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structure by PE spectroscopy and the detailed photochemical 
behavior of 4. 
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The chemistry of ozonides is of considerable interest from a 
practical and theoretical viewpoint.1 Thioozonide 1, formally 
the monosulfur-substituted ozonide of dimethylcyclobutadiene, 
has been proposed as an intermediate in the room temperature 
photooxidation of 2,5-dimethylthiophene.2 Subsequent low-
temperature studies confirmed this structural assignment.3 When 
1 is allowed to warm to room temperature, it rearranges to a 
mixture of sulfine 2 and cis- and frans-3-hexene-2,5-diones (3c 
and 3t). Recent examination of the thermal decomposition of 
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1 has led to a proposed mechanism4 involving a carbonyl sulfide 
4 as an intermediate along the sulfur expulsion pathway to 3c; 
however, no experimental support for this hypothesis was given. 
Carbonyl O-sulfides have also been implicated as intermediates 
from the photolysis of oxathiiranes.5 We now wish to report 
evidence6 for the formation of 4 during the decomposition of 1 
and that elemental sulfur (S8) is formed during the reaction by 
concatenation of sulfur atoms or fragments (S2, S3, etc.). 

When a 0.25 M solution of 2,5-dimethylthiophene (5) was 
irradiated for 15 min at -50 0 C in an aerated solution of CDCl3 

containing methylene blue, a quantitative conversion to thioozonide 

(1) (a) Bailey, P. S. Ozonation in Organic Chemistry; Academic Press: 
New York, 1978; Vol. I, Olefinic Compounds, (b) Bailey, P. S. Ozonation 
in Organic Chemistry; Academic Press: New York, 1982; Vol. II, Nonolefinic 
Compounds, (c) Advances in Chemistry Series; American Chemical Society: 
Washington DC, 1959; Vol. 21. 

(2) Skold, C. N.; Schlessinger, R. H. Tetrahedron Lett. 1970,10, 791-794. 
(3) Adam, W.; Eggelte, H. J. Angew. Chem. 1978, 90, 811. 
(4) Gollnick, K.; Griesbeck, A. Tetrahedron Lett. 1984, 25, 4921-4924. 
(5) Carlsen, L.; Synder, J. P.; Holm, A.; Pedersen, E. Tetrahedron 1981, 

37, 1257. 
(6) We believe that this is the first nonspectroscopic evidence for the 

formation of a carbonyl sulfide intermediate. Other attempts to trap such a 
species with dipolarophiles were unsuccessful. See ref 5. 
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1 was obtained as determined by 1H NMR (-40 0C). The ab­
sorptions for dimethylthiophene 5 were replaced by new singlets 
at 2.12 (6 H) and 6.46 (2 H) ppm. Warming the solution to room 
temperature (20 0C) resulted in the formation of both sulfine 2 
(67%) and cw-3-hexene-2,5-dione (3c) (33%). As the reaction 
proceeded, some rearrangement of 3c to the trans isomer 3t was 
also observed. The identity of the products was confirmed by 
spectroscopic analysis7 and in the case of 3c and 3t by comparison 
with authentic materials.8 A plot of -In [1] vs. time for the 0.25 
M case gave a straight line (r2 = 0.996) indicating a first-order 
process with a half-life of 23 min (T = 20 ± 1 0C); however, the 
mechanism of decomposition must be more complicated since 
preliminary measurements show a dependence on starting substrate 
concentration and traces of oxygen ([I]0 = 0.09 M, ti/2 = 12 min; 
[I]0 = 0.43 M, t^j2 = 57 min). Further studies are under way 
to define rigorous conditions that give reproducible rate constants. 

In Scheme I several possible mechanistic routes for the for­
mation of 2 and 3c are given. Initial steps may include (1) 
cheletropic expulsion of sulfur, (2) retro-1,3-dipolar cycloaddition, 
(3) O-O bond homolysis, and (4) O-O bond cleavage with si­
multaneous 0-scission. Retro-[4 + 2] cycloaddition to regenerate 
thiophene and singlet oxygen is not observed. Pathway 2 would 
involve the generation of a carbonyl oxide intermediate 6 which 
might transfer oxygen internally and lead to sulfine 2. Polar 
solvents would be expected to favor the formation of a dipolar 
species and decomposition of 1 in methanol has been shown to 
increase the yield of sulfine 2 to 85%, at the expense of enedione 
formation.4 Direct singlet sulfur expulsion (path 1) is energetically 
unlikely but cannot be rigorously excluded on the basis of available 
experimental observations. Such an expulsion pathway may in­
volve the release of concatenated sulfur species (S2, S3, S4, etc.).8 

Pathways 3 and 4 potentially lead to the same oxathirrane in­
termediate and are in principle distinguishable by kinetic analysis.10 

The formation of an oxathiirane from the biradicals produced in 
steps 3 and 4 is reasonable based on CASSCF calculations 
(double-f plus bond polarization functions).11 The calculation 
reproduced the experimental geometry of the sulfine (thioform-
aldehyde S-oxide) and predicted its observed stability. All other 

(7) Sulfine 2: 1H NMR (CDCl3) S 2.31 (s, 3 H), 2.47 (s, 3 H), 6.52 (2 
H, A portion of AX quartet, J = 9.8 Hz), 7.74 (2 H, X portion of AX quartet, 
/ = 9.8 Hz); 13C NMR (CDCl3,

 1H decoupled) 6 30.4 (degenerate), 122.4, 
128.1, 193.0, 196.8; MS, m/e 144 (M+, 6.5%), 102 (10.1), 101 (49.8), 87 
(16.6), 59 (6.9), 43 (100), 42 (8.5). cw-3-Hexene-2,5-dione (3c): 1H NMR 
(CDCl3) S 2.32 (s, 6 H), 6.31 (s, 2 H); '3C NMR (CDCl3) S 29.1, 135.2, 
200.0; MS, m/e 112 (M+, 11.2%), 97 (18.9), 69 (15.8), 43 (100). trans-i-
Hexene-2,5-dione (3t): 1H NMR (CDCl3) S 2.39 (s, 6 H), 6.81 (s, 2 H); 13C 
NMR (CDCl3) 5 27.3, 137.2, 198.1. 

(8) Hirsch, J. H.; Szur, A. J. / . Heterocyl. Chem. 1972, 9, 523-529. 
(9) Miller, K. J.; Moschner, K. F.; Potts, K. T. / . Am. Chem. Soc. 1983, 

105, 1706-1712. 
(10) Evidence for a /3-scission concerted with O-O bond homolysis has 

been given for 2,3-dioxabicyclo[2.2.1]heptane. Coughlin, D. J.; Salomon, R. 
G. J. Am. Chem. Soc. 1979, 101, 2761-2763. 

(11) Karlstrom, G.; Roos, B. O.; Carlsen, L. / . Am. Chem. Soc. 1984,106, 
1557-1561. 
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isomers examined had energies above that of the sulfine: carbonyl 
0-sulfide, 9 kcal/mol; three-membered-ring oxathiirane, 20 
kcal/mol; oxathiirane, open form, 33 kcal/mol (small singlet-
triplet separation). On the basis of these predictions,12 oxathiirane 
7 can ring open in two ways to give (a) sulfine 2 or (b) carbonyl 
0-sulfide 4.13 Loss of sulfur from 4 either spontaneously or by 
pairwise coupling with another carbonyl 0-sulfide to eliminate 
S2 would lead to the observed enedione 3. 

To intercept the proposed intermediates, 1 was allowed to 
decompose in the presence of a 10-fold excess of norbornene at 
room temperature (20 0C) under nitrogen. When all of the 
thioozonide had reacted, as determined by 1H NMR, analysis of 
the mixture revealed the formation of the expected products, 
sulfine (65%) and enediones 3c and 3t (13%) as well as norbornene 
epoxide 8 (12%), thiirane 9 (7%), trisulfide 10 (2%), and elemental 
sulfur (S8). The structures of the trapping products were de­
termined by 1H NMR (400 MHz), mass spectral analysis, and 
comparison with authentic materials.14 Thiirane and epoxide 
formation demonstrates the presence of active sulfur- and oxy­
gen-transfer agents. The most likely candidates include a carbonyl 
0-sulfide and oxide, the ring-opened oxathiirane biradical, and 
for sulfur-transfer alone, sulfur atoms or allotropes. Several 
investigators have demonstrated the production of carbonyl oxides 
by the thermolysis of furan endoperoxides1516 and the reaction 
of singlet oxygen with diazo compounds.17 In the latter case, olefin 
trapping experiments showed that cis- and trans-epoxides were 
generally formed from the corresponding olefins although in low 
yield. 

When thioozonide 1 was allowed to decompose in the presence 
of an excess of cw-2,5-dimethyl-3-hexene, the cw-epoxide (cis/trans 
= 17.5) and m-thiirane (cis/trans = 7.3) were formed with high 
stereoselectivity and low yield (<4%). The trans olefin afforded 
only the trans-epoxide and thiirane.18 The similarity (low yield 
and specificity) of oxygen and sulfur atom transfer during thio­
ozonide decomposition strongly suggests that carbonyl oxides and 
sulfides are intermediates.19 Sulfur radicals would be expected 
to give larger amounts of the trans isomer via bond rotation and 
closure. 

Typically 1,3-dipoles react with olefins to form 1:1 cycloadducts. 
The corresponding adduct for carbonyl oxide trapping has been 
observed during the ozonolysis of methyl vinyl ether.20 No 
analogous examples of carbon 0-sulfide trapping have been re­
ported; although the expected product, a simple 1,2-oxathiolan, 

(12) This ordering is not analogous to that computed for the three CH2O2 
isomers where the ring form dioxiirane lies 36 kcal/mol below the carbonyl 
oxide: Harding, L. B.; Goddard, W. A., III. J. Am. Chem. Soc. 1978, 100, 
7180-7188. This prediction is supported by the observed stability of dioxi-
iranes: Murray, R. W.; Jeyaraman, R. J. Org. Chem. 1985, 50, 2847-2853. 

(13) The zwitterion form is depicted only to indicate formal charge and 
not the lack of biradical character. 

(14) The trisulfide 10 and epithionorbornane 9 are prepared by the pho­
tolysis of S8 and norbornylene: Inoue, S.; Tezuka, T.; Oae, S. Phorphorus 
Sulfur 1978, 4,219-221. 

(15) Adam, W.; Rodriguez, A. J. Am. Chem. Soc. 1980, 102, 404-406. 
(16) Saito, I.; Nakata, A.; Matsuura, T. Tetrahedron Lett. 1981, 22, 1697. 
(17) Hinricha, A. T.; Ramachandran, V.; Murray, R. W. J. Am. Chem. 

Soc. 1979, 101, 1282-1284. 
(18) The identity of the trapping products was confirmed by independent 

synthesis of all isomers from the corresponding olefins. /ran.s-3,4-Oxa-2,5-
dimethylhexane: 1H NMR (CDCl3) 6 0.98 (dd, Jib = 28.6, Jac = 6.7 Hz, JK 
= 12 H), 1.47 (m, 2 H), 2.48 (d, J = 7.6 Hz), splitting of ring hydrogen 13C 
satellite = 2.4 Hz; MS, m/e (relative intensity) M+ not observed, 113 (1.6), 
73 (23.7), 72 (18.1), 71 (10.5), 57 (28.7), 56 (100.0), 55 (35.2), 43 (47.6), 
41 (89.1). cis-3,4-Oxa-2,5-dimethylhexane: 1H NMR (CDCl3) S 1.04 (dd 
Ab = 44.2 Hz, Jlc = 6.6 Hz, 12 H), 1.48 (m, 2 H) 2.62 (m, 2 H), splitting 
of 13C satellite = 4.4 Hz; MS, m/e (relative intensity), M+ not observed, 113 
(1.6), 73 (25.0), 72 (17.3), 71 (9.9), 57 (29.6), 56 (100.0), 43 (43.9), 41 (76.7). 
/ra«j-3,4-Thia-2,5-dimethylhexane: MS, m/e (relative intensity) 146 (M + 
2, 3.2) 145 (M + 1, 4.8), 144 (M+, 44.2), 111 (19.0), 101 (35.8), 88 (32.2), 
69(100.0), 55(81.9), 41 (71.2). cii-3,4-Thia-2,5-dimethylhexane: MS, m/e 
(relative intensity), 146 (M + 2, 3.4) 145 (M + 1, 7.3), 144 (64.7), 112 (20.6), 
101 (26.7), 88 (61.6), 69 (99.4), 55 (100.0), 41 (82.3). 

(19) It is conceivable that an oxathiirane intermediate may also act as an 
active sulfur or oxygen atom transfer agent. For oxygen atom transfer from 
dioxiiranes, see: Murray, R. W., et al., ref 12. 

(20) Kent, H.; Kuczkowski, R. L. J. Am. Chem. Soc. 1984, 106, 
5370-5371. 

has been shown to possess appreciable stability.21 We have 
observed no products of this type during decomposition of 1. This 
is not surprising in view of the low yield of epoxides and thiirane 
obtained and the expected thermal lability of the initial cyclo-
adduct (4 + olefin) due to extended conjugation. Alternatively, 
the formation of epoxide or thiirane may occur by direct attack 
of oxygen or sulfur in 6 or 4 on the olefin double bond. 

Control experiments show that no thiirane is formed by heating 
a mixture of norbornene and sulfur in methylene chloride. The 
apparent trapping of the thermally generated S3 fragment, perhaps 
the sulfur analogue of ozone, is unusual and suggests that a 
concatenation mechanism is involved during the formation of S8. 
Other studies are under way to elucidate the nature of the actual 
sulfur expulsion step. 
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The avermectins1"3 are a group of exceedingly potent anthel­
mintic agents which appear to exert their insecticidal activity by 
interfering with invertebrate neurotransmission.4-6 Any aspira­
tions toward a total synthesis of this group of 16-membered 
macrocyclic lactones with unique structural, functional, and to-

(1) Burg, R. W.; Miller, B. M.; Baker E. E.; Birnbaum, J.; Currie, S. A.; 
Hartman, R.; Kong, Y. L.; Monaghan, R. L.; Olson, G.; Putter, I.; Tunac, 
J. B.; Wallick, H.; Stapley, E. O.; Oiwa, R.; Omura, S. Antimicrob. Agents 
Chemother. 1979, 15, 361. Miller, T. W.; Chaiet, L.; Cole, D. J.; Flor, J. E.; 
Goegelman, R. T.; Gullo, V. P.; Joshua, H.; Kempf, A. J.; Krellwitz, W. R.; 
Monaghan, R. L.; Ormond, R. E.; Wilson, K. E.; Albers-Schonberg, G.; 
Putter, I. Antimicrob. Agents Chemother. 1979, 15, 368. 

(2) Chabala, J. C; Mrozik, H.; Tolman, R. L.; Eskola, P.; Lusi, A.; Pe­
terson, L. H.; Woods, M. F.; Fisher, M. H.; Campbell, W. C; Egerton, J. R.; 
Ostlind, D. A. J. Med. Chem. 1980, 23, 1134. 

(3) Albers-Schonberg, G.; Arison, B. H.; Chabala, J. C; Douglas, A. W.; 
Eskola, P.; Fisher, M. H.; Lusi, A.; Mrozik, H.; Smith, J. L.; Tolman, R. L. 
J. Am. Chem. Soc. 1981,103, 4216. Springer, J. P.; Arison, B. H.; Hirshfield, 
J. M.; Hoogsteen, K. J. Am. Chem. Soc. 1981,103, 4221. Mrozik, H.; Eskola, 
P.; Arison, B. H.; Albers-Schonberg, G.; Fisher, M. H. J. Org. Chem. 1982, 
47, 489. 

(4) Pong, S. S.; Wang, C. C. /. Neurochem. 1982, 105, 168. Chabala, J. 
C; Rosegay, A.; Walsh, M. A. R. J. Agric. Food Chem. 1981, 29, 881. 

(5) (a) For previous synthesis of subunits, spiroacetal, see: Baker, R.; 
Swain, C. J.; Head, J. C. J. Chem. Soc, Chem. Commun. 1985, 309. (b) 
Culshaw, D.; Grice, P.; Ley, S. V.; Strange, G. A. Tetrahedron Lett. 1985, 
26, 5837. (c) Hanessian, S.; Ugolini, A.; Therein, M. J. Org. Chem. 1983, 
48, 4427. Oxahydrindene, see: (d) Prashad, M.; Fraser-Reid, B. J. Org. 
Chem. 1985, 50, 1556. (e) Jung, M. E.; Street, L. J. J. Am. Chem. Soc. 1984, 
106, 8327. For recent synthesis of the related milbemycins, semisyntheses, 
and hybrids, see: Baker, R.; O'Mahony, M. J.; Swain, C. J. J. Chem. Soc, 
Chem. Commun. 1985, 1326. Yeats, C; Street, D. A.; Kocienski, P.; 
Campbell, S. F. J. Chem. Soc, Chem. Commun. 1985, 1386, 1388. Smith, 
A. B., Ill; Schow, S. R.; Bloom, J. D.; Thompson, A. S.; Winzenberg, K. N. 
J. Am. Chem. Soc. 1982, 104, 4015. Williams, D. R.; Barner, B. A.; Nish-
itani, K.; Phillips, J. G. J. Am. Chem. Soc. 1982, 104, 4708. Williams, D. 
R.; Barner, B. A. Tetrahedron Lett. 1983, 24, 427. See also: Mrozik, H.; 
Chabala, J. C; Eskola, P.; Matzuk, A.; Waksumunski, F.; Woods, M.; Fisher, 
M. H. Tetrahedron Lett. 1983, 24, 5333. Smith, A. B., Ill; Thompson, A. 
S. Tetrahedron Lett. 1985, 26, 4283. 

(6) Mrozik, H.; Eskola, P.; Fisher, M. H. Tetrahedrron Lett. 1982, 23, 
2377. 
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