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Photocycloaddition of Enones to 1,3-Dienes

By TuoMas S. CANTRELL
(Department of Chemistry, Rice University, Houston, Texas TT7001)

Summary Tt has been shown that cyclic enones undergo THE photochemical annelation of cyclic enones with
2 + 2 cycloaddition to 1,3-dienes, frequently in high unactivated olefins, developed only within the past decade,
(0-1—0-3) quantum yield: this reaction appears to be has been the subject of much interest with regard to its
responsible for erratic results sometimes obtained when scope and mechanism.! It has been generally believed that
1,3-dienes are used as triplet quenchers. enones add to conjugated dienes either not at all, or, at
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best, very inefficiently,®® since the triplet states of 1,3-
dienes (E; 53—60 kcal) lie well below those of most enones
(Ep 66—70 kcal) and efficient collisional transfer of excita-
tion energy should occur, resulting in quenching of the
enone triplet. Indeed, a powerful tool in mechanistic
photochemistry has been the use of dienes such as penta-
1,3-diene and cyclohexa-1,3-diene as quantitative quenchers
of triplets of Ep > 60 kcal .*

We report here our observations that cyclohex-2-enone
(1) and cyclopent-2-enone (2) do in fact undergo photo-
cvcloaddition to several 1,3-dienes, usually in the 2 4 2
manner, with surprisingly high efficiency. By use of a
large excess of the diene (20:1 mole ratio) it is possible to
obtain on a preparative scale good yields of most of the
adduct mixtures under conditions of high conversion. The
Table gives yields of adduct mixtures obtained by irradia-
tion of (1) and (2) with several representative 1,3-dienes,
all run to essentially complete consumption of enomne.
There is usually observed concomitant formation of diene
dimers?P resulting from sensitization of the diene by enone
triplets. In some cases, where the energy transfer process
is fairly efficient [e.g., (1) and cyclohexa-1,3-diene] there is a
rapid early build-up of diene dimer and most of the enone
is consumed by cycloaddition to the diene dimers.}
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to the extent of at least 85%,. In the mixture from irradia-
tion of (1) and cyclopentadiene, there was present a minor
isomer (159%,) not obtained entirely pure, whose n.m.r. data
[inter alia, signals at+ 3-9 (2H, m) and for bridge methylene
at 8:6 (2H, m)], are consistent with its formulation as a
norbornene derivative.’
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Irradiation of (1) or (2) in furan led to both 2 + 2 and
4 + 2 addition, in the ratio ca. 45:55. The stereochem-
istry of the 4 -+ 2 adduct (10) is a matter of some interest,
since a trans-ring fusion would imply the intermediacy of a
strained ground-state {frans-enone wvia thermal 4 + 2
addition. However, the 4 + 2 adducts from (1) and (2)
and furan proved to be thermally unstable and on attempted
g.c. purification underwent retro-Diels—Alder reaction,
reverting to (1) and (2), respectively, and furan. The
presence of (10) in the product mixture from (1) and furan
was clear from the spectral properties of the mixture, the

Plotoadditions of (1)

Yield of Relative Number of
Diene adducts (%)* efficiency® adducts and ratio
Cyclohexene 1-00 =3
Buta-1,3-diene (3) 72 0-65 5 24:38:17:16:5
Cyclopenta-1,3-diene 4) 47 0-41 5 33:9:28:24:6
Cyclohexa-1,3-diene (5) 16 0-3—0-35 >3 60:31:9
Cyclohepta-1,3,5-triene (6) 30 0-04 2 25:75
Cyclo-octa-1,3-diene (7) 78 0-58 =3 13:70:17
Spiro[2,5]hepta-2,4-diene  (8) 55 0-5 3 —
Furan 9) 63 0-6 3 45:49:6
Hexa-2,4-diene 40 — >4 —
Cyclo-octa-1,5-diene 66 0-7 =2 29:71
Photoadditions of (2)
Diene

3) 32 0-10 3

(4) 27 0-15 2 37:63

(7) 56 0-3 2 15:62:23

9) 47 05 =2  54:55

a Satisfactory elemental analyses and m.s. molecular weight data were obtained on all adduct mixtures, and on individual com-

pounds when the mixtures were resolvable,

b Obtained by comparing the progress of irradiations of a mixture 0-25 m in (1) or (2) and 5-0 M in cyclohexene or one of the dienes;

cach reaction was followed to ca. 109, conversion.
shown by the quantum yield for (1) 4+ cyclohexene (0-48).1t

The adduct mixtures from all dienes except furan and
cyclopentadiene were shown to contain only compounds
resulting from 2 + 2 cycloaddition processes by hydro-
genation of the adducts and comparison of the resulting
saturated ketoanes with those obtained by photoaddition of
(1) and (2) to the corresponding mono-olefins. It would be
expected that 1,4-addition would be most favourable in the
case of a perfectly planar, cisoid 1,3-diene, such as cyclo-
pentadiene or furan. In fact, (2) adds to cyclopentadiene
entirely in the 2 + 2 fashion (vide infra) and (1) adds 2 + 2

To obtain quantum yields for the addition of (1) to dienes, multiply the effciency

n.m.r. signals for (10) atr 37 (2H, A part of AA’XX’) 51
and 54 (1H each, br s, -CH-O-), and 6-5 (2H, m, —-CH,-
C=0) being clearly separated from those attributable to
(11) at 7 3-6 (1H, 2d, J 2-8, J’ 1-4, -C=CH-0-), 4-8 (1H,
apparent triplet, J 2:8, -O-C=CH-CH-), 50 (1H, 24,
J 74, J' 42, -O-CH-), and 6-7 (2H, m, CH,C=0). The
major 2 -+ 2 adduct, (11), obtained pure by g.c., was
identified by comparison of the product of its hydrogenation
over Pd/C with the major photoadduct from (1) and
2,3-dihydrofuran.

1 Our observations that the ratio of adducts to diene dimers shows, if anything, a decrease on increasing the initial diene:enone

ratio tenfold (2-5:1 to 20:1) support the intermediacy of enone lowest triplet states.

If an enone singlet or upper triplet were

involved, this ratio should increase on going to higher initial diene: enone ratios (see ref. 3c).
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The orientation of the adducts from (2) and cyclopenta-
diene, and from (1) and cyclohexa-1,3-diene, was estab-
lished by a combination of chemical degradation and
synthesis. A three-step sequence of hydride reduction,
tosylation, and elimination served to convert the adduct
mixtures into diolefins. The individual diolefins were
separated by g.c. and compared with authentic samples
prepared by similar sequences from the photodimers of (1)
and (2), whose structures have been rigorously proved.®
In this way it was shown that the ratio of ‘“head-to-head”
to ‘“head-to-tail”’ adducts from (2) and cyclopentadiene (12
and 13) was 63 :37, while the two major adducts (those of
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cis—anti—cis-stereochemistry)® from (1) and cyclohexadiene
were formed in a 69 : 31 ratio.

The observed predominance of head-to-head adducts may
have mechanistic implications. Since initial bond forma-
tion to the diene almost certainly takes place at one of the
terminal diene carbons, it appears that initial bonding to
the enone occurs to an appreciable extent at both C-2 and
C-3, with that at C-3 predominating.?

Certain 1,3-dienes, particularly penta-1,3-diene and
cyclohexa-1,3-diene, have long been used as triplet
quenchers in quantitative studies of properties of triplets
of enones and many other types of compounds. It has been

noted recently® that these quenchers do not give reliable

o H [e) H results in quantitative studies at high concentrations, with
by curvature of Stern-Volmer plots being observed. These
(2) + R . J .
+ results have been attributed to quenching of enone singlet
by excited states by dienes at the higher concentrations.
(12) (13) H While singlet quenching may be significant, our observa-
¢ tions described here strongly suggest that chemical reaction

H H of enone triplets with dienes at high concentrations is a
major factor responsible for the erratic quenching behaviour
@:D @:D observed under such conditions.
H H
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