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The selective excitation of contact charge-transfer (CCT) bands of 1,1-diarylethenes [Ar = 4-MeOCsH, (1a); 4-
MeCgHa (1b); Ph (1¢)] with molecular oxygen in CH;Cl, and MeCN resulted in the formation of the corresponding
3,3,6,6-tetraaryl-1,2-dioxanes (2) as a primary product, together with diaryl ketones (3). The reaction mechanism and
intermediates for the production of 2 and 3 were studied in terms of the effects of the solvent polarity, additives, substituents
on the aromatic rings, and the excitation wavelength on the product distribution, as well as in terms of the result of the
photolysis of 2. On the basis of these results, it was shown that 2 was produced through dimer cation radicals of 1, whereas
3 was formed through the photolysis of 2 and the autoxidation of 1 initiated by neutral radical species, which must have
been generated by the reaction of monomer cation radicals of 1 (1'*) with a superoxide anion radical. In particular, the
formation of 2 depended to a large degree on the solvent polarity; namely, 2 was produced more efficiently in CH,Cl
with moderate polarity rather than in MeCN with high polarity. Moreover, the reactivities of monomer and dimer cation
radicals of 1 were investigated by y-radiolyis and pulse radiolysis. For 1a and 1b, the transient-absorption spectra of their
dimer cation radicals trapped by oxygen molecules were directly observed at 365 ns after pulse irradiation. The reactivities
of 1" are also discussed based on the optimum structure, charge density, and spin density, obtained by semi-empirical
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molecular orbital calculations (PM3 method).

It is well-known that some organic substrates form contact
charge-transfer (CCT) complexes with molecular oxygen."
However, the photochemistry of the CCT complexes has at-
tracted relatively little attention,” in contrast to many inves-
tigations concerning singlet oxygen reaction® and electron-
transfer sensitized oxygenation.* For the purpose of defining
the reaction course of the CCT complexes, we have already
investigated the photochemical reaction of CCT pairs com-
prising styrene derivatives and oxygen.??**2) The photoin-
duced electron transfer reactions of the CCT pairs result in
the corresponding cis- and trans-1,2-diarylcyclobutane and
tetralin-type dimers along with benzaldehydes, the products
of oxidative cleavage (Eq. 1).?** Although it was explained,
on the basis of the isomer ratio of the cyclic dimers, that the
dimers are produced through dimer cation radicals of the
olefins as intermediates, the mechanism for the formation of
benzaldehydes has not been investigated. On the other hand,
it was found that the excitation of CCT bands between 1-
arylcyclohexenes and oxygen in MeCN yielded the corre-
sponding epoxides as the main products (Eq. 2),2® without
producing dimeric products, by an autoxidation mechanism
through the olefin cation radicals and superoxide anion radi-
cal (0" 7).

# Present address: Department of Applied Physics and Engineering,
Fukui University of Technology, 3-6-1 Gakuen, Fukui 910-8505.
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In order to gain deeper insight into the photoreactivities of
CCT complexes of aromatic olefins with oxygen, we investi-
gated the photoinduced electron transfer reaction of the CCT
complexes between 1,1-diarylethenes [1: Ar = 4-MeOCgHy
(1a), 4-MeC¢H4 (1b), Ph (1¢) and oxygen, which gives the
corresponding 3,3,6,6-tetraaryl-1,2-dioxanes (2) as products
trapped by oxygen on a reaction with open-chain 1,4-dimer
cation radicals of the olefins, subsequently partially decom-
posing to benzophenones (3) upon further irradiation under
oxygen (Eq. 3).” We report here in detail on the solvent-
polarity dependent photoreactivity of the above CCT com-
plexes and the reactivities of intermediates generated in the
reaction, studied by product analysis, time-resolved spectra,
and molecular-orbital calculations.

Experimental

Materials. 1,1-Bis(4-methoxyphenyl)ethene (1a) and 1,1-bis-
(4-methylphenyl)ethene (1b) were prepared by a reaction of the cor-
responding 4.4’ -substituted benzophenones with methylmagnesium
bromide, followed by a treatment with p-toluenesulfonic acid in
PhH.® 1,1-Diphenylethene (1c) was purchased from Wako Pure
Chem. Ind., Ltd. The olefins 1 were recrystallized or distilled be-
fore use. All of the solvents employed were guaranteed reagents
(Nacalai Tesque, Inc. and Wako Pure Chem. Ind., Ltd.) and dis-
tilled over calcium hydride prior to use. Authentic samples for 2
were prepared according to Ref. 6.

Absorption Spectra of CCT Complexes.  Diarylethenes 1
(0.05 M; 1 M =1 moldm™>) in CH,Cl,, MeCN, and PhH were
placed in a 10-cm path length sample cell. A stream of oxygen
was passed for 30 min through the sample in the sample cell at
room temperature for MeCN and PhH and at ice-bath temperature
for CH,Cl,. The spectrum was measured, and immediately after
this argon was again passed through the sample cell for 30 min at
the above temperature and a second spectrum was recorded. The
band observed under the oxygen atmosphere disappeared because
of argon bubbling (Fig. 1).

Measurements of Oxidation Potentials. Oxidation potentials
were measured by cyclic voltammetry using a potentiostat-galvano-
stat (Nikko Keisoku NPGS-501) and a function generator (Nikko
Keisoku NFG-3). The measurements were carried out in MeCN us-
ing a three-electrode cyclic voltammetric cell. A platinum disk and
a platinum wire were used as the working and counter electrodes,
respectively, and the reference electrode was made of Ag/AgCL
Tetracthylammonium perchlorate (0.1 M) was used as a supporting
electrolyte.

Irradiation of 1 under Oxygen. Diarylethenes 1 (0.04—
0.05 M) were irradiated in oxygen-saturated CH,Cl,, MeCN, and
PhH in a Pyrex glass tube (>>290 nm bandpass; effective excitation
wavelength, 313 nm) and a uranium glass tube (>>340 nm bandpass
for a 366-nm light) with a 400-W high-pressure mercury lamp
(Riko UVL-400HA) or a quartz tube (>>200 nm bandpass for a 254-
nm light) with a 160-W high-pressure mercury lamp (Riko UVL-
160LA) at 20 °C (Table 1). The conversion of 1 and the yields of
2 and 3 were determined with Shimadzu GC-8A and GC-14A gas
chromatographs equipped with a flame ionization detector, as well
as a JASCO 800 series high-performance liquid chromatograph.

Irradiation of 1 under Oxygen in the Presence of Electron
Acceptor.  Olefin 1 (0.04—0.05 M) was irradiated under oxygen
in the presence of antimony (V) chloride (SbCls, 2—9x 107* M)
in CH,Cl, at —40 to —70°C through a Pyrex filter.® In addition, 9,
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Fig. 1. UV absorption spectra of 1a (0.05 M) under argon
and oxygen, measured using a 10-cm path length cell: (a)
in CH,Cl,, (b) in MeCN, and (c) in PhH. The absorption
spectrum of 3 (10™* M in CH,Cl,) measured using a 1-cm
path length cell is also shown in (a).

10-dicyanoanthracene-sensitized (DCA, 0.001 M) oxygenation of
1 was performed in MeCN at 20 °C in a uranium glass tube using a
400-W high-pressure mercury lamp.”® The reaction products were
analyzed as explained above, and the results of a product analysis
are given in Table 2.

Photolysis of 1,2-Dioxane 2. The photolysis of2 (0.013—0.015
M) was carried out under oxygen and nitrogen in CH,Cl, at 20 °C
in a uranium glass tube with a 400-W high-pressure mercury lamp.
Under oxygen, 3 was detected as the main product at 30—36%
yield, together with a small amount of 1 (Table 3); however, under
nitrogen, the formation of 3 was suppressed and several unknown
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Table 1.

ation of the CCT Complex between 1 and Oxygen
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Effect of Solvent Polarity and Excitation Wavelength on Product Distribution Resulting from Irradi-

19 Solvent A Time® Conv. Yields of products
(Eox/V)® nm® h % 2/% 3/% 2/3
1a CH,Cl, 366 2 3 46 6 7.7
CH,Cl, 366 2 18% 189 n.d.P —
CH:CL 366 8 44 57 5 114
CH.Cl 366 10 70 28 9 3.1
CH,Cl, 254 20 61 9 22 0.41
(1.35) MeCN 366 2 3 — 56
MeCN 366 10 52 28 16 1.75
PhH 366 4 4 — 91 —
PhH 366 10 40 — 66 —
1b CH:Cl 366 20 87 22 25 0.88
CH,Cl, 254 20 44 9 25 0.36
(1.72) MeCN 366 20 95 — 40 —
PhH 366 20 36 — 59 —
1c CH,Cl, 313 20 45 — 55 —
CH,Cl, 254 20 18 — 49 —
(1.81) MeCN 313 20 41 — 79 —

a) 0.04—0.05M. b) Irreversible oxidation potentials of 1 vs. Ag/AgCl in MeCN [Ref. 8d: Eox/V =1.32 (1a), 1.66 (1b),

1.88 (1c) vs. SCE in MeCN].
M). f) Not determined.

c) Effective excitation wavelength. d) Irradiation time.

e) In the presence of 3a (0.01

Table 2. Photoinduced Electron-Transfer Oxygenation and Autoxidation of 1 with SbCls, DCA, and AIBN

1? Additive Solvent Temp® Time® Conv. Yields of products
°C h % 2/% 3% 2/3
1a SbCls9 CH,ClL, <—40 3 100 93 3 31
DCA® MeCN 20 4 100 19 23 ca. 1
AIBN? MeCN 65 20 79 Trace 46 —
1b SbCls CH,CL -70 3 100 79 6 13
DCA MeCN 20 2 56 Trace 13 —
AIBN MeCN 65 20 96 — 84 —
1lc SbCls CH,Cl, -70 4 94 86 2 43

a) 0.04—0.05 M. b) Reaction temperature.
(0.001 M). 1) 2,2’-Azobisisobutyronitrile (0.005 M).

Table 3.  Photolysis of 1,2-Dioxane 2 in Dichloromethane
under Oxygen®
¥ E,®  Time®  Conv. Yields of products
A% h % 1/% 3/%
2a  1.67 16 67 — 36
2b 211 16 98 3 30
2c 244 7 13 Trace 31

a) In a uranium glass tube with a 400-W high-pressure mercury
lamp. b) 0.013—0.015M. c) Irreversible oxidation potentials
of 2 vs. Ag/AgClin MeCN [Ref. 8d: Eox/V =1.66 (2a), >2 (2b),
>2(2¢) vs. SCE in MeCN]. d) Irradiation time.

products were produced along with a trace amount of 1.
y-Radiolysis. = The y-radiolysis of a glassy rigid matrix of

degassed 1-chlorobutane solutions was carried out in 1.5-mm-thick

Suprasil cells cooled in liquid nitrogen at 77 K by a %°Co ¥ source

¢) Reaction time.

d) 2—9x107* M. e 9,10-Dicyanoanthracene

(dose, 4.5x10°% Gy). The optical-absorption spectra of the 77 K
matrix were measured with a multichannel photodetector (Otsuka
Electronics, MCPD-100). An irradiated sample at 77 K was placed
in a precooled (77 K) quartz Dewar vessel. After the liquied ni-
trogen was removed from the vessel, the absorption spectra were
measured with the MCPD every 3 s as the temperature of the sample
was allowed to warm up to room temperature.

Pulse Radiolysis. The L-band linear accelerator at Osaka Uni-
versity was used as the source of the electron pulse, with an energy
value of 28 MeV, a pulse width of 8 ns, and a dose of 0.7 kGy per
pulse. The diameter of the electron beam spot on the surface of
the cell was ca. 3 mm. A 450-W xenon lamp (Osram, XBO-450)
was used as the analyzing light source. The light passing through
the sample solution was monitored first by using a monochroma-
tor (CVI-Laser, DIGIKROM-240) and then by a photomultiplier
(Hamamatsu Photonics, R-1477). The light signal was amplified
on a transient digitizer (Tektronix, 7912AD).

Molecular Orbital Calculation. The molecular-orbital calcu-
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lations were carried out using MOPAC Ver. 6.0° and HyperChem
Release 4.5 (Hypercube Inc.) installed in an NEC PC-9821Xn and
an EPSON VT513R personal computer, respectively. A geome-
try optimization for neutral olefins 1 and their cation radicals 1"*
was performed using the PM3 method. The SCF convergence test
was carried out on the total energy using the RHF/PM3 for 1 and
the UHF/PM3 for 1'*. The convergence criterion was 1x107°
to 1x 1077 and the RMS gradient was set at 0.01 kcal A=' mol ™'
for the PM3 as the terminal condition for ending the calculation.
RHF/PM3 method calculations also were performed to give the
charge and spin density, dihedral angle (6) between the aromatic
rings and the ethylene bond for 1 and 1™, the ionization potential
(IP), the heat of formation (H), and the bond length (Table 4).

Results and Discussion

Formation of CCT Complexes of 1 with Oxygen. The
CCT bands between 1 and oxygen were observed using a 10-
cm path length cell in the region from 330 to 390 nm for 1a,
from 315 to 370 nm for 1b, and from 310 to 350 nm for 1¢
(Fig. 1). However, the absorbance of the observed bands was
extremely weak (Abs. 0.02—0.03) when a 1-cm path length
cell was used to measure their UV spectra.

Solvent effects on the oxygen-organic molecule charge-
transfer absorption were examined in detail using 1-meth-
ylnaphthalene concerning the transition to a charge-transfer
state.'> The results are consistent with a ground-state com-
plex that does not have any substantial charge separation,
and the absorption shift does not correlate with functions
in which the static dielectric constant of the solvent is used.
Therefore, it is most likely that a change in solvent influences
the stabilization of the charge-transfer state, depending on the
dielectric constant.

Irradiation of CCT Complexes of 1 with Oxygen. Ef-
fect of Solvent Polarity: Selective irradiation of the CCT
bands of 1 with oxygen in CH,Cl,, MeCN, and PhH in a
uranium glass tube (effective at 366 nm) for 1a and 1b, and a
Pyrex glass tube (effective at 313 nm) for 1c using a 400-W
high-pressure mercury lamp gave 2 together with 3, depend-
ing on the solvent polarity and substituents on the aromatic
rings, as shown in Table 1 and Fig. 2. In contrast, simi-
lar irradiation of 1 under an argon atmosphere resulted in
no consumption of 1. It should be noted that during the 2
h irradiation, as shown in Fig. 2, the photoreactions of the
CCT complex of 1a with oxygen proceeded quite slowly
regardless of the solvent polarity, where the consumption
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of 1a was less than 3%. This is probably because the ab-
sorbance of the CCT bands is extremely weak, as pointed
out above. However, the reactions accelerated after 2 h of
irradiation, probably because some products sensitize the re-
actions, as discussed below. It is also worth noting that the
distribution of 2a and 3a depended on the solvent polarity. In
PhH (dielectric constant, £ = 2.27 at 25 °C), 3a was the sole
product, while 2a (57% in 44% conversion) was the major
product in CH,Cl, (& = 8.93), followed by a small amount
of 3a (5%). For MeCN (& =35.9), in the initial stage of
the reaction (conversion, 3%), no formation of 2a was ob-
served and 3a (56%) was the dominant product (Table 1).
Interestingly, 2a was obtained at a yield of 28% in 52% con-
version, together with 3a (16%). These results suggested
that the production of 2a is favored more by moderate po-
larity CH,Cl, than by high-polarity MeCN, although it was
completely suppressed in PhH with low polarity.

On the other hand, the oxidation potentials (Eqy) of 1 also
affected the formation of 2 and 3: E,x =1.35 V for 1a,
1.72 V for 1b, and 1.81 V for 1c vs. Ag/AgCl. For 1¢, 3¢
was the sole product regardless of the solvents used. For
1b, however, 2b was formed in CH,Cl, at a yield of 22%
together with 3b (25%), while only 3b (40%) was formed in
MeCN.

Diaryl Ketone as a Sensitizer for the CCT Complexes:
Because the conversion of 1a and the yields of 2a and 3a
increased significantly after the CCT complex of 1a with
oxygen was irradiated for 2 h, as shown in Fig. 2, we noted
that some of the products could sensitize the reaction. The
concentration of 3a in the reaction mixture after irradiation
for 2 h in CH,Cl, was estimated to be approximately 10~*
M; therefore, 3a would absorb a 366-nm light at the concen-
tration shown in Fig. 1a. In fact, when the CCT complex of
1a with oxygen was irradiated in CH,Cl, in the presence of
3a (0.01 M) for 2 h under these conditions, the consumption
of 1a increased from 3% to 18%, followed by an increased
yield of 2a (3.2% from 1.4% based on the initial amount of
1a, Table 1).

Furthermore, the formation of 3b was monitored at various
times (0.5 to 6 h) upon the irradiation of 1b under oxygen
in MeCN and PhH in a uranium glass tube using a high-
pressure mercury lamp. It was observed that 3b was formed
more efficiently in MeCN than in PhH. However, during the
initial stage of the reaction up to 1.5 h, there was no significant

Table 4. Results of Molecular Orbital Calculation for 1 and 1"* Using PM3 Method

1 H1? HA™MHY AH? LY 65540 Bond length/AP Charge density” Spin density™®
11+
c1-Cc2  C2-C3 C1 C2 C1 C2
11 1 1 7
1a —10.92 179.18 190.10 8.71 48.9/240 1.34/1.41 1.47/143 —0.157/-0.037 —0.011/0.186 0.877 —0.184
1b 4644 23340 18696 893 49.2/244 134/141 147/1.43 —0.151/—0.008 —0.021/0.191 0.845 —0.128
Ic 6566 25681 191.15 9.14 50.8/24.7 134/1.41 147144 —0.147/0.008  —0.026/0.198 0.830 —0.093

a) Heat of formation of 1 (kcalmol~!). b) Heat of formation of 1'* (kcalmol~1).
) Dihedral angle of C1-C2-C3—C4. f) See Eq. 4 with regard to numbering. g) Spin density for 1°*.

potential of 1 (eV).

¢) AH(kcalmol™YH)=H@'*)—H(1). d) Ionization
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Fig. 2. Yields of 1,2-dioxane 2a (A) and bis(p-methoxy-

phenyl) ketone 3a (L) produced by excitation of the CCT
band between 1a (@) and oxygen vs. irradiation time: (a)
in CH,Cly, (b) in MeCN, and (3) in PhH.

difference in the yield of 3b in the two solvents. In addition, it
seemed that there was an induction period for the formation of
3bin either solvent, as can be observed for 1ain Fig. 2. When
1b was irradiated in the presence of a small, known amount
of 3b under the conditions mentioned above, the yield of
3b increased approximately twofold. These results clearly
indicate that diaryl ketones can play the role of sensitizers in
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the photochemical reaction of the CCT complexes of 1 with
oxygen.

Effect of Excitation Wavelength: The distribution of 2
and 3 produced by the irradiation of 1 in CH,Cl, under oxy-
gen was considerably affected by the excitation wavelength
(Table 1). When a solution in a quartz tube was irradiated
using a 160-W low-pressure mercury lamp (effective excita-
tion wavelength, 254 nm), the ratio of 2/3 was approximately
0.41 for 1a and 0.36 for 1b, respectively. However, the ir-
radiation of a solution in a uranium glass tube with a 400-
W high-pressure mercury lamp (effective at 366 nm) gave 2
at higher yield than the above reaction: 2/3 =11.4 and 0.88
for 1a and 1b, respectively. For 1¢, however, there was no
significant change in product formation due to the excitation
wavelength; 3¢ was the sole product upon the irradiation of
1c by 254- and 313-nm lights under similar conditions to
those used for 1a and 1b.

Effects of Lewis Acid, Electron Accepting Sensitizer,
and Radical Initiator: It has been reported that the photo-
oxygenation of 1,1-diarylethenes in the presence of a Lewis
acid® (SbCls) and electron acceptors, such as DCA, tetracy-
anoanthracene, and acridinium ion,”*'? results in the forma-
tion of 2 at high yields due to electron-transfer reactions that
generate cation radicals of the olefins as intermediates. As
shown in Table 2, the irradiation of 1 in CH,Cl, with SbCls
under oxygen at —40 to —70 °C yielded 2 (79—93%) with a
high product selectivity, independent of E,y of 1. DCA-sen-
sitized photooxygenation of 1a,b at 20 °C in MeCN formed
2a,b at lower yields (<20%) than those reported, as well as
3a,b (13—23%),® which is probably because 2 is unstable
under the reaction conditions we employed. On the other
hand, the autoxidation of 1a,b in MeCN at 65 °C under
oxygen, with 2,2’-azobisisobutyronitrile (AIBN) as an initia-
tor, gave 3a,b at 46—86% yield and trace amounts of 2a,b.
These results clearly show that 2 is a characteristic product
of the electron-transfer reaction of 1, whereas 3 is produced
mainly through the autoxidation of 1, although another route
through electron-transfer oxygenation cannot be ruled out.

Production of diaryl ketones 3 through Photolysis of 1,
2-Dioxanes 2. When 2 (E,x =1.67 V for 2a; 2.11 V for
2b; 2.44 V for 2¢ vs. Ag/AgCl) was irradiated in CH,Cl,
under oxygen in a uranium glass tube, 3 was yielded as a ma-
jor product according to a GC analysis (31—36%), although
not quantitatively, together with a small amount of olefin 1b
for 2b (Table 3). A similar irradiation of 2 under nitrogen
yielded a different product distribution than that obtained
under oxygen. The detailed mechanism for the photolysis of
2 had not been investigated when we published a previous
paper,” in which we suggested that it was unlikely that bond
fission in the photolysis proceeded through a single reaction
channel. Recently, Kamata et al. reported on the mechanism
for the photolysis of 2a under nitrogen.'? According to their
results, the photolysis of 2a under nitrogen gives 1,4,4-tris-
(4-methoxyphenyl)-3-buten-1-one and 4-methoxyphenol as
dominant products through a C—O bond cleaved 1,6-diradi-
cal intermediate 7 from the excited triplet 2a, together with
ca. 10% of 3a from the excited singlet 2a (See Scheme 1).
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In our experiment, however, the above two products were
not observed in photolysis under oxygen. Therefore, some
proportion of 3 observed in the photoreaction of the CCT
complexes can be explained as being a secondary product
of the photolysis of 2. However, the remaining quantity of
3 must be produced by another route, probably by an au-
toxidation mechanism initiated by neutral radical species,
generated by a reaction between 1" and Oy~
Mechanism. As shown in Scheme 1, the selective
excitation of the CCT bands between 1 and oxygen results in
one electron transfer from the olefins to oxygen to generate
a contact ion radical pair of the monomer cation radical 1°*
with Oy~ in a solvent cage (Intermediate I). As can be seen
in Table 1, the formation of 2 prefers CH,Cl, to MeCN as a
solvent. This suggests that medium polar solvents are more
favorable for the production of a dimer cation radical of 1
than high polar solvents. This is probably because the return
electron transfer rates in the contact ion radical pair I could be
decreased in the medium polar solvent and the concentration
of 1"* could increase, similar to the efficient formation of a
separated biphenyl cation radical in less polar solvents than
MeCN using N-methylacridium salts as electron-accepting
sensitizers.'? It is also likely that for CH,Cl, the ion radical
pair I reacts with another 1 to directly generate an open chain
1,4-dimer cation radical 4 (Path i), which finally collapses
to 2 through intermediates 5 and 6, dimer cation radicals
trapped by O;. On the other hand, for MeCN the solvated
1'* (Intermediate ) reacts with 1 and O, "~ to form 4 and
neutral radical species 8, respectively (Path ii). The radical 8
could initiate autoxidation to finally produce 3.>*'¥ In PhH,
the CCT complex of 1 with O, is also formed and excitation
of the CCT band may generate initially the contact ion radical

pair I, similar to the cases of CH,Cl, and MeCN. However,
separation of the ion radical pair does not occur because of
the low polarity of the solvent. Therefore, the combination
between 1'* and O,"~ might occur to produce radical 8,
which probably causes autoxidation of 1 to finally give 3
(Path iii). Although 3,3-diaryl-1,2-dioxetane might be a
plausible precursor to the production of 3," no evidence for
the intervention of the dioxetane was obtained.

The direct excitation of 1a and 1b in CH;Cl, under oxy-
gen using a 254-nm light decreased the yield of 2a,b to less
than 10%, followed by the formation of 3a,b at 20—25%; by
contrast, the excitation wavelength had no significant effect
on products for 1c (Table 1). The low-pressure mercury
lamp used for the irradiation can also give a 366-nm light
with considerably lower intensity compared to the 254-nm
light. Therefore, these results indicate that the photoinduced
electron transfer is caused by excitation of the CCT band of
1 with Oy, and not by locally excited 1 and O,. However,
we cannot exclude the possibility that 2 photodecomposed
by the 254-nm light to partially produce 3 under oxygen, as"
described above.

On the other hand, efficient electron-transfer oxygenation
of olefins catalyzed by the Lewis acid at low temperature has
been reported.®' This is probably because the olefin cation
radicals are stabilized by lowering the temperature, and have
a longer lifetime than at room temperature. However, the
irradiation of CCT complexes between 1 and O, in CH,Cl,
and MeCN at —40 to —70 °C gave no observable products.
Thus, it is likely that there is a thermally activated process
involved in the photoinduced electron-transfer reaction of
the CCT complexes.

Finally, it is likely that excited triplet 3a sensitizes 1la
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to give excited triplet 1a, which would react with another
1 to produce a 1,4-dimer biradical intermediate. The 1,4-
biradical could further react with O, to form 7, which would
finally yield 3a under oxygen. However, 2a is a characteristic
product through a dimer cation radical of 1. Thus, energy
transfer might also occur between the excited triplet 3a and
the CCT complex.

Observation of Monomer and Dimer Cation Radicals
of 1. The transient absorption spectra recorded by y-
irradiation of 1-chlorobutane glass containing 1 (10 mM) at
77 K are shown in Fig. 3, where remarkable changes in the
absorption spectra were observed along with an increase in
the temperature. At low temperature, approximately 77 K,
one expects to observe 1°* initially in the glass matrix. Along
with an increase in the temperature, dimer cation radicals of
1 should be produced by the reaction of 1°* with 1 as the
flexibility in the matrix increases. For 1a, initial absorption
bands around 330, 390, and 580 nm were attributable to
its monomer cation radical (1a'*), which decays with the
simultaneous formation of new absorption bands at around
350 and 500 nm, probably attributable to the dimer cation
radical of 1a (Fig. 3a). Similar spectral changes were also
observed for 1b. In Fig. 3b, the absorption bands at 315,
385, and 560 nm were assigned to a monomer cation radical
of 1b (1b'*), whereas the absorption bands at 340 and 460
nm were attributed to a dimer cation radical of 1b. The
assignment for monomer and dimer cation radicals of 1a and
1b described above is similar to that for styrenes.'®='® As
reported by Hayashi et al.,'” the monomer cation radical of
1c (1¢™*) has absorption bands similar to those of its dimer
cation radical, particularly, in the wavelength region given
in Fig. 3¢. Therefore, no disappearance of the bands for 1¢™*
was observed, in contrast to the cases of 1a and 1b. However,
the figure also shows that the formation of the dimer cation
radical of 1¢ resulted in an increase in the absorption band at
around 330, 390, 430, and 525 nm.

The transient-absorption spectra measured by pulse radi-
olysis of 1 (2 mM or 10 mM) in 1-chlorobutane under argon
at room temperature are shown in Fig. 4.2 Two main absorp-
tion bands were observed: Apa = 330—350 nm and 390—
490 nm. The absorption bands, centering around 330—350
nm, increased in intensity with time after pulse irradiation.
However, other bands with A, around 390—490 nm ex-
hibited different spectral changes. For 1a, the 490-nm band
increased in intensity with time after pulse irradiation similar
to the 350-nm band (Fig. 4a). For 1b, the intensity of the
400-nm band increased with time until 80 ns after irradiation
and then decreased.'” In the case of 1c¢, the 390-nm band
gradually decreased in intensity with time.

Based on the spectra changes observed by the y-irradia-
tion of 1, the absorption spectra obtained by pulse radiolysis
of 1 in 1-chlorobutane under argon at room temperature can
be attributed to dimer cation radicals of 1. Moreover, we also
noted that the transient absorption spectra shown in Fig. 4 are
quite similar to those of 1,w-bis(diarylvinyl)alkane cation
radicals, the structure of which is considered to be almost
identical with that of the dimer cation radical 4.2” However,
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Fig. 3. Absorption spectra of y-irradiated 1-chlorobutane

glasses containing 1 (10 mM) at 77 K: (a) 1a, (b) 1b, and
(c) 1c; 1 at 77 K and 2—4 in warming.

we cannot rule out the possibility that 330—350 and 390—
490 nm transients observed by the pulse radiolysis might be
different species, because they show different decays. The
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Photoreactivities of CCT Complexes

increase in the intensity of 330—350 nm band transients may
be explained by the formation of neutral benzyl-type radi-
cals, through the addition of nucleophiles like chloride ion to
1'*.2? In addition, the differences in the spectral changes in
the 390—490 nm bands, shown in Fig. 4, probably indicate
differences in the lifetime (namely, stability) of the dimer
cation radicals of 1.

Quenching of Transient Absorption Bands by Oxygen.
Transient-absorption spectra were measured at various times
after the pulse irradiation of 1-chlorobutane solutions of 1 (10
mM) under oxygen at room temperature, as shown in Fig. 5.
For 1a, the 350-nm band was quenched at a rate constant (k;)
of approximately 9x 108 M~! s~!, whereas the 490-nm band
shifted to around 500 nm with time after pulse irradiation,
similar to the transient-absorption spectra observed in the
laser flash photolysis of 1a in aerated MeCN containing N-
methylacridinium perchlorate.'® The decay curves in Fig. 5a
show the simultaneous formation of a new band with Ay, at
around 505 nm along with a decrease in the 350 and 480-nm
bands. For 1b, as shown in Fig. 5b, the 340, 385, and 430-nm
bands were quenched by oxygen (k; = ca. 6x 108 M~ ! s~1 at
340 nm); in addition, similar to the case of 1a, we observed a
new absorption band around 465 nm. In contrast to the above
cases, for 1c the initial absorption bands found at around
330 and 390 nm were quenched by oxygen (k; = ca. 3x10%
M~!s~! at 330 nm), and no new absorption bands were
observed after pulse irradiation.

Pulse Radiolysis of 1,2-Dioxane 2a.  The pulse radioly-
sis of 2a (5 mM) was also performed in 1-chlorobutane under
argon at room temperature to give the transient absorption
spectra shown in Fig. 6. It should be noted that the observed
spectra closely resemble the spectrum generated at 365 ns
after the pulse irradiation of 1a under oxygen in Fig. 5a.
However, the pulse radiolysis of 3a (10 mM) under similar
conditions produced a transient-absorption band with a A,y
of around 400 nm.

New Transient Absorption Band under Oxygen. Be-
cause all the olefins used showed the formation of dimer
cation radicals, as can be seen in Figs. 3 and 4, at room tem-
perature, quenching of their absorption bands by O, probably
indicates reaction of the dimer cation radical 4 with O, to
generate 5, followed by 1,6-cyclization to give 1,2-dioxane
cation radical 6 (See Scheme 1). The resultant 6 is reduced to

2 by 1 or O,"~. However, the 1,6-cyclization of 5 to produce

6 must compete with the reduction process of Sby 1 or O,"~
to generate 7, which may initiate autoxidation of 1 or decom-
pose under oxygen to finally yield 3. As described above,
the absorption spectra obtained by the pulse radiolysis of 2a,
but not 3a, are nearly identical to the spectrum generated at
365 ns after pulse irradiation of 1a under oxygen; therefore,
the new absorption bands observed by the pulse radiolysis of
1a and 1b under oxygen are probably attributable to 5 or 6.
Difference in Reactivities of Monomer and Dimer
Cation Radicals.  As can be seen in Fig. 5, dimer cation
radicals of 1 have remarkably different reactivities with O,
depending on the substituents on the benzene rings. In order
to explain these differences in the reactivities, semi-empir-
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ical molecular orbital calculation for 1 and 1°* was carried
out using the PM3 method (Table 4). On the basis of these
results, it appears that the introduction of electron-donating
groups (MeO and Me) on the benzene rings of 1¢™* affects
the distribution of the charge and spin density. In particular,
at the C1 and C2 positions of 1°* (see Eq. 4), the charge
density increases in the order 1a™ <1b"* <1c'™*, whereas the
spin density decreases in the order 1a™>1b"">1c™". These
changes are probably due to resonance between aromatic
rings and an ethenyl group;® in fact, the dihedral angle of
C1-C2-C3-C4 for 1™* becomes smaller than that of 1 by
ca. 25°, and also the bond length of C2—C3 for 1"+ becomes
shorter than that of 1, 1.43 and 1.47 A, respectively. There-
fore, it is likely that the change in the spin density of the
diarylmethylcarbons of 4, similar to the case of 1", occurs
due to the introduction of substituents, which determines
the reactivities of 4 with O,. Furthermore, the substituents
would affect the stabilities of 4 and 5 by resonance; namely,
the lifetimes of 4a,b and 5a,b must become longer compared
to 4¢ and Sec.

X=0OMe, Me, H @)

Conclusion

The selective excitation of the CCT complexes of some
styrenes and 1,1-diarylethenes with O, gives dimeric prod-
ucts through an electron-transfer reaction from the olefins
to O, to generate the olefin cation radicals and O, ™, but
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not in the case of 1-arylcyclohexenes, as shown in Eq. 1 to
Eq. 3. Based on our recent study of the ring-size dependent
dimerization of 1-arylcycloalkene cation radicals,?” it can be
concluded that the photoproducts of the CCT complexes are
probably determined by the solvent polarity, the reactivities
of the olefin cation radicals dependent on their structure,?®
the charge and spin density,*'**® the steric repulsion among
aromatic rings,” and the initial concentration of the olefins.?”
This is also the case for aromatic olefin cation radicals gen-
erated by electron-transfer sensitized reactions.”
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