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dissolved in 4 mL of trifluoroacetic acid containing 0.50 mmol of Li-
O,CCF;. The mixture was equilibrated at 25 °C, and 1 mL of 0.1 M
TTFA in trifluoroacetic acid was added. After standing for 5~15 min
shielded from light, the mixture was treated with 2 mL of 1.0 M aqueous
KI whereupon the solution immediately turned dark, followed by the
formation of a large amount of yellow precipitate. After 15 min, the
mixture was extracted with 2.0 mL of methylene chloride. Analysis of
the unreacted arene and ary! iodide by gas chromatography yielded the
relative reactivities as k(mesitylene) /k(pseudocumene) = [mesity! iod-
ide] [pseudocumene] / [pseudocumy! iodide] [mesitylene] = 2.7. The ratio
was confirmed by carrying out an indirect competition of mesitylene and
pseudocumene against m-xylene. Thus these relative reactivities of 11.0
and 3.7, respectively, correspond to an indirect competition of 3.0 which
is in agreement with the value obtained from the direct competition.
These relative reactivities also agree with those obtained from the kinetic
measurements in Table VI.

Electron Spin Resonance Spectral Measurements. The samples for
ESR spectroscopy were prepared in 2-mm (i.d.) Pyrex tubes sealed in
vacuo. In a typical procedure a stock solution consisting of 0.050 M
TTFA and 0.25 M LiO,CCF, and one consisting of 0.050 M hexa-
methylbenzene were prepared separately. Each was degassed by three
freeze—pump-thaw cycles and protected from moisture and air under an
argon atmosphere. The sample tube was connected to a Schlenk adaptor,
flame dried in vacuo, and filled with argon. A 0.2-mL aliquot of the
TTFA was transferred to the tube under argon with the aid of a hypo-
dermic syringe and platinum needle. The contents were frozen and an
0.2-mL aliquot of the hexamethylbenzene solution added under the same
conditions and frozen on top of the TTFA layer. The two separate layers
were allowed to melt quickly in a bath at ~20 °C, mixed, and inserted

into the ESR cavity maintained at =10 °C by a flow of cold nitrogen.
The spectra were recorded on a Varian E112 spectrometer equipped with
a Harvey-Wells G502 gaussmeter and Hewlett-Packard Model 5248L
electronic counter and model 5255A frequency converter.
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Abstract: The rate constants for the additions of singlet oxygen to 39 furans and cyclopentadienes have been determined.
The effect of substituents on the observed rate constants was interpreted to suggest that the geometry of singlet oxygen addition
is influenced by electron density distributions. The formation of endoperoxides was also compared to the Diels—Alder reaction.
The different character of these reactions is compelling evidence for the presence of exciplexes on the reaction surfaces for

the formation of endoperoxides.

In 1908 Gutig? isolated a compound which was identified in
1912 by Wallach® as ascaridole (1). At the time this was the

1

only structurally established transannular peroxide. The rational
synthesis of endoperoxides by 4 + 2 cycloadditions of singlet
oxygen and dienes, however, was not accomplished until 1926,

(1) Preliminary communication of some of these results have appeared: (a)
Clennan, E. L.; Mehrsheikh-Mohammadi, M. E. J. Am. Chem. Soc. 1983,
105, 5932. (b) Clennan, E. L.; Mehrsheikh-Mohammadi, M. E. J. Org. Chem.
1984, 49, 1321.

(2) (a) Gutig. Berichte von Schimmel and Co. 108 (April 1908); Chem.
Zentralbl. 1908, 1, 1839, (b) Arbuzov, Y. A. Russ. Chem. Rev. (Engl.
Transl.) 1965, 34, 558.

(3) (a) Wallach, O. Nachr. Ges. Wiss. Gottingen 1912, 422. (b) Wallach,
O. Ann. 1912, 392, 54,
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when Dufraisse published his first? of many papers in this area.’
In 1952 Schenck reported that the heterocyclic compound furan®
and its derivatives (eq 1) also reacted with oxygen in the presence
of a sensitizer and light to produce unstable endoperoxides 2.

Rz Rs 1 Rp Ry
PRSP S
Ry 0 Ra Rs R
2

(4) Moureu, C.; Dufraisse, C.; Dean, P. M. C. Hebd. R. Seances Acad.
Sci. 1926, 182, 1584,

(5) (a) Dufraisse, C.; Rio, G.; Basslier, J.-J. C. R. Hebd. Seances Acad.
Sci. 1958, 246, 1640. (b) Dufraisse, C.; Etienne, A.; Basselier, J.-J. /bid. 1957,
244, 2209. (c) Dufraisse, C.; Etienne, A.; Aubry, J. Bull. Soc. Chim. Fr. 1954,
1201. (d) Dufraisse, C.; Etienne, A.; Aubry, J. C. R. Hebd. Seances Acad.
Sci. 1954, 239, 1170.

(6) (a) Schenck, G. O. Angew. Chem. 1952, 64, 12. (b) Schenck, G. O.
1bid. 1957, 69, 579. (c) Schenck, G. O. Justus Liebigs Ann. Chem. 1953, 584,
156. (d) Schenck, G. O. Chem. Zentr. 1954, 6345. (e) Schenck, G. O. Ibid.
1958, 5415.
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Figure 1. Mechanistic possibilities for the addition of singlet oxygen to
1,3-dienes.

Endoperoxide synthesis has subsequently provided a convenient
and important route for the 1,4-functionalization of organic
substrates.” These reactive compounds can be induced to rear-
range,? fragment,® epoxidize olefins,'® hydroxylate aromatics,!!
and most recently!? react with carbonyl compounds to produce
1,2,4-trioxanes.

The formal 4 + 2 cycloaddition reaction of singlet oxygen to
1,3-dienes is the most versatile method for the synthesis of these
endoperoxides and is compatible with a large variety of func-
tionality in the diene substrate including latent functionality!®
which can be utilized for subsequent synthetic manipulations. In
contrast to the ene, and 2 + 2 cycloaddition, however, the 4 +
2 cycloaddition reaction of singlet oxygen has not received ex-
tensive scrutiny.

Despite the lack of experimental evidence, several mechanistic
possibilities have been suggested for endoperoxide formation as
shown in Figure 1. Mechanisms A and B are concerted 4 + 2
cycloadditions. Mechanism A is a synchronous cycloaddition
where both carbon-oxygen bonds are formed to the same extent
in the transition state. Mechanism B, on the other hand, is a
nonsynchronous cycloaddition where the formation of one car-
bon-oxygen bond precedes the other. Theoretical,' kinetic isotope
effect,!> and substituent effect studies!é all seem to indicate that

(7) Ohloff, G. Pure Appl. Chem. 1975, 43, 481 and references therein.
Gollnick, K.; Schenck, G. O. In “1,4-Cycloaddition Reactions”; Hamer, J.,
Ed.; Academic Press: New York, 1967.

(8) (a) Feringa, B. L.; Butselaar, R. J. Tetrahedron Lett. 1983, 1193. (b)
Sato, T.; Tamura, K.; Maruyama, K.; Ogawa, O.; Imamura, T. J. Chem. Soc.,
Perkin Trans. 1 1976, 779. (c) Wasserman, H. H.; Ives, J. L. Tetrahedron
1980, 37, 1825. (d) Balci, M.; Subeyaz, Tetrahedron Lett. 1983, 4135. (e)
Graziano, M. L ; fesce, M. R.; Scarpati, R. Chem. Commun. 1981, 720. (f)
Suzuki, M.; Noyori, R.; Hamanaka, H. J. Am. Chem. Soc. 1981, 103, 5606.
(g) Coughlin, D. J.; Salomon, R. G. Ibid. 1979, 101, 2761. (h) Shani, A.;
Klug, J. T. Tetrahedron Lett. 1980, 1563.

(9) Sakuragi, H.; Furusawa, G.; Ueno, K.; Tokumaru, K. Chem. Lett.
1982, 1213.

(10) Adam, W.; Rodriguez, A. J. Am. Chem. Soc. 1980, 102, 404.

(11) Saito, 1.; Nakata, A.; Matsuura, T. Tetrahedron Lett. 1981, 1697.

(12) Jefford, C. W.; Jaggi, D.; Boukouvalas, J.; Kohmoto, S. J. Am. Chem.
Soc. 1983, 105, 6497.

(13) Clennan, E. L.; L’Esperance, R. P. Tetrahedron Lett. 1983, 4291.

(14) Mclver, J. W. J. Am. Chem. Soc. 1972, 94, 4782.

(15) Streitwieser, A.; Jagow, R. H.; Fahey, R. C,; Suzaki, S. J. Am. Chem.
Soc. 1958, 80, 2326.
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the Diels~Alder reaction proceeds via a nonsynchronous mecha-
nism analogous to mechanism B and suggest that if the singlet
oxygen diene reaction is concerted it is also nonsynchronous.

Mechanism C is a nonconcerted reaction proceeding through
a distinct intermediate, the syn- or anti-perepoxide. Dewar and
Thiel'” in a MINDO/3 study of the addition of singlet oxygen
to 1,3-butadiene have rejected the concerted mechanism and have
suggested that a two-step mechanism through a perepoxide is
actually 9.2 kcal/mol energetically more feasible. Monroe,'® on
the other hand, has rejected the perepoxide intermediate on the
basis of the insensitivity of the reaction rates to the diene ionization
potentials.

The syn-perepoxide in mechanism C has both the pendant
oxygen and the vinyl group on the same face of the epoxide ring,
while in its isomer, the anti-perepoxide, the pendant oxygen and
vinyl group are further apart and on opposite faces of the epoxide
ring. The calculations of Goddard and Harding!® showing that
the enthalpy of formation of ethylene perepoxide is higher than
the reported activation barrier for the reaction of propene and
singlet oxygen suggest that the anti-perepoxide may be ener-
getically unobtainable. The transition state leading to the syn-
perepoxide, however, may be lower in energy due to the favorable
interaction®® between the pendant oxygen and the syn-vinyl group.

Mechanism D invokes a vinyl-substituted dioxetane as an in-
termediate. Vinylcyclobutane-cyclohexene rearrangements have
been reported,?! but we are not aware of any vinyl-substituted
dioxetane—endoperoxide rearrangement. Rearrangements of en-
doperoxides to dioxetanes, however, are well documented.??
Kearns?? isolated a vinyl-substituted dioxetane, and its isomeri-
zation to the endoperoxide was not observed.

Mechanism E involves a zwitterionic intermediate. Rapid
rotation in comparison to carbon—-oxygen bond formation about
bond 3-4 would result in attack from both faces of the allyl cation
and nonstereospecific addition of singlet oxygen, contrary to what
is experimentally observed. It should be noted that the difficult
rotation about the allyl moiety is not necessary to observe
nonstereospecific addition if the initial adduct is formed in the
closed conformation 3 rather than extended conformation 4.

@' D

3 4

Mechanism F proceeds through an allylic peroxy biradical.
Radicals and zwitterions as intermediates in the ene reactions of
singlet oxygen have been suggested to be unlikely because of the
ineffectiveness of radical scavengers and the absence of cis~trans
isomerizations and Markovnikov directing effects in these reac-
tions.?* Biradicals have, however, been seriously considered in
Diels—Alder reactions and have been detected on the Diels—Alder
energy surfaces for the reactions of halogenated olefins.?®

Mechanism G is a concerted thermal 4 + 2 cheletropic addition
and can be either synchronous or nonsynchronous in character.
The [4 + 2] cheletropic reaction has recently been observed in
the addition of phosphenium ions to 1,3-dienes? but has not been

(16) For a very convincing alternate opinion, see; Tolbert, L. M.; Ali, M.
B. J. Am. Chem. Soc. 1984, 106, 3806.

(17) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 2338.

(18) Monroe, B. M. J. Am. Chem. Soc. 1981, 103, 7253.

(19) (a) Harding, L. B.; Goddard, W. A., IIL. J. Am. Chem. Soc. 1970,
99, 4520. (b) Harding, L. B.; Goddard, W. A, II1. Tetrahedron Lett. 1978,
747,

(20) Stephenson, L. M. Tetrahedron Lett. 1980, 1005.

(21) Kotaoka, F.; Shimizu, N.; Nishida, S. J. Am. Chem. Soc. 1980, 102,
711.

(22) Schaap, A. P,; Burns, P. A.; Zaklika, D. A. J. Am. Chem. Soc. 1977,
99, 1270.

(23) (a) Hasty, N. M.; Kearns, D. R. J. Am. Chem. Soc. 1973, 95, 3380.
(b) Manring, L. E.; Foote, C. S. Ibid. 1983, 105, 4710.

(24) Gollnick, K.; Kuhn, H. J. In “Singlet Oxygen”; Wasserman, H. H.;
Murray, R. W., Eds.; Academic Press: New York, 1979; p 287.

(25) Sauer, J.; Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 779.

(26) (a) SooHoo, C. K.; Baxter, S. G. J. Am. Chem. Soc. 1983, 105, 7443,
(b) Cowley, A. H.; Kemp, R. A; Lasch, J. G.; Norman, N. C,; Stewart, C.
A. Ibid. 1983, 105, 7444,
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previously considered as a reaction pathway for endoperoxide
formation.?”’

In order to gain additional insight into the mechanism of en-
doperoxide formation we have kinetically examined the addition
of singlet oxygen to 39 substituted furans and cyclopentadienes.
The results of these studies are reported here and discussed in light
of the mechanisms presented in Figure 1.

Results

Isolation and Identification of Endoperoxides. The additions
of singlet oxygen to furans 5a, 5d, 5f, 5k, S, 5n, and 5z to produce
the Schenck endoperoxides® 2 were accomplished by irradiating
15-90 mg of the furans in 3:1 CDC1;—CH,Cl, at -78 °C through
a sodium nitrite filter? utilizing meso-tetraphenylporphine as the
sensitizer. The spectral data for these endoperoxides (ozonides)

5
5a, X=Y=CHjz 5q, X=Br; Y=CO,Et
b, X=Y=¢-Bu r, X=CHz: Y=Cil
¢, X=Y=-CgHg 8, X=CHg; Y=CHO
d, X=Y=H . X=H-,§(=p-CH3OC Hs
e, X=Y=8r u, X=H; Y=p-CHyCella
f. X=Y=-COCH v, X=H; Y=CgHg
g, X=Y=~-CO,Et W, X=H: Y=p-BrCgH,
h, X=Ya-CH %, X=H; Y=p'C|CGH4
i, X=H; Y=0CH3 y. X=H; Y=p-CO,EtCgH,4
jo X=H; Y=7-Bu z, X=H; Y=p-CNCgHq
k, X=H; Y=CH3 aa, X=H; Y=p-NOxCgHa
1, X=H; Y=Br bb, X=Y=p-CHz0CgH4
m, X*H; Y=COCH3 cc, X=Y=p-CH3CeHy
n, X=H; Y=CO,Et  dd, X=Y=p-CICgH,
o, X=H; Y=CN ee, X=Y=p-BrCgH,
p. X=H; Y=CHO
T
6
6a, X=Y=p-CH3z0CgH,4

b, X’Y’p'CH3CeH4

¢, X=2Y=zCgHsg

d, X=Y=p-FCgHq

e, X'Y'p-Cl 6H4

f, X'CGH H Y'p'C|CGH4

g X=p

=p-Cl ; Yap-
he x-csﬁﬁ"?:‘p-céc?c”sﬁ’f shis
are reported in Table 1.3° Included in Table I are the spectral
data for the endoperoxides of Sc and Sr, which were taken in pure
CH,Cl,, and the endoperoxide of §j, which was produced in 3:1
CDCl;—-CH,Cl, using methylene blue as a sensitizer. The spectral
data were collected at —70 °C, well below the temperature reported
for the dimerization of the endoperoxide of 5a,%! and undoubtedly
represent the spectral data for the monomeric furan endoperoxides.
Consistent with this suggestion is the successful trapping of several
of these endoperoxides at low temperatures with diimide.’? In
all cases the ozonides were the only detected products of the
photooxygenations.

Kinetics Studies. The rate constants for additions of singlet
oxygen to furans Sa—ee were measured by utilizing the Carlsson
kinetic technique® and are reported in Table II. The rate con-

(27) We thank L. M. Stephenson for suggesting this possibility.

(28) (a) Schenck, G. O. Chem. Ber. 1947, 80, 289. (b) Schenck, G. O.;
Koch, E. Ibid. 1966, 99, 1984.

(29) Calvert, J. G.; Pitts, J. N., Jr. In “Photochemistry”; Wiley: New
York, 1966; p 737.

(30) For spectral data reported for other furan ozonides, see: (a) Graziano,
M. L,; lesce, M. R,; Scarpati, R. J. Chem. Soc., Perkin Trans. I 1980, 1955.
(b) Ibid. 1982, 2007. (c) Graziano, M. L.; Iesce, M. R,; Carli, B.; Scarpati,
R. Synthesis 1982, 736. (d) Graziano, M. L.; lesce, M. R.; Chiosi, S;
Scarpati, R. J. Chem. Soc., Perkin Trans. 1 1983, 2071.

(31) Gollnick, K.; Griesbeck, A. Angew. Chem., Int. Ed. Engl. 1983, 22,
726.

(32) Adam, W.; Eggelte, H. J.; Rodriguez, A. Synthesis 1979, 383.

(33) (a) Carlsson, D. J.; Mendenhall, G. D.; Suprunchuk, T.; Wiles, D.
M. J. Am. Chem. Soc. 1972, 94, 8960. (b) Carlsson, D. J.; Suprunchuk, T,;
Wiles, D. M. Can. J. Chem. 1974, 52, 3728.
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Table I. 'H and '*C NMR Data at =78 °C for Cyclobutadiene
Ozonides®

compd spectral data

2a  1BC13.67 (q, J = 129 Hz), 112.59 (b s, with long-range
coupling), 134.23 (d, J = 181 Hz); 'H 1.83 (s, 6 H), 6.38
(s, 2 H)

2d 13C 103.88 (ddd, J = 186, 18, 9 Hz), 131.68 (bd, J = 184
Hz); 'H 6.57 (b, 2 H), 6.61 (bs, 2 H)

2f 3C 160.55, 133.12, 108.46, 52.79; 'H 4.1 (5, 6 H), 6.9 (s, 2
H)

2k 3C 13.32 (q, J = 130 Hz), 104.11 (ddd, J = 186, 9, 9 Hz),
112.26 (bs), 131.87 (d, J = 184 Hz), 134.04 (d, J = 181
Hz); 'H 1.85 (s, 3 H), 6.34 (s, 1 H), 6.38 (d, / = 5.1 Hz,
1H), 6.48 (d, J = 5.1 Hz, 1 H)

21 13C 103.77, 107.89, 132.38, 136.32; 'H 6.56 (s, 1 H), 6.66
(d,J =51Hz | H), 670 (d, J = 5.1 Hz, 1 H)

2n BC 13.94 (q, J = 127 Hz), 64.26 (t, J = 147 Hz), 105.12
(ddd, J = 192, 11, 11 Hz), 107.38 (dd, J = 9, 11 Hz),
132.22 (d, J = 188 Hz), 132.93 (d, J = 184 Hz), 161.23
(s); 'H 1.44 (t, J = 6.6 Hz, 3 H), 4.46 (q, / = 6.6 Hz, 2
H), 6.77 (s, l H),6.79 (d,J = 59 Hz, 1 H), 6.86 (d, J =
5.9 Hz, 1 H)

2z 3C 105.17, 112.35, 114.49, 118.52, 128.39, 131.87, 132.19,
132.87, 133.14; 'H 6.78 (s, 1 H), 6.86 (d, J = 5.1 Hz, 1
H), 6.95 (d, J = 5.1 Hz, 1 H), 7.88 (b s, 4 H)

2r  3C 13.52 (g, J = 130 Hz), 99.85 (s), 110.18 (s), 115.18 (b
s), 132.36 (d, J = 192 Hz), 135.49 (d, J = 192 Hz); 'H
1.75 (s, 3 H), 5.84 (d, J = 22 Hz, 1 H), 589 (d, J = 2.2
Hz, 1 H)

2c 3C 114.50 (s), 127.32 (s), 127.68 (d, J = 163 Hz), 128.99
(d, J = 164 Hz), 131.46 (d, J = 171 Hz), 133.20 (d, J =
182 Hz); 'H 5.95 (s, 2 H), 7.52-7.65 (m, 10 H)

2j 13C 24.98, 31.51, 104,11, 118.55, 131.51, 132.11; 'H 1.16 (s,
9H), 642 (s, 1 H),6.53(d,J=151Hz, 1H),662(d,J
= 5.1 Hz, 1 H)

41H and 3C values are given in 8.

Table II. Carlsson Second-Order Rate Constants for the Reactions
of Singlet Oxygen with Furans®

kx10% kx 10
compd®* Mgl compd M1t
Sa 1.3 Sp 0.00051
5b 0.94 5q 0.00015
5c 0.52 5r 0.0015
5d 0.12 5s 0.0053
Se 0.020 St 0.37
5f 0.00020 Su 0.24
5g 0.00045 Sy 0.18
5h 0.024 Sw 0.10
5i 1.2 Sx 0.10
5 0.61 Sy 0.07
Sk 0.62 Sz 0.04
st 0.0067 Saa 0.24
Sm 0.00085 5bb 0.99
Sn 0.0013 Scc 0.70
So 0.00011 5dd 0.29
See 0.25

9Rates measured in methylene chloride. ®k(rubrene) = 3.3 X 107
L mol™! s, °Rates are accurate to £10%.

stants are derived by examining the ability of the furans to quench
the self-sensitized photooxidation of rubrene. (See the Experi-
mental Section for the details of the kinetic determination.) The
rates determined in this manner reflect both physical (k) and
chemical (k) quenching of singlet oxygen. The physical quenching
component of the rates of reactions of furans 5a and Sc, however,
have been shown to be negligible.?*

The final concentrations of rubrene were determined spectro-
photometrically at 440 nm after concomitant photolysis of solutions
with and without added furan. The concentrations of rubrene in
solutions containing b, 5f, and 5z continued to decrease slowly

(34) (a) Gorman, A. A,; Lovering, G.; Rodgers, M. A. J. J. Am. Chem.
Soc. 1979, 101, 3050. (b) Usui, Y.; Kamogawa, K. Photochem. Photobiol.
1974, 19, 245. (c) See, however: Gu, C,; Foote, C. S. J. Am. Chem. Soc.
1982, 104, 6060.
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Table III. Stern-Volmer Data for the Quenching of Singlet Excited
Rubrene®?
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Table V. Carlsson Second-Order Rate Constants for the Reactions
of Singlet Oxygen with Cyclopentadienes®

compd concn range, M kgt
Saa 0-4.7 x 107 1645.7
5h 0-2.74 X 1072 1531
Sf 0-1.13 no quenching

5z 0-1 X 1072
5p 0-0.51

no quenching
no quenching

kx10® kx 10
compd®¢ M1l compd Mgt
6a 1.29 6e 0.65
6b 1.01 6f 0.68
6¢ 0.87 6g 0.88
6d 0.76 6h 1.10

2 ) (excitation) 461 nm; A (emission) 577 nm, ®Measured in CH,-
Cl,.

Table IV. Young Second-Order Rate Constants for the Reactions of
Singlet Oxygen with Furans®

9Rates were measured in methylene chloride. ®k,, (rubrene) = 3.3
X 107 L mol™! s™!. ¢Rates are accurate to £10%.

Table VI. Comparison of the Experimental Rate of Endoperoxide
Formation to the Calculated Mechanistic Extreme Values

kx 10 kx10°® compd series  (k;k3)V2 X (K, + kg2 X
compd Mt sl compd M1l (ky, ko, k3) 107 107 ky X 10734
Sa 2.6 5i 1.6 5d, 5k, 5a 390 710 620
5b 1.5 Sk 0.84 5d, 5§, 5b 340 530 610
5¢ 0.70 5§ 0.64 54, 5v, 5¢ 250 320 180
5d 0.14 5d, 51, Se 49 70 6.7
a : : - T e 5d, 5m, 5f 4.9 60 0.85
Rates were measured in methylene chloride using 1,3-diphenyliso 5d, 5n, 5g 73 €0 13

benzofuran.

even after the photolysis was complete. No other furans exhibited
this phenomenon. The rate constants reported in Table II were
determined by utilizing the concentrations of rubrene determined
immediately after photolysis and before the slow thermal decreases
in rubrene concentrations could occur.’® The dark additions of
these endoperoxides, derived from polymer bound Rose Bengal
sensitized photooxidations, to solutions of rubrene also resulted
in dramatic decreases in the optical density at 440 nm, implicating
a bimolecular reaction. A cycloreversion to produce singlet oxygen,
a process which has been documented for 5¢,3¢ cannot be re-
sponsible for this observation since cycloreversions of these en-
doperoxides under the reaction conditions do not occur. Instead,
a single oxygen atom donation of the type discovered by Adam¥’
and Saito!! which resulted in the oxidations of olefins and aromatic
compounds is the most likely candidate for these bimolecular
processes.

The high furan concentrations (3.26 X 10~ M for 5a to 2.26
M for 5q) necessary to compete with rubrene for singlet oxygen
demanded that we examine the possibility that differential
quenching of rubrene excited states contributes to the observed
furan reactivity differences. Quenching of rubrene excited states
would lead to deceptively high rate constants since two channels
become available for quenching rubrene photoperoxide formation,
direct reaction with and quenching of sensitized singlet oxygen
formation.

Fluorescence quenching was examined since recent evidenc:
demonstrated that substantial amounts of singlet oxygen is pro-
duced by quenching both singlet and triplet excited rubrene.
Stern-Volmer examinations of rubrene emission at 577 nm for
a select number of furans verify that fluorescence quenching is
unimportant except for furans Sh and Saa. These data are reported
in Table III. Furan Saa with a p-nitrophenyl ring and the
dialdehyde 5h react as rapidly as 2-(p-methylphenyl)furan (Su),
and dibromide Se, respectively. These observations are inconsistent
with anticipated substituent effects but easily rationalized on the
basis of the ability of these furans to quench rubrene fluorescence.
Electrochemical studies*® also reveal that $h and 5aa are more
easily reduced than any other furan examined in Table II.

To exclude the possibility that rubrene triplet quenching is
occurring we have measured the rates of singlet oxygen addition
to several furans using a different kinetic technique, the Young*!

038,39

(35) The reaction of 2-(p-cyanophenyl)furan endoperoxide or its decom-
position products with rubrene was very rapid making it difficult to obtain
an accurate rate constant for the reaction of 5z.

(36) Trozzolo, A. M.; Fahrenholz, S. R. Ann. N.Y. Acad. Sci. 1970, 171,
61.

(37) Adam, W.; Rodriguez, A. J. Am. Chem. Soc. 1980, 102, 404.

(38) Stevens, B,; Ors, J. A. J. Phys. Chem. 1976, 80, 2164.

(39) Darmanyan, A. P. Chem. Phys. Letr. 1982, 86, 405.

(40) Clennan, E. L.; Reuter.; D., unpublished results.

Experimental values for unsymmetrical furans, M™! s7'.

method, and a different sensitizer, mesoporphyrin IX dimethyl
ester. The Young kinetic technique utilizes 1,3-diphenyliso-
benzofuran (DPBF) as the singlet oxygen acceptor and follows
its substrate-induced inhibition by monitoring its fluorescence as
a function of time. (See the Experimental Section for the details
of the kinetic determination.) The results from the use of this
kinetic method are reported in Table IV.

Acceptable rates for the reaction of furan 5j were obtained by
keeping its concentration and conversion low. These measures
were necessary since the endoperoxide derived from 5j or a product
of its decomposition quenched the DPBF fluorescence. Thomas
and Foote*? observed a similar phenomenon in a study of the
singlet oxygenation of phenols in which a cross-conjugated ketone
product quenched their fluorescent probe. The other furans that
were examined did not exhibit this behavior. The rates for furans
Se, Sh, Sm, and 5p, however, were not obtainable by this technique
due to their rapid quenching of the DPBF fluorescence. Similar
results were obtained in an attempt to use 2,5-diphenylfuran as
the singlet oxygen acceptor.

The experimentally indistinguishable rates generated by the
Young and Carlsson techniques for the limited number of furans
reported in Table IV mitigates against triplet sensitizer quenching
as being responsible for the observed selectivity differences.

We have also measured the rate constants for additions of singlet
oxygen to 1,4-substituted cyclopentadienes 6a—h. These data,
which were collected by the Carlsson method, are reported in Table
V.

Discussion

The mechanistic possibilities for endoperoxide formation as
presented in Figure 1 can be classified either as synchronous, those
reactions in which the two new carbon—oxygen bonds are formed
to the same extent, or nonsynchronous, in which the timing of
formation of these bonds in the rate-determining transition state
are different.

The question of synchronization in the Diels—Alder reaction
has been extensively examined.** Dewar* has convincingly argued
for an asynchronous Diels—-Alder transition state based on a kinetic
argument. Application of this kinetic argument to furan endo-
peroxide formations provides valuable insight into the mechanisms
of these reactions. This kinetic technique can be conveniently
illustrated for the reactions of furan (8d) (rate constant = k),

(41) Young, R. H.; Wehry, R. H.; Martin, R. L. J. Am. Chem. Soc. 1971,
93, 5774,

(42) Thomas, M. J.; Foote, C. S. Photochem. Photobiol. 1978, 27, 683,

(43) (a) Jenner, G. Angew, Chem. Int. Ed. Engl. 1975, 14, 137. (b)
Dewar, M. J. S;; Olwella, S.; Rzepa, H. S. J. Am. Chem. Soc. 1978, 100, 5650.
(c) Tolbert, L. M.; Ali, M. B. Ibid. 1981, 103, 2104.

(44) Dewar, M. J. S,; Pierini, A. B. J. Am. Chem. Soc. 1984, 106, 203.
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Figure 2. Hammett linear free-energy relationships for the addition of
singlet oxygen to symmetrical (¢*) and unsymmetrical (¢) furans.’>7

2-carbethoxyfuran (5n) (rate constant = &,), and 2,5-dicarbeth-
oxyfuran (5g) (rate constant = k;). Three distinct situations can
exist: (1) The reactions of all three furans are synchronous. The
ratios of rate constants k,/k, and k,/k; should consequently be
identical, and the rate constant for furan 5n should be equal to
the geometric mean of the two other rate constants (eq 2).

ky = (kiky)'/2 (2)

(2) One or more of the furans can react to form an intermediate
in which only one of the carbon—oxygen bonds is intact. In this
event k, will be equal to the arithmetic mean of k, and k; (eq
3).

ky = (k; + k3) /2 3

(3) One or more of the furans can react to form the endoperoxide
via a concerted but asynchronous mechanism. In this final sit-
uation k, will have a value between the extremes given by eq 2
and 3.

The experimentally determined rate constants for unsymme-
trical endoperoxide formations (%, in Table VI) do not conform
to situation 1, 2, or 3, and these values actually fall outside the
range defined by eq 2 and 3. These results are in dramatic contrast
to those observed for Diels—Alder reactions*>~** and strongly
underscore the different character of these ostensibly topologically
similar reactions.

These different reaction characters are also evident in an ex-
amination of the activation enthalpies for the two reactions.
Endoperoxide formations, like many reactions of singlet oxygen,*
have enthalpies of activation near zero.3*#’ Diels-Alder reactions
on the other hand have very large activation enthalpies.*?
Gorman*® has suggested that the near zero activation enthalpies
observed for singlet oxygen ene reactions are indicative of the
reversible formation of an exciplex on the reaction coordinate.
The similar activation parameters observed for the ene and the
4 + 2 cycloaddition reactions of singlet oxygen, and the unique
character of the 4 + 2 cycloaddition in comparison to Diels—Alder
reactions which do not generally involve charge-transfer inter-
mediates,* are strongly suggestive that exciplexes are on the
reaction coordinates for furan endoperoxide formations.

If endoperoxide formation occurs by collapse of an exciplex and
if exciplex formation is fast relative to endoperoxide formation,
the rate of disappearance of singlet oxygen is given by eq 4 where

-d['0,} /dt = k,K['O,][furan] (@)

(45) Seltzer, S. J. Am. Chem. Soc. 19658, 87, 1534.

(46) Gorman, A. A. Gould, I. R.; Hamblett, I. J. Am. Chem. Soc. 1982,
104, 7098,

(47) Koch, E. Tetrahedron 1968, 24, 6295.

(48) (a) Walsh, R.; Wells, J. M. J. Chem. Soc., Perkin Trans. 2 1976, 52.
(b) Haybrechts, G.; Ngoy, G. Int. J. Chem. Kinet. 1975, 7, 775. (c) Harkness,
J. B.; Kistiakowsky, G. B.; Mears, W. H. J. Chem. Phys. 1937, 5, 682.

(49) Sauer, J.; Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 779.
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Figure 3. More O’Ferrall-Jencks diagram for the addition of singlet
oxygen to furans.

K is the equilibrium constant for exciplex formation. A reaction
which obeys such a rate expression should follow a linear free-
energy relationship. The reaction constant will be a composite
value which is a measure of the suceptibility of the equilibrium
constant and k, to substituent effects (eq 5).

kopsa(X) kax
L = jog —
kopsa(H) kan

Examination of the kinetic data in Table II in terms of the
Hammett LFER (Figure 2) surprisingly demonstrates that two
distinct linear correlations are observed. Singlet oxygen exhibits
an enhanced selectivity for unsymmetrically substituted (o = —4.5,
r = -0.996) in comparison to symmetrically substituted furans.
The symmetrical furans are also better correlated to Yo% (p* =
~2.2,r = -0.996) than >0 (p = -2.6, r = ~0.975), reminiscent
of several Diels—Alder reactions.*® The aryl-substituted furans
St—ee exhibit a similar phenomenon. In this case the selectivity
differences of singlet oxygen for these furans are suppressed in
comparison to the directly substituted furans but two distinct linear
correlations are again observed.

The dual correlation result can be understood within the
framework of an exciplex mechanism if one makes the reasonable
assumption that the geometry of the exciplex and its transition
state for collapse to the endoperoxide are different for the sym-
metrical and unsymmetrical furans. Different electronic demands
by the geometrically different exciplexes and/or the transition
states for their collapse would result in the observation of two
distinct linear free-energy relationships. Irie® has demonstrated
that the rates of quenching of (R)-(-)-1,1’-binaphthlyl fluorescence
by (S)-(-)- and (R)-(+)-N,N-dimethyl-1-phenylethylamines are
different. This observation is a manifestation of the subtle de-
pendence of geometry on the kinetics and presumably thermo-
dynamics of exciplex formations.

The dual correlation result could also be a manifestation of
partitioning differences of the exciplex along the reaction and
quenching coordinates in the two series of compounds. The ab-
sence of a detectable quenching component in the reactions of 5a
and Sc¢ does not mean that quenching in Sn and Sg does not
dominate their reactivity.®!

In addition to these two possibilities, different solvation re-
quirements for the structurally different transition states and
exciplexes can also contribute to the observed singlet oxygen
selectivity difference. This suggestion seems to conflict with the
often observed lack of solvent effects on singlet oxygen reactions.
This is not, however, necessarily the case. Two transition states
may have different solvation requirements but yet be insensitive
to changes in solvent. This is especially the case for reactions which

Kx
log + log ;(; = oy(px + o) (5)

(50) Yorozu, T.; Huyashi, K.; Irie, M. J. Am. Chem. Soc. 1981, 103, 5480.
(51) We thank a very astute referee for pointing out this possibility.
(52) Foote, C. S,; Denney, R. W. J. Am. Chem. Soc. 1971, 93, 5168.



Mechanism of Endoperoxide Formation

have very small activation barriers such as singlet oxygen reactions.
The dramatic dependence of furan substitution pattern on the
geometry and kinetics of exciplex formation is undoubtedly a result
of the extreme polarizability and electrophilicity of singlet oxygen.

Our mechanistic suggestion for this reaction can be most
conveniently visualized by examination of a More O’Ferrall-
Jencks®? diagram (Figure 3). The two structural axes in this
diagram are the C,-oxygen and Cs-oxygen bond orders. The two
asynchronous extrema are represented as zwitterions (mechanism
E), although our data cannot rule out the possibility that these
extrema can be best represented as diradicals (mechanism F) or
perepoxides (mechanism C).

The transition states and exciplexes for reactions of the sym-
metrical furans lie on the diagonal between the starting materials
and endoperoxide (ozonide) products. The geometries of the
transition states in these reactions are symmetrical (ps-o = py),
and consequently these reactions are concerted 1,4-cycloadditions
(mechanism A). We see no need at this time to suggest a syn-
chronous cheletropic transition state (mechanism G) for these
reactions but cannot rigorously exclude it. The positions of the
exciplexes and transition states on the diagonal are a function of
the total exergonicity of product formations as suggested by the
Hammond postulate.

The transition states for the reactions of the unsymmetrical
furans are found on a trajectory®® connecting the two nonconcerted
extrema and containing the topological point which represent the
transition state for the parent furan 5d.

Conclusion

The kinetic work reported in this paper has demonstrated that
symmetrical and unsymmetrical furans exhibit different selec-
tivities toward singlet oxygen. We have suggested that this se-
lectivity difference could be due to (1) different electronic de-
mands, (2) different solvation requirements, and (3) partitioning
differences of the structurally different exciplexes along reaction
and quenching coordinates.

Despite our lack of information on the relative contributions
of these factors to the magnitude of the selectivity difference, we
have also suggested that different approach geometries of singlet
oxygen to the symmetrical and unsymmetrical furans are the
underlying reason for the startling observation.

Dewar** has pointed out that synchronous two-bond processes
are in general prohibited since their activation energies are ex-
pected to be approximately twice that of two-step reactions.
Reactions such as synchronous endoperoxide formations which
have very small activation barriers, however, are anticipated ex-
ceptions to this generalization.

Experimental Section

Gas chromatographic analyses were carried out on a Perkin-Elmer
Sigma 3B utilizing a column packed with 5% SE30 on Chromosorb P.
All melting points were determined with a Thomas-Hoover capillary
melting point apparatus and are uncorrected. Proton, carbon, and oxygen
NMR spectra were obtained on a JEOL FX270 at 270, 67.83, and 36.54
MHyz, respectively. The proton and carbon chemical shift are referenced
to Me,Si and the oxygen chemical shifts by substitution to water. Mass
spectra were obtained on a VG-ZAB-1F by electron impact. Infrared
spectra were taken on a Beckman Microlab 600 spectrometer. Kinetic
studies were completed on a Hitachi 100-80 spectrophotometer and a
Perkin-Elmer MPF-2A spectrofluorometer.

Furan (5d), 2-methylfuran (5k), 2-methoxyfuran (5i), 2,5-dimethyl-
furan (5a), furfural (8p), 5-bromofuroic acid, 2-carbomethoxyfuran (5m),
and 5-methylfurfural (5s) were all obtained commercially (Aldrich) and
purified immediately before use. Furans 5b,”* 5¢,%¢ Se,’ 5f,8 5g % §j 5°
5n,%° 50,5 5q,%0 5r,52 5¢,53 5y,3 §v,63 §w,53 8x,53 Sy 64 Kaq 65 §hb,56 Scc, %

(53) Gajewski, J. J.; Conrad, N. D. J. Am. Chem. Soc. 1978, 100, 6269.
(54) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 209.

(55) Ramasseul, R.; Rassat, A, Bull, Soc. Chim. Fr. 1963, 2214,

(56) Nowlin, G. J. Am. Chem. Soc. 1950, 72, 5754.

24 (f;glPrugh, J. D.; Huitric, A. C.; McCarthy, W. C. J. Org. Chem. 1964,
(58) Chadwick, D. J.; Willbe, E. J. Chem. Soc., Perkin Trans. 1 1977, 887.
(59) Gillman, H.; Calloway, N. O. J. Am. Chem. Soc. 1933, 55, 4204

o (;:0) Dunlop, A. P; Peters, F. N. “The Furan”; Reinhold: New York,

1953.
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5dd,’ and See®” were all produced by literature procedures. Cyclo-
pentadienes 6a,%® 6¢,%° 6e,”° 6f,”! and 6h”' were also produced by their
literature procedures. All compounds gave satisfactory spectral and
physical data.

2,5-Furandicarboxaldehyde (5h). Chromium trioxide, 7,11 g (0.071
mol), was added to a magnetically stirred solution of 11.7 mL (0.145
mol) of pyridine in 100 mL of methylene chloride. The flask was stop-
pered with a drying tube, and the deep burgundy solution was stirred for
15 min at room temperature. At the end of this period, a solution of 1.5
g (0.012 mol) of (hydroxymethyl)furfural in 10 mL of CH,Cl, was added
in one portion. A black tarlike deposit separated immediately. After
being stirred an additional 15 min at room temperature the solution was
decanted from the residue, and the methylene chloride was removed. A
black residue was obtained. The residue was taken up in ether, filtered
to remove insoluble chromium salts, and then washed with 5% NaOH
and saturated sodium chloride. Evaporation of the solvent gave 1 g of
crude dialdehyde which was recrystallized from carbon tetrachloride.
Sublimation gave 0.9 g of pure furan dicarboxaldehyde: '3C NMR
(CDCly) 6 179.22, 154.16, 119.34; 'H NMR (CDCl,) § 9.87 (s, 2 H),
7.47 (s, 2 H); YO NMR (CH,Cl,) é 231, 502; mp 108-110 °C (lit.”? mp
109-110 °C); yield 68%.

2-Bromofuran (51). A mixture of 12 g (0.0628 mol) of S-bromofuroic
acid, 45 mL of quinoline, and 3.0 g of copper powder was placed in a
100-mL round-bottom flash attached to a 40-cm Vigreaux column. The
mixture was heated with a woods metal bath, and the condensate at the
top of the column was collected at 87-93 °C. The condensate was
purified by fractional distillation to give 7.5 g (81% yield) of 2-bromo-
furan: bp 92~93 °C (580 mmHg) [lit.5” bp 52-54 °C (180 mmHg)]; 1*C
NMR (CDCl;) 8 144.29, 121.95, 112.46, 111.18; 'H NMR (CDCl,) 8
7.39 (bs, 1 H), 6.34 (bs, 1 H), 6.27 (bs, 1 H).

2-(p-Cyanophenyl)furan (5z). A mixture of 6.65 g (0.0298 mol) of
2-(p-bromophenyl)furan and 3 g (0.33 mol) of copper cyanide in 30 mL
of quinoline was refluxed in a woods metal bath for 2 h. The solution
was then cooled and treated with 100 mL of dilute HCI. The solid was
filtered and washed with water, dilute NaOH, and finally water. The
crude product was passed through a 2.5-cm diameter, 38-cm-long silica
gel column with ether/n-hexane (20/80) as elutant. Three grams (59%
yield) of pure product was obtained: '*C NMR (CDCl;) § 151.96,
143.66, 134.61, 132.55, 123.93, 118.93, 112.24, 110.28, 108.16; 'H NMR
(CDCl;) 6 7.72 (d, J = 8.8 Hz, 2 H), 7.63 (d, J = 8.8 Hz, 2 H), 7.53
d,J=15Hz,1 H),68(d, J=36Hz, | H),6.52(dd,J =15,36
Hz, 1 H); mp 64-65 °C (lit.”* 65-66 °C).

1,4-Bis(p-fluorophenyl)-1,3-cyclopentadiene (6d) was synthesize by the
method of Drake and Adams:® '3C NMR (CDCl,) 8 163.64, 160.00,
144.40, 132.25, 132.19, 127.79, 126.38, 126.27, 115.72, 115.42, 41.10;
'H NMR (CDCl;) § 7.47-7.52 (m, 4 H), 6.99-7.06 (m, 4 H), 6.83 (s,
2 H), 3.71 (s, 2 H); high-resolution mass spectrum, caled for C,;H;,F,,
m/e (M*) 254.0908, found m/e (M*) 254.0915; mp 157-158 °C.

1,4-Bis(p-methylphenyl)-1,3-cyclopentadiene (6b) was synthesized by
the method of Drake and Adams:®® '3C NMR (CDCl,) & 145.16 (s),
136.34 (s), 133.36 (s), 129.31 (d, J = 133 Hz), 127.33 (d, J = 134 Hz),
124,72 (d, J = 153 Hz), 40.83 (t, J = 125 Hz), 14.82 (q, J = 122 Hz);
'H NMR (CDCly) 6 7.55 (d, J = 8.1 Hz, 4 H), 7.14 (d, J/ = 8.1 Hz, 4
H), 6.87 (s, 2 H), 3.73 (s, 2 H), 2.34 (s, 6 H); IR (cm™) 3010, 2900,
2940, 1500, 1490; high-resolution mass spectrum, calcd for C,oH g, m/e
(M*) 246.1409, found m/e (M*) 246.1406; mp 190.5-192 °C; Yield
15.4%.

1-(p-Methoxyphenyl)-4-(p-chlorophenyl)-1,3-cyclopentadiene (6g)
was synthesized by the method of Drake and Adams:%® 'H NMR (CD-
Cly) 6 7.25-7.5 (m, 6 H), 6.85-6.9 (m, 2 H), 6.8 (m, 2 H), 3.85 (s, 3 H),
3.70 (s, 2 H); high-resolution mass spectrum, caled for C,iH;sCIO, m/e
(M*) 282.0813, found m/e (M*) 282.0815; mp 206-207.5 °C.

Kinetics Studies. The Carlsson Technique. Three-milliliter solutions
of rubrene in methylene chloride with and without a furan substrate were

(61) Sosnowsky, G.; Kogh, J. A.; Umbhoefer, S. G. Synthesis 1979, 4, 722.

(62) Scott, E. W.; Johnson, J. R. J. Am. Chem. Soc. 1933, 54, 2549.

(63) Ayres, D. C.; Smith, J. R. J. Chem. Soc. C 1968, 2737,

(64) Fringuelli, F.; Marino, G.; Taticchi, A. J. Chem. Soc. B 1971, 2304.

(65) Johnson, A. W. J. Chem. Soc. 1946, 895.

(66) Bailey, P. S.; Colomb, H. O., Jr. J. Org. Chem. 1965, 30, 487.

(67) Lutz, R. E. J. Am. Chem. Soc. 1948, 70, 1359.

(68) Rosenblum, M.; Howells, W. G.; Bahergee, A. K,; Ennett, E. B. J.
Am. Chem. Soc. 1962, 84, 2726.

(69) Drake, N. L.; Adams, J. R., Jr. J. Am. Chem. Soc. 1939, 61, 1326.

(70) Sequchie, K_; Sera, A.; Otsuki, Y.; Maruyama, K. Bull. Chem. Soc.
Jpn. 19758, 48, 3641.

(71) Greifenstein, L. G.; Lambert, J. B.; Nienhuis, R. J.; Drucker, G. G.;
Pagani, G. A. J. Am. Chem. Soc. 1981, 103, 7753.

(72) Shunichi, M. Naguchi Kenkagushi Jiho 1978, 21, 25.

(73) Majima, T.; Pac, C.; Naksone, A.; Sakurai, H. J. Am. Chem. Soc.
1981, 103, 4499.
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irradiated on a merry-go-round for 4.2-5 min. The 456-nm line of the
450-W medium-pressure mercury vapor Hanovia lamp was isolated by
a CuCl,/CaCl, filter solution. The samples were open to the air during
irradiation to allow oxygen to diffuse in to replace the oxygen consumed
during the reaction. The optical densities of the samples at 440 nm
before and after irradiation were measured on a Hitachi 100-80 spec-
trophotometer. All solutions were shielded from the light as much as
possible during preparation and after irradiation. The absorbance of
rubrene was adjusted to be approximately 1.82-1.86 at the beginning of
the experiment. The furan concentrations were adjusted so that about
25% of the rubrene was consumed. While 50% of the rubrene was
consumed in cuvettes with no furan. Reaction rate constants were cal-
culated from

_ ks[RI - [RI®) + ke In (RIP/[R])
A [D] In ([R]/[R]{P)

where k., = 3.3 X 107 57! and is the rate constant for the reaction of
singlet oxygen with rubrene in methylene chloride. [R] is the initial
rubrene concentration and [R]{° and [R]° are the final rubrene con-
centrations in the presence and absence of diene (furan). [D] is the furan
concentration and Ay is the rate of decay of singlet oxygen in methylene
chloride (1 X 104 s71),74-76

Two kinetic determinations were made for each compound. Each
kinetic run resulted in two rate constants. If there was not good agree-
ment among these four numbers (£10%) an additional kinetic deter-
mination was conducted.

Young’s Kinetic Technique. The rate of disappearance of diphenyl-
isobenzofuran (DPBF) due to reaction with singlet oxygen is monitored
at its emission wavelength of 460 nm. The kinetic scheme for the dis-
appearance of DPBF in the presence of diene substrates is given by

k
DPBF + !0, — (DPBF)O,
k\'
diene + '0, — (diene)O,
Kk,
diene + 10, —» diene + %0,

1 ks
0, 0,

(74) Hurst, J. R.; McDonald, J. D.; Schuster, G. B. J. Am. Chem. Soc.
1982, 104, 2066.

(75) The ¢ and ¢* values were taken from: Stock, L. M.; Brown, H. C.
In “Advances in Physical Organic Chemistry”; Vol. 1, Gold, V., Ed.; Academic
Press: New York, 1963; p 89. The o value for -CHO was taken from:
March, J. “Advance Organic Chemistry, Reactions Mechanisms, and
Structure”, 2nd ed.; McGraw-Hill: New York, 1977.

(76) The precipitation of furan 5f during kinetic runs would be expected
to lead to a slower than expected rate constant. Indeed, examination of Figure
2 reveals a negative deviation of the point for 5f from the Hammett linear
regression line.

The steady-state treatment for the disappearance of DPBF gives

-d[DPBF] _ X k;[DPBF]
dt 7| kJ[DPBF] + k,[diene] + k,[diene] + kq

The fluorescent acceptor (DPBF) is present in extremely low concen-
trations so that is disappearance is cleanly first order.

~d[DPBF] _ X k;[DPBF]
d k.[diene] + kq[diene] + k;

Under conditions in which the diene does not appreciably react a plot of
log fluorescence vs. time is linear with slope S. A plot of So/Sp, where

k;
S=K [ k. [diene] + k,[diene] + k4 ]

So is the slope in the absence and Sy, in the presence of diene vs. diene
concentration has a slope of (k; + k.)/kq.

The Young kinetic studies were carried out with a Perkin-Elmer
MPF-2A spectrophotometer. The photolyzing light absorbed by the dye
was produced by a Sylvania 750 Q/Cl tungsten—halogen lamp operated
at 36-45 vs. This irradiation source was placed at right angles to the
excitation (418 nm) and emission (460 nm) light paths and focused
through a Corning 3-68 filter (cutoff 540 nm). Eight stock solutions with
a variety of diene concentrations were utilized for each determination.
At least two determinations were made for each compound, and addi-
tional measurements were made if good agreement (£10%) was not
obtained.
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99-3; 50, 617-90-3; 5p, 98-01-1; 5q, 6132-37-2; 5r, 13714-86-8; 5s, 620-
02-0; 5t, 17113-31-4; 5u, 17113-32-5; Sv, 17113-33-6; Sw, 14297-34-8;
5x, 17221-37-3; 5y, 35461-96-2; 5z, 64468-77-5; 5aa, 28123-72-0; Sbb,
1230-48-4; Sce, 57196-75-5; 5dd, 36710-36-8; See, 36710-35-7; 6a,
13693-26-0; 6b, 89088-41-5; 6¢, 4982-34-7; 6d, 89088-42-6; 6e, 58864-
06-5; 6f, 80109-14-4; 6g, 89088-43-7; 6h, 80109-11-1; O,, 7782-44-7.

Oxetane: The First X-ray Analysis of a Nonsubstituted

Four-Membered Ring
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Abstract: Oxetane (C;H¢O), melting point 174 K, was crystallized on a four-circle diffractometer equipped with a nitrogen
gas stream low temperature device. Its structure has been determined by means of single-crystal X-ray analysis at 90 and
140 K. The crystals are orthorhombic, with space group Pram and unit cell dimensions @ = 8.620 (4) A, b=6.384 (15)
A, c=6038 (13) &, V=23323A%at 90 K and a = 8.657 (1) A, b = 6.401 (5) A, ¢ = 6.010 (5) A, V = 333.0 A% at 140
K, Z = 4. Three-dimensional diffractometer data were refined by least-squares methods to final R values of 3.8% (90 K data)
and 4.1% (140 K data). In the crystal the oxetane four-membered ring has exact C, symmetry and this ring was found to
be nonplanar. The angle of pucker is 10.7 (1)° (90 K data) and 8.7 (2)° (140 K data), respectively. The endocyclic C-O
bond length, 1.460 (1) A at 90 K, is unusually large for a C-O single bond.

From the present knowledge of the stereochemistry of cyclo-
butane and its heterocyclic analogues it is generally accepted that

the cyclobutane ring exists in a puckered form with a puckering
angle of approximately 30°, whereas oxetane is planar.! The
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