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Photosensitized reactions of 2,2-diaryloxetanes by 1,4-dicyanonaphthalene, 1-cyanonaphthalene, and 9,10-
dicyanoanthracene, which give such ring-cleavage products as substituted benzophenones and alkenes, have
been investigated. Quantum yields for the ring cleavage vary with the substituents on both the aryl group and
oxetane ring. The quantum yield increases with increase in electron-donating ability of the oxetane. The
limiting quantum yields in the case of 1,4-dicyanonaphthalene-photosensitized reaction of 2,2-di-p-tolyl- or
2,2-bis(p-methoxyphenyl)-3,3,4-trimethyloxetane exceed unity. The mechanism is discussed in terms of electron
transfer from oxetanes to the excited singlet state of the sensitizer as well as the regeneration process of the
oxetane cation radical involving the hole transfer from substituted benzophenone cation radicals to oxetanes in

the chain process.

Cleavage of oxetane into carbonyl-olefin pairs is
well-known to occur by the treatment with Br¢nsted
acid or metal ion as well as by pyrolysis.?2 In these
studies, the regio- and stereochemical control has been
an interesting subject. On the other hand, photosensi-
tized ring-cleavage reactions of such small ring com-
pounds as cyclopropanes,® cyclobutanes,? oxiranes,?
and aziridines® have received much attention from
mechanistic and synthetic points of view. However,
no photosensitized reactions of oxetanes have been
reported. In order to develop the study of regioselec-
tive and efficient cleavage reactions of oxetanes, we
attempted the ring cleavage of some 2,2-diaryloxetanes
by photosensitization with such typical electron accep-
tor (S) as 1,4-dicyanonaphthalene (DCN), 1-cyanonaph-
thalene (CNN), and 9,10-dicyanoanthracene (DCA).

Results

Photoreaction. Photoreactions of 2,2-diaryloxetanes
(l1a—h) were carried out by irradiation of aceto-
nitrile solutions at 313 nm for DCN and CNN runs
and at 366 nm for DCA run, and the progress of the
photoreactions was followed by gas chromatography.
The photoproducts are shown in Scheme 1.

Pairs of substituted benzophenone (2) and alkenes
(3) were formed by photosensitized reaction of la—h

Table 1.

with DCN. Such other products as 1,1-diaryl-2,2-di-
methylethylene were not observed. The chemical
yields of 2 and 3 in the photosensitized reaction with
DCN are shown in Table 1. The formation of 2 occur-
red quantitatively whereas the yields of 3 were rela-
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Scheme 1.

Photosensitized Ring-Cleavage Reactions of Oxetanes (la—f) with DCN®¥

Oxetane Irradn time/h Products (Yield/%)® Conv. of 1/% Recov. of DCN/%
la 24 2a (19) 3a (11) 20 100
1b 20 2b (27) 3a (20) 32 60
1c 24 2b (31) 3b (24) 35 61
1d 10 2c (55) 3a (55) 61 71
le 25 2c (41) 3b (17) 43 5
1f 4 2d (80) 3a (71) 82 80

a) For acetonitrile solution (4 cm3) containing 1 [0.05 mol dm~3] and DCN [0.02 mol dm=3]. b) GLC yields based

on 1 used.
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tively low in some cases except for the cases of 1d and
1f. DCN was recovered almost quantitatively except
for the case of 1e in which remarkable consumption of
DCN was observed. Similarly, the photosensitized
reaction of 1d and 1f with CNN or DCA proceeded to
give 2 and 3 whereas no photosensitized reaction of
la—c with CNN or DCA occurred. The photosensitiz-
ed reaction of 1f with DCN and CNN did not proceed
at all in less polar solvents such as benzene, dibutyl
ether, dioxane, and tetrahydrofuran (THF) but pro-
ceeded slightly in ethyl acetate, 2-propanol, ethanol,
and methanol. Acetonitrile was a better solvent for the
occurrence of the efficient photoreactions. Moreover,
it was confirmed that no reaction occurred at all in the
dark or even upon direct irradiation of 1.

Quantum Yields. The formation of 2 and 3
increased linearly with irradiation time up to 5% con-
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Fig. 1. Double-reciprocal plots of quantum yield
for 2 formation vs. concentration of 1:1a (-O-), 1b
(-O-), 1c (-@-), 1le (©-), and 1g (-®-).
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version. Limiting quantum yields were determined
for the formation of 2 and 3 by the usual double-
reciprocal plots of quantum yields (¢) vs. concentra-
tion of 1. Figure 1 shows linear plots for the forma-
tion of 2 from DCN-photosensitized reaction of la—
c,e,g. Although such linear plots were also obtained
from the formation of 3, the slopes were steeper than
those obtained from the formation of 2, since the yields
of 3 were lower than those of 2. Such linear plots were
not observed for the formation of 3b from lg. Table 2
lists the intercept (I) and intercept-to-slope ratios (1/S)
of the plots together with the limiting quantum yields
for the formation of 2 and 3. In the case of CNN and
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Fig. 2. Double-reciprocal plots of quantum yield
for 2 (-O-) or 3a (-@-) formation vs. concentration of
1: (A) the case of DCN-1d, (B) the case of DCN-If.

Table 2. Limiting Quantum Yields (¢) for the Formation of 2 and 3
and Fluorescence Quenching Rate Constants (kq)

S (z/ns)? 1 ™ 1/s® b2 s Kov b
dm3 mol-! dm?3 mol-1s-1

DCN (9.5) la 3.9 21 0.26 0.21 33 3.5X109
1b 4.1 24 0.25 0.23 44 4.6X10°
1c 3.7 58 0.27 0.25 56 5.9X10°
1d 0.20 6.3 5.0 5.2 79 8.3X10°
le 1.5 27 0.68 0.47 90 9.5X109
1f 0.22 7.1 4.7 43 161 1.7X1010
g 0.88 13 1.1 —9 144 1.5X1010

CNN (9.3, 12.39) 1d 0.029 4 0.4X10°
1f 0.40° 146 1.6X1010
1f 1619 1.3X1010%

DCA (15.3) 1d 0.030 20 1.3X10°
1f 0.109 182 1.2X1010

a) Fluorescence lifetimes. b) The intercept (I) and the intercept-to-slope ratios (I/S) of the plots for the formation of
2in Figs. 1 and 2. c) Not determined. d) In benzene. e) For the acetonitrile solution containing 1 [0.05 mol dm—3]and
CNN [0.01 mol dm~3]. f) For the acetonitrile solutions containing 1 [0.05 mol dm~3] and DCA [1X10* mol dm~3].
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DCA, the observed quantum yields at [1}=0.05 mol
dm-3 are shown in Table 2. It should be noted that
the limiting quantum yields for the formation of 2 and
3 from DCN-photosensitized reaction of 1d or 1f were
more than unity as is shown in Fig. 2.

The quantum yields were measured for DCN-photo-
sensitized reaction of 1d in the presence of various con-
centrations of methanol and the plots of ¢ for the
formation of 2 and 3 vs. [MeOH] are shown in Fig.
3. The ¢2 decreased to 0.38 when more than 0.4 mol
dm-3 of methanol was added and ¢s gradually decreas-
ed with increase of concentration of methanol.

Fluorescence Quenching. The fluorescence of aro-
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Fig. 3. Plots of the reciprocals of quantum yield
for 2c and 3a vs. the concentration of methanol in
DCN-photosensitized reaction of 1d.
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matic nitriles was quenched by oxetanes following
linear Stern-Volmer relationships (Eq. 1). Table 2
includes the Stern-Volmer constants (Ksv) and the
fluorescence quenching rate constants (kq) calculated
from Ksv and the fluorescence life time (7).7-9

R/Ie =1+ Ksv{1] =1 + ket[1] N

Mass Spectrometry. The fragmentation of 1b—h
was studied by mass spectrometry at 70 eV. The rela-
tive intensities of the fragments are listed in Table 3
according to the fragmentation mode of Scheme 2
reported by Jones and McDonnell.19

o—1" ¢ .
A .,
A,._I - ArpCO ™ andlor j
Ar m/z m/z,
+ A, %
\_B AN \—/
0_\ and/or Al/_\
Af2C=OH’
m/z1
Scheme 2.

Table 3. Mass Spectral Data of Oxetanes (1b—h)?

Oxetane Mode? m/z m/z2 % Rel. Abundance?®
1b A 182 (12)9 70 (19)? 31
B 44 ( 0) 208 (50)° 50
C 183 (19) 19
1c A 182 ( 6)¢ 84 (38)® 44
B 58 ( 2) 208 (33)0 35
C 183 (21) 21
1d A 210 (11)® 70 ( 4)° 15
B 44 ( 0) 236 (74)" 74
C 211 (11) 11
le A 210 ( 8)» 84 (22)0 30
B 58 ( 0) 236 (51)? 51
C 211 (19) 19
1f A 242 (11)» 70 ( 1)? 12
B 44 ( 0) 268 (85)Y 85
C 243 ( 3) 3
1g A 242 (11)) 84 ( 9)® 20
B 58 ( 7) 268 (66)% 73
C 243 ( 7) 7
1h A 182 (47)9 56 ( 5)? 52
B 44 ( 0) 194 ( 8)™ 8
C 183 (40) 40

a) % Relative abundance in parenthesis. b) Refers to Scheme 2. c) Sums of % relative abundance according to the mode. d)
Includes relative intensity of m/z 105 (182—Ph). e) Includes relative intensity of m/z 55 (70—Me). f) Includes relative
intensities of m/z 193 (208—Me) and 131 (208—Ph). g) Includes relative intensity of m/z 69 (84—Me). h) Includes relative
intensity of m/z 119 (210—MeC¢H,). i) Includes relative intensities of m/z 221 (236—Me) and 145 (236—MeCgHs). j)
Includes relative intensity of m/z 135 (242—MeOCsH4). k) Includes relative intensities of m/z 253 (268—Me) and 161
(268—MeOCsHy). 1) Includes relative intensity of m/z 41 (56—Me). m) Includes relative intensities of m/z 179 (194—Me)

and 117 (194—Ph).
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Discussion

Mechanism. There is no doubt that the photo-
sensitization proceeds via the excited singlet state of
aromatic nitriles since the rate constants for the
fluorescence quenching of DCN by la—g as well as
the fluorescence quenching of DCA or CNN by 1f are
close to the diffusion-controlled rate in acetonitrile
(2X101° dm3 mol-1s-1).10  Moreover the intercept-to-
slope ratio (1/S) obtained from quantum yield measure-
ments shows reasonable agreement with the Ksv values
for the fluorescence quenching in the case of DCN-la—
c. Table 4 lists the calculated free energy changes for
the electron-transfer process from oxetanes to the ex-
cited singlet state of aromatic nitriles (1S*) using the
Rehm-Weller equation.41? The calculated values for
DCN-la—f or DCA- and CNN-1If pairs are substan-
tially negative. Therefore, it is strongly suggested that
the electron transfer from oxetanes to 1S* is responsible
for the initiation process of photosensitized ring-
cleavage reactions as reported for the photoreactions of
some benzene derivatives with aromatic nitriles.1?
However, no photosensitized ring-cleavage reaction of
1f with DCN or CNN in less polar solvents occur at all,
though the fluorescence of S is efficiently quenched by
If in these solvents. From the above results, the
cleavage of oxetane ring is suggested to proceed via
the oxetane cation radical (1**) formed by the com-
plete electron transfer from oxetanes to 1S* rather than

g —2__ Tgx
tsx, 1 KA g7, g
g, ¢ ka_ o
-8 -2 . 3
Sn

1"1—-9———- 1 and/or others

Scheme 3.
Table 4. Oxidation Potentials (Ejj;) of la—f and

Calculated Free Energy Changes (AG) for
Electron Transfer from la—f to 1S*

o AG/k] mol-1?
Oxetane E;},/VY
DCN CNN DCA
la 2.05 —39 55 23
1b 1.97 —47 48 15
1c 2.02 —42 52 19
1d 1.80 —63 31 —2
If 1.44 —98 -3 —36

a) Half-wave oxidation potential vs. Ag/AgNQOs in
acetonitrile. b) Calculated values using the Rehm-
Weller equation: see Refs. 4 and 11.
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via exciplex formation. Consequently, mechanistic
pathways for the photosensitized reaction with S are
shown in Scheme 3. A usual kinetic treatment gives
Eq. 2.

1 1
wp 4T kat[1]

o= ) 2

Since the oxidation potentials of 2,2-diaryloxetanes
are similar to those of the corresponding benzene de-
rivatives,!® the positive charge in the photogenerated
cation radicals of oxetanes is suggested to develop over
the aryl groups. Therefore, the ring cleavage of 1*
should be induced by the decrease of electron density
in the C2-Cs o bond through o-7 interaction between
the aryl groups and the C2—-Cs bond of the oxetane ring
(Scheme 4). DCN-photosensitized reaction of cis-3,4-
dimethyl-2,2-diphenyloxetane (lh) gave the mixture
of cis- and trans-2-butene (3c) in 1:4—>5 ratio and 2b
(Scheme 5). Such nonstereospecific cleavage of the
oxetane ring arose from the stepwise bond-fission
at Cz-C3 of oxetane ring followed by free rotation
around the C3-C4 bond. An alternative isomerization
mechanism via the cation radical of 3c is unlikely to
operate in the photosensitized reaction of 1h, since
mass spectra of 1h show that 3c*" is scarcely produced
from the fragmentation of 1h**. Thus 2** and/or 3*"
are formed by the cleavage of the ring-opened cation
radical and reduced with anion radical of S (S7) to
give 2and 3. The formation of 2** and/or 3" are also
suggested by the fact that the quantum yields for the

%
Ar -

Ar. o—&z and/or A:);’"&(
A7 | AT

2% . 3 and/or 2 + 3*
s
2 + 3
Scheme 4.
H
Q0—=Me Me H
hy /DCN
Ph-l—EMe O )
H e
h trans/cis =4~5 /1

Scheme 5.
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formation of 2 and 3 were diminished by the nucleo-
philic reaction of methanol in DCN-photosensitiza-
tion of 1d as shown in Fig. 3.

Consideration of Chain Mechanism. The chain
mechanism should be taken into account in the case of
1d and If since the limiting quantum yields obtained
from Fig. 2 exceed unity. The 2** and 3*" generated
from the cleavage of the oxetane cation radical are
candidates for the chain carrier in the regeneration
process of oxetane cation radicals. The hole transfer
from 3*" to oxetanes is disadvantageous since the oxi-
dation potentials of 3 are much lower than those of
oxetanes showing that the hole-transfer process is sub-
stantially endothermic (E$/,=1.47V for 3a and 1.13V
for 3b).? The hole transfer from 2% to oxetane is
conceivable for the regeneration pathways of 1*".
Therefore, the reaction mechanism for DCN-photo-
sensitization of 1d and If should include Eq. 3 in
addition to Scheme 3. The I/S values for the chain
process are much smaller than the Ksv values in Table
2. DCN-photosensitization of le and 1g in which 1/S
values are smaller than the Ksv values might proceed
by a mechanism involving a chain mechanism.

2+ +1——2+1+ (3)

Jones and McDonnell reported that the fragmenta-
tion of the oxetane ring in mass spectra occurred ac-
cording to the modes A, B, and C as is shown in
Scheme 2.19 Though the mass spectrometry features
are different from those of photosensitized reactions,
we can estimate the ratio of 2*° to 3*" generated from
1" by the fragment intensity of mass spectra in mode
A as shown in Table 3. It was found that the ratio
of 2" to 3*" in the case of 1d and 1f was greater than
in the other cases. In other words, it is shown that
the fragmentation of 1" gives a pair of 2*" and 3
more than a pair of 2 and 3*" in the case of 1d and 1f
in which the limiting quantum yield exceeds unity.
Therefore, it is again indicated that 2** plays an
important role in the chain process.

In conclusion, the regioselective ring-cleavage reac-
tion of oxetanes was accomplished by photosensitiza-
tion with aromatic nitriles. The regioselectivity was
caused by selective C2—-Cs bond-fission of the oxetane
cation radicals generated by photochemical electron
transfer. Moreover, the reaction efficiencies were de-
termined by the electron-donating abilities of ox-
etanes as well as by occurrence of chain processes.

Experimental

Instruments. Gas chromatography was performed on a
Shimadzu GC-8A gas chromatograph using a 50 cm column
of 2% OV-1 or 2% OV-17 on Chromosorb W for analyses of
la—h, 2a—d, and DCN, a 3 m column of DC-550 on Uniport
B for analyses of 3a, a 1 m column of PEG-20M for analyses
of 3b, and a 2 m column of Unipak S (Gasukuro Kogyo) for
analyses of 3c. IR and 'H NMR spectra were obtained on a
Hitachi 260-50 spectrometer and a JEOL JNMG60 spectro-
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meter, respectively. The fluorescence quenching experi-
ments were performed for degassed acetonitrile or benzene
solutions (3 cm3) containing DCN (1X10-3 mol dm-3), CNN
(1X10-2 mol dm—3), or DCA (2X10-% mol dm~3) on a Hitachi
MPF-4 spectrometer. Oxidation potentials of 1a—d, f were
determined by a Yanagimoto V10-PG cyclic voltammeter vs.
Ag/AgNOs in acetonitrile using tetraethylammonium tetra-
fluoroborate as the supporting electrolyte.¥ Mass spectra
were measured on a JEOL D-300S equipped with a JMA
2000 data analyzer.

Materials. Commercial 1-cyanonaphthalene was purifi-
ed by the method described in a previous paper.”? 9,10-
Dicyanoanthracene was purified by repeated recrystalliza-
tion from benzene. 1,4-Dicyanobenzene was prepared ac-
cording to the literature method!® and was purified by re-
peated recrystallization from benzene. The preparation of
oxetanes was carried out by the irradiation of a benzene solu-
tion containing the substituted benzophenone and the al-
kene by high-pressure Hg lamp according to the procedure
described in the literature.!® The purification of the ox-
etanes was performed by column chromatography on silica
gel and then by repeated recrystallization from methanol.
Some data of oxetanes (la—f) are as follows: la, 80% of
yield, mp 71—72 °C, 'H NMR (CCly) 6=1.07 (s, 6H), 1.28 (d,
3H, J=6 Hz), 4.43 (q, 1H, J=6 Hz), 7.07—17.44 (m, 8H). 1b,
88%, mp 104.5—105.5°C, 'H NMR (CCl,) 6=0.98 (s, 6H),
1.18 (d, 3H, J=6 Hz), 2.17 (q, 1H, J=6 Hz), 6.92—7.43 (m,
10H). 1c, 82%, mp 121.5—122°C, 'H NMR (CCly) 6=1.10
(s, 6H), 1.27 (s, 6H), 7.08—7.59 (m, 10H). 1d, 77%, mp
99—100°C, *HNMR (CCly) 6=0.95 (s, 6H), 1.15 (d, 3H,
J=6Hz), 4.34 (q, 1H, J=6Hz), 6.79—7.30 (m, 8H). le,
90%, mp 117—118°C, H NMR (CCl,) 6=1.0 (s, 6H), 1.23
(s, 6H), 2.18 (s, 3H), 6.9 (d, J=8 Hz, 4H), 7.27 (d, J=8 Hz,
4H). 1f, 87%, mp 91.5—92°C, 'H NMR (CCls) 6=0.97 (s,
6H), 1.20 (d, 3H, J=6 Hz), 4.40 (q, 1H, J=6 Hz), 6.55—7.42
(m, 8H). 1g, 31%, mp 92—93 °C, *H NMR (CCly) 6=1.0 (s,
6H), 1.2 (s, 6H), 3.6 (s, 6H), 6.7 (d, J=8 Hz, 4H), 7.3 (d, J=8
Hz, 4H). 1h, 75%, mp 87—88 °C, 'H NMR (CCly) 6=0.83 (d,
J=6Hz, 3H), 1.3 (d, J=6 Hz, 3H), 3.03 (d-q, /=6 Hz, 6 Hz,
1H), 4.26 (d-q, J=6 Hz, 6 Hz, 1H), 6.9—7.26 (m, 10H).

Photoreactions and Determination of Quantum Yields.
Photoirradiation was carried out with an Eikosha PIH-300
high-pressure Hg lamp under cooling with water using
appropriate light filters and a “merry-go-round” turntable.
A potassium chromate solution (0.2gdm=3, 10 mm path
length) was used to isolate the 313-nm light, whereas the
366-nm light was obtained by the passage through a glass
filter (Corning CS7-37) and 10% HCI aqueous solution of
BiCl; (6.67gdm=3, 10 mm path length). A 2-hexanone
actinometer and a trioxalatoferrate(IIl) actinometer were
used for the determination of the quantum yields at 313 nm
for the CNN and DCN-photosensitized reaction and at
366 nm for the DCA runs respectively.? The concentrations
of DCN, CNN, and DCA were set in 0.02, 0.01, and 1X10~4
mol dm3, respectively. These were confirmed to be high
enough for the complete absorption of the incident light
during the photoreactions. Pyrex glass tubes (8 mm i.d.)
were used as the common vessels for the photoreactions and
actinometry.
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