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step and/or the reaction of the excited state with a 
ground-state molecule. 

Experimental Section 

Melting points are uncorrected. The infrared spectra were 
recorded on a JASCO DS-402G spectrophotometer; the ultra- 
violet spectra were obtained with a Hitachi 124 spectrophotom- 
eter; the nmr spectra were measured with a JEOLCO C-6OHL 
spectrometer using tetramethylsilane as an internal standard; 
the mass spectrum was recorded on a Hitachi RMU-BE spectrom- 
eter; the molecular weight was determined by a Hitachi 115 
molecular weight, measuring apparatus. 

4-Thiapyrone (I) .-4-Thiapyrone was prepared by the method 
of Arndt and Bekir,'Zwhich gave a colorless needle after recrystal- 
lization from carbon tetrachloride, mp 110' (lit.I2 110'). The 
uv and nmr spectra are consistent with the reported ~ p e c t r a . ' ~ J ~  

Direct Irradiation of 1.-A solution of 2 g of I in 200 ml of 
acetonitrile was irradiated for 50 hr with a 100-W medium pres- 
sure mercury arc through a quartz filter. Purified nitrogen was 
passed through the solution during irradiation. After removal of 
solvent under vacuum the residual solid was chromatographed 
on a silica gel with benzene-chloroform eluent to yield 40 mg of 11. 
After isolation of I1 957, of I was recovered. 11, a colorless 
solid, was recrystallized from acetone: mp 248' dec; uv XCHSC" max 

307 nm (e ca. 100); ir (KBr) 1710 cm-I (rc-0);  nmr (DMSO-d6) 
6 3.45-3.70 (ni, 4 H) and 4.55-4.80 (m, 4 H) ;  the principal 
peaks of mass spectrum at  m/e (re1 intensity) 224 (48.5), 149 
(23.5), 137 (16.0), 113 (60.0), 112 (100.0), 86 (44.0), 84 (61.7), 
58 (37.8). and 57 (22.7). 

Anal. Calcd for CLDHsO2S2: C, 53.55; H, 3.59; 0, 14.27; 
S, 28.59. Found: C, 53.45; H,  3.71; 0, 14.40; S, 28.38. 

Photosensitized Reaction of I.-A 200-ml benzene solution of 
2 g of I and 1 g of benzophenone was irradiated for 50 hr with a 
100-W medium-pressure mercury lamp filtered by a Pyrex glass. 
After similar work-up described above, 42 mg of I1 was isolated. 
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In  previous work, it has been shown that the Gri- 
gnard reagent 1 from cyclobutylmethyl chloride under- 
goes a ring-cleavage rearrangement to 2.2 In  addition, 
rearrangement of Grignard reagent 3 to 5 was observed, 
the cyclized reagent 4 being proposed as an inter- 
mediate.2a I n  the latter case, the reaction most prob- 
ably has as its driving force the conversion of a secon- 
dary Grignard reagent into a more stable primary one. 
Ring closure to a five-membered ring has also been 
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observed3 (eq 3). It thus appeared desirable to dem- 
onstrate directly the reversibility implied in eq 1. 

A Grignard reagent was prepared from 5-chloro-l- 
pentene-5,5-dz in tetrahydrofuran. The original solu- 
tion lacked the high-field nmr signal of hydrogens a to 
a magnesium. However, after heating for several 
hours a t  140°, a high-field triplet from 10 appeared. 
From the rate of appearance of the a-proton signal, 
the rate of approach to equilibrium was determined. 

After correction for Grignard reagent destroyed by 
reaction with the solvent (see Experimental Section), 
approximate rate constants of 3 X sec-' a t  140" 
and 3.5 X sec-I a t  160" were determined. If 
possible secondary isotope effects on the rates and 
equilibria are ignored, the rate of ring closure equals 
the rate of approach to equilibrium: each act of ring 
closure would produce a molecule of 9, which on cleav- 
age, has an equal probability of yielding isomer 8 or 10. 

1-Pentene, isolated from hydrolysis of a solution 
heated for several half-lives, was examined by nmr. 
Integration showed that about 40% of the 1-pentene 
had the deuterium distribution corresponding to 10. 

Extrapolation of rate constants for the cleavage of the 
cyclobutylmethyl Grignard reagent (see Experimental 
Section) yields a value of 7.5 X lo-* sec-l a t  140". 
With the ring closure rate, an equilibrium constant of 
2.5 X lo3 is derived for eq 1. In  principle, it should 
be possible to derive AH for eq 1 from the temperature 
dependence of this equilibrium constant, and hence 
an estimate of the strain energy of the cyclobutane 
ring. Because of the competing reaction with solvent, 
the present kinetics are insufficiently precise to allow 
this approach. However, by an alternative approach, 
AG and an estimate of AX4 for eq 1 may be combined 
to yield AH = -2.1 kcal/mol. 

(3) H. G. Richey, Jr., and T. C. Rees, Tetrahedron Lett., 4297 (1966); 
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3681 (1969). 

(4) This estimate, 10.6 eu at  140°, uses the gas-phase entropy change of 
the model reaction methylcyclobutane %T 1-pentene. The entropy of 
methyloyclobutane was obtained by adjustments from the published value 
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Taken with an estimate of 21.7 kcal/mo16 for the 
bond cleavage process 

RCHz RCHzMgX 

RCHCHzMgX RCH=CHz 
I = +  

a ring strain of 24 kcal is derived. A value of 23 kcal 
is obtained from data a t  160°.6 

The estimates of ring strain obtained are in ap- 
proximate agreement with the heat of combustion 
value of 26.2 k~a l /mol .~  The discrepancy, amounting 
to  a factor of 10 to 40 in equilibrium or rate constants, 
could be the summation of errors from various sources 
in the kinetics and the estimation procedures, or it 
may represent the limits of applicability of the thermo- 
chemical approach to solution reactions. It could 
also result from some additional stabilization of the 
four-membered ring in the cyclobutylmethyl Grignard 
reagent, or from the incidence of a new, higher activa- 
tion energy mechanism at  the higher temperatures.* 
In  any event, the current results provide a clear ex- 
ample of the quantitative influence of the thermo- 
chemical strain energy of a cyclobutane ring on the 
equilibrium constant for a chemical reaction. 

Experimental Section 

Nrnr spectra were obtained on a Varian Associates HA-100 
nmr spectrometer. 

Cyclobutylmethylmagnesium chloride in tetrahydrofuran was 
prepared as described previously.2b Samples in nmr tubes were 
heated for approprirate times, and the extent of rearrangement 
was determined by integration of the signals at 6 -0.35 and 
-0.66 ppm, corresponding to Grignard reagents 1 and 2, re- 
spectively.2b Rate constants obtained were 2.53 x sec-l 
a t  59.6"; 2.76 X 10-6 sec-1 a t  80.2', and 2.18 X lo-' sec-l 
a t  99.9'. Derived activation parameters were AH* = 26.55 
f 0.2 kcal/mol and AS* = -4.6 rt 0.5 eu. 

4-Penten-1-01-1 J-dz was prepared by reduction of methyl 
4-pentenoate with lithium aluminum deuteride in diethyl ether, 
bp 137-140' (lit.s bp 141-141.5"" for isotopically normal com- 
pound). 
5-Chloro-l-pentene-6,6-dz was prepared from the alcohol with 

thionyl chloride and tri-n-butylamine in ether by a procedure 
similar to one described previously:zb bp 98-103" (1it.O bp 103- 
104" for isotopically normal compound). The nmr spectrum 
showed no detectable absorption (<0.5%) at  6 3.5 ppm, where 
the 01 hydrogens of the isotopically normal compound absorb. 

Grignard Reagent from 5-Chloro-1-pentene-5,b-&.-A Gri- 
gnard reagent was prepared from 0.679 g of the chloride and 0.21 
g of magnesium in 3 ml of tetrahydrofuran, and sealed in nmr 
tubes. After heating for several hours a t  140", a triplet signal, 
J = 8 Hz, appeared at  6 -0.66 ppm. Poorly defined changes 
occurred in the olefinic absorption, and a new signal appeared 
at  6 6.45 ppm, attributable to ethylene formed from attack 
on the solvent.lo At long reaction times, the a-hydrogen ab- 
sorption reached a maximum of about 60% of one hydrogen 
(relative to the olefinic protons) and then decreased in size, while 
the ethylene absorption continued to increase. By using the 
appearance of ethylene as a measure of the amount of Grignard 
reagent destroyed by reaction with solvent, the spectre obtained 
for shorter reaction times were corrected for the loss of total 
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organometallic. The rate of loss appeared to be about 20-30% 
of the rearrangement rate. The best rate measurements were 
made using a similar sample of concentration 0.92 M supplied 
by H. G. Richey, Jr.,  and T. C. Rees. 

A sample which had been heated for four half-lives was hydro- 
lyzed with water. The volatile materials were transferred from 
the residue under vacuum and gas chromatographed. The 
collected I-pentene, the only detected reaction product, was 
analyzed by nmr. Integration yielded the following: 6 0.92 
(t, 1.8, J E 7.1 He, CH, and CHDz), 1.4 (9, 2, J s! 7.2 Hz, 
CH2), 2.02 (9, 1.2, J 7 2  Hz, allylic CH,), 4.95 (m, 2, ==CHz), 
and 5.7 ppm (m, 1, =CH). 
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Aromatic ethers have not often112 been used as pro- 
tecting groups because of problems associated with 
attachment and removal by making and breaking the 
aromatic carbon-oxygen bond. We recently reported3 
that 9-anthroxy alkyl ethers 1 are useful protecting 
groups which can be readily cleaved at  the aromatic 
carbon-oxygen bond by a sequence using low tempera- 
ture (- 30") singlet oxygen oxidation4 to an anthracenyl 
peroxides (2) followed by mild catalytic reductions 
of the weak oxygen-oxygen single bond. The initial 
reduction product is presumably the hemiketal 3, 
which spontaneously eliminates the alcohol 4. We 
report here some experimental details for cleaving 9- 
anthroxy ethers and a new method for synthesizing 
them. 
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