any attempted explanation is comphcated by the fact that 

a reverse trend prevails m 7, the five-membered analog of 10, where a longer p bridging bond is observed. The S-C bond lengths 

of the sulfone groups are. also affected by the neighhouring non-hridgmg bond. In the case of a non-bridging bond with two 
axial hydrogen atoms, the S-Ccyclobutauyl bond length is shorter, while in the case of a non-bridging bond with one axial and 

one equatorial hydrogen atom, the S-Ccyclobuumyl distance is longer. The bond lengths and angles in the heterocychc moieties 

of the different dimers are comparable. Due to ns non-bndging bond, the heterocyclic ring reveals not only a difference in ns 
S-C bond pair, but acmrdhtgty a different pattern towards being m a chair conformation. Due to a non-bridging bond wnh two 
axial hydrogen atoms in compound 9, the torsron angles S-l-C-l-C-2-C-3, S-2-C-6-C-7-C-8 are huger than the angles 
S-l-C-S-C-Q-C-3. S-2-C-10X-9-C-8 in the heterccyclic ring, leadmg to a more puchered chair geometry. For compound 
10 having a non-bridging bond with one axial and one equatorial hydrogen atom, the rezerse eend is observed (T&k 5). The 

difference among ccrreqmding bond lengths and angles in 9, 10, and 11 shows that the central cyclobutane ring does have 
considerable effects on the heterocychc part of the molecules. 
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Tab/e 4 . Crystallographii data of 2-sulfolene and thia-2-cyclohexene-l.l.-dioxide photodimersz9) 

s 6 7 9 10 11 

chemical formula 

formula weight, am.u. 

crysmlkition solvent 

crystal colour 

crystal system 

C8H1204s2 c8H1204s2 C8H1204S2 c10H,604s2 c10%604s2 
236.3 236.3 236.3 264.36 264.36 

acetone acetone acetone nitromethane &xtone 

colourless colourless wlourIess coloufless colourless 

triclinic monoclinic orthorhombic orthorhombic ortho&mbic 

space Pup 
lattice constants 

%A 

b, A 

c, A 

a, deg.0 

P. deg.e) 

Y. deg.0 
unit cell volume. A3 
2, molecules per umt cell 

talc. density, gcmV3 

F(OOO), e 
lm. abs. coeff.. k cm-’ 

radiation wavelength. A 
umque reflecuons 

obsd&l. (k2uo) 

refined variables 

R 

RW (w=l/&Fo)) 

fmal goodness of fit 

fmal max. shift/error 

max. residual peak 

in diff. Fourier, eAb3 

Pr (2) P2,/n (14) pbca (61) m,2,2, (19) 

5.829(l) 9.912(Z) 

5.977(l) 7.720(l) 

7684(l) 13.462(2) 

87.86(l) 

74.37(l) 99.11(l) 

68.07(l) 

238.6 1017.1 

1 4 

1.64 1.54 

124 496 

49.07 4.9 

1.54179 0.71069 

943 2274 

936 1622 

88 175 

0.046 0.042 

0.070 0.047 

4.29 2.4 

0.31 0.63 

9.683(2) 

11.708(2) 

17.5380) 

5.178(l) 

11.763(l) 

19.249(2) 

9971(l) 

18.102(l) 

12.884(l) 

1988.3 

8 

1.58 

992 

4.99 

0.71069 

1679 

1019 

175 

0.041 

0.032 

1.7 

0.01 

1172.6 

4 

1.50 

560 

40.5 

1.54178 

1423 

1229 

209 

0.046 

0.055 

3.2 

0.69 

2325.5 

8 

1.51 

1120 

40.9 

1.54178 

2276 

1528 

209 

0.047 

0.053 

2.8 

0.73 

0.46 0.64 

cld11604s2 

264.36 

9.867(2) 

9.309(2) 

13.282(l) 

107.10(l) 

1166.0 

4 

1.51 

560 

4.3 

0.71069 

39% 

3152 

209 

0.033 

0.043 

2.4 

0.07 

Table 5 . Torsion and intezplaoar angles of dime&s 

9 10 11 

C-6-C-2-C-l-C-7 28.5 -20.6 -23.1 
C-2-G1-G7X-6 28.2 -19.8 -23.2 
C-l-C-7-C-6-C-2 28.4 -20.5 -23.8 
C-7-C-6-C-2+:-l -28.2 20.2 23.5 
S-l-C-l-C-7-c-8 -99.1 S-l-C-l-C-7-S-2 -142.0 S-l-C-l-C-7-C-8 -30.2 
S-2-C-6-C-2-C-3 101.0 C-3-r-2-C-6-C-8 91.2 C-3-C-2-C-6-S-2 98.2 
S-l-C-l-C-2X-3 70.4 S-l-C-l-C-2-C-3 35.4 S-l-C-l-C-2-c-3 30.8 
S-2-C-6-C-7-C-8 68.6 S-2-C-7-C-6-c-8 -3 1 .O S-2-C-6-C-7-C-8 -71.5 
s-1-C-5-C-4-C-3 56.3 s-1-GS-C-GC-3 67.9 s-l-C-S-CA-C-3 70.3 
S-2-G10X-9-C-8 58.1 S-2-C-9-C-10-C-8 -68.8 S-2-GIO<-9-C~8 -55.8 
C-l.C-2C-7/C-2.C-6.C-7 40.3 28.9 33.4 
C-l.C-2,C-6/c-l,C-6,C-7 40.6 28.8 33.3 
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figure 4 . sauctures, bond distaaces and bond angles 
of photodimers from 1 and 3. 

h-t cis-transoid-cis h-t tram-transoid-trans 
2 

5 9 

ozsD-u2 
6 

h-h cis-transoidcis 

h-h cis-transoidtis 

10 

h-t cis-transoid-tram 
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CONCLUSION 

Of the six cyclic sulfones studied, only tbe non-substituted a&unsaturated sulfones 1 and 3 react upon photosensitization 

by tiplet acetone. It thus appears that conjugation with the sulfone group and lack of substitution of the double bond govem 
the photoreactivity of these compounds. The knowledge about potentially active (conjugated excited) and passive (non-conjugated 

unexcited subshate) cyclic sulfones as reaction partners may expand the scope of photocycloadditions. 

With the exception of 6, the photodimers a~ [2+21 photocycloaddition products with anti (transoid) configuration at the 

central cyclobutane ring. Sensitixaticn and quenching experiments (T&e 2) suggest that the two dimeas 5 and 7 are formed via 
the triplet state of 1. Both products have cis fused rings and carespond stereochemically to the two (head-*tail and 

head-to-head) cls-iransoid-cis ticyclo[5.3.O.d-$lec.anes obtained by photodimerizadon of 2-cyclopenta1one “I ortothe 
photodimers of benzmlthiophene-l,l-dioxide aud its 2-substituted derivati~es.~) Five of tbe six dimers have also been obtaiaed 

by 6oCo-~inadiation, with higher total yields in benzene than in acetone. This may be the coosequence of a more effective 
energy transfer via benzene which is known to form a much higher number of excited triplet statea (4.2/100 eV) than acetone 

(l.O/lOO eV).t9’ ‘Ihe unsatmated open-chain product 6 is only a minor photopmduct (S&7 - 16:1:8.5, Table 3) but it is prefenm- 
tially formed (ME7 - l:lO:l, Figure I) by y-radiation-induced dimerixation. 6 may result from intramolecular dispopomonetion 

(13-hydrogen shii) of the intermediate 1.4~biradical zo) assumed to be the initial addition product of a triplet to a ground state 

2-sulfolene (Scheme I). 

$ 
1 

scheme II 

scheme I 

+ 
1. l”Y.rrlO” 

t. 2 rmp 

33* H H FlosWC 

Of ten possible [2+2] photodimers of 3, three have been isolated. Of the latter, only dimu 10 with head-w 

cis-transoid-cis structure is analogous to dimer 7 from 1 with two cis ring junctions. The other two dimers indicate a mmarkable 

preference for tram fusion during photodimerization of 3. Dimer 11 @ad-*tail cis-transoid-trans) has one cis and one bans 

ring junction, and in the main product, dimer 9 (head-to-tad trans-transoid-trans), both ring junctions am trans. Ihe srmcture 

of 9 wrreqnmds to that of trans-anti-trans aicyclo[6.4.0.d.7]dodecane. formed through dime&uion of cyclohexene by methyl 

acetoacetate photosensitization as well as by Cu(I)tnfiate photocatalysis and analyzed by X-my diffractio~~.~‘-~) Copper eiflate 



Sensitized photocyclodimerizatlon 1675 

is known to catalyze tk phaoisomerization of cycloalkew to their swained tlans forms.21’23) The existmux of lran.9 photoisomers 

hasbeenprovedw~,duetothepooruv~oflile lllwmwdcyclicslllf~,wellavellotbeenabletocollect 
~ofanyshort-livedexcitedwgroondstateintermcdiatesfrom1or3.Therdon,~pationof~speciesinthe 

phomdime&atioapmcessof3asapossiblealteanativetoamcaeccmmon llWhaWU~(schrmcff)CanneimerbepIo”edWr 

excluded 

PhiIipsHP125whighpwsoremercmylampsmd immersion well apparuu? made in Solidex gIass (eaospment X80 nm) were wed 

for Ixepaive iHadia&& standard conditions: OSM. 50 mI, 40-50 h. about lW, removal of pmcipitxted lxodoct fmm the immeml ‘on sleeve 

every 10 horns. Solutiona were purged with argon for about 30 mbt before bmdiation. Solvents were zk Merck quIity or distiIled aftex 

de&c&on A GrUnti (D7500 Karlsmhe 21) c@lIary low-~wswe menary Iamp, 250 mA. T-shaped for mediation of cwettm. output -10 

waux 254 nm besides some 189 mu, was opemted at 3OY. The tmcrow~ve powemd iodine lamp (206.2 A, 1876 A (3%). continuum nolmd 
3000 A, l mm methanoI fi~ta. about z.10” qumtws) wa8 constructed by DLP. pT,gg awording to ref? 8-30 hours irmdiatkm of 1M 

solurionswereappliedwiththeseIrmps.-Anelcctronicallyintegratingaftinomaer’ wd 3 ml-smnples were used fat detmnination of 

quantom yields. -GCa;llysesofthedimerswenpaformedonaPackard427~oraVarian3700m:Dimersof1wi~l0mCW-~ 

MglassHllOOC,120-2600C,80/miRinj.at2u)~,dimerS17.l~dima719.2min,dima622.4minDimenof3with7mCW-20 

M glass H 447 C, MM-~, g’hnin, inj. at 240°C; dme.r 11 17.3 mm, dimex 10 18.8 min. dimer 9 19.9 rmn; naphtbalene&xylene served 

88 ind stardgd; cstinmted expetim. errot flO%. The sCatt‘Z”t8 of the GC read& (Figures 1 and 3) is due to the rather low VOlatdIly of 

the dimem. - Pmdoct yields (by GC or “isolated”) refer to the appbed emouot of stating compound, not to conversion. - For TLC sepamrions 

of the dim-s Merck Si02 Pa layem in eluent to1ume&etcnitti1e 3.1 or 1:1 were used. Com*on amI idedfiction of the pducts, e.g. 

b photo- wd y-kmdia&t e.xper&atts, was &me by TLC, W and IR spectra. - PE 125. 521. and 580 spectrometers served for IR 

measurements. in KBr unless othewiee stated. A Broker AM 400 was wed for the 13C (solvent hexatloomacetone (HFA) sesqmdeutemtc/ 

aceton~and’HNMRspectra 

3-Su&&~te (2) (Deutsche Shell or FIuka) was reaystadbzed from bcnxem in the pmsence of siIicr m.p. 645-65’. 

jr-Methyl-3-su@lene @a) (EGA) was reqdlid from benzene: m.p. 63-63.53 - 2-Su#olene (1): 50 g 2 were solved in 1 I 0.5N 

KOH, Ieft for 20 h at If.. acidi6ed with 50 ml I-ICI cont. and extracted with chIomform3) The extract contained exclusively 1 and 2 in * 

4258 ratio word@ to GC. Chmmatogmphy on 1.5 kg sibca gel Sewn 5&l* with benxae/ethyl acetate 8~2 elmed first 2. then 1 (mp 

49-W. cryst. W benzeae, or sublimed at 0.01 Tom). Isomerization could also be achieved by 6Iuation of a diix&&wtez sohaion of 2 through 

e. basic ion exchanga column (Muck lIl) (in metbanoI, mcthoxysulfolane is formed) la was prepared mdogously; CC of the CHC$ extra 

86~14 (1a:Za); m.p. 77-785oc. fmm benzene. - IR and Raman spectra of tbe sulfolmes cf. 
10) . - Thia-I-cyclohexene-l,l-dioxide (3. 

3,4-dihydro-2H-~1,l~oxide) and ~h~~-3-cyc1ohexene-l,l-d&wide (4. S$-dihydm-2H-thiopymn~l,l~oxide): Thir-2- 

cycIohexene (from pentatnethyhme ndfoxide tith bmm~c acid enhydrk# was oxidized by %Oz (30%) for 4 h at 100eC to give mamIy 

the A-2 isomer (81% yield) besii the A-3 isomer (0.34%). Pure 3 from bettzene&etmleum ether. m.p. 40-43”; ret? m.p. 44-46“. %,,,=800. 

%=150 (in methanol). mf.*) a,=206 not @=1770) in 30. Filtration of a benzene solutmn of the crude ox&tion mixture through an abuttine 

(stand nach Bmcbnann) colutnn pmduced 19% 4 (94% plrity) besides 67% of a 1:2 mixture of 3 and 4; the fmctions containing 3 were solved 

in 2N NaOH. left for 24 h at IL. then for 6 h at 80”. were we.akIy acidified and extracted with C%C$. Pore 4 from benzne,@uoleom ether, 

mp. 66-68=‘C; nf? m.p.71-720C. n,o=52, s-1 (in methanol) 

Preparatlott of pb&odbtterx of 2-suIfoIene. (3a~36a,64a,6b~)-Oc~~o-c~~b~a[I~-b:3,4-b’]mSlnophene-l,1.4,4- 

tetraoxide (5) and (3aaJbf3,6a~.6ba)-Octhydro-cyclobuta[l,2-b:43-b’]dithiophene-l ,I ,6,6-tetnwxide (7): A solution of 2.7 g 

1 in 50 tnI acefone (0.45M) was photolyzed for 45 h doting whtch time a totsI of 365 mg (13.5%) co1oorless pw~pitate of dinter 5 was 

collected M&mum yield 16% (1M. 46 h). M.p. Z350’ (sobIim.). pmified by sublimatkm in a sealed high ptesswe glass tube ;?2oooKl Torr, 

01 crystaIbxed from C%N02 and wasluzd with acetone. Insoluble in most orgmuc solvents, soluble in hot DMSO. stdfolene, HFA mhydmte. 

DMFA, uiflwmcetic acid, hexafI uonopopanoL %SOd. I$po4 - CsH12Sz04 (2363) talc. C 40.66, H 5 12, S 27.14; found C 40.73 H 5.07 

S 27 19. MoI.weigh~ fouod 233 (vapmim.. benzene), 228 (qNOJ, 230 (Baa). MS: m/e 236 (M3. 172 (M-SO,). 123. 119. 108, 93. 91. 

2, 67. 53. 13C NMR(&~&z 26.8 (CH&, 48.6 (a-cH& 39.3 (CH), 58.6 (a-CT-I). IR@d): 2988, 2970, 2935, 1438, 1405. 1305, 1281. 1264. 

1231, IZOI, 1157. 1133, 1085. 995. - Lower yields were obtained at lower concentrations: 4% at 025, 7.5% at 0.34 A4 fn BL irradiation 

experimen M above in pmseawe of 5 g popiophmone the mixture turned yellow and less than 1% dimtz were found. No dima was obtained 

in pre.wae of xaothone In benrmw (0.28M) or of 1M or O.lM pipetyleae (83% ems) in acetom (1M l).-OnZ54nm-inndiationina Rayonet 

RPRl00nactoral4%yieldofprecipitateddimerSwasobtaintdinneataatonZdeaessingwithdecMsingpomonof~~inbauene. 

In nea benzene otdy 0.7% polymeric demqos~Qon pducts wae observed while in methanol or in the did sate no pducl was found. 

- Uosensitizd &diatmo of 1 in solvents bmume. methanol or water by means of * microwave discharge powered iodine lamp Z51 emitting 

at 206.2 nm gave acidic decompositmn pmdocts, while acemoe, setonitriIe OT CF,CODH solutions became slightly turbid by very smxII amounta 

of tmy aystaIs which could not bc isolated by fIltmtmo. A similar observation was made on cuvate irradiation of I water solution by a 

low-pressure mercmy lamp (254 and 189 not) but no pmdua could be detected by GC analysis. - Dbner 7 was obtabted from the tiltmte 

of dima 5 by repeated evaporation and digestion with warm benzene. followed by fdtiation, &gestion with cold acetone and fdtion. The 
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insoluble residue wss t’emystsllimd t?om metouez 140 mg (5%). m.p. 2.52-2SSeC. AOet sublhustiou es ebove st 27o”lo.Ol Ton: mp. 265-2670 

(decomp.). Sohtblo k UMSG. DMPA. iu wsnu CH,CN. CH,NOg, HFA, AcgO, W$G,. H&, slightly in wetm ethyl ecetsm ad -. - 

Found C 40.59 H 5.10 S 26.92 Mol.+ht. found 238 (vepotim. uitmmethsue). MS: m/e 236 (M’), 187. 172 (M-SO& 155, 128, 127, 119, 

1% 93. 79, 67. 54. 13C NMR(&ppm): 26.0 (CHg). 48.2 (a-CH& 40.5 (CH). 54.9 (a-CH). IR(cm-t): 3005, 2967, 2943, 1439, 1405. 1293, 

1268. 1260. 1228, 1176. 1121. 1096. 1050. - Dfnter 6 wss obtsiued from the fdtmte of dima 7 by c&mm dmrmatognphy (~iucl~l 4, 

Merck. tohem*acetouiuile or -ethyl scetete). or by +tmdktiou of 1 (c$ below). 

3(3’-Sulfollayl)-2-slcCfoene-~,l,l’,I’-unoo*ide (6): 200 ml 05M argon-wtttated ecetoue sohttiott of 1 wem bmdkted fat 

50 h within 125 mm diststsx from the 6oCo-~utce (5800 curie). The scidic (So,) yellowtsh solutiou wss evaporsted, some of the 2 wm 

e?.lracted With tohtette. and the u&ke wss sepststed on II Kkselgel 40 Mach column (stettiug with tol~l mtete 41) to yield 7.94 

g 1 (67%X mixtures of dimets. and 67 mg (0.6%) dimes 6. sublimed et 28O’W.Ol Tom. reqst. from ~mne, III+. 276_275W (dscomp. & 
subl.). Idatticel product by itmdistku in beumue solo (0.25M. 96 h, 8800 Cutie, 7.5% yield). - Fottttd C 40.80 H 4.80 S 27.19. MoLweight, 

fotmd 237 (vaporim.. bem.et@. MS. m/e 236 (M+L 205. 172 (M-SOJ, 171. 119. 115. 109, 105. 93. E, 67. 55. t3C NMR(&ppm): 27.7, 28.6, 

49.8, 52 6. 54.9 (CHg); 39.5 (CH): 126.6 (CH=); 156.6 (C=). JR(&): 3074. 3000. 2950, 1710. 1615. 1400, 1288. 1113. - /uu,ther &m&t 

of 6 wss eonraminsted by dihydm 6 (not iaohed a~ pure compound, presumsbly 8, cf. Figure I): MS: m/e 237, 216. 174 (M-SO& 157, 

146, 119 (MD). 109. 81. g, 55. ttC NMR: 28.3, 52.8. 55.3 (CH,$; 41.4 (CH). - CJ-MS (V stimt MAT CH 7& methem or isobuteue, 

180-2209: Dimms 5, 6, snd 7 dtspkyed M+l peshs at m/e 237. 

c % 
(3a~36a~a.6b~)-Octahydro-cyclob~[l~-b:3.4-~]~t~op~~, (12). (c& 

\ 

ti 

’ Hb, 
nMsoid-c~-S.IO-Di-~~~io[5.3.0.0=~]~~~): Reduuioo of duM 5 with &bet-H (umt) 

**Haz 

at 809: gave a stugle product 12. m.p. 104oC. 99% ppe (GC). which mudemd dimet 5 with %odgh- 
cml .mxtic acid or could be desulfimzed with Rmey-Ni tc give e smsll smupk with m/e 112 mtd 142. 

+ 
Md s Ho, 

- CsH& (172.3) dc. C 55.76 H 7.02 S 37.21; found C 55.72 H 6.90 S 37.36. MoLweight, found 

169 (ctyosc. betwtte). MS: m/e 172 (M+). 97, 91. E, 85. 13C NMR(&ppm, CLXZ&): 32.7 (a-CHg), 

12 36A (P-CHg); 48.0 (a-CH). 54.1 @-CH). tH NMR(S.ppm, cUC$): 1.76 (m H&; 215 (dd 4); 

2.95 and 2.97 (m He sod H& 3.06 (ds H,t); 3.31 (m H,,); J,tr2=ll.8 Hz; Jblc,=5.0 Hz; 

J m,,=l2.2 Hz; Jt,,,g=l.4 Hz; Jbw=6.5 Hz; Je, ez= 13.2 Hz; Jet,-0.8; 

2855. 1445. 1435. 1312, 1290. 1265, 1205, li60. 1130. 1115, 1030. 

JhzLc=7.7 Hz. UV(CH&!l.$ no ebs. Z?30 mu. JR(ati’): 2970, 2945, 2920, 

F’reparation of pbotodlmers of ~ls-2-cycyfloherenc-l,14~x~e. (4a~,4ba,8a~&a)-Decahydro-l,5-dirhia-cyclobwa[l~-b- 
:3,4-b’]d~ran-1,155-tcrraodde (9)# (4aa,4b~,8aj3@a)-Decahydro-l8-dithia-cyclobuta[l 2-b:rlJ-b’]dipyran-l,la~-~re- 
oxide (IO). and (4aa,4b~~aa$ba)-Decahydro-ls-dithia-~clob~a[l~-b:3.4-~)~r~-l~~~-te~~~ (II): A s~httktt of 

3.0 8 3 iu 50 ml acetone (OASM) wss photolyzed ss ebove for 45 h (until the double bond bands uest 1620 cm-t in the JR 01 et 6.24/6.47 

ppm in the NMR had dissppesmd) and ytelded I total of 260 mg (9% maximum yield 18%. 05M. 80 h) coloutlcss ptucipitete of dinter 9: 

m.p.2350e (decotop. sod SUM.). Rectyst ftom CH$IOg 01 subbmed ss above at 34Ov/o.O1 Tom Insoluble in most solvaus, soluble itt hot HFA, 

MeNO 01 MegSO. - C,,,H,6S204 (264.4) cak. C 45.43 H 6.10 S 24.25; found C 45.34 H 6.46 S 24.22. Mol.weight, found 262 (veporim.. 

CI$NO& MS: m/e 264 (M+, wry weak. not always observed), 200 CM+-SO,). 171 (200-C&), 134. 107, 93. g, 67. 13C NMR(&pm): 25.6, 

27.7, 535 (CH& 46.5. 63.9 (CH). JR(cm-‘): 1445. 1437, 1406, 1368, 1346. 1315. 1304, 1270. 1250. 1235, 1227, 1181. 1125. 1091. 1075. 

1030, 1002. - Rectystekzetiott of the fduate ftom llcctotte (or cbmmatogrepby on siliia) yielded &ner IO (max. yield 13%). m.p. 267-268°C 

@untied by subhmatictt st 27Oe/o.O1 Ton). MS: m/e 264 (M+. very we& not always found), 200. 172 155. 133. 108. 93, 91. g, 67. JR(mt-‘): 

1430, 1395. 1335. 1297. 1275. 1229. 1190, 1175. 1120, 1109. 1052, 992. - Chromstogmphy (SiGg 60 Merck, toluette-etbyl scetete) gave 

&ter II (yield 5 1%X m.p. 266-67’ (decomp.. subD200”). MS: m/e 200 (we&, no molecular ion found). 172, 133. 108. 93, 91. 80, 67. 

- Chromstogrsphy (StOg 60 Mach, CsH,&H2Clg 1:l) of the Nttste of dimer 9 gave cm acerone a&ncr of 3 in 4% yield. m.p. 217-22Y’C 

(d-p.). IR 1710 cm-’ (CO). MS: m/e 190 (M+). 175 (M-CH,). 148 (M-CH+IO), 133 (148-CHG. 83. 67. 58, 55. 43 (C~CG). 

Crystal structure detertulttatkt~29)Relituittsry information about ctystsl system space group and kttice cottstsnts were derived from 

Weisseobag emi precession photographs. Three-dinteusiousl iutensity data were colkcted by counter methods st t.t on s four-circle sutometed 

Em&No&s CAD-4 diffmctometer using 828 scao techuiques. Graphite mouochmmstized MO-Ka mdistiou WM applied for dimem 6.7, 

sod 11, Ni faltered Cu-Ka redmticu for 5.9, and IO. The repotted letuce coustsuts resulted from least-squetes mfmattattt of petsmeters derived 

fmm the messuted 28 eugks of CL 70 ceuteted high-order reflecttons Jmeustty dsts were cottvetted es usual to structum factor emplitudm, 

sod wetghtkg schemes were bssed on COUtltin,J ~Latistics Three standard reflecttons were mmesstued pcxkdicsRy duoughout dets colkctiou, 

sod hence the X-my flux or dte crystal decay wss momtoted. The data sets were scaled by dte average fsctor for eech shiff mtrected for 

Lorena sod polerkeuon effects, but not corrected for steotption (except for 5 and 10). Reflecttons widt mtettstties greetm dmu twice their 

estimsted stsnderd devistious were ccostdemd obsetved sod sssigued weights ss squares of their estimeted tecipmcsl stsudsrd devistioos. 

Suuctures 6 mtd 9 were solved by “Patterson” method: “dtrect medtods’;;ete applied fox dimas 5. 7, 10. etxI 11. Refmettt wss c$e by 

“full matrix least squeres” iu all csses Neutral atomic scattering factors were sppbed for sll atoms; suomelous diiiou -tioo wss 

used for S sod 0; all hydrogeu atoms were located sud refmed isotmprcelly. 
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