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heating the mixture a t  80-90 OC for 6 h gave, after pro- 
tonolysis, a 68% yield of 14g. 

Finally, the reaction of Cp2Zr(CH2CH2Ph)2 generated 
in situ with styrene (1.1 equiv) in THF at  -78 to 0 "C 
displayed yet another, albeit predictable, regioselectivity 
pattern. The 'H NMR spectrum of the zirconacyclic 
product (19) showed a dominant singlet a t  6 5.85 ppm. 
Protonolysis with anhydrous HC1 in ether a t  -78 OC pro- 
vided a 9010 mixture of 1,4- and l,&diphenylbutanes in 
70% isolated yield (80% by GLC), while ita carbonylation 
followed by protonolysis with anhydrous HC1 in ether a t  
-78 "C afforded trans-2,5-diphenylcyclopentanol(20) in 
45% yield along with minor amounts of unidentified but 
apparently isomeric products. 

The results presented above expand the synthetic utility 
of the rapidly growing methodology involving 3- and 5- 
membered zirconocene and hafnocene deri~atives.~-~J-" 

(7) For papers describing alkyne-zirconocene and related reactions, 
see: (a) Atwood, J. L.; Hunter, W. E.; Alt, H.; Rausch, M. D. J. Am. 
Chem. SOC. 1976,98, 2454. (b) Gell, K. I.; Schwartz, J. J. Chem. SOC., 
Chem. Commun. 1979,224. (c) Thanedar, S.; Farona, M. F. J. Organo- 
met. Chem. 1982,235,65. (d) McDade, C.; Bercaw, J. E. J. Organomet. 
Chem. 1981,279,281. (e) Buchwald, S. L.; Lum, R. T.; Dewan, J. C. J. 
Am. Chem. SOC. 1986, 108, 7441. (0 Takahashi, T.; Swanson, D. R.; 
Negishi, E. Chem. Lett. 1987, 623. (g) Buchwald, S. L.; Watson, B. T.; 
Huffman, J. C. J. Am. Chem. SOC. 1987,109, 2544. 
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Summary: Previous kinetic data for the thermolysis of 
1 ,%-dioxetanes has suggested a biradical or biradicaloid 
decomposition route, but direct evidence for a biradical 
intermediate has been lacking. We now report the trap- 
ping of a 1,Gdioxybutane biradical in the thermolysis of 
3,3-dimethyl-l,2-dioxetane, where the lifetime is estimated 
to be in the range of 30-75 ps. Attempts to trap biradicals 
from the thermolysis of trimethyl- and tetramethyl-1,2- 
dioxetane were unsuccessful, and it was estimated that the 
maximum lifetimes of these biradicals were 7 ps. 

Sir: There has been a growing interest in biradicals and 
their detection as intermediates in chemical and photo- 
chemical reactions.' Considerable evidence has been 
presented for 1,6butane biradicals that are produced in 
the Norrish Type I1 photolysis of ketones.2 The 1,4-bu- 
tane biradical has also been postulated as intermediate in 
the thermal decomposition of cyclobutanes, based on ki- 
n e t i c ~ ~  and the cis/trans isomerization of substituted cy- 
c l~butanes .~  In the thermolysis of 1,2-dioxetanes, a 

(1) (a) Salem, L.; Rowland, C. Angew. Chem., Int. Ed. Engl. 1972,11, 
92. (b) Diradicals; Borden, W. T., Ed.; Wiley: New York, 1982. (c) 
Michl, J.; Bonacic-Koutecky, V. Tetrahedron 1988,44,7559. 

(2) (a) Saltiel, J.; Atwater, B. W. Adu. Photochem. 1988, 14, 1. (b) 
Scaiano, J. C.; Wagner, P. J. J.  Am. Chem. SOC. 1984, 106, 4626. (c) 
Scaiano, J. C. Acc. Chem. Res. 1982,16,252. (d) Caldwell, R. A.; Majima, 
T.; Pac, C. J.  Am. Chem. SOC. 1982,104,629. 

(3) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New 
York, 1976. 

(4) Gerberich, R.; Walters, W. D. J. Am. Chem. SOC. 1961,83, 3935; 
1962,84, 4884. 
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stepwise mechanism has been proposed where l,4-dioxy- 
butane biradicals are postulated intermediates! However, 
it has also been suggested that dioxetanes undergo ther- 

(5) (a) Richardson, W. H.; Anderegg, J. H.; Price, M. E.; Crawford, R. 
J.  Org. Chem. 1978,43,4045. (b) Richardson, W. H.; Anderegg, J. H.; 
Price, M. E.; Tappen, W. A.; ONeal, H. E. Zbid. 1978, 43, 2236. (c) 
Richardson, W. H.; Montgomery, F. C.; Sluaaer, P.; Yelvington, M. B. J. 
Am. Chem. SOC. 1975,97,2819. (d) Richardson, W. H.; Montgomery, F. 
C.; Yelvington, M. B.; ONeal, H. E. Zbid. 1974,96,7525. (e) Richardson, 
W. H.; Yelvington, M. B.; ONeal, H. E. Ibid. 1972,94, 1619. (0 Koo, 
J.-Y.; Schuster, G. B. J. Am. Chem. SOC. 1977,99,5403. (9) Hom, K. A.; 
Koo, J.-Y.; Schmidt, S. P.; Schuster, G. B. Mol. Photochem. 1978-79,9, 
1. (h) Wilson, T.; Golan, D. E.; Harris, M. S.; Baumstark, A. L. J. Am. 
Chem. SOC. 1976,98,1086. (i) Harding, L. B.; Ooddard, W. A., I11 Ibid. 
1977, 99,4520. 6)  Schaap, A. P.; Gagnon, S. D.; Zaklika, K. A. Tetra- 
hedron Lett. 1982,23, 2943. (k) Baumstark, A. L.; Dunams, T. J. Org. 
Chem. 1982,47,3754. (1) Kopecky, K. R.; Lockwood, P. A.; Gomez, R. 
R.; Ding, J.-Y. Can. J. Chem. 1981, 59, 851. 
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molysis in a concerted fashion with biradical character in 
the transition state! As yet, direct evidence for biradical 
intermediates in the thermolysis of dioxetanes has not been 
reported. From trapping experiments with a H-atom do- 
nor, we now report evidence for the 1,4-dioxybutane bi- 
radical intermediate in the thermolysis of 3,3-dimethyl- 
1,2-dioxetane (1). 

Thermolysis of some simple methyl-substituted dioxe- 
tanes in the presence of 1,4-cyclohexadiene as hydrogen 
atom donor was studied. 1,4-Cyclohexadiene was selected 
as an oxy-radical trap, since it is among the best of the 
hydrogen atom donors,' and it should not enter into redox 
reactions with the dioxetanes as would donors such as 
mercaptans.8 Possible reactions and products in the 
thermolysis of 3,3-dimethyl-1,2-dioxetane (1) with a hy- 
drogen atom donor are shown in Scheme I. In this ex- 
ample, acetone and formaldehyde are the normal products 
that are formed in the absence of an excellent hydrogen 
atom donor solvent. In the presence of such a solvent, for 
example 1,4-~yclohexadiene, possible trapping products 
of biradical3 are 2-methyl-l,2-propanediol (2), isopropyl 
alcohol, and methanol. When dioxetane 1 (0.00379-0.0758 
M) was decomposed at  50.0 "C for 5.0 h (ca. 10 half-lives) 
in aerated 1,4-cyclohexadiene as the solvent (10.6 M), 
acetone and glycol 2 were the only products observed by 
GC analysis. The formation of glycol 2 was confirmed by 
MS/GC analysis. Peaks were not detected a t  the glycol 
2 retention time when dioxetane was omitted or when 
dioxetane 1 (0.0379 M) was decomposed in benzene under 
the same conditions. In the latter case, a 99% yield of 
acetone was observed. 

Since glycol 2 could be formed as shown in Scheme I or 
by induced decomposition of the dioxetane, the initial 
concentration of dioxetane was varied in order to distin- 
guish these processes. The yields of glycol 2 a t  various 
initial dioxetane concentrations are given for decomposi- 
tions in 1,4-cyclohexadiene solvent at  50 "C for 5.0 h: 

13.7% (0.0379 M), 17.7% (0.0531 M), and 18.2% (0.0758 
M). A plot of these data, with a least-squares fit line, is 
shown in Figure 1. Even with a consideration for error 
in the intercept, it is clear that glycol 2 is produced as the 
dioxetane concentration approaches zero and thus where 
no bimolecular induced decomposition occurs. The 9.6% 
yield of 2, obtained by extrapolating to zero dioxetane 
concentration, represents the yield of glycol associated with 
the unimolecular decomposition of the dioxetane. Since 
it was shown that glycol 2 is not formed in the absence of 
the 1,4-cyclohexadiene hydrogen atom donor, trapping of 
the biradical3 as shown in Scheme I is the mast reasonable 
explanation for the generation of 2 as dioxetane concen- 
tration approaches zero. 

From the yield of glycol 2 and acetone, along with a 
value for H-atom abstraction from 1,4-cyclohexadiene by 
tert-butoxy radicals? the lifetime of biradical3 (7 = 1/k2) 
can be calculated with the aid of eq 1 and 2. The u's are 
rates, [RH] is cyclohexadiene concentration (10.6 M), and 

9.85% (0.00379 M), 10.8% (0.0152 M), 14.4% (0.0303 M), 

Communications 

(6) (a) Adam, W.; Baader, W. J. J. Am. Chem. SOC. 1985,107,410. (b) 
Turro, N. J.; Lechkten, P.; Shore, N. E.; Schuster, G. B.; Steinmetzer, 
H.-C.; Yekta, A. Acc. Chem. Res. 1974, 7, 97. 

(7) (a) Paul, H.; Small, R. D.; Scaiano, J. C. J. Am. Chem. SOC. 1978, 
100, 4520. (b) Hendry, D. G.; Mill, T.; Pizkiewicz, L.; Howard, J. A,; 
Eigenmann, H. K. J. Phys. Chem. Ref. Data 1974, 3,937. 

(8) Adam, W.; Epe, B.; Schiffmann, D.; Vargas, F.; Wild, D. Angew. 
Chem., Int. Ed. Engl. 1988,27, 429. 

(9) The absolute rate constant for H-atom abstraction from 1,4- 
cyclohexadiene by tert-butoxy radical is calculated to be 6.79 X 1O's-l 
at 50.0 "C from activation parameters that were kindly supplied to us by 
Dr. J. C. Scaiano. 
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Figure 1. Percent yield of glycol 2 vs initial concentration of 
dioxetane 1, where the least-squares equation is: % yield glycol 
2 = (126 A 19)[dioxetane l],, + (9.55 * 0.82), r = 0.958, S,,= = 
fl.l% yield glycol 2. 

k ,  (1.36 X lo8 s-l at 50.0 "C) is twice the value for H-atom 
abstraction from l,4-cyclohexadiene by tert-butoxy radical. 

(% yield acetone) - k2[3 ]  u(acetone)/u(glycol) = - 
(% yield glycol) k,[3] [RH] 

(1) 
k,( % yield acetone) [RH] 

(% yield glycol) k2 = (2) 

With these data, the lifetime of the biradical3 is calculated 
to be 75 ps. Calculation of T by eq 2 assumes that acetone 
is not produced from radical 4. This is a reasonable as- 
sumption, since the companion product methanol in this 
possible reaction is not observed. This estimate of the 
lifetime of biradical3 assumes that the tert-butoxy radical 
serves as a good model for the rate of hydrogen atom 
abstraction from either the tertiary or primary alkoxy 
radical site in 3. In fact, the rate of hydrogen atom ab- 
straction by tertiary alkoxy radicals is reported to be 2- 
to 4-fold slower than primary alkoxy radicals a t  27 
If an account is made for this difference between rates of 
tertiary and primary alkoxy radicals, the estimated lifetime 
of biradical 3 is decreased to 30-50 ps. 

Similar trapping experiments were performed with 
trimethyl- and tetramethyl-1,2-dioxetane in 1,4-cyclo- 
hexadiene solvent. In neither instance was the corre- 
sponding glycol detected by GC analysis." At the highest 
dioxetane concentration (0.04 M), we estimate that a 1 % 
yield of glycol could be detected, but this is a t  our de- 

(10) Mendenhall, G. D.; Stewart, L. C.; Scaiano, J. C. J. Am. Chem. 
SOC. 1982,104, 5109. 

(11) The decomposition of tetramethyl-l,2-dioxetane in degassed 1,4- 
cyclohexadiene wm studied earlier, where the reported products were 
acetone and other products derived from excited s t k e  acetone (isopropyl 
alcohol, benzene, l,4-dihydrocumyl alcohol, and tetrahydrobiphenyls). 
There was no mention of an analysis for pinacol.12 

(12) Barlett, P. D.; Baumstark, A. L.; Landis, M. E. Red. Trau. Chim. 
Pays-Bas 1979,98, 104. 
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tectability limits. If it is assumed that 1% or less yield 
of glycol could be undetected a t  0.04 M dioxetane con- 
centration, then the maximum lifetime of the biradicals 
derived from trimethyl- and tetramethyl-1,2-dioxetane is 
calculated to be 7 ps from eq 2. 

These results show that certain 1P-dioxy biradicals may 
be discrete intermediates in the thermolysis of dioxetanes. 
However, even the more stable of these biradicals are very 
short lived. With increased methyl substitution, the tri- 
methyl- and tetramethyl-1,4-dioxybutane biradicals cannot 
be trapped with 1,4-~yclohexadiene, and the lifetime is 7 
ps or less. With an estimated vibrational lifetime of 0.1 
ps for a 1,Cdioxybutane biradical, based on the C-C 
stretching frequency, the trimethyl- and tetramethyl- 

substituted biradicals may or may not be true interme- 
diates. I t  is interesting to note that the 1,4-dioxybutane 
biradicals have much shorter lifetimes than the corre- 
sponding carbon-centered biradicals. For example, car- 
bon-centered 1,Cdiyls produced in photochemical reactions 
of ketones are estimated to have lifetimes in the micro- 
second to nanosecond region.2 
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The use of samarium/mercury amalgam in conjunction with diiodomethane or chloroiodomethane to generate 
samarium carbenoids for the efficient cyclopropanation of allylic alcohols is discussed. These hydroxyl-directed 
cyclopropanations occur under mild conditions and allow a wide range of substitution about both the olefin and 
the carbinol carbon in allylic alcohol substrates. High yields and high diastereoselectivitiea are observed for many 
substrates. 

The cyclopropane structural unit is found in many 
naturally occurring substances and is often incorporated 
into other synthetically derived compounds of biological 
interest, including steroid analogues.2 In addition, 
diastereoselectively generated cyclopropanes have proven 
to be useful synthons for further transformation to ster- 
eodefined cyclic and acyclic  compound^.^ 

The most widely recognized methodology for the ste- 
reoselective generation of cyclopropanes is the Simmons- 
Smith reaction, which has a proven record of ~erv ice .~  
While the Simmons-Smith cyclopropanation procedure 

(1) Alfred P. Sloan Foundation Fellow, 1987-91. 
(2) (a) Breckenridge, R. J.; Suckling, C. J. Tetrahedron 1986,42,5665. 

(b) B m k e ,  J. Chem. Ber. 1979,112,1606. (c) Josh,  J.; Fajkos, J. Collect. 
Czech. Chem. Commun. 1984,49,157. (d) Arai, Y.; Konno, M.; Simoji, 
K.; Konishi, Y.; Niwa, H.; Toda, M.; Hayaahi, M. Chem. Pharm. Bull. 
1982, 30, 379. (e) Nicolaou, K. C.; Petasis, N. A.; Seitz, S. P. J.  Chem. 
SOC., Chem. Commun. 1981,1195. ( f )  Suckling, C. J. Angew. Chem.,Int. 
Ed. Engl. 1988, 27, 537. 

(3) (a) Mash, E. A.; Nelson, K. A. Tetrahedron 1987,43,679. (b) Still, 
W. C.; Collum, D.; Mohamadi, F. J. Am. Chem. SOC. 1986,108,2094. (c) 
Mash, E. A.; Nelson, K. A. J. Am. Chem. SOC. 1985,107,8256. (d) Arai, 
I.; Mori, A.; Yamamoto, H. J. Am. Chem. SOC. 1985,107, 8254. 

(4) (a) Simmons, H. E.; Smith, R. D. J.  Am. Chem. SOC. 1959,81,4256. 
(b) Hill, R. K.; Morgan, J. W. J. Org. Chem. 1968,33,927. (c) Sawada, 
5.; Takehana, K.; Inouye, Y. J. Org. Chem. 1968,33,1767. (d) Sawada, 
S.; Oda, J.; Inouye, Y. J.  Org. Chem. 1968,33, 2141. (e) Poulter, C. D.; 
Friedrich, E. C.; Winstein, S. J. Am. Chem. SOC. 1969, 91, 6892. (f) 
Simmons, H. E.; Cairns, T. L.; Vladuchick, S. A.; Hoiness, C. M. Org. 
React. (N.Y.) 1973, 20, 1. (8) Ratier, M.; Caataing, M.; Godet, J.-Y.; 
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OO22-3263/89/ 1954-3525$01.50/0 

is generally quite effective, it  suffers from both harshness 
and inconvenience due to the inhomogeneity of the reac- 
tion mixture and low reactivity of zinc metal. For example, 
reaction times approaching 60 h in boiling ethyl ether are 
required in some cases.& Variations of the zinc-promoted 
Simmons-Smith reaction have been introduced with some 
success. The Furukawa modification utilizing diethylzinc 
as a reductant has proven useful in many cases: as has the 
protocol of Yamamoto, which employs triethylaluminum 
and diiodomethane! The pyrophoric nature of diethylzinc 
and triethylaluminum utilized in these procedures renders 
them somewhat less attractive. Recently, dichlorocarbene 
reactions have been demonstrated to be highly diastereo- 
selective.' However, this strategy and the Seyferth 
methodolog? both suffer from the need for subsequent 
reduction of the halocyclopropanes produced in the reac- 
tion in cases where unfunctionalized cyclopropanes are 
desired. Thus, despite the many advantages of these ex- 
isting methods, there still appears a need for methodology 
capable of producing variously substituted cyclopropanes 
in an even more highly selective fashion. Earlier we re- 
ported on the use of samarium amalgamldiiodomethane 
to cyclopropanate allylic alcohols in high yields, often with 

(5) (a) Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron 1968, 
24,53. (b) Kawabata, N.; Nakagawa, T.; Nakao, T.; Yamashita, S. J.  Org. 
Chem. 1977,42,3031. . (6) Maruoka, K.; Fukutani, Y.; Yamamoto, H. J. Org. Chem. 1985,50, 
4412. 

(7) Mohamadi, F.; Still, W. C. Tetrahedron Lett. 1986,27, 893. 
(8) Seyferth, D.; Mai, V. A. J.  Am. Chem. SOC. 1970, 92, 7412. 
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