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The photochemical reactions of 4-acylstyrenes (1a—e; acyl=acetyl, benzoyl, 1-naphthoyl, 2-naphthoyl, and 9-
phenanthrylcarbonyl, respectively) were investigated, and their excited state behavior and photoreactivities are
discussed in relation to the aryl ketone structures. Photoirradiation of 1la—e in benzene gave two isomeric
cyclodimers of trans- and cis-1,2-bis(4-acylphenyl)cyclobutanes (2a—e and 3a—e) as main products, accompanied by
the formation of some oligomers and polymers. The fractions of the trans-form in the cyclodimers were ca. 80%; this
indicated that the cyclodimerization proceeded via the m,m* triplet state. The quantum yields of the
photodimerization for la—e were almost the same irrespective of the acyl substituents ($=0.03—0.04 at [1la—
¢]=0.1 mol dm3). Phosphorescence spectra of 1c (z=0.48 s) and 1d (t=0.91 s) observed in a rigid solution at 77 K,
which coincided with those of the respective model aryl ketones, were ascribed to the low-lying excited m,m* triplet
states localized on the naphthalene moiety of the molecules. Phosphorescence emissions of 1a and 1b could not be
detected. The transient absorption spectrum of 1d (t=23 ns) observed in a fluid solution at 293 K was tentatively
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assigned to the m,m* triplet state mainly localized on the styrene moiety of the molecule.

The photoreaction

mechanism is discussed in terms of the intramolecular triplet energy transfer.

Direct and sensitized photopolymerizations of aro-
matic vinyl compounds such as styrenes and vinylnaph-
thalenes are frequently accompanied by photo[2+2]
cycloaddition reactions.!™> Recently, the cycloaddition
reactions have been extensively investigated from the
standpoint of the photoinitiation of polymerization.®
In our previous paper,” the photochemical reaction of 4-
vinylbenzophenone (1b) was studied in connection with
the photopolymerization of styrene derivatives from the
excited triplet state. It was found that direct photo-
excitation of 1b in solution gave a trans-type cyclobutane
dimer as a major product along with other oligomers and
polymers; the photochemical reactivity was similar to
that of styrene in the triplet state,>> but not to that of
benzophenone. This is because the lowest triplet state
of 1b is of the m,m* configuration, in contrast to that of the
ketone(n,m*). The function of the benzoyl group is to
bring the absorption of the compound into a readily
accessible longer-wavelength region, and to promote
intersystem crossing.

In the present study, the photocyclodimerization of
acylstyrenes including 4-vinylacetophenone (1a), 1b, 4-
(1-naphthoyl)styrene (1c¢), 4-(2-naphthoyl)styrene (1d),
and 4-(9-phenanthrylcarbonyl)styrene (1le) has been
investigated to clarify the effects of acyl substituents on
the photoreaction and excited triplet state. All the
compounds studied in this work have been found to
undergo photocyclodimerization to produce mainly
trans-cyclodimers. They are expected to undergo
efficient intersystem crossing into the triplet state in a
manner similar to the corresponding aryl ketones:
acetophenone,® phenyl naphthyl ketones,® and phenyl

phenanthryl ketone.” However, acylstyrenes lc—e
have two widespread n-chromophores, i.e., the aromatic
fused-ring and styrene moieties, which are formally
conjugated with the central carbonyl group,'® and the
photochemical and photophysical properties of acyl-
styrenes 1¢—e are considered to be appreciably different
from those of 1ab. The photocyclodimerization
process of such compounds will be discussed in terms of
an intramolecular excitation transfer between con-
jugated chromophores.

Experimental

Measurements. NMR spectra were recorded on a JEOL
FX-90Q spectrometer in CDCl; using tetramethylsilane as an
internal standard. Mass spectra were taken with a JEOL
JMS-01 SG-II spectrometer. Elemental analyses were per-
formed in the Organic Analysis Center of Kyoto University.
Melting points are uncorrected. UV absorption spectra were
measured with a Shimadzu UV-200S spectrophotometer.
Phosphorescence spectra were measured by a Hitachi MPF-4
fluorescence spectrophotometer using its attachment for
phosphorescence. Phosphorescence lifetimes were obtained
by a photon-counting phosphorimeter.!) Transient absorp-
tion measurements were carried out with a nanosecond ruby
laser photolysis apparatus:!2 Excitation wavelength, 347 nm;
duration of pulse, 14 ns.

Materials. Methyl 1-naphthyl ketone (Tokyo Kasei) and
phenyl 2-naphthyl ketone (Tokyo Kasei) were purified by
distillation and recrystallization, respectively. Benzene was
dried over calcium hydride and twice distilled. 2-Methyl-
tetrahydrofuran (MTHF) was purified by passage through an
alumina column, distillation over calcium hydride, and final
vacuum distillation. Other solvents were distilled.
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Acylstyrenes. 4-Vinylacetophenone (la) was prepared by
pyrolysis of poly(4-vinylacetophenone) according to the
literature,!? and purified by column chromatography on silca
gel and recrystallization from hexane: Colorless crystals; mp
35—36°C (lit,' 35.5—36°C); 'H NMR 6=2.57 (3H, s), 5.73 (1H,
dd, J= 11 and 1 Hz), 5.84 (1H, dd, J=18 and 1 Hz), 6.75 (1H,
dd, /=18 and 11 Hz), 7.45 (2H, br. d, /=9 Hz), and 7.90 (2H, br.
d,J=9 Hz). Found: C,82.09; H, 6.97%. Calcd for CioH100:
C, 82.16; H, 6.89%.

4-(1-Naphthoyl)styrene (1c¢) and 4-(9-phenanthrylcarbon-
yDstyrene (le) were prepared from 4-chlorostyrene and the
corresponding aromatic nitrile in the same manner as de-
scribed previously for 4-vinylbenzophenone (1b)”? and 4-(2-
naphthoyl)styrene (1d).!¥) These aroylstyrenes were purified
by column chromatography on silica gel and recrystallized from
hexane.

1c: Colorless crystals; mp 52—53.5°C; 'TH NMR 6=5.37,
(1H, dd, J=11 and 1 Hz), 5.84 (1H, dd, /=18 and 1 Hz), 6.74
(1H, dd, J=18 and 11 Hz), 7.38—7.61 (6H, m), and 7.76—8.15
(5H, m); B*C NMR 6= 116.7 (CH=CH»), 135.9 (CH=CH;), and
197.1(C=0). Found: C,88.35; H,5.56%. Calcd for Ci9H140:
C, 88.34; H, 5.46%.

le: Colorless oil (could not be crystallized); 'H NMR
6=5.41(1H, dd, /=11 and 1 Hz),5.88 (1H, dd, /=18 and 1 Hz),
6.79 (1H, dd, J=18 and 11 Hz), 7.42—8.16 (11H, m), and 8.75
(2H, br. d, /=8 Hz). Found: C, 89.48; H, 5.41%. Calcd for
C23H160: C, 89.58; H, 5.23%.

Photoreaction. A benzene solution of sample in a pyrex
tube (¢=10 mm) was degassed by several freeze-pump-thaw
cycles under high vacuum and the tube was sealed off.
Photoirradiation was carried out by means of a 500 W high-
pressure mercury lamp (Ushio USH-500D) fitted with a cutoff
filter (Toshiba UV-35) at 293 K. After evaporation of the
solvent, the photoproducts were analyzed by a gel-permeation
chromatograph (GPC, JASCO TRIROTAR-S) fitted with a
refractive index detector and a JASCO Megapak Gel-201
column eluting with chloroform. The reaction yields were
determined from the chromatograms. Molecular weights of
the polymeric products were estimated by the use of Shodex A-
80M columns.

For the determination of quantum yield, the photoreaction
was performed in a 1-cm quartz cell with irradiating light at
365 nm using two cutoff filters (Toshiba UV-D1A and Corning
CS 0-52); the light intensity was found to be 3.6X1078 einstein
cm2s7! by iron (III) oxalate/ phenanthroline actinometry.!5

Identification of Cyclodimers. The isolation of the isomeric
cyclodimers was made by means of a recycle GPC. The cis
dimers generally had a larger elution volume than the trans
dimers; several recyclings gave sufficient separation of the
isomers. All the cyclodimers were obtained as a colorless oil
or solid. The configurations of the two isomers were deter-
mined by '"H NMR chemical shifts.!®) Analytical data for 2b
and 3b were given in the previous report.”)

trans-1,2-Bis(4-acetylphenyl)cyclobutane (2a): 'H NMR
6=2.07—2.40 (4H, m, CH>), 2.53 (6H, s, CH3), 3.54—3.71 (2H,
m, CH), 7.28 (4H, br. d, /=8 Hz, phenyl-2), and 7.88 (4H, br. d,
J=8 Hz, phenyl-3); 3C NMR 6=25.3 (CH), 26.0 (CH3), 47.5
(CH), 126.4 (phenyl-2), 128.2 (phenyl-3), 135.4 (phenyl-4),
149.0 (phenyl-1),and 196.5 (C=0); MS m/ z (rel intensity ) 292
(15%, M%), 277 (3, M*—CHs), 264 (3, M*—C,H,), 249 (7,
M*—CH;CO0), 146 (37, M*/2), 131 (100, M*/2—CH3), and 103
(44, M*/2—CH3CO).

[Vol. 65, No. 3

cis-1,2-Bis(4-acetylphenyl)cyclobutane (3a): 'HNMR
6=2.48 (6H, s, CH3), 2.43—2.65 (4H, m, CH>), 4.02—4.12 (2H,
m, CH), 7.02 (4H, br. d, /=8 Hz, phenyl-2), and 7.68 (4H, br. d,
J=8 Hz, phenyl-3); 3C NMR 6=24.1 (CH>), 26.2 (CH3), 45.2
(CH), 127.8 (phenyl-2,3), 134.9 (phenyl-4), 146.8 (phenyl-1),
and 197.4 (C=0); MS m/ z (rel intensity) 292 (19%, M*), 277 (3,
M+—CH3), 264 (3, M*—C;H.), 249 (7, M*—CH;3CO), 146 (40,
M+/2), 131 (100, M*/2—CH3), and 103 (54, M*/2—CH;CO).
trans-1,2-Bis[4-(1-naphthoyl)phenyl]cyclobutane (2¢):
"H NMR 6=2.06—2.44 (4H, m, CHs>), 3.52—3.76 (2H,m, CH),
7.26 (4H, br. d, J=8 Hz, phenyl-2), 7.35—7.58 (8H, m,
aromatic), and 7.72—8.12 (10H, m, aromatic); 3C NMR
6=25.7 (CHy), 47.8 (CH), and 197.2 (C=0); MS m/z (rel
intensity) 516 (18%, M), 488 (4, M*—C;H.), 361 (3,
M*—Ci1oH;CO), and 258 (100, M*/2).
cis-1,2-Bis[ 4-(1-naphthoyl)phenyl]cyclobutane (3c): 'H NMR
6=2.45—2.62 (4H, m, CH>), 4.04—4.24 (2H, m, CH), 7.01 (4H,
br. d, /=8 Hz, phenyl-2), 6.36—6.70 (12H, m, aromatic), and
7.82—8.10 (6H, m, aromatic); 3C NMR 6=23.9 (CH,), 45.5
(CH), and 197.5 (C=0); MS m/ z (rel intensity) 516 (24%, M"),
488 (3, M*—C,H,), 361 (2, M*—C,0H;CO), and 258 (100, M*/2).
trans-1,2-Bis[4-(2-naphthoyl)phenyl]cyclobutane (2d):
"H NMR 6=2.14—2.58 (4H, m, CHz>), 3.62—3.86 (2H, m, CH),
7.37 (4H, br. d, J=8 Hz, phenyl-2), 7.48—7.68 (4H, m,
aromatic), and 7.78—7.95 (12H, m, aromatic), and 8.25 (2H, br.
s, naphthyl-1); 3C NMR 6=25.8 (CH>), 47.9 (CH), and 196.1
(C=0); MS m/z (rel intensity) 516 (16%, M*), 488 (5,
M+—C;Hy), 361 (11, M*—C;oH,CO), and 258 (100, M*/2).
cis-1,2-Bis[4-(2-naphthoyl)phenyl]cyclobutane (3d): 'H NMR
6=2.48—2.68 (4H, m, CH,), 4.08—4.32 (2H, m, CH), 7.10 (4H,
br. d, /=8 Hz, phenyl-2), 7.37—7.93 (16H, m, aromatic), and
8.11 (2H, br. s, naphthyl-1); BC NMR 6=24.0 (CH), 45.5
(CH), and 196.2 (C=0); MS m/ z (rel intensity) 516 (21%, M*),
488 (2, M*—C;H.), and 258 (100, M*/2).
trans-1,2-Bis[4-(9-phenanthrylcarbonyl)phenyl]cyclobutane
(2e): 'HNMR 6=2.08—2.50 (4H, m, CH>), 3.56—3.80 (2H,
m, CH), 7.28 (4H, br. d, J=8 Hz, phenyl-2), 7.42—8.15 (18H,
m, aromatic), and 8.72 (4H, br. d, /=8 Hz, phenanthryl-4,5);
BC NMR 6=25.8 (CH>), 47.8 (CH), and 197.2 (C=0).
cis-1,2-Bis[4-(9-phenanthrylcarbonyl)phenyl]cyclobutane
(3e): 'HNMR 6=2.48—2.62 (4H, m, CH>), 4.08—4.27 (2H,
m, CH), 7.04 (4H, br. d, J=8 Hz, phenyl-2), 7.34—8.02 (18H,
m, aromatic), and 8.69 (4H, br. d, /=8 Hz, phenanthryl-4,5).

Results

Absorption Spectra. Figure 1 shows the UV absorp-
tion spectra of acylstyrenes 1a—d in different solvents.
In nonpolar hexane solvent, acetyl and benzoyl
derivatives (1a and 1b) exhibited some strong absorption
bands (¢=~10* dm3 mol™! cm™) in the wavelength region
from 240 to 300 nm due to m—m* transitions of the
styrene and/or benzene moieties and a weak band
(¢~=10?) in the longer wavelength region of 320—400 nm
due to an n—m* transition of the carbonyl group.
Changing from a nonpolar solvent (hexane) to a polar
solvent (methanol) resulted in a shift of the =n,zm*
absorption band to longer wavelengths (red shift), and
the n,n* band to shorter wavelengths (blue shift). Inthe
cases of the naphthoyl derivatives (1¢ and 1d), the weak
n,m* absorption bands at 360—400 nm were somewhat
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obscure even in nonpolar hexane owing to the existence
of other n,m* absorption bands (¢=~10%) of the naph-
thalene moieties around 330 nm. The polar methanol
solvent caused a blue shift of the n,m* band and a red shift
of the m,m* band, resulting in complete masking of the
n—7m* transition by the m—7* transition. A similar
absorption spectrum was also observed for the phenan-
thrylcarbonyl derivative (le). These results indicated
that the low-lying singlet states of acylstyrenes 1a—e were
of n,m* character (mixed with ,m*) similar to those of the
corresponding aryl ketones such as acetophenone,!’
benzophenone,!>) naphthyl ketones,!'>!” and 9-phenan-
thrylcarbaldehyde.'”? Consequently, all the compounds
la—e were thought to undergo efficient intersystem
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crossing from the excited singlet states to the triplet
states. 1718

Photoreaction. The photoirradiation (A>320 nm,
UV-35 filter) of acylstyrenes la—e (0.5 moldm™) in
degassed benzene solution gave two isomeric cyclodimers
as main products, along with other oligomers and
polymers. The cyclodimers were assigned to trans- and
cis-1,2-bis(4-acylphenyl)cyclobutanes (2a—e and 3a—e)
from NMR and MS spectra of isolated compounds, as
described in the experimental section. Dimers of the
tetralin type could not be found in the reaction products
of the acylstyrenes, although attempts to detect the

Fig. 2. GPC chromatogram of photoreaction products
of 1e (0.5 mol dm) in benzene irradiated for 12 h.

dimers were performed by means of liquid chromatog-
rapy with different packed columns. The photo-
product distribution was measured by gel-permeation
chromatography (GPC). A typical GPC chromato-
gram for the photoproducts of 1e is shown in Fig. 2.
Here, the main peak (I) and the second one (II) are trans-



840

100}

1a

o®
o

(2]
o

~
o

Conversion / %

20t

H o @
o o o
T T T

Conversion / °b

N
(=]
T

1

10 12

Ollll
0 2 4 6 8

Time / h

Fig. 3.

K. Tsusakivama, K. Mivacawa, K. Kaizaki, M. YamMamorto, and Y. NisHIIIMA

40

20

[Vol. 65, No. 3

100

80t

60

40

20f

60}

% 2 4 & &

8 10 1‘2
Time / h

Time-conversion plots of products in photoreactions of

acylstyrenes 1a—1d in benzene (0.5 mol dm): (1) total products,
(2) cyclodimers (2+3), (3) oligomers, (4) polymer, (5) fraction of

trans-isomer in cyclodimers.

and cis-cyclobutane dimers (2e and 3e), respectively.
The third peak (III) is unidentified oligomers including
trimers, and the last one (P) is the linear polymer
(MW=10%), and the peak (M) is the monomer (1e).
Almost the same distribution pattern of photoproducts
was observed for the reactions of the other acylstyrenes.
In the subsequent analyses, therefore, the photoreaction
was followed by GPC using the same procedure as that of
the previous work;” that is, the chromatogram was
divided into four areas: Dimers (I+II), oligomers (III),
polymer (P), and monomer (M). The yield of the
photoproducts was calculated on the basis of the total
amount of products (I, II, ITI, and P) and monomer.
Figure 3 shows the time-conversion plots of photo-

products for 1a—1d. In the cases of 1a and 1b, the
cyclodimers are produced in preference to oligomers and
polymer in the earlier stage of the photoreaction.
However, the yield of cyclodimers reached a saturation
point (20—30% at 2—3 h) and then it decreased with
prolonged irradiation time, though the yields of
oligomers and polymer increased. The reason for this
decreasing was that the cyclodimers (2a,b and 3a,b) were
photochemically very unstable and underwent break-
down to the monomers(®y=0.5).19 The fraction of
trans-form in the isomeric cyclodimers (100[2]/([2]+[31))
was 80—82% and it seemed to increase slightly with
irradiation time. On the other hand, the photocyclodi-
merizations of 1¢ and 1d proceeded more preferentially,
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as can be seen from the figures. The yield finally
reached about 809% of conversion. The fraction of trans-
isomers in the cyclodimers seemed to be unchanged with
irradiation time (ca. 77%). Almost the same result was
obtained for the reaction of 1e; after irradiation for 12 h,
the yields of cyclodimers, oligomers, and polymer were
82% (trans-fraction, 78%), 11%, and 3%, respectively
(Fig. 2). The selective formation of the cyclodimers
observed in the reactions of 1c—1e was attributable to
the high photostability of the cyclodimers (2¢—e and
3c—e);'% this was in contrast to the results obtained for
1a and 1b. The isomer ratios (trans:cis=4:1) of the
cyclodimers obtained here suggested that the photo-
cyclodimerization of acylstyrenes 1la—e proceeded via
the triplet excited states.?

Quantum Yields of Photocyclodimerization. In
order to determine the quantum yield of photocyclodi-
merization, the photoreaction (A=365 nm, UV-DIA and
CS0-52 filters) of acylstyrenes ([1a—e]=0.1 mol dm™ in
degassed benzene solution) was carried out under lower
conversion (<6%) conditions. The time-conversion
plots are shown in Fig. 4. Plots of the yields of
cyclodimers for 1¢, 1d, and le are linear, whereas the
plots for 1a and 1b are considerably curved even at low
conversion below 3% because of the photocleavage
reactions of the cyclodimers produced. The quantum
yields (@p) of the photodimerizations estimated from
these results are summarized in Table 1.  The values of
®p existed in a narrow range of 0.03—0.04; this suggested
that the photoreactivities of acylstyrenes 1a—e were not
so largely affected by the acyl substituents.

The quantum yield of formation of initiating radicals
for the polymerization of 1b was estimated to be
extremely low (ca. 2X107*) by considering the average

“molecular weight (ca. 10°) of the polymer obtained under
the same reaction conditions, as described previously.”
The results of GPC analyses of the photoproducts (Figs.
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Fig. 4. Time-conversion plots for photocyclodimeriza-
tion of acylstyrenes (0.1 mol dm™3) in benzene: (1) 1a,
(2) 1b, (3) 1c, (4) 1d, (5) 1e.
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Table 1. Quantum Yields of Photocyclodimerization®
Acylstyrene @Dy
la ca.0.03
1b ca. 0.03
1c 0.042
1d 0.030
1e 0.037

a) [1a—e]=0.1 mol dm™? in benzene, irradiated by 365 nm
light at 297 K.

2 and 3) suggested that the quantum yield for the
production of oligomers was also very low (ca. 4X1073).
Accordingly, the main reaction of the acylstyrenes by
direct photoexcitation was cyclodimerization (Pp=3—
4X1072). In the case of the photoreaction of styrene in
bulk by direct singlet excitation, the quantum yields were
reported to be 0.12 for the cyclobutane dimers and
5.6X10~* for the initiating radicals of polymerization.?
Photocyclodimerization is a bimolecular reaction in-
volving attack of an excited molecule on a ground-state
partner. Therefore, the rate of dimerization or the
quantum yield depends on the concentration of the
reactant. A plot of the reciprocal quantum yield of
photocyclodimerization vs. the reciprocal concentration
for 1¢c was found to give a straight line, and a limiting
quantum yield, #5—0.88, was obtained.?® On the other
hand, the plot for 1b was somewhat curved because of the
photocycloreversion of the dimers (2b and 3b). There-
fore, the exact value of @B could not be determined.
Detailed kinetic analysis including photocyclodimeriza-
tion and photocycloreversion for 1b is now under
investigation.

Emission Spectra. To elucidate the excited state of
the acylstyrenes, measurements of the emission spectra
were carried out in a rigid solution of MTHF at 77 K.
For acetyl and benzoyl derivatives (1a and 1b), neither
fluorescence nor phosphorescence emission could be
observed. It has been known that styrene gives no
phosphorescence emission in spite of the considerable
efficiency of intersystem crossing (@i.=~0.4).2) The
lack of phosphorescence emission for 1a and 1b was
thought to indicate that the lowest triplet state for the
compounds was of the m,n* configuration in contrast to
that for acetophenone and benzophenone (n,7*).22 On
the other hand, the naphthoyl derivatives (1c and 1d)
turned out to exhibit well-defined phosphorescence
emission. The spectra and their decay curves are given
in Figs. 5 and 6, respectively. Phosphorescene spectra of
the model compounds, methyl I-naphthyl ketone and
phenyl 2-naphthyl ketone, were also measured for
comparison, and the spectra are shown in Fig. 7.

As can be seen from Figs. 5 and 7, the spectra of 1¢ and
1d coincide in shape and position with those of their
respective model compounds. The position of the
maximum near the 0-0 band is at 503 nm (19900 cm™!) for
1c and at 482 nm (20700 cm™!) for 1d (Fig. 5), while it is at
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Fig. 6. Phosphorescence decay curves of (1) 1c and (2)
1d in MTHEF rigid solution at 77 K.

505 nm for methyl 1-naphthyl ketone and at 482 nm for
phenyl 2-naphthyl ketone (Fig. 7). It was reported by
Yang et al.?? that the positions of the 0-0 bands of 2-
naphthaldehyde, methyl 2-naphthyl ketone, and phenyl
2-naphthyl ketone are at 480 nm within experimental
error, while those of the 1-naphthyl series of ketones are at
ca. 505nm. This means that the lowest triplet state for
a series of compounds bearing naphthoyl groups is
almost unaffected by the substituents (-H, ~CHs, or
-CsHs) on the opposite side of the carbonyl group from
the naphthyl group; consequently, such a series of
carbonyl compounds give almost the same phosphorescence
spectra. Itis also known that the lowest triplet state for
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Fig. 7. Phosphorescence spectra of (1) methyl 1-
naphthyl ketone and (2) phenyl 2-naphthyl ketone in
MTHEF rigid solution at 77 K.

naphthoyl compounds is m,n* in nature.?¥ From these
considerations, it is thought that the phosphorescence
spectra of 1c¢ and 1d (Fig. 5) are attributable to the
emission from the low-lying m,t* triplet state in which the
excitation energy (spin density) is localized on the
naphthalene moiety of the molecules.’® On the other
hand, the emission intensity of lc¢ was significantly
weaker (about one eightieth) than that of 1d as shown in
Fig. 5, where the spectra were measured under the same
experimental conditions. However, relatively long
phosphorescence lifetimes (7) of 0.48 s for 1¢c and 0.91 s
for 1d were obtained (Fig. 6); these lifetimes are close to
the reported values'® of phenyl 1-naphthyl ketone
(t=0.74 s) and phenyl 2-naphthyl ketone (r=1.165),
respectively.

Transient Spectra. Measurements of the transient
absorption spectra of 1b and 1d in a fluid solution of
MTHEF were carried out at 293 K by nanosecond laser
photolysis. Although a reliable spectrum for 1b failed
to be obtained, the transient spectrum for 4-(2-
naphthoyl)styrene 1d was successfully measured. As
shown in Fig. 8, the spectrum was characterized by a
strong absorption below 400 nm and a weak absorption
around 500 nm. The single exponential decay curve
(A=380 nm ) in the figure gave a very short lifetime of ca.
23 ns. This spectrum of 1d differs from the T—T,
spectra of such naphthyl ketones as methyl 2-naphthyl
ketone (Amax=430 nm, 7=94 ps in benzene)?> and 4-
ethylphenyl 2-naphthyl ketone (Amax=~430nm in
MTHF).141%  Bonneau?! has noted that styrene ex-
hibits relatively strong transient absorption due to the
short-lived “ethylenic” triplet state (*P*)29 in the region
of 320—345 nm; An. has been estimated to be shorter
than 325nm, though the spectrum has not been
represented. The short lifetime observed here for 1d is
very close to those of the triplet states of styrene
(t=25 ns)?V) and 4-methoxystyrene (7=~22 ns).?”’ From
these facts, it seems that the transient spectrum of 1d
(Fig. 8) may be attributed to the m,n* triplet state in which
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Fig. 8. Transient absorption spectrum of 1d observed
immediately after excitation and its decay plot in a
fluid solution of MTHF at 293 K by nanosecond laser
photolysis.

the excitation is mainly localized on the styrene moiety
rather than on the naphthalene moiety in the molecule.

Discussion

As described above, direct photoirradiation of acyl-
styrenes (1a—e) having aryl ketone structures resulted in
the formation of trans- and cis-cyclobutane dimers (2a—
e and 3a—e) as major products (Scheme 1). In these
photocyclodimerizations, trans-cyclodimers were
produced in preference to cis-cyclodimers (trans/cis=~
4/1). It is well-known that the photocyclodimerization
of aromatic olefins such as styrenes,!”3 vinylnaphtha-
lenes,* indene,?® and acenaphthylene?? obeys the excited
spin-state mechanism; that is, the singlet excited state
gives cis-cyclodimer via an excimer, whereas the triplet
excited state produces predominantly frans-cyclodimer
via a 1,4-biradical. The photocyclodimerization of

la-e 2a-e 3a-e
e O oQ,
a b c d e

Scheme 1.
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la—e, therefore, is thought to proceed stepwise through
a 1,4-biradical produced by the addition of an excited
7,* triplet acylstyrene to another ground-state mole-
cule; the ring-closure reaction of the 1,4-biradical prefer-
entially produces thermodynamically more stable trans-
cyclodidmers(2a—e) rather than cis-isomers (3a—e).
The excited singlet acylstyrenes (1a—e) are likely to
undergo efficient intersystem crossing into the m,m*
triplet state. The n,m* singlet energy on the carbonyl
group for 1a and 1b directly flows into the m,m* triplet
state on the styrene moiety, but this is not necessarily the
case for other acylstyrenes (1c—e) which contain more
widespread n-chromophores than a benzoyl group as an
acyl substituent. The results of spectroscopic measure-
ments suggest that two distinct low-lying m,n* triptet
states are present for naphthoylstyrenes (1c, d); one is the
triplet state Tn(m,m*) localized on the naphthalene (N)
moiety and another is the triplet state Ts(r,n*) localized
on the styrene (S) moiety. Naphthoylstyrenes have two
different chromophores, the styrene and naphthalene
moieties, which are formally conjugated with the central
carbonyl group. In the first approximation for the
excited triplet state of this type of molecule, the styrene
and naphthalene moieties can be taken as independent
chromophores.!®?%  The values of the lowest triplet
energy (Fr) for styrene and naphthalene were reported to
be 21600 and 21180 cm™!, respectively; the difference is
very small (ca. 400 cm™).3®  From the reported values of
Er and absorption data (Fig. 1), the relative energy levels
of the excited states for naphthoylstyrenes can be
estimated as shown in Fig. 9. The Tn(m,n*) state is the
lowest triplet state, which corresponds to the emitting
state observed in frozen media by phosphorescence
spectrum (Figs. 5 and 6). The Ts(n,n*) state, which

Se(trt¥)
SN(TCTTY)
I
*
S(nt® | s
T (nTtY
Ts(mr = reaction
kT{ Tn(e®)
hv 0 0
" * 5 "
N-C-S" — °"N-C-S
hy' Ts(mt®) TN(TTT *)
phosphorescence
So 1 ¢

Fig. 9. Proposed state diagram and two possible low-
lying m,m* triplet states for naphthoylstyrenes (1c and
1d). Tn(m,7*)and Ts(n,n*) represent the triplet states
localized on the naphthalene moiety (N) and on the
styrene moiety (S) of the molecule, respectively.
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corresponds to the reactive state for dimerization, is
probably located on a level slightly higher than the
Tn(m,7*) level.

In frozen media, the naphthoylstyrene (1c, d) mole-
cules are caged in a rigid matrix and are expected to
retain the same geometry in both the ground and excited
states.® The excited triplet molecule of methyl 2-
naphthyl ketone has been proposed to have a major
contributing structure like the triplet species (i) shown in
Scheme 2.19 In frozen media, therefore, the naphthoyl
moiety of 1d has a coplanar structure where the carbonyl
group is conjugated with the naphthyl group, so that the
naphthoylstyrene readily undergoes intersystem crossing
to produce the Tn(n,n*) state (ISC-a in Scheme 2). The
presence of the absorption band around 330 nm due to
the m—n* transition of the naphthoyl moiety (Fig. 1)
indicates that the carbonyl group is essentially con-
jugated with the naphthyl group in fluid media as well.®
The carbonyl group in 1¢, d seems to be hardly cross-
conjugated with the styrene moiety instead of the
naphthalene moiety, considering the high singlet energy
of styrene (ca. 34700 cm™')?? compared with that .of
naphthalene (ca. 31000 cm™).39  Accordingly, the direct
intersystem crossing into the Ts(m,m*) state (ISC-b in
Scheme 2) may be ruled out. On the other hand, a
triplet state like Tn(w,m*) would be normally expected to
exhibit its characteristic transient spectrum with a
relatively long lifetime (=100 ps).2 However, the
transient spectrum observed for 1d (Fig. 8) has been
attributable to the very short-lived Ts(m,m*) state
(=25 ns) rather than the Tn(m,n*) state, as described in

the preceding section. It is, therefore, thought that in
the triplet state, the fast intramolecular transfer of triplet
energy takes place from the Tn(m,n*)-naphthalene moiety
to the Ts(w,n*)-styrene moiety, and the cyclodimer-
ization is initiated from the latter “ethylenic” triplet state
(v and/or vi in Scheme 2).2129  Since the energy gap
between the two states is estimated to be very small
(AE~KT), the intramolecular energy transfer to the
“loose-bolt” reactive site would occur efficiently even
with a little change in conformation.'® This reflects the
fact that the quantum yields of dimerization for 1c,d are
not lowered by the presence of the 7-chromophores in the
acyl moiety (Table 1); when such energy transfer fails to
occur, the excitation energy is released within the n-
chromophores, and consequently the dimerization
reaction will not be induced.

In addition, the photophysical and photochemical
properties for 1e would be almost the same as those
described above for 1c¢,d, because Fr of phenanthrene
(21600 cm™) is equal to that of styrene.?® In the case of
acylstyrene containing another acyl n-chromophore of
much lower triplet energy such as anthracene (Er=
14900 cm™) or pyrene (Er=16900cm™),%? it can be
presumed that the excitation energy on the =-
chromophore is unable to transfer to the reactive
Ts(m,n*) state located at a much higher energy level, and
hence the efficiency of photodimerization will be
extremely depressed.!® Thus, the photocyclodimeriza-
tion of aroylstyrenes 1c—e is thought to be one of the
typical photoreactions involving an intramolecular
triplet energy transfer between conjugated chromo-
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