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Abs t rac t :  The direct photolysis of the diester in the title compounds gave a cross conjugated triene, 
[2+2] cycloadduct, pyran, and cyclopropene. The direct photolysis of the monoester afforded a cross 
conjugated triene, [2+21 cycloadduct, cyclopropene, and its Z-form. The sensitized photolysis of these 
esters afforded the trienes and [2+2] cycloadducts, which were derived from the triplet excited state of the 
different chromophores. © 1997 Elsevier Science Ltd. All rights reserved. 

Previously, we reported the photochemistry of alkylidenemalonates and alkylidene Meldrum's acids 

possessing an allenyl group at the y-position which is either the 1,2-propadienyl, 1,2-butadieneyl, or 3-methyi- 

1,2-butadienyl group, and these esters underwent the photoreaction as described in Scheme 1. t.2 The photore- 
actions of these esters occur from the excited state of the vinyl chromophore or from the CT excited state between 
both chromophores and presented the possibility of new multiplicity control on the photochemistry of divinymeth- 
anes. 3 We then noted the photochemistry of allenyl(vinyl)methane l a  and l b  in which the allenyl group is 
attached to a phenyl group. It is expected that these compounds l a  and l b  will undergo the reaction not only 
via the above photoexcitation but also the allene excitation. We now wish to report the photochemistry of l a  
and 1 b. 
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The diester l a  4 was obtained by the condensation of 2,2,5-~imethyl-3-phenyl-3,4-hexadienal 5 with 
dimethyl malonate using Lehnert's method. 6 The monoester l b  was also prepared by the reaction of the above 
aldehyde with methyl diethylphosphonoacetate in the presence of sodium hydride. Analogous to our previous 
reported allenyl(vinyl)methanes, ~'2 the esters l a  and l b  in several solvents showed a CT band in the range of 

250 to 3 l0 nm. The direct photolysis of l a  (0.005 tool dm -3) in hexane (400 cm 3) using a 6-W low-pressure 
mercury lamp with a quartz jacket (254 nm irradiation) under argon gave a cross conjugated triene 2a, 
intramolecular 12+21 cycloadduct 3a, pyran 4, and cyclopropene 5a  in 4%, 15%, 18%, and 4% isolated yields, 
respectively. 7 In a similar manner, the direct photolysis of l b  gave 2b, 3b, 5b,  and 6 in 1%, 25%, 15%, and 
2% isolated yields, respectively. In the case of the CT excitation (> 280 nm irradiation) of l a  and l b ,  these 
photoproducts were not obtained. The acetone-sensitized photolysis of l a  gave 2a  and 3a in 12% and 3% 
yields, respectively, as intramolecular photoproducts. Moreover, the acetone-sensitized photolysis of I b  
afforded 2b (7%) and 3b (14%), respectively. During both acetone sensitizations, polymeric materials were 
significantly produced. The structures of the photoproducts were established from spectroscopic data and 
HRMS. Further, 3a was established by X-ray crystallographic analysis (Fig. 1).8 
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Fig. 1. ORTEP drawing of the I2+2J cycloadduct 3a. 
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Table 1 shows quantum yields for the 
isomerization of l a  and l b  under the direct or 
sensitized irradiation. In the direct photolyses, the 
isomerization to 5a or 5b has a very low quantum 
efficiency and their formations showed an induction 
period by GLC during the direct photolyses of l a  and 
lb .  Moreover, the isolated 12+21 cycloadducts 3a 
and 3b were irradiated to afford 5a and 5b. 
Therefore, 5a and 5b are apparently photoproducts of 
3a and 3b. Photochemical E-Z isomerization of l b  
was expected, but scarcely occurred during the direct 
photolysis alone; the maximum yield of 6 was 3% by 
GLC. In the case of the direct photolyses in the 
presence of 2-methyl-l,3-butadiene as a quencher, the 

quantum yields for the formation of the 12+21 cycloadducts, pyran, and Z-form are within experimental errors in 
comparison with the non-additive conditions, although those of 2a and 2b decrease in ca, 35% (la--,2a) and 
38% (lb--,2b), respectively. Acetone and acetophenone are good sensitizers for the isomerization to the trienes 
and 12+21 cycloadducts. Benzophenone has sensitizing effects on their isomerization, although the qua, am 

Table 1. Quantum Yields '5 for the Isomerization of l a  and 1 b 

Substrate X Additive (Er/kJ mo14) b~ Quantum Yields 

1 nm q~l ~2 ~ l  ~3 q~l ~4 @l ~5 ~1 ~6 

1 a 254 none ¢) 0.013 0.043 0.030 <0.0001 
2-Methyl-l,3-butadiene (251) c'd) 0.0085 0.041 0.028 <0.0001 

313 Acetone (377-334) c) 0.25 0.027 
365 Acetophenone (310) c5 0.37 0.016 

Benzophenone (287) c5 0.29 0.0018 
2-Benzoylpyridine (279) c) 0.16 <0.0001 
Anthraquinone (259) °5 0.082 <0.0001 
4-Phenylacetophenone (254) c5 0.012 <0.0001 
1-Acetonaphthone (236) c~ 0.0031 <0.0001 

1 b 254 none ~) 0.0065 0.14 0.0096 0.014 
2-Methyl-l,3-butadiene (251) ¢'f5 0.0040 0.15 0.0095 0.012 

313 Acetone (377-334) ¢5 0.026 0.054 
365 Acetophenone (3 i 0) c~ 0.045 0.016 

Benzophenone (287) ~ 0.040 0.0022 
2-Benzoylpyridine (279) °~ 0.021 <0.0001 
Anthraquinone (259) '~ 0.0066 <0.0001 
4-Phenylacetophenone (254) c5 0.0055 <0.0001 
1-Acetonaphthone (236) ~ 0.0028 <0.0001 

a) Total quantum yields for the formation of the photoproducts corresponded with the quantum yield for the disappearance of la or 1 b 
belo~ the conversion of 20%. b) Sensitizers absorb > 95% of incident light, c) In hexane, d) Quencher concn.: 0.03 tool din3, 
e) In benzene, f) Quencher concn.: 0.07 tool dm 3. 
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yields of the formation of the [2+2] cycloadducts 3a and 3b are smaller values than those obtained with use of 
acetone or acetophenone. Furthermore, 2-benzoylpyridine, anthraquinone, 4-phenylacetophenone, and l- 
acetonaphthone having triplet energy less than benzophenone show sensitizing effects for the formation of the 
triene only and the later two sensitizers have slight quantum efficiency. 

Because these isomerizations did not occur by the C~ excitation of l a  and lb,  it is considered that the 
photoproducts, except 5a and 5b, were derived from the excited state of either the allenyl or ct,13-unsaturated ester 
chromophore. Sensitizing effects suggest that the trienes and [2+21 cycloadducts are derived from the triplet 
excited state of a different chromophore in the substrates. Based on our previous report, j the triplet energy 
required for the formation of the [2+2] cycloadducts is estimated to be ca. 300 kJ molJ; hence, the triplet excited 
state of the vinyl chromophore in the substrates affords the [2+21 cycloadducts. On the other hand, the triplet 
energy required for the formation of the trienes 2a or 2b is estimated to be ca, 260 kJ tool -~. This triplet energy 
is nearly value to the triplet energy of the phenyl-substituted allene. 9 Hence, acetone or acetophenone having a 
higher triplet energy competitively affects both chromophores in l a  or lb, although the allenyi chromophore is 
excited effectively by sensitizers in the range of 260 to 290 kJ mol-L By "the rule of five",~°'~t it is considered 
that the vinyl chromophore excited state in l a  and lb  initially bonds between the 2- and 6-positions to yield a 
cyclopenta-1,3-diyl radical 7 from which ring closure give the [2+2] cycloadduct (Scheme 2). ~2 The formation 
of 3b during the direct irradiation predominant rather than during the sensitized irradiation, and, further, by the 
quenching effect, it seems that the 12+21 cycloaddition during the direct irradiation involves the singlet pathway. 
For the formation of the trienes, it is considered that the allenyl chromophore excited state bonds between the 3- 
and 5-positions to afford 8, which affords a spirobiradical 9 and subsequent cyclopropane ring cleavage give the 
trienes 2a and 2b (Scheme 2). This mechanism was supported by PM3 MO calculation; ~3 the optimal structure 
of biradical 9 (X=H) corresponded to the structure of 2b. Furthermore, it is considered that 4 was derived via 
the photochemical oxa-Diels-Alder reaction by the singlet excited state of the carbonyl at the c/s-position of 
la.2a.~ 4 
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Scheme 2. 

Generally, the photoreaction via the triplet excited state of bichromophoric compounds takes place from the 
lower triplet of either chromophore by an intramolecular energy transfer. 15 However, it is interesting that, 
despite the short length between the ailenyl and vinyl chromophores in l a  and lb, the triene and 12+21 
cycloadducts are derived from the triplet excited state of different chromophores. 
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