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We have reported that remote double bonds undergo photo-
induced [2 + 2] ortho cycloaddition to acylbenzenes, which is 
followed by several thermal and photochemical electrocyclic 
rearrangements.1-2 The initial bicyclo[4.2.0]octa-2,4-diene pho-
toproduct thermally opens to a cyclooctatriene, which further 
photocyclizes to a bicyclo[4.2.0]octa-2,7-diene. The reactions 
show high regioselectivity for ring substituents3'4 and high 
diastereoselectivity for tether substituents.5 Efficient cis -* trans 
isomerization of the double bond1 occurs with # = 0.27 and is 
thought to represent the cleavage of 1,4-biradical intermediates 
that is characteristic of other triplet [2 + 2] photocycloadditions6'7 

and of Norrish type II reactions.8 The observed diastereoselec­
tivity has also been explained in terms of conformational 
preferences during biradical formation and closure.5 By incor­
porating a cyclopropylcarbinyl radical clock in this reaction, we 
have now confirmed the intermediacy of a 1,4-biradical, shown 
that it cyclizes very slowly, and observed what appears to be a 
rare tandem biradical cyclization process. 

The rapid opening of cyclopropylcarbinyl radicals to allyl-
carbinyl radicals is well-known in free radical chemistry and has 
been widely used as a kinetic clock9'10 and as a mechanistic probe 
for radical and biradical11 intermediates. Such isomerization 
has been observed in the [2 + 2] photocycloadditions of enones6'12,13 

and of ketones14 to double bonds, as well as in a host of other 
photogenerated biradicals.15 We prepared the cyclopropyl-
substitutedp-(butenyloxy)acetophenone 1 as a 1.5:1 trans/cis 
mixture.16 Methanol solutions of 1 were irradiated at wavelengths 
>290 nm." Reaction progress was monitored by NMR, which 
showed that the cyclopropyl ring disappeared in parallel with the 
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Scheme 1 

phenyl ring of 1. Three primary products were formed, which 
were assigned the following isomeric structures: the para adduct 
2,18 the polycyclic ketone 3 ," and the ortho adduct 4.20 At 100% 
conversion they were produced in the proportion of 5:3:1, 
respectively, with twice as much 2 at low conversion. A typical 
trans vinyl proton coupling constant (16 Hz), a pair of cis vinyl 
proton coupling constants typical of six-membered rings (11.1 
and 10.2 Hz), and a pair of JF-proton coupling constants (2.4 and 
2.1 Hz) identify 2 as having a cyclohexa-l,4-diene skeleton and 
a ring containing a trans double bond. Unfortunately, 2 is quite 
unstable. It decomposed slowly just sitting and rapidly during 
chromatography and could not be isolated; so its structure is 
based on its nearly symmetric NMR spectrum as the major 
component in the mixture of products. The second major product 
was assigned as 3 by its simple AB quartet for vinyl protons, its 
13C-NMR DEPT spectrum, and its nonconjugated carbonyl.21 

The minor product was assigned as the tricyclic triene 4 from its 
five vinyl resonances with ./values characteristic only of cis double 
bonds. Three of the vinyl signals are very similar to those in the 
bicyclo[4.2.0]octa-2,4-diene structures normally obtained in such 
systems.5 No product with a cyclopropyl group and none of the 
characteristic vinyl resonances for 7 or its expected electrocyclic 
rearrangement products were ever evident during irradiation. 

(18) 2: 1H NMR (CD3OD) S 1.87 (m, 2H), 2.03 (s, 3H), 2.07 (m, 2H), 
2.20 (m, 2H), 2.31 (m, IH), 3.94 (ddd,/= 15.4,10.8,9.1Hz, 1H),4.03 (ddd, 
/ = 15.4, 8.5, 6.8 Hz, IH), 5.03 (dd, / = 16.0, 9.3 Hz, IH), 5.51 (dddd, / 
= 16.0, 11.5,9.3,2.8 Hz, IH), 5.69 (dd,/ = 11.1,2.1 Hz, IH), 5.74 (dd, / 
= 11.1,2.4Hz, IH), 5.85 (dd , /= 10.2,2.1 Hz, IH), 5.94 (dd , /= 10.2,2.4 
Hz, IH). 

(19) 3: 'H NMR (CDCl3) S 1.49 (dddd, J = 12.6, 9.2, 6.2, 3.0 Hz, IH), 
1.59(ddd,/ = 12.3,9.1,3.0Hz, IH), 1.71 (ddd,/ = 12.6,9.1,7.1 Hz, IH), 
2.02 (ddd, / = 9.7, 6.5, 1.9 Hz, IH), 2.04 (dd, / - 1.6, 0.9 Hz, IH), 2.07 
(ddd, / = 12.3, 9.2, 7.1 Hz, IH), 2.10 (dd, / = 6.2, 1.0 Hz, IH), 2.16 (s, 
COMe), 2.19 (dd , /= 7.1, 6.5 Hz, IH), 2.44 (ddt , /= 9.7,9.1, 6.7 Hz, IH), 
2.55 (dd, / = 6.5, 1.0 Hz, IH), 2.77 (ddd, / = 9.7, 1.9, 1.6 Hz, IH), 3.95 
(ddd, /= 11.7, 6.7, 6.5 Hz, IH), 3.97 ( d d , / = 11.7,6.7 Hz, IH), 5.52 (dd, 
/ = 9.9, 1.6 Hz, IH), 5.86 (dd, / = 9.9, 0.9 Hz, IH); 13C NMR (CDCl3, 
DEPT) S 24.5 (2°), 26.7 (2°), 27.8 (1°), 38.4 (2°), 44.4 (3°), 46.7 (3°), 47.0 
(3°), 47.6 (3°), 54.9 (3°), 59.1 (4°), 60.8 (2°), 84.8 (4°), 128.2 (3°), 134.0 
(3°), 210.2 (4°); IR 1709 cm-1; MS ro/z 230 (M+). 

(20) 4; 1H NMR (CDCl3) 5 1.59 (m, 2H), 1.72 (dddd, / = 14.8, 7.2, 5.0, 
3.6 Hz, IH), 1.83 (dddd, / = 14.8, 8.6, 6.6, 2.2 Hz, IH), 2.02 (m, 2H), 2.09 
(s, Me), 2.28 (ddd, / = 6.6,6.4, 3.6 Hz, IH), 2.87 (qdd, / = 8.0, 2.2,1.5 Hz, 
IH), 3.90 (ddd, /= 13.7,8.6,5.0Hz, IH), 4.11 (ddd, /= 13.7,7.2,2.2 Hz, 
IH), 5.16 (dd, / = 10.5, 6.4 Hz, IH), 5.52 (dd, / = 10.3, 1.5 Hz, IH), 5.63 
(ddd,/= 10.5,6.1, 2.0Hz, IH),5.70(d,/ = 8.0Hz, IH),6.26(dd,/= 10.3, 
1.5 Hz, 1 H); '3C NMR (CDCl3) S 25.4,26.7,30.9,34.8,46.7,52.7,68.0,84.6, 
124.7,127.6, 133.4,133.7, 133.9, 136.8,199.0; IR: 1683 cm-'; MS m/z 230 
(M+). 

(21) Product 3 is a solid but has not yet provided crystals suitable for X-ray 
analysis. No other isomer makes sense both mechanistically and thermody-
namically. 

0002-7863/94/1516-7945$04.50/0 © 1994 American Chemical Society 



7946 J. Am. Chem. Soc, Vol. 116, No. 17, 1994 

Scheme 2 

The mechanism presented in Scheme 1 shows how all three 
products might arise by ring opening of the suspected initial 1,4-
biradical 5 to a cis/trans mixture of the l,7(9)-biradical 6. The 
major product 2 is formed by para closure of tr-6 as a 1,9-biradical. 
Such a para addition is similar geometrically to the photoaddition 
of a diene to benzene.22 Minor product 4 is formed by ortho 
coupling of cis-6 as a 1,7-biradical. It seems reasonable that tr-6 
would cyclize only to a nine-membered ring, given the strain a 
trans double bond would cause in 4. It is not so evident why cis-6 
apparently cyclizes only to the seven-membered ring. The 
instability of 2 suggests that para coupling introduces significant 
ring strain. As a bicyclo[4.5.0]undecadiene, 4 is less strained 
than the bicyclo[4.2.0]octadienes normally formed by cyclization 
of biradicals like 5; this fact presumably explains why 4 does not 
undergo significant further electrocyclic rearrangement as 
observed for the initial [2 + 2] photoadduct of most o- and 
p-(alkenyloxy)acetophenones.1 We consider it highly unlikely 
that any of the observed products arise by secondary rearrange­
ments of 7, since none of the "usual" products were seen even at 
low conversion and since the cyclopropyl group is not on a double 
bond in the normal rearrangement products. 

The formation of 3 can be explained, as shown in Scheme 2, 
by a tandem biradical cyclization process obeying the "rule of 
five", comparable to reported tandem radical23'24 and biradical25'26 

cyclizations. The first step is a normally disfavored 5-endo 
cyclization, here greatly facilitated by the two frozen bonds of 
the spiro structure. Other modes of radical cyclization do not 
appear conformationally feasible. If we assume that 5 opens to 
6 with the same 2.3:1 trans/cis ratio measured for the opening 
of 1-cyclopropylethyl radical,27 we can conclude from the overall 
product ratio that 3 is formed from both tr-6 and cis-6. 
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Communications to the Editor 

The total quantum yield for formation of compounds 3 and 4 
was measured as 0.21.28 On the basis of product ratios, the 
quantum yield for formation of 2 drops from 0.50 to 0.26 between 
10 and 100% conversion. Assuming 100% efficient formation of 
1,4-biradical 5 from the triplet ketone, we conclude that about 
70% of the 1,4-biradicals 5 undergo rearrangement and only 30% 
revert to the starting ketone. Since the rate constant for opening 
of the model 1 -cyclopropylethyl radical to the allylcarbinyl radical 
is known to be 7 X 107 s-1,30 we can estimate that reversion of 
biradical 5 to 1 has a rate constant of ~3 X 107 s_1 and coupling 
to 7 has a value of <3 X 106 s_l. The low cyclization:reversion 
ratio for 5 is similar to that found for many 1,4-biradicals, 
including several that intervene in enone cycloadditions;31 the 
reasons are unclear, given that both processes require similar 
biradical conformations. Our earlier measurements indicated a 
roughly 50:50 cyclization/reversion ratio;1 the cyclopropyl group 
may disfavor cyclization sterically. If 5 did not rearrange, it 
would have a lifetime in the 35-ns range measured for many 
other 1,4-biradicals.32-34 In contrast, the 1,7(9)-biradical 6 could 
be much longer lived, since it apparently undergoes what may be 
a relatively slow endo 4-pentenyl radical cyclization.3S 

The 1,4-biradical 5 behaves like a monoradical in undergoing 
rearrangement and tandem cyclization.36 In terms of possible 
synthetic potential, the tandem cyclization illustrates both the 
main advantage and drawback of biradical vs radical rearrange­
ments: final trapping occurs exclusively by intramolecular 
coupling and thus is very clean; however, such coupling may 
interfere with internal monoradical cyclizations more than does 
traditional bimolecular trapping.23'37 
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