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M-’ s-l. Part of the difference may reflect the difference 
in extinction coefficients. 

The combination of CH302 radicals could give CHzO + 
CH30H + O2 either directly via a cyclic intermediate?O or 
indirectly via the intermediate formation of CH30 radi- 
cals.21 We could not observe either CH30 or CHzO for- 
mation and, therefore, could not distinguish between the 
two possibilities. In our experiments, direct formation of 
formaldehyde, for example, would produce <0.3% ab- 
sorption at 3050 A and was therefore not measureable. On 
subjecting a static sample to 15 flashes and then examining 
it on a Cary spectrophotometer, the expected amount of 
CHzO was observed. 
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Direct and Sensitized Cis-Trans Photoisomerization of Cyclooctene. 
Effects of Spin Multiplicity and Vibrational Activation of Excited 
States on the Photostationary Trans/Cis Ratio’ 

Yoshihisa Inoue, * Setsuo Takamuku, and Hiroshi Sakurai 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565, Japan (Received May 24, 1976) 

The direct and sensitized cis-trans photoisomerizations of cyclooctene were investigated in the liquid phase 
along with photosensitization in the vapor phase. Upon direct photoisomerization at 1849 A, an anomalously 
high photostationary state ratio as obtained for strained cycloalkene, i.e., trans/cis = 0.96, was observed after 
prolonged irradiation. A number of carbonyl and aromatic additives with triplet energy (ET) > 72 kcal/mol 
were effective for sensitizing the cis-trans isomerization and the sensitizers with E T  > 79 kcal/mol gave a definite 
photostationary trans/& ratio of 0.049. On vapor-phase photosensitization, some of these same sensitizers 
and others with ET > 80 kcal/mol gave higher ultimate trans/cis ratios, which increased up to 0.20 with increasing 
triplet energy of the sensitizer employed. The effects of spin multiplicity and vibrational activation of the excited 
states on the photostationary state are discussed and the potential curves for the ground state and the excited 
singlet and triplet states of cyclooctene which account for the above results are proposed. 

Introduction 
Photochemical cis-trans isomerization when sterically 

allowed is a universal photoreaction of alkenes and has 
been studied in considerable detail.2 With simple alkenes 
where direct excitation is difficult because of weak ab- 
sorption in the UV region above 2300 A,3 triplet sensiti- 
zation and the use of acyclic alkenes as substrates have 
been adopted in most photoisomerization studies to 
produce an alkene triplet state. The triplet state of an 
acyclic alkene thus generated, and probably the singlet 
state as well, is assumed to decay to the cis or trans isomer 
with equal probability, since the potential energy curves 
for the electronically excited singlet and triplet states of 
e t h ~ l e n e , ~  in which energy minima of the both excited 
states occur when the methylene groups are orthogonal, 
can be used as models for those of acyclic alkenes. As 
demonstrated in the vapor-phase photosensitized cis-trans 
isomerization of 2-butene: in open-chain alkenes any 
vibrational excitation in the triplet state is believed to have 

no significant influence on the photostationary trans/& 
ratio in accord with the above accepted view on the po- 
tential surface of the excited states. However, less is known 
of the cis-trans photoisomerization of cycloalkenes with 
steric restrictions,6 and the geometry and the energetics 
of the excited states of these molecules have not been 
discussed. 

In the present paper, we report a study on the direct and 
sensitized cis-trans photoisomerization of cyclooctene in 
the vapor and liquid phases and discuss the drastic effects 
of spin multiplicity of the excited states involved and of 
vibrational activation in the triplet state on the photo- 
stationary trans/cis ratio, which have not been observed 
in the photoisomerization of acyclic alkenes. 

Experimental Section 
Materials. Commercially available cis-cyclooctene was 

purified by fractional distillation through a spinning-band 
column and preparative gas chromatography to a purity 
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TABLE I: Liquid-Phase Photosensitized Cis-Trans 
Isomerization of Cyclooctenea 

Y. Inoue, S. Takamuku, and H. Sakurai 

Concn, ET, (trans/ 
Sensitizer M kcal/mol cis)pssb 

1 Benzene 0.4 84.4 0.048 
0.04 0.047 

4 Toluene 0.4 82.8 0.052 
7 p-Xylene 0.4 80.4 0.047 

0.04 0.046 
8 Durene 0.25 80.0 0.041 
9 Benzamide 0.005 79.3 0.050 

10 Benzonitrile 0.4 76.5 0.031 
11 rn-Tolunitrile 0.4 75.1 0.024 
12 Propiophenone 0.4 74.5 0.033 
13 Acetophenone 0.4 73.7 0.032 

0.04 0.030 
14 4-Methylacetophenone 0.4 72.9 0.017 
15 1-Tetralone 0.4 72.2 0.009 
16 Phenylacetylene 0.4 72.0 0 
17 Benzaldehyde 0.4 72.0 0 
18 Benzophenone 0.25 68.6 0.005 
19 Fluorene 0.035 68.0 0 

a The concentration of cyclooctene was 0.08 M. 
tostationary state trans- to cis-cyclooctene ratio. 

of 99.5%. The product contained a small amount (0.5%) 
of cyclooctane but was free from the trans isomer. 
trans-Cyclooctene was prepared by a three-step process 
starting from its cis isomer. The procedure consisted of 
performic acid oxidation of cis-cyclooctene to trans-cy- 
clooctane-1,2-diol,7 followed by condensation with benz- 
aldehyde to give the acetal, and subsequent treatment with 
n-butyllithium.s Fractional distillation under a reduced 
pressure of the product gave the experimental sample of 
trans-cyclooctene (99.6% trans, 0.38% cis). The sensitizers 
employed in the vapor- and liquid-phase photosensiti- 
zations were purified by fractional distillation or recrys- 
tallization. n-Pentane was washed with concentrated 
sulfuric acid and then fractionally distilled. 

Analysis. Gas chromatographic analyses of the reaction 
mixtures were performed using a 3-m column of 20% 
@,@I-oxydipropionitrile a t  50 "C or, when a sensitizer has 
a retention time close to that of cis- or trans-cyclooctene, 
a 6-m column of 15% polyethylene glycol-6000 at  70 "C. 
The cis-trans isomers of cyclooctene were separated 
completely under these conditions. As an internal 
standard, n-octane or cyclooctane was employed for the 
direct photolysis and the liquid-phase photosensitization. 

Direct Photolysis in Liquid Phase. Direct photolyses 
at 1849 A (as the effective resonance line of mercury) were 
run at 17 "C using a 30-W U-shaped low-pressure mercury 
lamp with an immersion reactor. A pentane solution 
containing 0.01 M cis- or trans-cyclooctene and 0.002 M 
n-octane as an internal standard was flushed with nitrogen 
gas and then irradiated. The product distribution fol- 
lowing the direct irradiation was determined by gas 
chromatographic analysis of aliquots removed from the 
irradiation mixture. 

Liquid-Phase Photosensitization. All experiments of 
liquid-phase photosensitization were carried out at 17 "C 
in a quartz or Pyrex tube, 1 cm in diameter, using a 500-W 
high-pressure mercury lamp. Pyrex tubing was used only 
for the ketone sensitizers. Pentane solutions of 0.08 M 
cyclooctene of a given isomer composition containing 
various sensitizers and 0.002 M cyclooctane or n-octane 
as an internal standard were flushed with nitrogen gas and 
then irradiated. The sensitizers are shown in Table I along 
with their concentrations employed. The isomer com- 
positions following the UV irradiation were determined by 
periodic analysis of aliquots on gas chromatography. The 
photostationary states were obtained after prolonged ir- 

Pho- 

'ooP?4 80 

2oL 0 0 1 2 3 4 5 6  

Irradiation Time, hr 

Figure 1. Combined yield (a) and percent of transcyclooctenes re- 
covered on direct photoisomerization: (0) initial composition, 99.6 % 
trans: 0.4% cis; (0) 4753; (0) 0:lOO. 

radiation: ca. 3-5 h for the aromatics and 1-1.5 h for the 
ketone sensitizers. 

Vapor-Phase Photosensitization. The apparatus and 
the procedures employed in the vapor-phase photosen- 
sitizations were described previo~sly.~ A mercury-free 
vacuum system and cylindrical quartz cells, 5 cm long and 
5 cm in diameter, were used. The light source was a spiral 
array of a 30-W low-pressure mercury lamp fitted with a 
Toshiba UV-25 filter which removes the 1849-A resonance 
line of mercury. The vapor-phase photosensitization of 
a given mixture (3 Torr) of cis- and trans-cyclooctene was 
run in the presence of the sensitizers, the pressure of which 
was fixed at 3 Torr with benzene, fluorobenzene, benzo- 
trifluoride, toluene, o-, m-, and p-xylene, and phenyl- 
acetylene, or at 1 Torr with benzonitrile. The photo- 
stationary state was obtained for each sensitizer by re- 
peated approach from both sides of the final composition. 
Control runs revealed that no detectable reactions occurred 
in the absence of either the UV irradiation or the sensi- 
tizers. 

Results 
The direct photolysis at 1849 A of a pentane solution 

containing 0.01 M cis- or trans-cyclooctene gave cis-trans 
isomerization as a major photoreaction. Moderate dis- 
appearance of cyclooctenes was observed; after 5 h of 
irradiation, almost half of the substrate initially used 
disappeared.1° The combined yield of cyclooctenes re- 
covered and percent of trans-cyclooctene are plotted as 
a function of irradiation time in Figure 1. After prolonged 
irradiation, the pentane solution containing each pure 
isomer came to a photostationary state, the trans- to 
cis-cyclooctene ratio of which was 4951. In order to ensure 
that the decomposition products did not affect the pho- 
tostationary ratio, the direct irradiation of a 53:47 mixture 
of cis- and trans-cyclooctene was examined under similar 
conditions to give the same photostationary state mixture 
immediately (within 30 min). 

The triplet-sensitized photoisomerization of cyclooctene 
(0.08 M) in pentane solution was carried out in the 
presence of a variety of carbonyl and aromatic sensitizers 
(0.4 M in most cases). Regardless of the sensitizers em- 
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TABLE LI: Vapor-Phase Photosensitized Cis-Trans 
Isomerization of Cyclooctenea 

Pressure, ET, kcal/ (trans/ 
Sensitizer Torr mol 

1 Benzene 3.0 84.4 0.198 
2 Fluorobenzene 3.0 84.4 0.168 

3.0 83.4 0.156 3 Benzotrifluoride 
4 Toluene 3.0 82.8 0.153 

6 m-Xylene 3.0 81 .O 0.108 

10 Benzonitrile 1.0 76.5 0.026 
16 Phenylacetylene 3.0 72.0 0.0007 

a The pressure of cyclooctene was 3 Torr. 
stationary state trans- to cis-cyclooctene ratio. 

5 o-Xylene 3.0 82.1 0.111 

7 p-Xylene 3 .O 80.4 0.094 

Photo- 

Photoisomerization of Cyclooctene 

I 

O' I 
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._ 

0 7  
0 6 0 5  1 

c 

* 4  * '  
!I L 9.1 0'0 il 0 :i..) $*1:';5 8o E 5 l  

70 
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Figure 2. Variations of the photostationary Bandcis ratio with triplet 
energy of sensitizers, which are showpin Tables I and 11, on va- 
por-phase (0) and liquid-phase (0) photosensitizations. 

ployed, slow disappearance (2-5%/h) of the substrate was 
observed. The photostationary state was determined for 
each sensitizer by approach from both sides of the final 
value. The trans/cis ratios a t  the photostationary state 
obtained for these sensitizers after prolonged irradiation 
are presented in Table I and Figure 2. As demonstrated 
there, a number of sensitizers with triplet energy  ET)^^ 
above 72 kcal/mol are effective for the reversible cis 
trans photoisomerization; the photostationary ratios were 
almost constant for the sensitizers with ET > 74 kcal/mol.12 
Photosensitization of cyclooctene (0.08 M) by benzene, 
p-xylene, and acetophenone with lower sensitizer con- 
centration (0.04 M) also gave the same photostationary 
ratios. 

Limited experiments revealed that, although the ad- 
ditives with ET I 72 kcal/mol, i.e., phenylacetylene (ET 
= 72.0 kcal/mol), benzaldehyde (72.0), and benzophenone 
(68.7), failed to sensitize the cis - trans isomerization, 
these additives effected irreversible trans - cis isomeri- 
zation; fluorene (68.0) was no longer completely effective 
for the photoisomerization. 

Photosensitized isomerization of cyclooctene in the vapor 
phase was also performed in order to examine the effect 
of vibrational activation in the triplet state on the pho- 
tostationary state. Since the sensitizers available in the 
vapor phase are limited by the vapor pressure, nine 
aromatic compounds were chosen as effective sensitizers.13 
The vapor-phase photolysis of cyclooctene (3 Torr) at 2537 
A in the presence of sensitizers (3 Torr in most cases) gave 
the cis-trans isomer as a major photoproduct, although 
prolonged irradiation led to the formation of considerable 
amounts of 1,7-octadiene and bicyclo[4.2.0]octane as re- 
ported previo~sly.~ The variations of the photostationary 
ratio with sensitizer triplet energy are shown in Table I1 
and Figure 2. The photostationary trans/cis ratio obtained 
in the vapor-phase photosensitization intimately depended 
on the triplet energy of the sensitizer used; the ratio was 
almost zero (more exactly trans/cis = 0.0007) at E T  = 72.0 
kcal/mol (phenylacetylene) and then increased gradually 
with increasing sensitizer triplet energy in sharp contrast 
with the result of the liquid-phase photosensitization where 
the ratios were independent of the sensitizers with ET > 
79 kcal/mol. 

Discussion 
Upon direct irradiation at  1849 A, a ground state 

molecule of cyclooctene is promoted spectroscopically to 
an electronically excited planar singlet state and then 
suffers fast rotational relaxation to a twisted, not neces- 
sarily orthogonal, singlet cyclooctene. Since it is believed 

that the large separation in energy causes excited sin- 
glet-to-triplet intersystem crossing to be very slow in such 
a monoolefin, the precursor of the direct cis-trans pho- 
toisomerization is inferred to be an excited singlet state 
of cyclooctene. The considerable disappearance of the 
substrate on direct photolysis suggests the existence of 
obscure reactions which give rise to some polymers and, 
if any, other uncharacterized products.1° On the as- 
sumption of a common twisted singlet intermediate, the 
cis-trans photoisomerization by direct irradiation can be 
described by the following simple sequence: 

hv 
c -+'p 

t 
1p-+c 

- . t  

-+ other products (4) 
where c and t represent cis- and tram-cyclooctenes in their 
ground states and lp represents the twisted singlet cy- 
clooctene. 

A steady-state treatment of the above sequence leads 
to the following expression for the trans/& ratio a t  the 
photostationary state (pss): 

([tl/[cl)p, = ( E C / E t ) ( w % C )  (5) 

where e ,  and et represent the extinction coefficients of cis- 
and trans-cyclooctenes at  1849 8. The reported extinction 
coefficient for trans-cyclooctene is 5500 M-l cm-l a t  1849 
A,14 while the coefficient of cis-cyclooctene was measured 
as 6000 M-l cmU1.l5 From these values, the excitation ratio 
c,/tt is calculated as 1.09, and then we can evaluate the 
decay ratio using eq 5 and the observed photostationary 
ratio: &/k3, = 0.88. It is worth noting that, in spite of 
the strain energy in the trans form (9.3 kcal/mol),16 an 
anomalously high decay ratio of 0.88 is obtained upon 
direct photoisomerization. 

Extremely low trans/& photostationary ratios were 
observed on liquid-phase sensitized photoisomerization; 
the additives with ET > 72 kcal/mol were effective for the 
cis G= trans photoisomerization. As shown in Figure 2, a 
definite photostationary ratio of 0.049 was observed for 
the sensitizers with ET > 79 kcal/mol, while the sensitizers 
in the triplet energy range 72-77 kcal/mol give rise to 
somewhat lower photostationary ratios. When the sen- 
sitizer is a carbonyl compound, special regard should be 
paid to the intermediate of the cis-trans isomerization 
since, as is shown in the Schenck mechanismFl7 the 1,4 
biradical formed by the addition of a ketone triplet to an 
acyclic alkene falls apart regenerating the alkene with 
geometrical isomerization. However, in the case of ketone 
sensitization of cyclooctene, such a 1,4 biradical, if formed, 
is considered to decompose preferentially to the cis isomer 
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because of the strain energy in the trans form.16 Actually 
benzophenone, which has fairly low ET and is known to 
form a 1,4 biradical with alkenes,'* photosensitized the 
irreversible trans - cis isomerization of cyclooctene, 
probably suggesting the predominant formation of the cis 
isomer from the 1,4 biradical. I t  seems, therefore, likely 
that regarding the ketone sensitizers with ET > 72 kcal/ 
mol, the mechanism involving triplet energy transfer to 
cyclooctene is operative, although the Schenck mechanism 
is applicable only for benzophenone sensitization. 

Since the benzene-sensitized photostationary ratios for 
several acyclic alkenes in solution are unity and the triplet 
energy transfer from benzene triplet to alkenes is suffi- 
ciently ex other mi^,'^ it has been recognized that, when 
benzene is the sensitizer, the common intermediate for the 
sensitized cis-trans isomerization is the twisted alkene 
triplet whose decay ratio is unity.2,20 In the present system, 
assuming that the rates of triplet energy transfer from the 
excited benzene to cis- and trans-cyclooctenes are the same 
in accord with the above accepted view on the benzene 
photosensitization, the extremely low trans/cis ratio at the 
photostationary state is attributable to a low decay ratio 
(k , /k , )  from a common twisted, vibrationally relaxed 
cyclooctene triplet 3p. Toluene and p-xylene sensitized 
photoisomerizations gave the same, or nearly so, pho- 
tostationary ratios as those obtained by benzene sensi- 
tization, suggesting that these sensitizers with ET > 80 
kcal/mol also excite both isomers of cyclooctene with an 
equal rate. 

The calculated potential curves for the excited states of 
e t h ~ l e n e , ~  which suggest the same decay ratio for singlet 
and triplet excited states, are evidently unsuitable for the 
present system. The extremely low cis - trans isomer- 
ization efficiency for the photosensitization of cyclooctene 
may be attributable to a torsional conversion barrier from 
the vibrationally relaxed triplet state into the trans form. 
Taking into account the strain energy16 and the torsional 
angle21 of trans-cyclooctene in its ground state, the fun- 
damental potential energy curves calculated with ethylene4 
are qualitatively modified to obtain hypothetical potential 
curves of the ground state (N) and the excited singlet (V) 
and triplet (T) states of cyclooctene. Since electronically 
the double bond of cyclooctene is close to that of ethylene 
and the strain in the trans form, which arises from the 
steric restrictions of methylene chain, is considered not to 
be so great compared with the electronic energy, the 
potential curves for cyclooctene may not be far removed 
in energy from those for ethylene. Therefore, the crossing 
of potential curves of the N and T states occurs to give an 
ethylene-like energy well, although the torsional angle 
which give the potential minimum of the T state and the 
maximum of the N state as well, should not be necessarily 
perpendicular. As shown in Figure 3, a greater activation 
energy (E,) is postulated for the decay of 3p to the trans 
isomer in order to account for the low decay ratio in the 
liquid phase photosensitization. The following Arrhenius 
equations are obtained for the rate constants of the decay 
from 3p to the ground-state trans- and cis-cyclooctenes. 

k ,  = A e x p ( - E , / R T )  (6) 
k ,  = A' e x p ( - E J R T )  (7) 
Assuming the same preexponential factor, Le., A = A', the 
logarithm of the decay ratio is represented by the following 
equation 

In ( k , / h , )  = -AE,/RT (8) 

where AE, = Et - E,. Since the experiment was carried 

The Journal of Physical Chemistv, Vol. 81, No. I ,  1977 

0 71: 

(c is )  (trans) 
Torsional Angle 

Figure 3. Schematic potential curves for the ground-state (N) and excited 
singlet (V) and triplet (T) states of cyclooctene. 

out a t  290 K and the decay ratio ( k t / k c )  observed equals 
0.049, then we can evaluate the difference of the activation 
energies: Et - E, = 1.74 kcal/mo1.22 

The photosensitized cis-trans isomerization in the vapor 
phase can be used as a test of the speculated potential 
surface described above, since the triplet state of cyclo- 
octene generated in the vapor-phase photosensitization is 
considered to have some excess vibrational energy in the 
absence of fast collisional deactivation by solvent mole- 
cules. As shown in Figure 2, the trans/cis photostationary 
ratios observed in vapor-phase photosensitization are 
higher than those obtained in liquid-phase photosensi- 
tization employing the same sensitizers, and the ratio 
increases with increasing triplet energy of the sensitizer 
used, whereas the ratio observed in the liquid phase is 
independent of the sensitizer with ET > 79 kcal/mol. One 
might assume the deviation from unity of the excitation 
ratio on the vapor-phase photosensitization in order to 
account for the higher trans/cis photostationary ratios and 
their dependence on the sensitizer triplet energy, although 
the excitation ratio is regarded as unity in the liquid-phase 
photosensitization employing sensitizers with ET > 79 
kcal/mol. This seems unlikely because the rates of energy 
transfer from benzene triplet to both cis and trans isomers 
of simple disubstituted alkenes have been reported to be 
so close in the vapor p h a ~ e ~ , ~ ~  that the higher trans/& 
ratios observed in the present work are attributable to the 
higher decay ratios (k,/k,) .  The higher trans/& pho- 
tostationary ratios and their ET dependence should 
therefore be interpreted in terms of the excess vibrational 
energy in the triplet state of cyclooctene. The cyclooctene 
triplet generated in the vapor-phase photosensitization has 
some excess vibrational energy, the amount of which in- 
creases with rising triplet energy of the sensitizers. Ac- 
cording to eq 8, the excess vibrational energy, which is 
energetically equivalent to thermal activation in the triplet 
state, enhances the decay ratio (k , /kJ.  Then, the enhanced 
decay ratio via vibrational activation qualitatively ra- 
tionalizes the higher photostationary trans/cis ratios and 
their dependence on the triplet energy in the vapor-phase 
photosensitization. In this context, the high internal 
energy of the relaxed singlet state 'p in itself may account 
for the anomalously high decay ratio observed on the direct 
photoisomerization. However, we feel prompted to propose 
that, since the excited singlet state of alkenes is believed 
not to undergo intersystem crossing to its triplet state but 
to suffer rapid internal conversion to its ground state, the 
twisted ground-state cyclooctene thus formed is deacti- 
vated collisionally to give the relaxed cis or trans isomer 
with almost equal probability, if the correlation between 
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the potential curves for the V and N states is as shown in 
Figure 3. 
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