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Dye-Sensitized Photooxygenation of 2,3-Dihydrofurans: Competing [2 + 2]
Cycloadditions and Ene Reactions of Singlet Oxygen with a Rigid Cyclic
Enol Ether System
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Singlet oxygen reacts with 2,3-dihydrofuran (1), 5-methyl- (7), 4,5-dimethyl- (13), and 4-carbomethoxy-5-
methyl-2,3-dihydrofuran (20), 5,6-dimethyl-3,4-dihydro-2H-pyran (26), and 3-methoxy-2-methyl-2-butene (32)
in nonpolar and polar aprotic solvents to yield dioxetanes and allylic hydroperoxides, except 32, which gives only
allylic hydroperoxides. The dioxetanes were isolated, but decompose slowly with weak chemiluminescence at
room temperature to yield the corresponding dicarbonyl compounds. The allylic hydroperoxides produced by
the cyclic enol ethers could not be isolated or separated by high vacuum distillation or by chromatography; the
endocyclic allylic hydroperoxides arising from the dihydrofurans eliminate H,O, to yield the corresponding furans
while the exocyclic allylic hydroperoxides give unknown products. Allylic hydroperoxides 28 and 29 and the
dioxetane 27 obtained from 26 yield the same dicarbonyl compound 31. The proportion of dioxetanes to allylic
hydroperoxides depends on ring size and substitution of the enol ethers and on solvent polarity. Smaller ring
size, greater electron-donor substitution, and solvent polarity favor the formation of dioxetanes at the expense
of allylic hydroperoxides. It is noteworthy that enol ether 20, an «,8-unsaturated ester, forms appreciable amounts
of a dioxetane in polar solvents (44% in acetonitrile). Kinetic results show that the rate and product distribution
of the ene reaction are independent of solvent polarity, whereas the rate of dioxetane formation increases with
solvent polarity. It is suggested that [2 + 2] cycloadditions and ene reactions occur via different transition states
and intermediates, zwitterions and perepoxides, respectively. Furthermore, the remarkable propensity to dioxetane
formation of dihydrofurans compared to that of dihydropyrans and the other enol ethers seems to be due to

the rigidity of the five-membered ring in the transition state and intermediate zwitterion.

Introduction

With monoolefins, singlet oxygen (*O,, 14,) can undergo
ene reactions and [2 + 2] cycloadditions to give allyllc
hydroperoxides and 1,2-dioxetanes, respectively.!
Structural details such as endocyclic, exocyclic, and acyclic
double bonds and their substitution by alkyl and aryl
groups and hetero atoms (enol ethers, enol esters, vinyl
sulfides, and enamines), the capability and accessibility
of allylic hydrogen atoms for the ene reactions, the strain
of the double-bond system, steric hindrance to !0, attack
on the C=C system and on the allylic H atom by remote
substituents, etc., as well as the nature of the solvent
(aprotic/protic solvents; polarity) and the reaction tem-
perature determine the extent to which the two reaction
modes compete with each other for singlet oxygen on the
one hand, and the product distributions among the ene
products on the other.!? Concerted ene reactions pro-

(1) (a) Singlet Oxygen; Wasserman, H. H., Murray, R. W., Eds.; Ac-
ademic Press: New York, 1979. (b) Singlet Oxygen, Reactions with
Organic Compounds and Polymers; Rinby, B., Rabek, J. F., Eds.; J.
Wiley: New York, 1978. (c) Singlet Molecular Oxygen; Schaap, A. P,
Ed.; Benchmark Papers in Organic Chemistry, Vol. 5; Dowden, Hutch-
inson and Roes: Stroudsburg, PA, 1976. (d) Proceedings of the COSMO
84; Conference on Singlet Molecular Oxygen, Clearwater Beach, FL, Jan.
4-7, 1984; Stevens, B., Ed.; J. Photochem. 1984, 25, 99-564. (e) Ozygen
Radicals in Chemutry and Btologée Proceedings Third International
Conference, Neuherberg, Fed. Rep. Germany, July 10-15, 1983; Bors, W.,
Saran, M., Tait, D., .+ W. De Gruyter: Berlin, New York, 1984; pp
453-562. (f) Oxygen and Oxy-Radicals in Chemistry and Biology; Pro-
ceedings of the International Conference on Oxygen and Oxy-Radicals,
Austin, TX, May 1980; Rodgers, M. A. J., Powers, E. L., Eds.; Academic
Press: New York, 1981; pp 371-487. (g) Singlet Oxygen and Related
Species in Chemistry and Biology; Proceedings at the International
Conference, Pinawa, Manitoba, Canada, Aug 21-26, 1977; Singh, A,
Petkau, A., Eds.; Photochem. Photobiol. 1978, 28, 420-933. (h) Inter-
national Conference on Singlet Molecular Oxygen and its Role in Envi-
ronmental Sciences, New York, Oct. 23-25, 1969; Trozzolo, A. M., Ed,;
Ann. N.Y. Acad. Sci. 1970, 171, 5-302. (i) Oxidation of Organic Com-
pounds, Vol. IIT; Proceedings of the International Oxidation Symposium,
San Francisco, Aug 28-Sept. 1, 1987; Gould, R. F., Ed.; Adv. Chem. Ser.
1968, 77, 78-168. (j) Recent Aspects of Singlet Oxygen Chemistry of
Photooxidation; Tetrahedron Symposia-in-Print Number 20, Saito, 1.,
Matsuura, T., Eds.; Tetrahedron 1988, 41, 2037-2235.
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ceeding via a six-membered transition state? and dioxetane
formation occurring as a [2, + 2,] cycloaddition® have been
discussed as well as stepwise sequences leading to ene
products and dioxetanes involving either diradicals,*

(2) (a) Frimer, A. A. In The Chemistry of Functional Groups: Per-
oxides; Patai, S., Ed.; J. Wiley & Sons: New York, 1983; p 201. (b)
Frimer, A, A. Chem. Rev. 1979, 79, 359. (c) Stephenson, L. M.; Grdma,
M J.; Orfanopoulos, M. Acc. Chem. Res. 1980, 13, 419. (d) Sclmap,

Zakllka. K. A,, in ref 1la, 173. (e) Gollnick, K Kuhn H. J., in ref la,
287 (f) Denny, R W.; Nickon, A. Org. React. 1973 20, 133 (g )Kearns,
D. R. Chem. Rev 1971 71, 395. (h) Gollnick, K. Adv. Photochem 1968,
6, 1. (i) Foote, C. S. Acc. Chem. Res. 1968, 1, 104. (j) Wilson, S. L.;
Schuster,G B. J. Org. Chem. 1986, 51, 2058. (k) Gollnick, K.; Griesbeck,
A. Tetrahedron 1984, 40, 3235. (l) Mammg, L.E; Foota, C S.J. Am.
Chem. Soc. 1983, 105, 4710. (m) Yamaguchi, K.; Fueno,T Saito, L;
Matsuura, T.; Houk K. N. Tetrahedron Lett. 1981 22, 749. (n) Houk,
K. N, Williams, d. C., Jr.; Mitchell, P. A,; Yamaguchl, K. J. Am. Chem.
Soc. 1981, 103, 949. (o) Ando, W. Sulfur Rep. 1981, 1, 147. (p) Hasty,
N. M; Kearns, D. R. J. Am. Chem. Soc. 1973, 95, 3380

3) Bartlett P. D. Pure Appl. Chem. 1971, 27, 597.
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zwitterions,24%8 or perepoxides® as common intermediates
(Chart I). Perepoxide-like transition states (a, Chart I)
yielding directly ene products were also discussed.%’
Interaction of the terminal perepoxide oxygen atom with
two allylic hydrogens (b, Chart I) are assumed to lower the
free enthalpy of activation for transition state b® as com-
pared to transition state a,? thus providing an explanation
for the observation that trisubstituted olefins react with
10, predominantly on the more crowded side, a phenom-
enon known as the “cis effect”.1%!! Houk, Yamaguchi, and
co-workers?™® interpreted the cis effect as being due to
lowering the rotational barriers of the allylic CH; groups
to a somewhat higher extent on the more congested cis side
than on the less congested trans side of trialkyl-substituted
olefins. However, this view was criticized as being over-
simplified since ene reactions, at least with simple alkyl-
substituted olefins, and 10, reactions with enol ethers are
controlled by entropy rather than enthalpy.’%!3 Recently,
Gorman et al.!?® suggested that the reversible formation
of an exciplex is the rate-determining step in !0, reactions
with enol ethers; competitive reaction of the exciplex
through “ene”™ and [2, + 2,]-like transition states is sup-
posed to lead to allylic hydroperoxides and dioxetanes
directly, i.e., without the formation of intermediates.
Theoretical calculations have not clarified the situation.
Kearns,”® Inagaki and Fukui,* Dewar and Thiel,'s and

Hotokka et al.,'® using orbital correlation diagrams and

CNDO/2 CI, MINDO/3, and CASSCF-CCI calculations,
respectively, favor pe::goxide intermediates. However,
Harding and Goddard, 17 applying GVB-CI calculations,
conclude that du‘adlcals rather than perepoxides are
formed in the reaction sequence, whereas Yamaguchi et
al.!® favor a concerted mechanism involving a perep-
oxide-like transition state on the basis of ST0O-3G and
unrestricted MINDO/3 (UMS3) calculations.

For enol ethers, the formation of dioxetane appears to
be favored at the expense of allylic hydroperoxide on
passing from the acyclic enol ethers I to enol ethers IT and
111, having exocyclic alkoxy groups and either an exocyclic
or an endocyclic double bond, respectively, to ¢cyclic enol
ethers such as IV of Chart II (vide infra). In addition, polar
solvents and low temperatures favor [2 + 2] cycloaddition
products over ene products.

(4) (a) Harding, L. B.; Goddard, W. A., IIL. J. Am. Chem. Soc. 1980,
102, 439. (b) Harding, L. B.; Goddard, W. A,, IIL. J. Am. Chem. Soc. 1977,
99, 4520.

(5) (a) Jefford, C. W.; Boukouvalas, J.; Kohmoto, S.; Bernardinelli, G.,
in ref 1j, p 2081. (b) Jefford, C. W.; Boukouvalas, J.; Kohmoto, in ref 1d,
537. (c) Jefford, C. W. Tetrahedron Lett. 1979, 20, 985. (d) Jefford, C.
W.; Rimbault, C. G. J. Am. Chem. Soc. 1978, 100, 295.

(6) Foote, C. S. Pure Appl. Chem. 1971, 27, 635.

(W) Steghenson, L. M. Tetrahedron Lett. 1980, 21, 1005.

(8) (a) Stephenson, L. M,, in ref 1f, p 371. (b) Gollnick, K.; Hartmann,
H.; Paur, H., in ref 1f, p 379.

(9) Frimer, A. A,; Bartlett, P. D.; Boschung, A. F.; Jewett, J. G. J. Am.
Chem. Soc. 1977, 99, 7977.

(10) (a) Schulte-Elte, K. H.; Muller, B. L.; Pamingle, H. Helv. Chim.
Acta 1979, 62, 816. (b) Schulte-Elte, K. H.; Muller, B. L.; Rautenstrauch,
V. Helv, Chim. Acta 1978, 61, 2771.

(11) Orfanopoulos, M. G.; Grdina, M. B.; Stephenson, L. M. J. Am.
Chem. Soc. 1979, 101, 276.

(12) (a) Gorman, A. A.; Hamblett, I.; Lambert, C.; Spencer, B.; Stan-
den, M. C. J. Am. Chem. Soc. 1988, 110, 8053. (b) Gorman, A. A.; Gould,
L R.; Hamblett, I. J. Am. Chem. Soc. 1982, 104, 7098.

(13) Hurst, J. R.; Schuster, G. B. J. Am. Chem. Soc. 1982, 104, 6854.

(14) Inagaki, S.; Fukui, K. J. Am. Chem. Soc. 1975, 97, 7480.

(15) (a) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 2338.
(b) Dewar, M. J. S.; Thiel, W. J. Am, Chem. Soc. 1975, 97, 3978,

52 6%6) Hotokka, M Roos, B.; Siegbahn, P. J. Am. Chem. Soc. 1983, 105,

(17) Harding, L. B.; Goddard, W. A, III. Tetrahedron Lett. 1978, 19,
(18) (a) Yamaguchi, K.; Ikeda, Y.; Fueno, T., in ref 1j, p 2099. (b)

Yamaguchi, K.; Yal uuhlta,S Fueno,T Houk, K. N.J. Am. Chem. Soc.
1981, 108, 5043
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Scheme 1. Singlet Oxygen Reactlon with 2,3-Dihydrofuran

/ l( H,0,) %Hzo)

The propensity to dioxetane formation by cyclic enol
ethers to that of acyclic enol ethers prompted us to study
the influence of ring size on the competition between the
two modes of !0, reactions. 2,3-Dihydrofuran (1) and its
5-methyl (7), 4,5-dimethyl (13), and 4-carbomethoxy-5-
methyl derivatives (20) were taken as examples of five-
membered cyclic enol ethers and the results are compared
with those obtained with six-membered enol ethers such
as 5,6-dimethyl-3,4-dihydro-2H-pyran (26) and dihydro-
pyrans reported in the literature as well as with that ob-
tained from the acyclic enol ether 3-methoxy-2-methyl-2-
butene (32). Moreover, in order to avoid ambiguities ar-
ising by determining the relative yields of [2 + 2] cyclo-
addition products and ene products from secondary
products, we tried to isolate the primary products and to
determine the product distributions from the original
product mixtures by 'H and 3C NMR spectroscopic
means. Secondary products as, e.g., dicarbonyl compounds
may arise by cleavage of 1,2-dioxetanes as well as by Hock
cleavage of allylic hydroperoxides; in such a case (see, for
example, the thermal transformations of dioxetane 27 and
allylic hydroperoxides 28 and 29), determination of sec-
ondary products could lead to wrong conclusions.

Results

Preparative Photooxygenation of 2,3-Dihydro-
furans, 5,6-Dimethyl-3,4-dihydro-2H-pyran, and 3-
Methoxy-2-methyl-2-butene in Aprotic Sclvents.
General Results. When irradiated in oxygen-saturated
aprotic solvents in the presence of typical singlet oxygen
photosensitizers such as tetraphenylporphin (TPP) (in
CCl,, CHCl;, CH,Cl,, CDCl3/CFCl,, and benzene) and rose
bengal (RB) (in acetone and acetonitrile) at temperatures
between -78 and +13 °C, 2,3-dihydrofuran (1), 5-
methyl-2,3-dihydrofuran (7), 4,5-dimethyl-2,3-dihydrofuran
(13), 4-carbomethoxy-5-methyl-2,3-dihydrofuran (20),
5,6-dimethyl-3,4-dihydro-2H-pyran (26), and 3-methoxy-
2-methyl-2-butene (32) each consumed 1 molar equiv of
oxygen.

Immediately after the oxygen consumption had ceased,
solvents were removed at —20 °C/10™ Torr; subsequent
distillation of the residues at -5 °C/10™ Torr yielded the
dioxetanes 2, 8, 14, 21, and 27, respectively (yellow oils,
except 21, which was isolated as a yellow solid). Allylic
hydroperoxides, the other primary products, could not be
isolated by vacuum distillation or chomatographic proce-
dures. Under these conditions, allylic hydroperoxides 3,
9, 15, and 22, having endocyclic double bonds, eliminated
H,0, to give the corresponding furans 6, 12, 19, and 25.
Elimination of water from 3, yielding butenolide (4) was
not observed. Allylic hydroperoxides 16 and 23, having
exocyclic double bonds, gave rise to some unknown de-
composition products.

'H and *C NMR spectra in CDC); at low temperatures
were obtained for the isolated 1,2-dioxetanes as well as for
the original product mixtures. From the latter, the NMR

+hvey,
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Table I. Product Yields and Kinetic Parameters of Singlet Oxygen Reactions with 2,3-Dihydrofuran (1) at 13 °C

10k

solvent pol® 5P (us) 2 (%) 3 (%) 10%8 (M) 107k, (M 57Y) M ") 1075k, (M1 87Y)
CCl, 0.222 700 24 76 0.92 1.55 3.72 11.8

CeHg 0.232 24 32 68 19.93 2.09 6.69 14.2
CHCl,4 0.356 250° 73 27 3.93 1.02 7.43 2.6
CH,Cl, 0.420 105 74 26 3.02 3.15 23.34 8.2
Me,CO 0.465 26 71 29 13.99 2.75 19.52 7.8
MeCN 0.480 30 70 30 7.11 4.69 32.82 14.1
MeOH 0.477 7 d d 58.23 2.45 d d

9 Polarity (¢ - 1)/(2¢ + 1).  After Merkel, P. B.; Kearns, D. R. JJ. Am. Chem. Soc. 1972, 94, 7244. < After (a) Byteva, I. M.; Gurinovich, G.
P. J. Luminesc. 1979, 21, 17; (b) Hurst, J. R.; McDonald J. D.; Schuster, G. B. J. Am. Chem Soc. 1982, 104, 2065. 3Not determmed (see

text).

Table II. Product Yields and Kinetic Parameters of Singlet Oxygen Reactions with 5-Methyl-2,3-dihydrofuran (7) at 13 °C

solvent® 8 (%) 9 (%) 1038 (M) 107k, (M1 s7Y)  10% gy (M1 s™Y) 10k, (M1s7)
CCl, 53 47 b

CeH, 52 48 2.85 1.46 7.60 7.02
CHCl, 72 28 b

CH,Cl, 79 21 b

Me,CO 78 22 1.36 2.83 22.06 6.22
MeCN 85 15 0.97 3.44 29.21 5.16
MeOH c ¢ 10.41 1.38 ¢ ¢

sPolarity and 7, see Table I. ®Not determined. ¢Not determined (see text).

spectra of the allylic hydroperoxides were extracted.

Detailed Results. 2,3-Dihydrofuran (1). From the
partially decoupled 3C NMR spectrum of dioxetane 2,
2,6,7-trioxabicyclo{3.2.0]heptane, the doublets at § 88.6 and
107.3 are attributed to C-5 and C-1, respectively, whereas
the triplets at 31.5 and 68.2 are due to carbon atoms C-4
and C-3, respectively (Scheme I).

'H NMR chemical shifts at 4 6.33 (d) (J = 3 Hz) and
5.93 (m) (J = 3 Hz) are due to H-1 and H-5, respectively.
From spread 'H NMR spectra (5 Hz/cm, 80 MHz), the
multiplets at 1.84 (H-4'), 2.41 (H-4), 4.50 (H-3'), and 4.72
(H-3), are partially resolved and some couplmg constants
of the AA’XX’ system could be determined: 2J, , = 14.5
Hz,3J;, = 5.0 Hz, and %J 4 = 0. Couphng constants 2J3
= 15.0 Hz, e =120 Hz, and 3Jy ¢ = 8.0 Hz were esti-
mated in analogy to those obtained for dioxetane 14 from
groton-decoupled NMR spectra at 200 and 400 MHz (see

elow).

Product mixtures obtained from irradiations of 1 in CCl,
were used to extract NMR data for allylic hydroperoxide
3, 5-hydroperoxy-2,5-dihydrofuran, produced as the main
component in this solvent (Table I). The *C NMR
spectrum showed only four more signals at 6 74.9 (t), 112.1
(d), 121.9 (d), and 134.6 (d) in addition to those of 2. The
new chemical shifts are easily attributed to carbon atoms
C-2, C-5, C-3, and C-4, respectively, of 3. Likewise, the
IH NMR spectrum exhibited, in addition to signals due
to dioxetane 2, only four multiplets at é 4.72 (H-2), 5.58
(H-3), 6.13 (H-4), and 6.37 (H-5) and a broad singlet at 9.66
(OOH) in a ratio of 2:1:1:1:1 attributed unambiguously to
hydrogens H-2 through H-5 and OOH of 3 as indicated in
brackets.

Relative amounts of 2 and 3, obtained from 'H NMR
spectra by using the integrals of hydrogens H-4 and H-4’
of 2 and OOH of 3, are shown in Table I.

At room temperature, dioxetane 2 slowly transforms into
3-(formyloxy)propanal (5), whereas the mixture of 2 and
3 gives rise to 5 and furan (6). At elevated temperatures,
rearrangement of 2 is fast and accompanied by a weak
chemiluminescence that may be enhanced strongly by
addition of 9,10-dibromoanthracene.

5-Methyl-2,3-dihydrofuran (7). Dioxetane 8, 1-
methyl-2,6,7-trioxabicyclo[3.2.0]heptane, rearranges slowly
at room temperature to 3-acetoxypropanal (11). Again,

Scheme II. Singlet Oxygen Reaction with
5- Methyl 2,3-dihydrofuran (7)
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rearrangement of 8 is accompanied by a weak chemilu-
minescence (Scheme II).

The 3C NMR spectrum of 8 shows a singlet at § 114.3,
a doublet at 90.4, two triplets at 32.4 and 68.4, and a
quartet at 20.1, attributed unambiguously to carbon atoms
C-1, C-5, C-4, C-3, and that of the CHj group at C-1, re-
spectively. In its 'H NMR spectrum, 8 exhibits a singlet
at 6 1.74 due to the CH; group and a doublet at 5.60 (J
= 4 Hz), which belongs to H-5. From spread 'H NMR
spectra (5 Hz/cm, 80 MHz), the multiplets at 2.00 (H-4"),
2.38 (H-4), 4.38 (H-3'), and 4.64 (H-3) are attributed to the
AA’XX’ system of the hydrogen atoms at C-3-and C-4 with
coupling constants 2J, , = 14.0 Hz, 3J; , = 5.0 Hz, and %Jy
= 0. Coupling constants 2J;5 = 17. 0 Hz, SWae = 3.0 Hz,
and 3J3 , = 8.0 Hz were estimated in analogy to those
obtained for dioxetane 14.

Analysis of the 13C and 'H NMR spectra of the product
mixtures revealed that, besides dioxetane 8, only allylic
hydroperoxide 9 (5-hydroperoxy-5-methyl-2,5-dihydro-
furan) is formed. Allylic hydroperoxide 10, the other
possible ene product, is not observed in either of the
solvents applied. A singlet at § 105.4 (C-5), two doublets
at 140.6 (C-4) and 128.9 (C-3), a triplet at 75.7 (C-2), and
a quartet at 13.5 (CH; at C-5) in the 1*.C NMR spectrum
shows unequivocally the structure of the allylic hydro-
peroxide to be that of 9. Similarly, the 'H NMR spectrum
with multiplets at § 4.64 (H-2), 5.65 (H-3), and 6.18 (H-4),
a singlet at 1.48 (CHj), and a broad singlet at 9.00 (OOH)
in a ratio of 2:1:1:3:1 is only compatible with structure 9
for the allylic hydroperoxide.

Relative amounts of 8 and 9 (Table II) were obtained
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Table III. Product Yields and Kinetic Parameters of Singlet Oxygen Reactions with
4-Carbomethoxy-5-methyl-2,3-dihydrofuran (20) at 13 °C

1075k
solvent® 21 (%) 22 (%) 23 (%) 1028 (M) 107, (M1 87Y)  1070%p,5 (M1 87) (M1 ;1.)
CCl, 3 83 14 0.72 1.98 0.06 1.93
CeHg 4 82 14 21.11 1.98 0.08 1.90
CHCl, 35 56 9 5.70 0.70 0.25 0.46
CH,Cl, 32 59 9 4.05 2.35 0.75 1.60
Me,CO 39 52 9 6.34 6.07 2.37 3.70
MeCN 44 50 6 3.77 8.84 3.89 4.95
MeOH 29 60 11 19.46 7.34 2.13 5.21
¢Polarity and 7,: see Table I.
Table IV. Product Yields of Singlet Oxygen Reactions with 4,5-Dimethyl-2,3-dihydrofuran (13),
§,6-Dimethyl-3,4-dihydro-2H-pyran (26), and 3-Methoxy-2-methyl-2-butene (32) at 13 °C

solvent 14 (%) 15 (%) 16 (%) 27 (%) 28 (%) 29 (%) 33 (%) 34 (%)

CCl, 80 13 7 28 20 52 70 30

CgH, 82 13 5 21 18 61 a a

CHClq 86 9 5 30 17 53 65 35

CH,Cl, 87 8 5 30 16 54 68 32

Me,CO 84 10 8 26 16 58 56 44

MeCN 87 7 6 35 10 55 65 35

MeOH 82 12 6 23 17 60 67 33

av 84 % 3° 10e2 6+1 2805 l6@3 56+ 4 65856 35ab

4 Not determined. ®Standard deviation.

by using the 'H NMR signals of H-3 and H-3’ of 8 and of
H-3 and H-4 of 9.

Mixtures of 8 and 9 gave rise to the formation of al-
dehyde 11 and 2-methylfuran (12) at elevated tempera-
tures.

4,5-Dimethyl-2,3-dihydrofuran (13). At room tem-
perature, dioxetane 14, 1,5-dimethyl-2,6,7-trioxabicyclo-
[3.2.0]heptane, yields slowly 4-acetoxy-2-butanone (18)
accompanied by a weak chemiluminescence (Scheme III).

The ¥C NMR spectrum of 14 contains two singlets at
6 115.6 (C-1) and 96.5 (C-5), two triplets at 37.4 (C-4) and
67.1 (C-3), and two quartets at 19.4 (CH, at C-1) and 18.1
(CH; at C-5). The 'H NMR spectrum of 14 shows two
singlets at 6 1.56 and 1.60 due to the CH; groups at C-5
and C-1, respectively, as well as four multiplets at 1.79
(H-4), 2.28 (H-4), 4.23 (H-3'), and 4.57 (H-3). From spread
(5 Hz/cm, 80 MHz) "H NMR spectra as well as from 'H
NMR spectra at 200 and 400 MHz, the chemical shifts of
hydrogens H-3, H-3’, H-4, and H-4’,forming an AA’XX’
system, as well as the six couphng constants 2J4 ¢ =136
HZ, J33/ =84 HZ, J34 = 5.2 HZ, 3J3/ = 0 J34: = 120
and Js' + = 8.0 Hz were determined.

Analysis of the 3C and 'H NMR spectra of the product
mixture showed that, in addition to dioxetane 14, two
rather than three allylic hydroperoxides were formed in
a ratio of about 1:1 during the photooxygenation of 13. In
the 123C NMR spectra, the doublets at 6 135.5 and 124.4
and the triplet at 73.7 are undoubtedly due to carbon
atoms C-4, C-3, and C-2, respectively, of 4,5-dimethyl-5-
hydroperoxy-2,5-dihydrofuran (15), whereas the singlet at
141.6 and the triplet at 134.3 are expected for carbon atoms
C-4 and C-6, respectively, of allylic hydroperoxide 16 (4-
methylene-5-methyl-5-hydroperoxytetrahydrofuran) rather
than 17. The latter compound should exhibit a singlet at
about & 150 for C-5 and a triplet at about 90 for C-7
(compare with data of compound 29, below). The triplets
at 6 31.4 and 66.4 are thus due to C-3 and C-2 of 16, re-
spectively. The singlets at § 111.9 and 110.7 belong to the
C-5 atoms of 15 and 16, respectively. The three quartets
at 4 19.1, 11.5, and 20.4 are attributed to the methyl groups
at C-5 and C-4 of 15 and at C-5 of 16, respectively.

Hydroperoxide 17 is obviously formed in negligible
amounts, if at all. This result is in accord with the ob-

Scheme III. Singlet Oxygen Reaction with
4,5-Dimethyl-2,3-dihydrofuran (13)

10, o, m CHy i
+ ——
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servation that hydroperoxide 10 is absent in the product
mixture obtained from 5-methyl-2,3-dihydrofuran (7).

From the 'H NMR spectra of the product mixtures,
signals at & 1.48 (s, CH; at C-5), 1.75 (d, CHz at C-4, J =
2 Hz), 5.75 (m, H at C-3), 4.28 (m, 2 H at C-2), and 8.66
(s, br, OOH) are easily attributed to hydroperoxide 15.
Signals at § 1.41 (s, CH; at C-5), 5.18 (m, 2 H at C-6), 2.04
(m, 2 H at C-3), 4.28 (m, 2 H at C-2), and 8.79 (s, br, OOH)
are compatible with structures 16 as well as 17; they are
attributed to hydroperoxide 16 because of the results ob-
tained by *)C NMR analysis.

Relative amounts of products 14, 15, and 16 (Table IV)
were determined by using the tH NMR signals of H-3 and
H-3’ of 14, of the olefinic H at C-3 of 15, and of the two
methylene protons at C-6 of 16.

At elevated temperatures, the product mixture yielded
1-acetoxy-3-butanone (18), 2,3-dimethylfuran (19), and
some unknown product. In accord with the observed
transformations of hydroperoxides 3 and 9, furan 19 should
originate from hydroperoxide 15, whereas the unknown
decomposition product is assumed to be formed from
hydroperoxide 16.

4-Carbomethoxy-5-methyl-2,3-dihydrofuran (20).
Dioxetane 21 (5-carbomethoxy-1-methyl-2,6,7-trioxabicy-
clo[3.2.0]heptane) starts to rearrange at about 10 °C,
yielding the a-keto ester 24, methyl 4-acetoxy-2-oxo-
butanoate, accompanied by a weak chemiluminescence
(Scheme IV).
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Scheme IV. Singlet Oxygen Reaction with
4-Carbomethoxy- 5 methyl-2,3-dihydrofuran (20)
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The 3C NMR spectrum of 21 exhibits three singlets at
6 115.5, 96.0, and 168.2 due to carbon atoms C-1, C-5, and
C-8, respectively. Furthermore, it contains two triplets at
35.4 and 68.5 due to C-4 and C-3, as well as two quartets
at 18.9 and 53.3 due to the methyl groups at C-1 and of
the ester group, respectively.

The 'H NMR spectrum of 21 shows two singlets at § 1.63
and 3.89 for the CHj, groups at C-1 and of the ester group,
respectively. The AA’XX’ system of hydrogens at C-3 and
C-4 occur at 2.42 (m, H-4, H-4’) and 4.60 (m, H-3, H-3"),
exhibiting a similar pattern to the corresponding hydrogens
of dioxetanes 2, 8, and 14. However, the shift differences
between H-3 and H-3’ as well as between H-4 and H-4’ are
too small as to allow the determination of the individual
chemical shifts and coupling constants.

Analysis of the 1*C NMR spectrum of the product
mixture showed the presence of hydroperoxide 22 (4-
carbomethoxy-5-hydroperoxy-5-methyl-2,5-dihydrofuran)
besides dioxetane 21. Thus, the three singlets at § 115.2,
130.1, and 162.2 are attributed to carbon atoms C-5, C-4,
and C-6, respectively, whereas the doublet at 144.0, the
triplet at 73.5, and the two quartets at 21.4 and 52.1 are
due to C-3, C-2, the CH, group at C-5, and the CH, group
of the ester group, respectively.

The *H NMR spectra revealed, however, that two hy-
droperoxides (in a ratio of about 6:1) rather than one are
present in the product mixtures. The main component is
hydroperoxide 22 with singlets at § 1.65 (CH, at C-5), 3.79
(CH, of the ester group), 9.64 (br, QOH), a multiplet at
7.19 (1 H at C-3), and two doublets at 4.68 and 4.75 2 H
at C-2, Jy,3 = 2 Hz). The remaining 'H NMR signals,
compatlble with structure 23 (3-carbomethoxy-3-hydro-
peroxy-2-methylenetetrahydrofuran) occur as singlets at
8 3.78 (CHj, of the ester group) and 9.64 (br, OOH), as
doublets at 4.49 (J = 2 Hz) and 4.96 (J = 2 Hz) due to the
two methylene protons, and as multiplets at 2.35 (2 H at
C-4) and 4.29 (2 H at C-5).

Relative amounts of products 21, 22, and 23 (Table III)
were determined by using the 'H NMR signals of H-3 and
H-3’ of 21, of the olefinic H at C-3 of 22, and of the
methylene protons of 23.

At room temperature, the product mixture yielded
slowly the a-keto ester 24 and 3-carbomethoxy-2-
methylfuran (25).

5,6-Dimethyl-3,4-dihydro-2H-pyran (26). Dioxetane
27 (1,6-dimethyl-2,7,8-trioxabicyclo{4.2.0]Joctane) rear-
ranges slowly at room temperature to yield 5-acetoxy-2-
pentanone (31) and a weak chemiluminescence (Scheme

).

The 3C NMR spectrum of 27 shows two singlets at &
107.6 (C-1) and 88.3 (C-6), three triplets at 29.6 (C-4), 61.7
(C-3), and 17.9 (C-5), and two quartets at 22.4 (CH; at C-1)
and 21.4 (CH; at C-6).
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Scheme V. Singlet Oxygen Reaction with
5,6-Dimethyl-3,4- dihydro 2H-pyran (26)
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Scheme VI. Singlet Oxygen Reaction with
3-Methoxy-2-methyl-2- butene (32)
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The 'H NMR spectrum of 27 exhibits two singlets at §
1.60 (CH; at C-1) and 1.51 (CHj; at C-6), a broad multiplet
in the range from 1.7 to 2.1 due to four protons at C-4 and
C-5, and a multiplet between 4.24 and 4.53 due to two
protons at C-3.

Analysis of the *C NMR spectrum of the product
mixture revealed the presence of hydroperoxides 28 (2-
hydroperoxy-2-methyl-3-methylenetetrahydropyran) and
29 (3-hydroperoxy-3-methyl-2-methylenetetrahydropyran)
in addition to dioxetane 27. The absence of a doublet in
the range of 6 130 to 140, expected for carbon atom C-4
of hydroperoxide 30, indicates that this hydroperoxide is
formed with yields below about 5% of the total product
mixture, if at all. The two singlets at 5 159.0 (C-2) and 79.4
(C-3), the four triplets at 22.2 (C-4), 33.0 (C-5), 70.0 (C-6),
and 96.6 (C-T), and the quartet at 22.4 (CH; at C-3) are
attributed to the major hydroperoxide 29, whereas the two
singlets at 113.2 (C-2) and 124.6 (C-3), the four triplets at
20.5 (C-4), 27.0 (C-5), 61.5 (C-6), and 104.1 (C-8), and the
quartet at 29.6 (CH; at C-2) belong to the minor compo-
nent, hydroperoxide 28,

Similar results are obtained from the analysis of the 'H
NMR spectra of the product mixture. Thus, the major
component 29 exhibits chemical shifts at 6 1.43 (s, CH; at
C-3), 2.09 (m, 4 H at C-4 and C-5), 3.83 (m, 2 H at C-8),
4.53 (s, br) and 4.64 (s, br) (2 H at C-7), and 8.45 (s, br,
OOH). The minor component 28 shows signals at § 1.59
(s, CH; at C-2), 2.09 (m, 4 H at C-4 and C-5), 3.83 (m, 2
H at C-6), 4.95 (s, br) and 5.10 (s, br) (2 H at C-8), and 8.50
(s, br, OOH).

Relative amounts of products 27, 28, and 29 (Table IV)
were determined by using the 'H NMR signals of the two
protons at C-3 of 27 and those of the methylene protons
of 28 and 29.

At elevated tempertures, product mixtures containing
about 30% of dioxetane 27 and about 70% of hydroper-
oxides 28 and 29 were transformed quantitatively into
5-acetoxy-2-pentanone (31), indicating that hydroperoxides
28 and 29 and dioxetane 27 rearrange to the same product.

3-Methoxy-2-methyl-2-butene (32). According to the
13C and 'H NMR spectra of the product mixtures, there
is no evidence for the formation of a dioxetane (35) from
the acyclic enol ether 32 (Scheme VI).

The !H NMR spectrum of the product mixture exhibits
only signals that are easily attributed to hydroperoxides
33 (3-hydroperoxy-3-methoxy-2-methyl-1-butene) and 34
3-hydroperoxy-2-methoxy-3-methyl-1-butene). Chemical
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Scheme VII. Reactions of 1,2-Dioxetanes in CDCl,/CH,OH
Rg
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shifts at § 1.44 (s, CH; at C-3), 1.81 (s, CH; at C-2), 3.30
(s, OCHy), 5.03 (m) and 5.20 (m) (2 H at C-1), and 7.66 (s,
br, OOH) belong to the major component 33, whereas those
at 1.40 (s, 2 CH; at C-3), 3.60 (s, OCHj), 4.09 (d) and 4.28
(d) (J = 2.8 Hz, 2 H at C-1), and 7.71 (s, br, OOH) are due
to the minor component 34.

Relative amounts of 33 and 34 (Table IV) were deter-
mined by using the 'H NMR signals of the methylene
protons of these compounds.

Reactions of Dioxetanes with Methanol. As shown
above, dioxetanes 2, 8, 14, 21, and 27 are relatively stable
at low temperatures. They start to rearrange to the cor-
responding carbonyl compounds 5, 11, 18, 24, and 31, re-
spectively, when the temperature is raised. In order to
study their reactions with nucleophiles such as methanol,
we dissolved the dioxetanes in precooled CDC); and added
one or two drops of precooled methanol. When the mix-
tures were slowly warmed up to room temperature, diox-
etanes 2, 8, and 14 underwent rearrangements to 5, 11, and
18, respectively, as well as methanol additions yielding
methoxy hydroperoxides 36—38, respectively. Dioxetanes
21 and 27, however, did not add methanol; they only re-
arranged to 24 and 31, respectively (Scheme VII).

Methoxy hydroperoxides 3638 were not isolated. Their
formation is inferred from the appearance of new singlets
at 6 3.68, 3.60, and 3.61 due to the OCHj, groups and from
the displacement of the R; proton NMR signals of 2, 8,
and 14 to those appearing at 6 5.29 (t, J = 6 Hz) for R; =
Hin 3-hydroperoxy-2-methoxytetrahydrofuran (36), at 5.58
(t, J = 5 Hz) for R; = H in 3-hydroperoxy-2-methoxy-2-
methyltetrahydrofuran (37), and at 1.38 (s) for R; = CH,
in 2,3-dimethyl-3-hydroperoxy-2-methoxytetrahydrofuran
(38). The protons of the OOH groups display broad weak
signals in the range of 8 to 9 ppm.

The structure of the methanol addition products as
3-hydroperoxy-2-methoxytetrahydrofurans 36-38 rather
than 2-hydroperoxy-3-methoxytetrahydrofurans is inferred
from the assumption that methanol addition occurs re-
giospecifically via heterolytic ring opening to the more
effectively stabilized electron-deficient site at C-2. Similar
arguments have been applied to account for the regiose-
lectivity of methanol addition to unsymmetrically sub-
stituted furan endoperoxides.®

Photooxygenation of 2,3-Dihydrofurans and 5,6-
Dimethyl-3,4-dihydro-2H-pyran in Methanol. As ex-
pected from the results discussed in the preceding para-
graph, RB-sensitized photooxygenations of 20 and 26 at
13 °C yield the same products in methanol as in aprotic
solvents, i.e., addition products of methanol to the primary
oxygenation products were not observed.

On the other hand, RB-sensitized photooxygenations of
dihydrofurans 1 and 7 at 13 °C in methanol afforded allylic
hydroperoxides 3 and 9 as well as transformation products
5 + 36 and 11 + 37, respectively, rather than dioxetanes
2 and 8. These results show that, at room temperature,
rearrangements of dioxetanes 2 and 8 and methanol ad-
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ditions to these dioxetanes occur with comparable rates.

Compared with the reactions of 2 and 8, rearrangement
of and methanol addition to dioxetane 14 both proceed
much more slowly. Thus, RB-sensitized photooxygenation
of 13 in methanol at 13 °C leads to dioxetane 14 and allylic
hydroperoxides 15 and 16. Only after keeping the reaction
mixture for some hours at 25 °C is 14 quantitatively
transformed into 18 + 38.

Kinetic Results. Kinetic studies were carried out to
determine the influence of solvent polarity on the rates
of the two competing 'O, reactions.

In photosensitized singlet oxygen reactions, the rate of
oxygen consumption is given by eq 1, with v, = number

UA=IBXQAX17A (1)

of oxygen molecules consumed by substrate A per unit
time, I, = number of photons absorbed by the photosen-
sitizer per unit time, ®, = quantum yield of singlet oxygen
formation by interaction of 20, with the electronically
excited sensitizer, and 5, = efficiency of 10, reactions with
substrate A to give oxygenated products.?®
With 2,5-dimethylfuran (DMF) as substrate A, the ef-
ficiency npyr equals unity in all solvents for DMF con-
centrations larger than 5 X 1074 M.2%1220 The rate of
oxygen uptake by DMF for [DMF] » 5 X 10 M is thus
given by eq 2.

UpMF = Ia X (I)A (2)

With use of DMF at initial concentrations of 102 M and
sensitizer concentrations between 2 X 10~ and 102 M, vpyr
was independent of the sensitizer concentration and con-
stant in all solvents until DMF was consumed to better
than 95%.

With substrates less reactive than DMF, the O, con-
sumption rate generally decreases continuously during a
run until it becomes zero when 1 molar equivalent of ox-
ygen has been absorbed. Due to the following reaction
steps: (a) spontaneous deactivation of !0, (b) “chemical”
quenching of !0, = product forming step, (c) “physical”
quenching of !Q, by substrate A, and (d) “physical”
quenching of 10, by the sensitizer (a-d), 7, = lifetime of

10, —~ 30, kg=1/74 (a)
10, + A — AQ, k. (b)
10, +A—30,+A koh (c)
10, + sens —~ 30, + sens  kg® d)
singlet oxygen in solution, A = substrate, AQ, = product(s),

and sens = sensitizer, the efficiency n, depends on the
substrate concentration according to eq (3).

na = k[Al/[(k: + kgM)[A] + kg + koB[sens]]  (3)

If substrate A does not quench the excited (singlet
and/or triplet) state of the sensitizer, the ratio of the
constant oxygen uptake rate by DMF to the substrate
concentration-dependent oxygen uptake rate of A is given
by eq 4. A plot of vpyr/va vs [A]™? should be linear,

UDMF/UA = (1 + kQA/kr) + (kd/kr + kQS[SGI\S] /kr)[A]_l
4)

permitting us to determine (1 + kQA/ k,) as the intercept
and (kq/k, + & s”[sens] /k.) as the slope (= a).

We applied A (=1,17, 13, 20, and 26) at initial concen-
trations between 4 X 10‘2 and 8 X 10* M and DMF at an

(19) Gollnick, K.; Griesbeck, A., in ref 1j, p 2057.

(20) Gollnick, K.; Griesbeck, A., Tetrahedron Lett. 1984, 25, 725.
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Table V. Kinetic Parameters of Singlet Oxygen Reactions with 2,5-Dimethylfuran (DMF), 4,5-Dimethyl-2,3-dihydrofuran
(13), and 5,6-Dimethyl-3,4-dihydro-2H-pyran (26) in Methanol at 13 °C

compd solvent k. (M) kgeg M) Ry, (M8 AS*, (ew) AS*(249 (eu) AS*  (eU)
DMF MeOH 1.83 x 10% -20.8°

13 MeOH 1.09 x 108 0.89 x 108 0.20 X 10° -21.8% -22.2 -25.2
26 MeOH 0.72 x 108 0.17 X 108 0.56 % 10° -22.3 -25.2 -22.8

¢DMF yields a [4 + 2] cycloaddition product; AH* = 0 according to Schenck, G. O.; Koch, E. Z. Elektrochem. 1960, 64, 170. Koch, E.

Tetrahedron 1968, 24, 6295. ®Assuming AH*, = 0 kcal/mol).

initial concentration of 2 X 102 M in a series of solvents.
For each sensitizer concentration, at least three runs were
executed with A. Furthermore, two runs with DMF were
made before the photooxygenation was done with A, and
two runs were made thereafter. The values of vy Were
found to be within the limits of £2%, indicating the sta-
bility of the whole irradiation arrangement, especially that
of a constant output of photons from the irradiation source.

The photooxygenations were carried out at 13 °C. With
A =13 and 26 in MeOH and with A = 1, 7, and 20 in all
the solvents used, the oxygen consumption rates decreased
continuously during a run and became zero after A had
taken up 1 mol of oxygen per mole of A2 From the
automatically recorded O, uptake vs time curves, v, was
determined as a function of [A].

For all the enol ethers studied, linear plots of vpyp/Ua
vs 1/[A] were obtained for each solvent.

Furthermore, the intercept, (1 + kg*/k,), was found to
be always within the limits of (1 £ 0.1), indicating that
“physical” quenching of singlet oxygen by these substrates
is negligible (if it occurs at all).

For non-chlorinated solvents, v, turned out to be in-
dependent of the sensitizer concentration, showing that
(koS/k,)[sens) « ky/k,. In this case, the 8 values, defined
as%ed/ k.22 are equal to the slope of the plots of vpyp/vs
vs 1/[A] according to eq 5 or, since kg /k, <« 1 (see above),
according to eq 6.

vpMr/Ua = (1 + kA /R,) + (ka/k,) /[A] (5)
Upmr/Va = 1 + (kg/k.) /[A] (6)

For the chlorinated solvents, however, the v, values were
found to depend on the sensitizer concentration. Linear
plots of the slope values of eq 4 (= ) vs the sensitizer
concentration according to eq 7 yielded the kq4/k, values
from the intercepts and the kg3/%, values from the slopes.

a = ky/k, + (koS /k,)[sens] (7)

With 2,3-dihydrofuran (1), the (kqS/k,) values were
determined to be 6.0, 20.1, and 4.5 for CCl,, CHC];, and
CH,Cl, solutions, respectively. With the k, values shown
in Table I for these solvents, singlet oxygen quenching by
TPP occurs with rate constants kS = 0.9 X 107, 2.1 X 107,
and 1.4 X 10’ M1s7%, respectively, in good agreement with
recently obtained results.2%20

Tables I, II, and III show the product yields and 8 values
of dihydrofurans 1, 7, and 20, as well as the rate constants
Ry, Rig4q), and k,,, derived from these experimental values.
Rate constant k, either represents that with which 10,
reacts with A in a rate-determining step to a common
intermediate or it equals the sum of k(5,5 and &, the rate

constants of 10, with A to yield dioxetanes and allylic
hydroperoxides via different transition states and possibly
intermediates. For dihydrofuran 13, dihydropyran 26, and
the acyclic enol ether 32, the product distributions are
listed in Table IV. Table V shows the rate constants for
13 and 26 obtained for methanolic solutions. For aprotic
solutions, in which !Q, is longer lived than in MeOH, v,
equaled vpyy until 890% of these substrates had been
consumed. This result means that 5, equals unity for the
respective concentration range, indicating that singlet
oxygen is almost completely trapped by these substrates
in the product formation step (b) (see above). No rate
constants were determined for 32 because the enol ether
was contaminated with its isomer, 3-methoxy-2-methyl-
1-butene.

Discussion

2,3-Dihydrofurans 1, 7, 13, and 20 and 5,6-dimethyl-
3,4-dihydro-2H-pyran (26) react with singlet oxygen,
yielding [2 + 2] cycloaddition products (1,2-dioxetanes)
and ene products (allylic hydroperoxides).

At room temperature, dioxetanes 2, 8, 14, 21, and 27
undergo ring cleavage to give the corresponding carbonyl
compounds 5, 11, 18, 21, and 31, respectively. Chemilu-
minescence is generally observed to accompany the de-
composition of 1,2-dioxetanes.® For the relatively stable
dioxetane 14, the chemiluminescence was used to deter-
mine the free energy of activation, AG*, and the activation
enthalpy, AH*, which were found to be 28.1 % 1.0 kcal/mol
at 343 K and 28.2 % 1.1 kcal/mol, respectively.? In
comparison to a series of other 1,2-dioxetanes, dioxetane
14 appears to be more stable by about 2 to 3 kcal/mol,
probably due to the rigidity of this molecule.2

On heating, the allylic hydroperoxides 3, 9, 15, and 22,
containing endocyclic double bonds, yield the corre-
sponding furans 6, 12, 19, and 25 by H,0, elimination.
Allylic hydroperoxides having exocyclic double bonds (16
and 23) decompose to some unknown products.

Allylic hydroperoxides 28 and 29, derived from di-
hydropyran 26, undergo transformation to keto ester 31,
the ring-cleavage product obtained from dioxetane 27. It
is tempting to assume that 28 and 29 yield 31 via the
intermediate formation of dioxetane 27, according to the
“Farmer mechanism”.2> Chan and co-workers® reported
that a corresponding reaction sequence occurred with the
allylic hydroperoxide derived from 5-carbethoxy-6-
methyl-3,4-dihydro-2H-pyran. However, ring closure of
allylic hydroperoxides 28 and 29 to yield dioxetane 27
followed by a slower cleavage of 27 to keto ester 31 may
be excluded. Kept at room temperature, the 'H NMR

(21) With A = 13 and 26 in all the other solvents used (Table IV), the
oxygen consumption remained constant until the substrate was nearly
used up (295%). 13 and 26 behave in these solvents as does DMF:
because k,[A] > 1/7, for [A] 2 2 X 10 M, v, = I, X &,. The oxygen
consumption rates of DMF, 13, and 26 were found to be identical in
nonpolar solvents such as CCl, ae well as in polar solvents such as MeCN
vhvdhen these substrates were applied at initial concentrations of 4 X 102

.(22) Schenck, G. O. Naturwissenschaften 1948, 35, 28.

(23) Adam, W, Cilento, G., Eds. In Chemical and Biological Gener-
ation of Electronically Excited States; Academic Press: New York, 1982,

(24) Adam, W.; Griesbeck, A. G.; Gollnick, K.; Knutzen-Mies, K. J.
Org. Chem. 1988, 53, 1492.

(25) Farmer, E. H.; Sundralingan, A. J. Chem. Soc. (London) 1942,
121

(.26) (a) Chan, Y. Y.; Zhu, C.; Leung, H. K. J. Am. Chem. Soc. 19885,
107, 5274. (b) Chan, Y. Y,; Zhu, C; Leung, H. K. Tetrahedron Lett. 1988,
27, 31317.
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Table VI. Kinetic Parameters of Singlet Oxygen Reactions
with 2,3-Dihydrofurans 1, 7, and 20 in Benzene and
Acetonitrile at 13 °C

AG‘, AG(“g] AGm‘
compd solvent (kcal/mol) (kcal/mol) (kcal/mol)
7 CeH, 7.3 (-25)° 7.7 (-27) 7.9 (-28)
MeCN 6.9 (-24) 7.0 (-24) 7.8 (-27)
AAG*t 04 (-1)° 0.7 (-3) 0.1(-1)
1 CgHg 8.5 (-30) 9.1(-32) 8.7 (-30)
MeCN 8.0 (-28) 8.2 (-29) 8.7 (-30)
AAG! 0.5 (-2) 0.9 (-3) 0.0 (£0)
20 CeH, 9.8 (-34) 11.6 (-41) 9.8 (-34)
MeCN 89 (-31) 9.4 (-33) 9.3 (~-33)
AAG* 0.9 (-3) 2.2(-8) 0.5 (-1)

3AAG* = AG*(CeHg) — AGH(MeCN). ®AS* (eu), assuming AH*
= 0 keal/mol. ¢AAS* (eu) = AS*(CeHg) — AS*(MeCN).

spectrum of the mixture shows no increase of the signals
attributed to 27 at the expense of those attributed to 28
and 29. Only if the ring cleavage of 27 is faster than the
ring closure of 28 and 29 to 27 may the Farmer mechanism
prevail. However, a Hock cleavage?”?8 appears to be the
most likely mechanism.2

Formation of dioxetane 14 as a primary product in
methanol, followed by solvent addition at elevated tem-
peratures to methoxy hydroperoxide 38, shows that
methanol does not intercept an intermediate zwitterion
Zw (Chart I). But this result does not exclude such an
intermediate; it merely indicates that, if there is a Zw
intermediate, its ring closure to dioxetane is faster than
its reaction with a protic solvent such as methanol.

In nonpolar as well as in polar solvents, the reactivity
toward 'O, (k,) increases in the following order, 20 <1 <
7 < 13. Substitution of an olefinic hydrogen by an (elec-
tron-donating) methyl group enhances the reactivity by
about 1 order of magnitude, whereas substitution by an
(electron-withdrawing) carbomethoxy group decreases the
reactivity by about 2 orders of magnitude.

Competition between [2 + 2] cycloaddition and ene
reaction depends on the solvent polarity: whereas the ene
reaction is little affected by the solvent, the [2 + 2] cy-
cloaddition increases appreciably with increasing solvent
polarity (see Table VI, AAG* 5.5 and AAG*,,, values).
Consequently, the influence of the solvent on the com-
peting singlet oxygen reaction modes decreases with in-
freasing reactivity of the dihydrofuran derivative toward

0,.

With the most reactive dihydrofuran (13), the influence
of the solvent on the two pathways is almost absent,
yielding 84 3% dioxetane 14 and 16 £ 2% ene products
15 + 16. In methanol, these products are formed with a
rate constant k, of about 1.1 X 108 M1s7L, These results
are compatible with the assumption that AH* ~ 0 kcal/mol
for the [2 + 2] cycloaddition as well as for the ene reaction.
In this case, the competition between the two modes of !0,
reactions with 13 is entropy-controlled, yielding AS* 5,
=~ -22 eu and AS?,,,, ~ -25 eu (T'able V). These AS* values
agree well with those obtained for other enol ethers and
olefins such as 1-ethoxy-2-methylpropene,!?® 1-methoxy-
cyclopentene,'?® and 2,3-dimethyl-2-butene?13 for which
activation enthalpies AH,* of almost zero and activation
entropies AS,* of about 23, -27, and -24 eu, respectively,
were determined.?®

(27) Hock, H.; Ganicke, K. Ber. Dtsch. Chem. Ges. 1938, 71, 1430.
(28) Criegee, R. Ber. Dtsch. Chem. Ges. 1944, 77, 22 and 722.
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Comparison of the results obtained with dihydrofurans
1, 13, and 20 with their higher homologues, 3,4-dihydro-
2H-pyran, dihydropyran 26, and 5-carbethoxy-6-methyl-
3,4-dihydro-2H-pyran, respectively, exhibits some corre-
spondences but also some interesting differences of the
behavior of five- and six-membered cyclic enol ethers to-
ward singlet oxygen.

Thus, the ratios of dioxetane to ene product from 1 in
benzene (32:68) and MeCN (70:30) show similar depen-
dencies on the solvents as those from 3,4-dihydro-2H-pyran
(9:91 in benzene, 85:15 in MeCN)¥® and 4-methyl-3,4-di-
hydro-2H-pyran (17:83 in benzene, 84:16 in MeCN).?

The reactivities of dihydrofuran 13 and dihydropyran
26 toward 10, are almost the same, and, as with 13, the
product distribution from 26 is nearly independent of the
solvent. As with 13, these results indicate that AH* =~ 0
kcal/mol for both reaction modes, thus yielding AS* (542
~ -25 eu and AS*,, ~ -23 eu (Table V).

However, formation of ene products is favored over
dioxetane formation from 26 in contrast to the results
obtained with 13. Furthermore, remarkable differences
between dihydrofuran 13 and dihydropyran 26 are ob-
served with respect to their ene reactions with singlet
oxygen.

Firstly, of the two allylic hydroperoxides 16 and 17
containing exocyclic double bonds, 17 was formed to less
than about 5%, if at all,! i.e., the ratio of the two exocyclic
allylic hydroperoxides 16 and 17 equals 6:(<5), whereas
the ratio of the corresponding allylic hydroperoxides 28
and 29 equals 2:7.

Secondly, attack of singlet oxygen on 13 occurs prefer-
entially on that side of the double bond where the ether
functional group is located, whereas attack of 10, on 26
occurs almost exclusively on the opposite side of the double
bond. Thus, 13 forms appreciable amounts of allylic hy-
droperoxide 15 containing an endocyclic double bond,
whereas the corresponding product 30 was not detected
(showing that less than about 5% of 30 was formed from
dihydropyran 26, if at all). It is interesting to note that
similar differences are found for the ene product distri-
bution of the corresponding cyclopentenes and cyclo-
hexenes. For the dimethyl-substituted enol ethers 13 and
26, the ratios of endocyclic allylic hydroperoxides to exo-
cyclic allylic hydroperoxides are 15:16 > 1.7 and 30:(28 +
29) < 0.04, respectively. For 1,2-dimethylcyclopentene and
1,2-dimethylcyclohexene, the corresponding ratios are
about 0.7 and 0.1.% Thus, apart from dioxetane formation,
the distributions of ene products from correspondingly
substituted 2,3-dihydrofurans and 3,4-dihydro-2H-pyrans
seem to parallel remarkably well those obtained from their
carbocyclic counterparts.

Obviously, the more rigid systems, 13 and 1,2-di-
methylcyclopentene, tend to produce appreciably higher

(29) Our irradiation device is well-suited for kinetic studies at tem-
peratures between about 5 to 25 °C and for preparative studies between
about dry ice temperature and room temperature. It is, unfortunately,
not well-suited for kinetic studies below about 5 °C. Therefore, we carried
out the kinetics only at 13 °C. In view of the results obtained by Gor-
man!? and Schuster,!’ we may assume that AH,* for !0, reactions with
enol ethers 1 and 7 is <2 kcal/mol. In Table VI, AS* and AAS* values
are estimated by assuming AH* = 0 resulting in AS* values for dioxetane
and allylic hydroperoxide formation in the range of —24 to -30 eu.
However, for enol ether 20, bearing an electron-withdrawing carbometh-
oxy group, this assumption may not be warranted. If AS* for 'O, reac-
tions with 20 falls also in the range between -24 to -30 eu, these reactions
are associated with activation enthalpies AH* of about 3 to 1 kcal/mol
in benzene and about 2 to 0.3 kcal/mol in MeCN.

(30) Bartlett, P. D.; Mende , G. D.; Schaap, A. P. in ref 1h, 79.

(31) This result agrees with that obtained with dihydrofuran 7, where
allylic hydroperoxide 10, corresponding to allylic hydroperoxide 17 from
13, was not detected in the product mixture.
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Scheme VIII. Singlet Oxygen Reactions with Compounds

20 and 39
E CHR E E CHR OOH
+io, O—f-CHR E CHR
I —_— + +
o—x CHy—X
X
CHs CH, OOH X
20: R-X = CH,-O
i u 2 Py
E = CO,CH,
in CgHy 4% 82% 14%
in Me,CO: 39% 2% %
39:R=X=H a
E=CO,CH; 40 '
in Me,CO: - 86% 14%

yields of allylic hydroperoxides with endocyclic double
bonds than do the more flexible systems 26 and 1,2-di-
methylcyclohexene. This ring-size effect on the ene re-
action with singlet oxygen is apparently due to the ac-
cessibility of the endocyclic allylic hydrogens, which is
enhanced in five-membered rings compared to that in
six-membered ring systems. We suppose that the rigidity
of the ring system is also the crucial factor for the enhanced
dioxetane formation from 13 compared with that from 26
(Table IV). _

The latter assumption seems to account also for the
different results obtained with 4-carbomethoxy-5-
methyl-2,3-dihydrofuran (20) and 5-carbethoxy-6-
methyl-3,4-dihydro-2H-pyran. Whereas dihydrofuran 20
gives appreciable amounts of dioxetane 21 (from 4% in
benzene to 4% in MeCN, see Table III), the dihydropyran
derivative is reported to yield no dioxetane as a primary
singlet oxygen product in any solvent.?®

With respect to ene product formation from 20, the ratio
of allylic hydroperoxides 22 and 23 equals about 6 for polar
and nonpolar solvents (Table III). This ratio agrees well
with that of 40 and 41 (Scheme VIII) obtained from the
methyl ester of angelic acid (39) in acetone.??

It is interesting to note that enol ether 20, an «,8-un-
saturated carbonyl compound, yields a dioxetane on re-
action with lggzbecause reactions of 10, with «,8-unsat-
urated esters,?52 acids,® aldehydes® and ketones,?2% even
if they bear a 8-alkoxy group, are reported to give rise to
allylic hydroperoxides exclusively.

In accord with the supposition that rigidity of the enol
ether framework favors dioxetane formation, the acyclic
enol ether 32 forms no detectable amounts of a dioxetane.

The latter result, in turn, fits well into observations that
have been made with various types of enol ethers (Chart
II, types I through IV). Thus, as mentioned in the In-
troduction, cyclic enol ethers, such as 3,4-dihydro-2H-
pyran® and 4-methyl-3,4-dihydro-2H-pyran,? tend to form
higher amounts of dioxetanes than do cycloalkenyl alkyl
ethers and cycloalkylidene alkyl ethers, such as 1-meth-
oxycyclohexene® and cyclohexylidene methyl ether,3
whereas acyclic 1-alkoxyethylenes yield only small amounts
of dioxetanes or none at all as, e.g., cis- and trans-2-
cyclopropyl-1-methoxypropene.38.%

(32) Orfanopoulos, M.; Foote, C. S. Tetrahedron Lett. 19885, 26, 5991.
(33) Adam, W.; Griesbeck, A. Angew. Chem., Int. Ed. Engl. 1985, 24,

1070.
54 9(3'4) Adam, W.; Catalani, L. H.; Griesbeck, A. J. Org. Chem. 1986, 51,

(35) (a) Ensley, H. E.; Balakrishnan, P.; Ugarkar, B. Tetrahedron Lett.
1983, 24, 5189. (b) Ensley, H. E.; Carr, R. V. C.; Martin, R. S.; Pierce,
T. B. J. Am. Chem. Soc. 1980, 102, 2836. (¢) Kwon, B. M.; Kanner, R.
C.; Foote, C. S. Tetrahedron Lett. 1989, 30, 903.

(36) Bartlett, P. D.; Frimer, A. A. Heterocycles 1978, 11, 419.

3 64(27) Asveld, E. W. H,; Kellog, R. M. J. Am. Chem. Soc. 1980, 102,
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Conclusion

In view of the results discussed above, it seems to be
most reasonable and economical to assume that ene re-
actions of 10, with enol ethers occur in the same manner
as they do with the correspondingly substituted olefins.
Of the various pathways discussed, the one involving a
perepoxide-like transition state, and perhaps a perepoxide
intermediate, appears to us to be the most likely one.28b

If dioxetane formation shall compete with the ene re-
action, the C-C double bond should apparently be sub-
stituted by groups that are capable of accommodating a
cationic site. Enol ethers, enol esters,¥ enamines® and
transoid® 1,3-dienes,2? for example, may (but not nec-
essarily must) therefore give rise to 1,2-dioxetanes.

Furthermore, increasing rigidity of the double-bond
system seems to favor dioxetane formation. Such a trend,
which is, in addition, favored by increasing solvent polarity,
may be expected if a zwitterionic intermediate is involved.
Provided that the rigidity of the double-bond system is
maintained in the zwitterion Zw (Chart I) (and Dreiding
models of dihydrofurans and their corresponding zwit-
terions indicate that this is the case), the newly formed
C~O bond and the empty p orbital of the sp? carbon atom,
carrying the positive charge and the OR, NR,, or CH=CR,
group, will line up almost perfectly for bonding of the
second C-O bond. If increasing flexibility of the enol ether
is reflected in the zwitterion Zw (and, again, inspection of
Dreiding models of dihydropyrans and enol ethers of types
II and III of Chart II and their corresponding zwitterions
supports this assertion), dioxetane formation should be-
come less favorable, until in acyclic enol ethers this mode
of reaction has little or even no chance to occur in com-
parison with the ene reaction. In the latter reaction, in-
teraction or even bonding of one of the oxygen atoms of
10, should occur simultaneously with the two sp? carbon
atoms of the C-C double bond. Thus, we feel that our
results are most reasonably interpreted by assuming that
ene products and dioxetanes are formed via different
transition states and intermediates, perepoxides, and
1,4-zwitterions, respectively, rather than via a common
intermediate. Our results do not allow us to either invoke
or reject the involvement of reversible exciplexes that may
precede the product-determining transition states and
intermediates.

Experimental Section

Caution! Preparations and reactions of 1,2-dioxetanes and
hydroperpoxides were carried out behind safety shields. Neat
samples of dioxetanes can be very hazardous and should be
handled only in amounts less than about 100 mg.

Solvents and commercially available compounds were pur-
chased from standard suppliers and purified to match reported
physical constants and spectral data. Special care was taken to
remove traces of metal ions to avoid catalytic degradation of the
1,2-dioxetanes. Disodium ethylenediaminetetraacetate (EDTA)
(10-15 g) was added to 100 mL of solvent; after being refluxed
for several hours, EDTA was filtered off and the solvent was
subsequently filtered through a basic alumina column. Acetone
and methanol were distilled from EDTA by using a 15-cm Vigreux
column. Acetonitrile was distilled over P,O5 and K,COj in se-
quence to obtain pure and dry MeCN. Melting points are un-
corrected.

(38) Inagaki, S.; Fujimoto, H.; Fukui, K. Chem. Lett. 1978, 749.

(392’5Rousseau, G.; Le Perchec, P.; Conia, J. M. Tetrahedron Lett.
1977, 45.

(40) Cisoid 1,3-dienes undergo preferentially, if not exclusively, [4 +
2] cycloaddition reactions with singlet oxygen.4!

(41) (a) Wasserman, H. H.; Lipshutz, B. H., in ref 1a, p 428. (b) Saito,
1.; Matsuura, T., in ref 1a, p 511. (c) Gollnick, K.; Schenk, G. O. In
1,4-Cycloaddition Reactions; the Diels Alder Reaction in Heterocyclic
Syntheses; Hamer, J., Ed.; Academic Press: New York, 1967; p 256.
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1H NMR spectra were recorded with CDCl, as solvent and
tetramethylsilane (TMS) as internal standard. °C NMR spectra
were recorded at 22.3 MHz with CDC]; as solvent and TMS as
internal standard. IR spectra were taken as thin films.

The purity of 1,2-dioxetanes 2, 8, 14, 21, and 27 was judged
to be 290% by 'H and/or ¥C NMR spectral determinations. The
spectra are published as supplementary material.

Preparation of Oxygen Acceptors. 2,3-Dihydrofuran (1)
(Fluka) and 5-methyl-2,3-dihydrofuran (7) (Fluka) were distilled
(10-cm Vigreux column) before use. 1: 'H NMR 4 2.53 (m, 2 H),
4.18 (m, 2 H), 4.80 (m, 1 H), 6.18 (m, 1 H); 1°C NMR 5 29.2 (t),
69.5 (t), 99.5 (d), 1459 (d). 7: 'THNMR 6 1.75 (d, 3 H, J = 2 Hz),
2.55 (m, 2 H), 4.25 (t, 2 H, J = 9 Hz), 4.49 (m, 1 H); 3C NMR
6 13.4 (q), 30.4 (t), 69.9 (t), 94.4 (d), 154.9 (s).

4,5-Dimethyl-2,3-dihydrofuran (13). To a sample of 20.9
g (0.18 mol) of 3-methyl-5-hydroxypentan-2-one,* obtained from
a-acetyl-a-methyl-y-butyrolactone®® by hydrolysis under con-
comitant decarboxylation, were added three drops of concentrated
phosphoric acid, and the mixture was distilled at 155 °C through
a 10-cm Vigreux column. After removal of water, distillation of
the residue on a 100-cm spinning band column gave 8.84 g (50%)
of a colorless liquid, bp 106 °C at 760 Torr (lit.* bp 108-110 °C):
1H NMR 4 1.60 (s, br, 3 H), 1.69 (s, br, 3 H), 2.49 (m, 2 H), 4.15
(t, 2 H, J = 9 Hz); 13C NMR 6 11.0 (q), 11.6 (q), 35.7 (t), 67.5 (t),
102.1 (s), 147.0 (s).

4-Carbomethoxy-5-methyl-2,3-dihydrofuran (20). A sample
of 125 g of a-acetyl-y-butyrolactone (EGA) in 900 mL of a 0.5
M methanolic HCI solution was refluxed for 12 h and kept at room
temperature for 3 d. The solution was neutralized with aqueous
saturated KHCOj; (2.5 L) and extracted eight times with 300 mL
of ether each time. The organic layer was dried over MgSO, and
the solvent removed by distillation at normal pressure. Subse-
quent distillation of the residue at 12 Torr gave a liquid, bp 40-70
°C, which, after addition of three drops of concentrated sulfuric
acid, was redistilled at 12 Torr, affording a solid product. After
recrystallization from petroleum ether, 27.9 g (20%) of 20 was
obtained: colorless crystals, mp 32 °C (lit.% mp 31.5-32.5 °C);
IH NMR 6 2.15 (s, 3 H), 2.83 (m, 2 H), 3.66 (s, 3 H), 4.33 (t, 2
H, J = 9 Hz); 5C NMR § 13.9 (q), 29.8 (t), 50.7 (g), 70.4 (t), 102.0
(s), 166.5 (s), 168.9 (s).

6,6-Dimethyl-3,4-dihydro-2H-pyran (26). A sample of 25
g of y-acetylvaleronitrile®® was refluxed with 55 mL of a con-
centrated HCI solution for 4 h. The mixture was cooled to room
temperature, diluted with water until the precipitate of NH,Cl
was dissolved, neutralized with NaOH, and subsequently acidified
with HCI to a pH value of 3 to 4. The aqueous solution was
saturated with sodium chloride and extracted ten times with 25
mL of ether each time. The organic layer was dried over MgSO,.
After removal of the solvent, the residue was distilled in vacuo,
yielding 39.1 g (85%) of vy-acetylvaleric acid: bp 105 °C at 2 Torr
(lit.*s bp 160-162 °C at 16 Torr). Refluxing 39.1 g (0.27 mol) of
y-acetylvaleric acid with 27.6 g (0.27 mol) of acetic anhydride and
1 mL of acetyl chloride for 3 h yielded 28.8 g (76%) of 5,6-di-
methyl-3,4-dihydro-2-pyrone as a liquid, bp 68 °C at 5 Torr, which
was treated with 4.7 g (0.12 mol) of LiAlH, in 500 mL of dry ether.
After 24 h, 40 mL of methanol and 100 mL of water were added.
The organic layer was separated, the aqueous layer was extracted
with ether, and the combined organic layers were dried over
K;CO,. After removal of the ether, the residue was distilled at
normal pressure in the presence of iodine, affording a mixture
of water and an organic liquid. The latter was separated and
distilled through a 10-cm Vigreux column, yielding 8.5 g (33%)
of 26 as a colorless liquid: bp 132 °C (lit.* bp 108 °C at 762 Torr);
1H NMR § 1.55 (s, br, 3 H), 1.71 (s, br, 3 H), 1.85 (m, 4 H), 3.80
(m, 2 H); 3C NMR & 16.3 (q), 18.1 (q), 23.5 (t), 26.7 (t), 65.6 (t),
101.6 (s), 144.5 (s).

3-Methoxy-2-methyl-2-butene (32). A sample of 51.8 g (0.4
mol) of 2,2-dimethoxy-3-methylbutane*’ was treated with 0.2 g

4 (g)9 éVIcGreer, D. E; Chiu, N. W. F,; Vinje, M. G. Can. J. Chem. 1965,
(43) Schow, S. R.; McMorris, T. C. J. Org. Chem. 1979, 44, 3763.
(44) Korte, F.; Machleidt, H. Chem. Ber. 1957, 90, 2137.

(45) Baumgarten, H. E,; Eifert, R. E. J. Am. Chem. Soc. 1953, 75, 3015.
(46) Susherina, N. P.; Trubnikov, 1. S.; Levina, R. Ya. J. Gen. Chem.

USSR 1961, 31, 994,

(47) Hamon, D. P. G.; Trenerry, V. C. Aust. J. Chem. 1980, 33, 809.
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of p-toluenesulfonic acid and subsequently distilled through a
10-cm Vigreux column at normal pressure. The fraction of bp
93-95 °C was redistilled on a 100-cm spinning band column,
yielding a liquid of bp 96 °C (lit.#” bp 97 °C). In spite of repeated
distillation on a spinning band column, the product contained
always about 70% of 32 and about 30% of the isomeric 3-
methoxy-2-methyl-1-butene. In the 'H NMR spectrum of the
mixture, the signals appearing t § 1.60 (s, br, 3 H), 1.64 (s, br, 3
H), 1.78 (s, 3 H), and 3.45 (s, 3 H) are attributed to compound
32. (Since the 1-butene derivative is photooxygenated much slower
than the isomeric 2-butene derivative 32, the products observed
undoubtedly originate from the latter olefin. Kinetic experiments
were, however, not executed with this mixture).

General Procedure for Photooxygenations. A 25-mL ir-
radiation unit with an automatic O, consumption recording -
system*® was used for product distribution studies and kinetic
measurements. A 150-W halogen lamp (Philips) and a band filter
transparent between 500 and 595 nm (Hoya) were employed for
electronic excitation of rose bengal (RB) and tetraphenylporphin
(TPP). RB and TPP were applied in concentrations between 2
and 10 X 10 M in kinetic runs; for product distribution studies
and preparative oxygenations (see below), RB was applied in 5
%X 10 M and TPP in 8 X 10 M concentrations. The solutions
were saturated with oxygen before irradiation. The irradiation
unit, the oxygen buret, and the tubings connecting the unit with
the buret were kept at 13 £ 0.1 °C by cooling with water, using
a Julabo-P thermostat. A similar 25-mL irradiation unit was used
for low-temperature kinetic and product studies. This unit was
fitted with an evacuated window* and cooled by an ultracryostat,
providing temperatures between ~60 and +20 °C. Preparative
oxygenations were conducted in 50-mL, two-necked flasks, sup-
plied with gas inlet and outlet tubes. The solutions were cooled
in a dry ice-acetone bath and irradiated with a 500-W halogen
lamp (Argaphoto, Philips). The progression of oxygenation was
followed by drawing samples, which were analyzed by their 'H
NMR spectra.

1,2-Dioxetanes. Samples of 3 to 7 mmol of 2,3-dihydrofurans
(1,7, 18, and 20) and 5,6-dimethyl-3,4-dihydro-2H-pyran (26) were
dissolved in a 1:1 mixture of CDCl; and CFClg, containing 8 X
10™* M of TPP, and cooled to —78 °C while being purged with a
gentle stream of oxygen gas. The solution was irradiated with
a constant oxygen flow for 3 to 6 h. The solvent was removed
at —50 to -30 °C at 10~ Torr, and the 1,2-dioxetane was distilled
at -20 to 0 °C at 10™ Torr in a cold trap kept at liquid nitrogen
temperature. The dioxetanes are yellow oils, which can be stored
in solution on dry ice for several months. The NMR spectroscopic
data of the 1,2-dioxetanes are reported in the Results as are those
of the allylic hydroperoxides produced along with the dioxetanes.

The NMR signals of the allylic hydroperoxides were extracted
from the NMR spectra of the original product mixtures, published
as supplementary material.

Cleavage Products of the 1,2-Dioxetanes. The cleavage
products were synthesized independently, following literature
procedures.

3-(Formyloxy)propanal (5):® bp 71 °C at 12 Torr; 'H NMR
62.78(t,2H,J =6 Hz),4.43 (t,2 H, J = 6 Hz), 8.00 (s, br, 1 H),
9.70 (s, br, 1 H).

3-Acetoxypropanal (11):5 bp 70-71 °C at 12 Torr; 'H NMR
5201 (s,3H),2.76 (t,2 H, J = 6 Hz), 4.36 (t, 2 H, J = 6 Hz),
9.68 (d, 1 H, J = 2 Hz).

4-Acetoxy-2-butanone (18):52 76 °C at 12 Torr; 'H NMR §
2.00 (s, 3 H), 2.16 (s, 3 H), 2.73 (t,2 H, J = 6 Hz), 4.25 (t, 2 H,
J = 6 Hz).

5-Acetoxy-2-pentanone (31):% bp 103-104 °C at 12 Torr; 'H
NMR 6 1.90 (t, 2 H, J = 7 Hz), 2.03 (s, 3 H), 2.15 (s, 3 H), 2.53

(48) Paur, H. R. Dissertation, University of Minchen, 1982,

(49) Gollnick, K.; Koegler, S. Tetrahedron Lett. 1988, 29, 1003.

(50) Kanemaru, M.; Tsumura, R.; Ishii, N. Japan. Kokai 75, 82,007;
Chem. Abstr. 1976, 84, 4502x.

(51) Tsumura, R.; Kanemaru, M.; Ishii, N. Japan. Kokai 75 05,315;
Chem. Abstr. 1975, 83, 27573q.

(52) Arbuzov, A. J. Gen. Chem. USSR 1959, 29, 3244.

(53) Elderfield, R. C.; Gensler, W. J.; Brody, F.; Head, J. D.; Dicker-
man, S. C.; Wiederhold, L., II1.; Kremer, C. B.; Hageman, H. A.; Kreysa,
F. J.; Griffing, J.-M.; Kupchan, S. M.; Newman, B.; Maynard, J. T. J. Am.
Chem. Soc. 1946, 68, 1579.
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(t,2H,J =7Hz),4.05(t,2H,J = 7 Hz).

Comparison of these authentic materials with the cleavage
products of the dioxetane decomposition reaction showed identical
spectra and physical data.

Addition of Methanol to 1,2-Dioxetanes. Samples of 1,2
dioxetanes 2, 8, 14, 21, and 27 were dissolved in CDCl,, precooled
to about —20 °C, and an equimolar amount of methanol, precooled
to this temperature, was added. The mixture was slowly warmed
up to room temperature; after several hours, the dioxetanes had
disappeared (*H NMR spectra).

With 2, 8, and 14 as starting dioxetanes, the 'H NMR spectra
of the product mixtures exhibited signals of dioxetane cleavage
products 5, 11, and 18, respectively, in addition to those attributed
to methanol addition products 36, 37, and 38, respectively, ob-
tained by RB-photosensitized oxygenation of 2,3-dihydrofurans
1, 7, and 13 in methanol (for numerical values, see Results).
Attempts to isolate methanol addition products by distillation
at reduced pressure or by chromatography failed.

From dioxetanes 21 and 27, only cleavage products 24 and 31,
respectively, were observed.

H,0, Elimination Products from Allylic Hydroperoxides.
The furans were identified by their 'H NMR spectra.

Furan (6):5 §6.30 (m, 2 H), 7.38 (m, 2, H).

2-Methylfuran (12):% §2.24 (s, br, 3 H), 5.88 (m, 1 H), 6.18
(m, 1 H), 7.18 (m, 1 H).

2,3-Dimethylfuran (19):% 5 1.90 (s, 3 H), 2.15 (s, 3 H), 6.08
(d,1H,J=2Hz),710(d, 1 H,J =2 Hz).

3-Carbomethoxy-2-methylfuran (25):5 5 2.53 (s, 3 H), 3.78
(s,3H),6.54 (d,1H,J =2Hz),7.14 (d, 1 H,J = 2 Hz).

Supplementary Material Available: 'H NMR spectra of
2,3,8,9, 14, 16, 21, 22 + 23, 27, 28, and 33 + 34 and 13C NMR
spectra of 2, 8, 14, 16, 21, 22 + 23, 27, and 28 (16 pages). Ordering
information is given on any current masthead page.

(54) Hesse, M.; Meier, H.; Zeeh, B. Spektroskopische Methoden in der
organischen Chemie; Thieme: Stuttgart, West Germany, 1979; p 110,

(55) Pouchet, C. J., Ed. The Aldrich Library of NMR Spectra, Vol.
II, 454 B, 462 C; 1983.

(56) Rice, K. C.; Dyer, J. R. J. Heterocycl. Chem. 1975, 12, 1325.
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Singlet oxygen reacts with 4,5-dimethyl- (1a), 4-ethyl-5-methyl- (1b), and 4-isopropyl-5-methyl-2,3-dihydro-
thiophene (le¢) to give 1,2-dioxetanes 2a-c in high yields (>90%). 2a-c represent the first examples of sul-
fur-substituted dioxetanes that could be isolated. Less than 5% of allylic hydroperoxides 3a, 4a, and 3b, identified
by their 'H NMR spectra, and less than 5% of S-oxides 5a~c were formed in competing ene reactions and
sulfoxide-producing steps, respectively. Due to its decreased rigidity, dioxetane 2a is less stable than its oxygen
counterpart. Increased flexibility of dioxetanes derived from dihydrothiophenes and dihydrothiopyrans, as compared
to those derived from dihydrofurans and dihydropyrans, causes dioxetanes 9 and 16, obtained from 4-carbo-
methoxy-5-methyl-2,3-dihydrothiophene (8) and 5,6-dimethyl-3,4-dihydro-2H-thiopyran (14), to cleave into
dicarbonyl compounds readily at low temperatures. Sulfur-substituted allylic hydroperoxides are also less stable
than their oxygen counterparts. Formation of the expected endocyclic allylic hydroperoxides 3a, 3b, and 10 is
inferred from the appearance of their H;O, elimination products, thiophenes 7a, 7b and 13, respectively.

Introduction

A considerable number of alkyl- and/or aryl-substituted
1,2-dioxetanes and 1,2-dioxetanes derived from enol ethers
have been prepared, isolated, and characterized.1?s Al-
though many thioenol ethers were subjected to dye-sen-
sitized photooxygenation, only a few sulfur-substituted
1,2-dioxetanes have been obtained and characterized by
spectroscopic means at low temperatures in solution.24
Due to the rather labile nature of sulfur-substituted 1,2-
dioxetanes, none of these compounds was isolated in
substance, and, in fact, formation of most hetero (O, S, and
N) substituted 1,2-dioxetanes was postulated on the basis
of the observed characteristic cleavage products.58
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Scheme 1. Synthesis of
4-Alkyl-5-methyl-2,3-dihydrothiophenes
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In the preceding paper,’ we showed that singlet oxygen
(10y) reacts with 2,3-dihydrofurans to form 1,2-dioxetanes
in high yields. Alkyl substitution at the C—C double bond
of 2,3-dihydrofuran increases the reaction rate and sta-
bilizes the resulting bicyclic dioxetane. Compared with
a series of other dioxetanes,? that derived from 4,5-di-
methyl-2,3-dihydrofuran is more stable by 2 to 3 keal/mol,
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