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One of the unsolved puzzles of organic photochemistry has been 
the efficient formation of benzocyclobutenols from 2,6-dialkyl-
phenyl ketones but not from simple o-alkylphenyl ketones.1 It 
has been commonly assumed that oalkyl ketones form only enols, 
which revert to ketone or can be trapped by various dienophiles,1 

although a couple of compounds were reported to provide ben
zocyclobutenols in low yield.2,3 We report that a variety of o-alkyl 
ketones do in fact form cyclobutenols efficiently, quantitatively, 
and often stereoselectively and that the mechanism involves 
thermal electrocyclic closure of the initial dienol photoproducts. 

Scheme I depicts several acetophenones that we have found to 
yield benzocyclobutenols as the major or only photoproducts upon 
irradiation of dilute ketone with wavelengths >290 nm.4 In all 
cases a single diastereomer was produced.5 NOE analysis of 
cyclobutenol 2a indicated the E stereochemistry,6 as did the 
concentration dependence of the OH signals in both IR and NMR 
spectra. (The Z isomers presumably would be internally hydrogen 
bonded.) Heating the alcohols at 80 0C or higher converts them 
quantitatively to the starting ketones, as has been observed for 
a wide variety of benzocyclobutenols.3'7"9 This observation 
confirms Wilson's suggestion that dienol formation probably had 
been overlooked in the past because gas chromatographic analysis 
would thermally open the cyclobutenols.3 It also confirms the E 
stereochemistry of 2a, since the Z isomer would not open thermally 
at low temperatures.7 

We have also studied several benzophenones. o-Methyl-
benzophenone forms cyclobutenol with no evidence for the other 
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Scheme I 

06-- ox: 
l a X = H, R = OCH3 2 
l b X = H, R - OCH2CH=CH2 

I c X = H, R - OCH2CH2CH=CH2 

I d X = F , R = CH2CH2CH=CH2 

l a X = H, R = H 

products reported by Wilson.3 o-Ethylbenzophenone forms the 
(£)-cyclobutenol quantitatively with no trace of the Z isomer in 
a quantum yield estimated as 0.5.10 The same single isomer was 
obtained in acetonitrile solvent. In CD3OD used as received, no 
photoproduct was observed by NMR, but efficient benzylic H-D 
exchange"12 took place as evidenced by disappearance of the 
methylene quartet and collapse of the methyl triplet to a broad 
singlet with unresolved deuterium coupling. Adding methanol 
to solutions containing benzocyclobutenol caused no change, so 
this NMR solvent prevented formation of cyclobutenol. 2,4,6-
Triethylbenzophenone also gives only the (i^-cyclobutenol in 
benzene, acetonitrile, and methanol-*/,,. 

R = H or Et 

Early workers disagreed over whether dienol is formed from 
cyclobutenol1 or cyclobutenol from dienol.13 The former seems 
unlikely, since it is hard to imagine why a triplet biradical, known 
to be the first product in these reactions,1415 would directly cyclize 
only to the less stable cyclobutenol. Nonetheless, we sought firmer 
evidence. If cyclobutenols were formed before the dienols, irra
diation of ketones in the presence of additives that react with the 
dienols would not quench cyclobutenol formation. However, 
benzene-(/6 solutions containing la, o-ethylbenzophenone, or 
2,4,6-trimethylbenzophenone and one crystal of p-toluenesulfonic 
acid (~ 0.005 M) produce no benzocyclobutenol after hours of 
irradiation. Valerophenone in benzene containing acid reacts 
completely after 15-min irradiation; so added acid does not destroy 
the ketones' intrinsic photoreactivity.16 Addition of the same 
amount of acid to solutions containing only benzocyclobutenol 
causes very slow E/Z interconversion17 with only trace reversion 
to ketone. (After several days the Z:E ratio stabilized at 7:3.) 
Since the cyclobutenols are stable to acid while the dienols are 
rapidly converted to ketone by acid, we conclude that all cyclo
butenol formation must occur from the first-formed dienols. 

It is well-known that both E and Z enols are formed from the 
triplet ketones.1415 The latter undergo a very rapid 1,5-sigmatropic 
H shift to regenerate ketone,16 while the former live for as long 
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as a few seconds unless trapped with dienophiles or acid.14,15'18 

Since only the E enols are trapped by dienophiles,1 we assume 
that they also are the ones that rearrange to cyclobutenol. 

Matsuura studied the cyclization of 2,4,6-triethylacetophenone 
and -benzophenone.13 The former gave only the E product, as 
we have observed for all ketones studied. The latter gave different 
amounts of E and Z products depending on solvent, in contrast 
to our findings. Matsuura suggested that cyclobutenols are formed 
by stereospecific conrotatory cyclization of the dienols, with 
product distribution reflecting the distribution of the possible enols. 
Our results appear to corroborate this mechanistic picture for both 
o-alkyl and 2,6-dialkyl ketones, except that only one of the two 
possible E enol products is formed. Since Matsuura analyzed the 
cyclobutenols after workup, we strongly suspect that some acid-
catalyzed E - • Z isomerization took place. We presume that the 
reaction quenching that we observed in unpurified methanol is 
caused by typical acid impurities" trapping dienols before they 
can rearrange. 

Why is only one E enol apparently formed? The overall re
action is known to occur by triplet-state 7-hydrogen abstraction20 

that yields a triplet 1,4-biradical, which coincidentally happens 
to be the triplet of the enol product.14,15 We invoke the common 
assumption that the biradical triplet enol resembles a triplet diene21 

in having one conjugated benzylic radical site and one twisted 90° 
out of conjugation. The biradicals are quite long-lived1415 and 
apparently can undergo facile coupled rotation about both ring-
benzylic carbon bonds; otherwise Z and E enols could not both 
be formed.14'15 The E enol that thermally produces the observed 
cyclobutenols clearly is the less congested E enol. We conclude 
that the biradical assumes a conformation with the a-methyl site 
conjugated and the hydroxy site twisted before intersystem crossing 
to ground-state enol occurs. In the benzophenone-derived systems, 
the second benzene ring can stabilize the hydroxy radical site, as 
has been observed in other biradicals.22 In the acetophenone-
derived systems, conjugation of the hydroxy radical with the 
oxygen lone pair may be sufficient to fix the twisting preference. 
Whatever the exact cause, the observed stereoselectivity of cy
clization indicates that the methyl radical site has time to assume 
its more stable geometry before biradical decay. 

periments to define the generality and mechanistic causes of the 
diastereoselectivity already observed. 

An alternative possibility is that the other E enol also is formed 
but closes to cyclobutenol much more slowly, so that it is com
pletely trapped by trace acid. It is well-known that there is a much 
larger barrier to the interconversion of cyclobutenes and dienes 
that have terminal alkyl or alkoxy groups pointed in.23 Therefore 
the possibility that the observed diastereoselectivity of cyclobutenol 
formation represents vastly different rates of closure of isomeric 
E enols cannot be dismissed. We are conducting additional ex-
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v. slow 1 

This picture of dienol behavior is in accord with the general 
belief that steric congestion favors cyclobutenol formation.1,13 The 
rate at which the first-formed dienol closes to cyclobutenol pre
sumably is greatly increased by additional buttressing o-alkyl 
groups, since the two benzylic centers cannot both lie coplanar 
with the benzene ring. The fact that such cyclobutenols are much 
more stable thermally than those from monoalkyl ketones also 
demonstrates the effect of steric congestion of dienol energy. The 
difficulty in detecting transient intermediates in these congested 
systems15 also may be due to unusually short-lived enols. The fact 
that 2,4,6-triethylbenzophenone cyclizes in the same methanol 
that totally quenches the cyclization of o-ethylbenzophenone is 
further evidence for sterically enhanced reactions of the inter
mediate dienols. 
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Group 16 elements have a very rich coordination chemistry with 
transition metals.1 They form an enormous number of metal 
complexes of both theoretical and practical interest. Though sulfur 
has been the most heavily investigated member of the group,2 we3 

and others4 have recently extended this work to selenium and 
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