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Abrrmct: lhe photo&anical q&addition reaction between 2-cyciopstuenone and alkne in tokens at -78% ykLk cyckbtttatw 
a&m with head-to-head and held-to-roil r&&mistry in a mtio @?&12. In the presence of high concentrations of h@vgen 
s&aide the three 1,4-bimiical intemwdiates inwhd in the photocycka&iition reaction atv quantitatively mzpped in the ratio 
6x99:3. me dombwtt biraavcwl intm is dmiwd@otn bonding #he enone 2-pasition to one of the alhe tambtal carbotu 
~&~~~~~~,.~‘llLydooddUd;n~~~~~~~nlcnldsrhtbindicPIrhrr$ora~~ 
mwts to gtvta# state statibtg matmiak. lhe bimdkalJmtwd in i+t amount is deriwdJ%vm bonding gfthe ettotte 3-position 
to one qf the tvinal &as of the alkne. whik + third bbmdical is daiwdj%vm bonding of the enone 2-position to the central 
ca&on of alkne; both of these biradkuk &se to ykM the head-to-hmi cydoa&ct t@mmer. 

The photochemical cycloaddition of alkne to 2-cyclopentenone yields cyclobutane adducts with 
preferential head-to-head regiochemistry (Scheme 1). * This is in contrast to the preferemial head-to-tail 
orientation of addition to cyclic enones observed with the majority of mono-substituted all~enes.~ The allene 
reaction therefore offers a method of control of regiochemistry for synthetic applications of the 
photocycloaddition reaction of cyclic enones with alkenes.’ 

scHEME1 

head-to-head head-to-tail 

The origin of the regioselectivity and the mechanism of the allene photocycloaddition reaction with 
cyclic enones have been the subject of some debate. By analogy with the corresponding reaction with simple 
alkenes it is generally assumed that the addition occurs from the enone triplet excited state and proceeds via 
triplet 1,4-biradical intermediites formed by bonding of an allene carbon to either the 2-position or the 3- 
position of the enone. The structures of the biicals that could, in principle, be intermediates are shown 
in Scheme 2. Biradicals 1 and 4 are the possible precursors of the head-to-tail cycloadduct, while biiicals 
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2 and 3 are the possible precursors of the head-to-head cycloadduct. Each of these biradical intermediates 
could be formed at different rates, and hence to different extents. In addition, following spin inversion each 
could proceed to products or revert to ground state starting materials with different effk5ency. Thus, the 
overall reaction regiochemistry could depend either on the relative rates of formation of the biradiis l-4, 
or on the relative efficiencies with which they close to product in competition with dissociation to the ground 
state ‘precursors. Possibly both of these &tots couid be important in determining the reaction 
regiochemistry. 

SCHEME 2 

1 2 3 4 

In order to explain the stereochemical outcome of the photccycloaddition reaction between 
cyclohexenones and allene Wiesner proposed9 some years ago that in the enone excited state the /I-carbon (i.e. 
the carbon in the S-position) becomes pyramidal while the ar-carbon (i.e. that in the 2position) remains 
trigonal; product formation then proceeds by interaction of the allene x-system with the exposed .$ lobe of 
the pyramidalixed carbon. Since the head-to-head cycloadduct predominates, this proposal implies that 
biical3 must be formed faster than bira$cal4, and that biradicals 1 and 2 are not important intermediates. 
Elsewhere the possibility has been discussed ‘“~‘*~‘2 that the reaction might also proceed by attack of the enone 
excited state at the central carbon of the allene, to produce b&dicals 2 and 4, rather than attack at one.of the 
terminal carbons to give biradicals 1 and 3. However, it has been pointed out’411 that a variety of.radicals 
show a high to moderate preference for attack at the terminal carbons of allene and that this therefore may 
also be the case for attack by the triplet excited state of a cyclic enone; if this were so then the head-to-head 
and head-to-tail cycloadducts would tend to be derived from biradicals 3 and 1, respectively. 

It has recently been shown that the biiicals involved as intermediites in the photocycloaddition of 
a variety of alkenes to cyclopentenone&” and to N-acylindoldO” can be trapped quantitatively by hydrogen 
selenide, which acts as a fast hydrogen atom donor for reduction of the radical centres. Application of this 
technique to the photocycloaddition reaction of 2-cyclopentenone with allene could reveal how much of each 
of the biradicals l-4 are formed and hence reveal the origin of the regioselectivity of the reaction. 
Accordingly, we have examined, the photoaddition of allene to%cyclopentenone in toluene at -78°C in the 
presence and absence of varying concentrations of hydrogen selenide (TOXIC’s).16 In the absence of 
hydrogen selenide the head-to-head and head-to-tail cyclobutane adducts shownin Scheme 1 were obtained 
as the only products in a ratio of 88: 12. In the presence of sufficient amour@ of hydrogen selenide the 
formation of cycloadducp was completely suppressed and instead compounds 5-7 were obtained as the only 
photochemical products. Compounds 5-7 were formed in the ratio 68:29:3 and are presumed to arise from 
reduction of biiicals l-3, respectively; none of the product of trapping of biradical4, i.e. compound 8, was 
detected. The formation of compounds 5 and 7, and the absence of 8, was confirmed by g.c. and g.c.-m.s. 
comparison with authentic samples prepared by unambiguous routes.*’ The identification of compound 6 was 
continued by conversion (by oxonolysis) to 2-acetylcyclopentanone and. comparison with an authentic sample, 
and by rearrangement. to 2Gsopropylidenecyclopentanone. 
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IIre relative yields of 5-8 are a diit measure of the relative amounts of the biradicals l-4 formed in 

the photocycloaddition of allene to cyclopentenone, and of their relative rates of formation by interaction of 
the enone excited state with allene. Therefore the relative yields of g-8 indicate that the initial bond formed 

between the enone triplet excited state and the allene is overwhelmingly to the 2-position of the enone. This 
is in contrast to the situation found for photocycloaddition of simple, non-cumulated alkenes to cyclopentenone 
where little selectivity between the 2- and 3-positions is seen in the initial step leading to biradical 
formation.**” The preferential formation of product 5 over 6 indicates that attack of the enone triplet on an 
allene terminal carbon to give biradical 1 is faster than attack at the central carbon to give biradical2. This 
is consistent with the preference seen for the attack of many radicals on allene.lO*ll This preference is 

somewhat surprising given that 2 possesses an ally1 radical and might be expected to be mare stable than 1, 
which possesses a vinyl radical. However, it has been calculated” that addition of radicals to the central 
carbon of allene is a higher activation energy process than addition to one of the terminal carbons. It is 
interesting to note that the ratio of 96 is close to the statistical product ratio expected if attack of the enone 
triplet excited state at the central and the terminal carbons of allene were to occur at the same rate. 

SCHEME 3 

allene/H$e 

5 (68%) 6 (29%) 7 (3%) 

0 

-I- 

% 

8 (0%) 

The total yield of 2 and 3, which are the precursors of the major, head-to-head adduct is lower than 
that of 1, which is the precursor of the minor, head-to-tail adduct. This implies that following spin inversion 
1 preferentially reverts to ground state starting materials while 2 and 3 are more prone to close to product. 
Therefore, as is also the case for the addition of mono-substituted alkenes to cyclopentenone,l”3 the 
mgiochemistry ofthe photocycloaddition with allene is de&mined by the fates of the intermediate biradicals 
and not by their relative rates of formation. 

The use of lower concentrations of hydrogen selenide rest&d in incomplete suppression of photoadduct 
formation. For example, when the hydrogen selenide concentration was circa 2 M the ratio of the total 
amount of cycloadducts formed to the total amount of trapped product was 30~70, in addition, the ratio of 
head-to-head to head-to-tail cycloadduct was 60~40 (compared with 88: 12 in the absence of hydrogen selenide) 
and the trapped product ratio 5:6:79 was 0:70:3&O. This suggests that biradicals 2 and 3 may have similar 
lifetimes which ate considerably longer than that of 1. 

We am cumntly attempting to trap the biradical intermediites in the photocycloaddition reaction of 
2cyclohexenone and 2-cyclopentenone withnlkyl-substituted rillenes, and of 2-cyclohexenone with allene itself 
in order to determine the effect of structure on the selectivity of biradical formation and also to correlate this 
with the regiochemistry of the cycloaddition reaction. 
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