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The photolyses of cis-transoid-cis-cyclobutadiindene (1), cis-2-phenylcyclobut[a]indene (2), cis-1,2-
diphenylcyclobutane (3), the trans isomer (4), and its dimethyl (5) and tetramethyl (6) derivatives have been
investigated to explore stereoelectronic factors controlling the excited-state reaction courses for the ring
cleavages. The symmetric ring cleavage occurs regiospecifically in the cases of 1—3 and with 98% specificity in
the case of 4. The photolysis of 5 results in both the symmetric and the asymmetric cleavages in a ca. 1: 3 ratio
accompanied by substantial losses of stereointegrity in the olefin formation, and the regiospecific asymmetric
cleavage occurs in the case of sterically more congested 6. The ring-cleavage efficiencies systematically decrease
in the order 1>2>3>4>5>6 and reveal negative temperature dependences, particularly in the cases of 1, 5,
and 6. The features of the reactions are in parallel with stable conformations and conformational mobilities of
the aryl groups associated with different 7-o orbital interactions, while the spectroscopic properties of the
cyclobutanes are essentially identical with those of benzene chromophores with little electronic perturba-
tion. The photolytic ring-cleavage reactions are discussed in terms of crossing from the localized iz,7* state to
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a o* hypersurface, in which conformation-controlled orbital interactions play important roles.

The final

products are formed via a pericyclic minimum which might be biradicaloid in nature.

Splitting of the cyclobutane rings has been provid-
ing an excellent probe for mechanistic and stereo-
chemical studies2-4 as well as a typical prototype for
theoretical understanding of chemical reaction
courses®® because of simplicity of the net chemistry.
Theories predict that [2+2] cycloreversions of cyclobu-
tanes with stereoretention are forbidden in the
ground state but are allowed in the o,0* state of the
ring framework.5®) Extensive thermochemical and
stereochemical data of thermal ring-splitting reactions
of parent cyclobutane and alkyl derivatives are indeed
accomodated with stepwise mechanisms involving
1,4-biradicals.34 By contrast, little has been known
on mechanistic and stereochemical aspects in the
photochemistry of simple cyclobutanes bearing no
particular chromophore, since no suitable methods
are available to achieve the selective population of the
ring o,0% state.”

Photochemical studies have therefore been carried
out with chromophore-substituted cyclobutanes capa-
ble of being photoexcited by usual light sources. It
was found that a few n-chromophore substituted cy-
clobutanes undergo the photolytic cycloreversions with
complete stereoretention® or with only a minor loss of
stereointegrity.#19  Another interesting observation
of stereochemical significance is that the photolysis of
n-substituted cyclobutanes results in the regiospecific
or regioselective cleavage of a ring C-C bond in cases
where a © chromophore and a substituent vicinally
attach to each end of this bond in the cis configura-
tion. This is called “cis effect’””.1V)

A crucial question should emerge as to why the
photo-excitation of a 7 substituent can effect the spe-

cific or selective cleavage of the ring ¢ framework that
should proceed by way of a reaction hypersurface
correlating with the ring o,0* state. Presumably,
energy migration might occur from the photoexcited
7 substituent to a specific C-C bond of the cyclobu-
tane ring to bring about a surface crossing to the o,0*
reaction hypersurface. However, there have been
presented no convincing experimental data to expli-
cate possible mechanisms and stereoelectronic
requirements for such a surface crossing. Another
important question is whether or not the photolytic
ring cleavage of zn-substituted cyclobutanes generally
occurs with stereoretention. Systematic studies are
certainly required to explore controlling factors in
stereochemical reaction courses of photolytic ring-
cleavage reactions of m-substituted cyclobutanes.
The present paper deals with stereochemical and
mechanistic details of the photolytic ring-cleavage
reactions of diarylcyclobutanes 1—6. We have found
that the cyclobutanes reveal unique dependences of
both the fluorescence bahavior and the reaction fea-
tures on either stable conformations of the aryl substit-
uents or temperature.

Results

Spectroscopic Properties. Table 1 lists the absorp-
tion and fluorescence spectra in cyclohexane and the
fluorescence quantum vyields and lifetimes in aceto-
nitrile at 20°C together with the relevant quantities
of toluene and indane used as reference com-
pounds. The fluorescence spectra of 1—4 were taken
by means of a photon-counting method, since the
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Table 1. Spectroscopic Properties of the Cyclobutanes
Compound Amax®/nm (10-3¢) Aba/nm o ¥/ns
1 275 (4.3), 268 (4.0) 276 ca. 0.006 e)
2 275 (1.3), 267 (1.4) 277 ca. 0.007 e)
3 271 (0.3), 267 (0.4) 272 ca. 0.002 e)
4 270 (0.5), 262 (0.7) 272 ca. 0.01 e)
5 271 (0.6), 263 (0.7) 271 ca. 0.070 23
6 271 (0.8), 265 (0.9) 271 0.14 22
Indane 274 (1.3), 267 (1.3) 277 f) f)
Toluene 270 (0.2), 263 (0.3) 270 0.14 25
a) Absorption maxima in cyclohexane. b) Fluorescence maxima in cyclohexane. c) Fluo-
rescence quantum yields in cyclohexane at 20°C calculated from fluorescence intensities
relative to that of toluene as standard. See Ref. 14.  d) Fluorescence lifetimes in acetonitrile at 20 °C.
e) The lifetimes were not be able to be determined, being presumably shorter than 1 ns; see
text. f) Not determined.
Table 2. Temperature Dependences of H H
Fluorescence Lifetimes® 1 hy @U
TE/NS v ! a
0,
T/°C 5 6 Cumene 1
—196" 30 34 HH Ph
—20 40 40 44 ) Ph hy
20 23 22 18 é'
30 20 19 14
40 18 16 11 2
50 14 13 8
60 12 10 6

a) Measured for degassed acetonitrile solution. b) In
EPA (5:5:2 diethyl ether-isopentane-ethanol mix-
ture) glasses. The lifetimes of 1, 3, and 4 in EPA
glasses at 77 K are 10 ns, 9 ns, and 9 ns, respectively,
but are presumed to be < 1 ns at =—20 °C; see text.

fluorescence efficiencies are very low and since usual
measurements resulted in substantial contamination
of the fluorescence from indene or styrene formed
by the photolysis during the measurements. The
absorption and fluorescence spectra of the cyclobu-
tanes are essentially identical with those of indane or
toluene, while the fluorescence quantum yields lar-
gely vary from <10-2 for 1—3 to 0.14 for 6, a value
identical with that of toluene.

The fluorescence lifetimes were measured by means
of single photon counting after deconvolution. In
the cases of 1—4, however, we obtained no reliable
lifetime data at room temperature and even at —20 °C,
probably because of very low emission efficiencies and
very short lifetimes. At 77 K, the lifetimes could be
determined to be 9—10 ns but are substantially shorter
than those of 5, 6, and toluene (35 ns) at this tempera-
ture. Table 2 shows the fluorescence lifetimes of 5, 6,
and cumene at various temperatures, which com-
monly decrease with the increase of temperature from
—20°C.

Photolysis. Irradiation of deaerated acetonitrile or
cyclohexane solution of 1—6 at 254 nm gave exclu-
sively the olefins formed by the symmetric (a) and/or

Ph  Ph Ph  Ph
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T+t hy ”\ + + _Ph
. a.b Ph /d
Ph  Ph Ph
4
Me lhje Me-CH=CH-Me
-trt- -—”-"—-)Ph-CH:CH-Mu *+ /Ph
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Ph  Ph Ph
5
M‘eM‘e
h
Me _' r=Me hy ! M{__/Me"
b p 1
N\ Me Me Ph
Ph Ph
6
Scheme 1.

the asymmetric (b) ring cleavages (Scheme 1); the
isomerization of 3 to 4 occurred in a low efficiency.
Material balances were well over 95% at <5% conver-
sions and no other product was detected at all. Table
3 lists the reaction quantum yields (¢, and ¢») and the
a:b ratios at 20°C. It was found that the reaction
efficiencies vary with reaction temperature from 2°C
to 70°C, particularly in the cases of 1, 5, and 6, as
shown in Table 4. The a:b ratios in the photolysis
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Table 3. Reaction Quantum Yields for
Photolysis of 1—6 at 254 nm®

Stereochemistry in Photolysis of Diarylcyclobutanes

Cyclobutane ba o a:b
1 0.47 100:0
2 0.379 100:0
0.329
3 0.17 100:0
0.006°
(0.17, 0.014" 100:0)
4 0.14 0.002 98:2
(0.14 0.006 96:4)
5 0.025 0.070 26:74
(0.020 0.070 22:78)
6 0.080 0:100

a) Obtained for acetonitrile and cyclohexane solution
at 20°C unless otherwise stated. In parentheses are
the values for cyclohexane solution only in cases
where they are different from those for acetonitrile
solution. The quantum yields for the olefin forma-
tion from the symmetric cleavages of 1, 3, 4, and 5 are
the double of the listed values. b) For the stilbene
formation. c) For the indene formation. d) For the
styrene formation. e) For the isomerization to 4.

Table 4. Temperature Dependences of
Quantum Yields”

3 0N ®a () [

T7°C ™ 3 4 5 6
2 050 020 015 002 0130 0075
20 047 017 014 0025 0080 0.080
30 042 0.025 0.060 0.082
50 0.39 0.020 0.040 0.052
70 027 015 014 002 0020 0.010

a) See footnotes in Table 3.

Cis/Trans ratio
-

Irradn. time/min

Fig. 1. Plots of cis-trans ratio vs. irradiation time for
the formation of 1-phenylpropene (—@—), stilbene
(—O—), and 2-butene (—A—) in the photolysis of 5
in acetonitrile at 20°C; irradiation at 254 nm;
[56]=0.01 M.

of 5 increase with an increase of temperature to reach
1:1 at 70°C. In the case of 4, the asymmetric cleav-
age is too minor to allow reliable determination of
temperature-dependent a : b ratios.

The olefin products from the photolysis of 5 are
mixtures of the cis and trans isomers. The cis/trans
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ratios were determined at various irradiation times
under keeping conversions below 3%. As shown in
Fig. 1, the isomer ratios in formation of stilbene and 1-
phenylpropene increase with irradiation time, proba-
bly due to secondary photoisomerization of the prim-
ary products. The values obtained by extrapolation
of the plots to zero irradiation time should give the
primary cis: trans ratios which are 0:100 in the stil-
bene formation and ca. 2:1 in the 1-phenylpropene
formation. On the other hand, 2-butene was formed
in a ca. 2:5 cis-trans ratio independently of irradia-
tion time. Similarly trans-stilbene was confirmed to
be the primary photoproduct from 6.

Discussion

Mechanism. The isomerization of 3 to 4 and the
loss of stereointegrity in the olefin formation from 5
strongly suggest that the photolytic reactions of 3 and
5 proceed by way of a state or an intermediate suscepti-
ble to bond rotation. The acetone-photosensitized
reaction of 3 gives styrene and 4 in respective quantum
yields of 0.15 and 0.04!2 and the styrene: 4 ratio in the
thermal reaction of 3 is 2.3:1 at 300 K.1¥ Calcula-
tions using these values and the data in Table 3
indicate that the participation of either the triplet state
of 3 or thermally equilibrated 1,4-diphenylbutane-1,4-
diyl should be very minor, 15% or less the total reac-
tion at best, provided that all the formation of 4 would
arise only from triplet 3 or from the 1,4-biradical.
Similarly, the involvement of a 1,4-biradical in the
photolysis of 5 should be negligible since the cis : trans
ratio in the 1-phenylpropene by the thermal reaction
of 51is 1:9 at 550 K and is calculated to be ca. 0:100 at
300 K.1¥  Furthermore, it was reported that either
trans-2-heptene or dimethyl maleate does not affect
the photolytic reaction of 3.12» We also confirmed
that air saturation of solution exerts no effect on the
photoreactions of 1—4 at all and slightly quenches
those of 5 and 6, probably due to oxygen quenching of
the excited singlet state of the cyclobutanes.

The above arguments suggest that the photolytic
ring-cleavage reactions of the cyclobutanes are not
concerted but involve a reactive state responsible for
the product formation, presumably a biradicaloid
pericyclic minimum,® which should be different from
either the triplet state of the cyclobutanes or discrete
1,4-biradicals; this state is denoted as “X’’ for conven-
ience. Since the absorption and fluorescence spectra
of the cyclobutanes are essentially identical with those
of alkylbenzenes, the spectroscopic excited state is the
17, m* state of the aryl substituent in which little elec-
tronic perturbation by the cyclobutane ring occurs.
The basic mechanistic pathways of the photoreactions
are shown in Eqs. 1—6 where Eq. 3 involves tem-
perature-independent photophysical processes (e.g.,
internal conversion and intersystem crossing) and an
activated nonradiative process. The reaction quan-
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tum yield (¢:) is represented by Eq. 7 where « is the
partition coefficient for the product formation from
X.

hv

M —— IM*(iz,n*) (1
IM* 2 M+ hye )
M* -5 M (3)
1M* —k—> X (4

X —— product (5)

X = (6)
& =ak/ (ke + ka+ ki) = ak.ts (7)

Analysis of Temperature Dependence. It is known
that fluorescence lifetimes of benzene and alkylben-
zenes decrease with an increase of temperature as the
consequence arising from the involvement of an acti-
vated pathway in the nonradiative decay. This
pathway is attributed to a surface crossing from the
excited singlet state to an isomer surface, from which
the starting ground-state arene is mostly regenerated
along with very inefficient formation of an isomer
such as fulvene. At any rate this mechanism should
be responsible for the temperature dependence of fluo-
rescence lifetimes of 5 and 6 since k. appears to be
smaller by an order of magnitude than -1, as calcu-
lated by Eq. 7. The temperature dependence can
therefore be analyzed by the use of Eq. 8 in which k9
represents the rate constant for overall temperature-
independent photophysical processes.

1/2,= k3 + Asexp(—AHI/RT) (8)

Figure 2 shows best-fit plots of log(ts=1—k&$) vs. 1/T
for cumene, 5, and 6, from which 44 and AH{ are

8.0 - \

log(z-1—kY)
O/

7.0 |-
]
\
[0}
1 ! }
3.0 3.5 4.0

T-1/10-3K-1

Fig. 2. Best-fit plots of log(zs"1—k3) vs. T-1 for 5
(—®@—), 6 (—O—), and cumene (—[—); data are
from Table 2.
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Table 5. Preexponential Factor 44 and Activation
Barrier AH for Activated Nonradiative Decay®

Compound  KY/107s"!  Ag/10Ms~1 kcgﬁ%_l
Cumene 1.6 21.0 6.3
5 1.8 0.65 4.6
6 2.0 2.6 5.3
¢-t-c-TPCB™ 1.5 42 3.8
all-t-TPCB™® 1.5 0.14 2.4

a) Obtained by analysis of the data in Table 2; see Fig.
2 and text. b) Reported values for tetraphenylcyclo-
butane; see Ref. 15. c¢) r-1,c-2,t-3,t-4-Tetraphenyl-
cyclobutane. d) All-trans isomer.

obtained. Table 5 lists the values of kS, A4, and AHJ*
together with the reported quantities for the cis-trans-
cis and all-trans isomers of tetraphenylcyclobutanel®
for comparison. These values fall in those reported
for benzene and toluene.!¥ It is therefore evident that
the spectroscopic excited singlet state of 5 and 6 is just
the ,7* state of an isolated phenyl substituent not
only in the electronic properties but also in the
dynamic decay pathways, Eqs. 2and 3. This appears
to be again true for 1—4, since the electronic spectra
reveal no perturbation of the z,m* state of the aryl
substituent; the very low emission efficiencies should
be due to large k..

Analysis of the temperature dependences of quan-
tum yield might provide a clue to explore the dynamic
reaction pathways from the z,7* state. It can be
presumed that no activated pathways participate after
the decay from X to the ground-state surface, since a
1,4-biradical minimum is unlikely to be involved
in the ring-cleavage reactions as already mentioned.
Calculations according to Eq. 7 using the observed
lifetimes and quantum yields give the ak: values at 2—
70°C for 5 and 6; the lifetimes at 70 °C were estimated
from the plots in Fig. 2.  Plots of log(ak:) vs. 1/T give
positive slopes for the asymmetric clevage of 5 and for
the ring cleavage of 6 at =50 °C, whereas the symmet-

L
L —— {
/” “\D /
o {n) \0
6.5 [ ] \
— r =N
£ | >0/
5/
— - /D (o]
6.0 ~
N 1 ' L L ! | o)
3.0 3.5

T-1/10-3K-1

Fig. 3. Plots of log(ak:) vs. T~ for the symmetric
(—O—) and asymmetric (—@—) cleavages of 5 and
for the asymmetric cleavage of 6 (—[—); data are
from Tables 2 and 4.
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ric cleavage of 5 and the ring cleavage of 6 at lower
temperatures reveal plots of usual negative slopes, as
shown in Fig. 3.

The negative temperature dependences might arise
from @ or from k. as the consequence of increasing
regeneration of the starting cyclobutane with the
increase of temperature through an activated path-
way along the excited-state potential surface. We can
assume two possibilities, i.e., (1) thermal regeneration
of IM* from another intermediate state “Y”’ involved
prior to X in the mechanistic sequence and (2) pseudo
equilibrium between an early pericyclic minimum X;
and another more stable one Xz which decay to the
starting cyclobutane and to the olefin products respec-
tively. In the latter case, X; is thermally repopulated
from Xz in which losses of stereo-integrity should
occur. It can therefore be presumed that the isomeri-
zation of 5 might increasingly occur with the increase
of temperature. In order to confirm possible forma-
tion of an isomer of 5 (e.g., 7-1,c-2-dimethyl-¢-3,¢-4-
diphenylcyclobutane), we extensively carried out VPC
analyses using different columns for photolysates of 5
irradiated at 60 °C and 'H NMR analyses for cyclobu-
tane fractions obtained by column chromatography
of the photolysates. However, no indication was
obtained for the formation of any isomer of 5.

Accordingly, we choose the former mechanism to
analyze the observed temperature dependences under
the assumption that a is independent of temperature,
though there is no direct evidence to discard the other
mechanism. On the basis of this assumption, Eq. 4 is
replaced by Egs. 9 and 10, and k. is represented by Eq.
11. The positive slopes of the plots in Fig. 3 imply
that k_>k., thus giving lower limits of the difference
between the enthalpy change of Eq. 9

y
1M* 4_’(? Y (9)

Yy 25 x (10)

ke= ky'[he/(k—s+Re) =k ke /(k—r+ke)] 1)

and the activation enthalpy of Eq. 10, (AHZ% — AH %)
—AH/”, which are 3%+1 kcal mol-! (1 kcal=4.184 k]J)
for the asymmetric cleavage of 5 and roughly 10—12
kcal mol-! for the ring cleavage of 6. On the other
hand, the plots of negative slope in Fig. 3 indicate
that (AH% —AH7)> AH_/”* or AH7=0, giving AH*
and the preexponential factor 4; for the symmetric
cleavage of 5 and lower limits of AH,* and 4, for the
ring cleavage of 6, which are listed in Table 6 together
with the relevant values reported for the photolysis of
tetraphenylcyclobutane. 9

In the cases of 1—4, it is reasonable to presume that
k:=5X108 s-1>> (kptkq). In thisregard, it should be
noted that the fluorescence lifetimes of 1, 3, and 4 are
9—10 ns at 77 K, still much shorter than those of 5 and
6 which are similar to that of toluene. Moreover, we
confirmed that irradiation of 1—4 in EPA glasses at 77

Stereochemistry in Photolysis of Diarylcyclobutanes
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Table 6. Preexponential Factor 4: and Activation Barrier
AHZ for the IM*—Y Process®

Cyclobutane A/s™1 AH?/kcal mol-!
1—4 >10u <3
5% (7£2)X1079 2.410.2
6 >4X108° >3
c-t-c-TPCB? 2.0X101 3.5
all-t-TPCBY 7.9X1010 3.8

a) Obtained by analysis of the data in Tables 2 and 3;
see text. b) For the symmetric cleavage. c¢) Calcu-
lated by assuming «=0.5. d) Reported values for
tetraphenylcyclobutanes; see footnote in Table 5 and
Ref. 15.

0.0 -

log{(a—¢:)/¢:]

-1.0

T-1/10-3K-!

Fig. 4. A best-fit plot of log[(a—¢:)/¢:] vs. T-1
obtained by assuming @=0.55 for the photolysis of
1; data are from Table 4.

K gives the corresponding olefins!? while little photo-
lytic ring cleavage of 5 and 6 occurs under similar
conditions. It is therefore implied that AH,* <3 kcal
mol-! and A4,>10" s-! for the symmetric cleavage of
1—4. Since k.>k4, the negative temperature
dependence of ¢: in the photolysis of 1 can be analyzed
according to Eq. 12. A best-fit plot of log[(a—¢:)/¢:]
vs. 1/T obtains by assuming ¢=0.55 as shown in Fig.
4, thus giving the value of (AHZ* —AH_ > ) which is
7+1 kcal mol-L

(a—v)/ p=k—/ ke (12)

Stereochemical Reaction Courses Associated with
n-o Orbital Interactions. We previously reported
that through-bond coupling between vicinal 7 elec-
tron systems across the cyclobutane-ring o framework
plays essential roles in ring-splitting reactions of di-
arylcyclobutanes by redox photosensitization,!® by
exciplex photosensitization,” by electron-transfer
photosensitization,!® and by -y radiolysis.!? Although
an essential mechanistic event in those reactions is
commonly the population of a positive charge by the
complete or partial removal of an electron, it can be
presumed that the regiochemistry and reactivities in
the present photolytic reactions of the cyclobutanes
are controlled by different n-o orbital interactions.
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Fig. 5. Top: Stable conformations of the aryl substituents associated with
favorable orbital interactions; §=~90° for case (i) and 6~0° for case (ii).
Bottom: Schematic representation of n.*-0,* and ns*-os* interactions.

Figure 5 shows different conformational situations of
the aryl ring for n-o orbital interactions (case (i) and
case (ii)) together with the notation of the carbon
atoms of the cyclobutane ring.

In case (1) where torsional angles (8) between the
aryl ring and the ipso C-Ca-Cg plane are ca.90°, the =
orbitals can maximally overlap with the Ca-Cs o
orbitals. Such conformational situations are indeed
realized in 1 by the rigid tricyclic structure as well as in
2 and 3 by steric repulsion between the bulky vicinal
aryl substituents in the cis configuration, as demon-
strated by the X-ray crystallographic analysis2 as well
as by molecular models. It is evident that conforma-
tional rigidity decreases in the order of 1>2>3. In
case (i) where 8=0°, the n orbitals can not overlap
with the orthogonal Ca-Cs o orbitals but favorably
with the Ca-Cp and Cp-Cc o orbitals. The X-ray
crystallographic analysis of 6 and 7-1,t-2-bis-
(hydroxymethyl)-¢-3,c-4-diphenylcyclobutane, an ana-
logue of 5, demonstrates that #=11.3° due to non-
bonding interactions between the cis substituents.20
It is therefore evident that conformations of 5 and 6
fall in case (ii) though 5 is more mobile than the very
rigid cyclobutane, 6. On the other hand 4 can take
either case (i) or case (ii) conformations. These con-
formational situations of the cyclobutanes associated
with orbital interactions are well in parallel with the
observed regiochemistry in the photolytic ring-
cleavage reactions. However, effects of orbital inter-
actions on the present photochemistry should be
dynamic in nature since the spectroscopic properties
of the cyclobutanes are essentially identical with those
of alkylbenzenes with little electronic perturba-

tion. It can be presumed that n-o orbital interactions
play important roles in the mechanistic sequence,
IM*5Y—>X.

For qualitative considerations on roles of orbital
interactions in the stereochemical reaction courses, we
use Salem’s o,* and o.* orbitals of cyclobutane?! and
the n* combinations, 7*=(na*, ns)+(7a, ns*) and
¥ =(na¥*, ms) — (%a, 7s¥); subscript s or a represents the
symmetric or antisymmetric character with respect to
two-fold rotation or reflection. Orbital interactions
can occur between 7,* and ¢,* or between n* and o.*
to give a half-filled molecular orbital, 7.*+416.* or
ns*+A20.* each,?? as shown in Fig. 5. It should be
however noted that the m.*-0,* interactions lead to
through-bond coupling between the vicinal n electron
systems without large molecular distortions to stabil-
ize m*+A10.*, i.e., 1:>0. In other words the 7.*-0.*
interactions can efficiently occur along the reaction
coordinate to bring about delocalization of the pho-
toexcitation of IM* over the ma-0,~-0s-7g orbital array
involved in through-bond coupling, thus facilitating
the crossing from !M* to a g,0® reaction hypersurface
for the symmetric cleavage. On the other hand the
ns*-0* interactions are ineffective to through-bond
coupling because of little overlap between the Ca-Cp
and the Cs-Cc o orbitals in o.*, i.e., 12=~0 without
large structure changes. It can therefore be predicted
that the crossing from IM* to a reaction hypersurface
for the asymmetric cleavage is slow, since energy
migration from the photoexcited aryl group to the
cyclobutane-ring ¢ framework through the *n-o.*
interactions should be inefficient.

The above molecular-orbital arguments provide a
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Fig. 6. Schematic reaction surfaces for the photolytic ring
cleavages of diarylcyclobutanes in a and b directions
involving the sequential pathways !M* (localized 7,7*

state)—>Y(n*-o*

state)—o,0™*

reaction hypersurface—

X(biradicaloid state)—product.

rational to interpret the conformation-controlled regio-
chemistry and the different reactivities of the sym-
metric and asymmetric cleavages. In the cases of 1—3
where only the 7,*-0,* interactions are conformation-
ally allowed, the low activation barriers and the large
A values for the IM*—Y process suggest that the ¢.*
character should be significantly mixed in the transi-
tion state without large structure changes. On the
other hand, the slow ring cleavage of 6 in b direction
suggests that mixing of the o* character should be
inefficient even though only the n*-o* interactions
are conformationally allowed. Since AH*>3 kcal
mol-!and 4, <10 s-! for 6, significant mixing of the
os* character would require highly restricted molecu-
lar motions in the transition state of the IM*—Y
process, e.g., elongation of the Ca-Cp and Cs-Cc
bonds and concurrent shortening of the Ca-Cg bond
with keeping 6=~0°. In the cases of 4 and 5, there-
fore, more effective mixing of the o.* character may
allow the regioselective cleavage of 4 in a direction
irrespective of mobile conformations and may coun-
terbalance the conformational disadvantage of the
n.*-0.* interactions in 5. The low A4, value for the
symmetric cleavage of 5 indeed demonstrates that
vibrational and rotational motions are extremely re-
stricted in the transition state.  Although details of Y
still remain unknown, stabilization by the m.*-0.*
or n*-0.* orbital interactions might be important in
Y where structures of the cyclobutanes would be dif-
ferent from those in IM*. In this regard it should be

noted that AH%<AH. for 1 and 6 but AH %~ AH.*
for 3 and 4. Presumably the rigid structures of 1 and 6
might freeze maximum orbital overlaps to stabilize Y
to substantial degrees. On the other hand conforma-
tional mobilities of 3 and 4 would be unfavorable for
stabilization of Y since the orbital interactions can slip
out with small molecular motions, e.g., rotational and
rocking motions of the phenyl rings and puckering
motions of the cyclobutane ring. At any rate signifi-
cant mixing of the o,* or o.* character in Y is certainly
favorable for the crossing from Y to a ¢,0* reaction
hypersurface for a molecule to reach a biradicaloid
pericyclic minimum X,® in which the Cs-Cs or the
Ca-Cp (or Cg-Cc) bond is elongated enough for sub-
stantial bond rotation to occur.

Conclusion

Figure 6 shows schematic reaction surfaces for the
photolytic ring cleavages of 1—6 as a summary. The
mechanism involves the sequential pathways, M*
(localized xt,n* state) — Y (n.*-0.* or n*-0,* state) —
0,0* reaction hypersurface — X (biradicaloid state) —
product. The net regiochemistry is determined in the
IM* — Y process depending on conformations of the
aryl substituents associated with the orbital interac-
tions. Since the o,* character is effectively mixed by
through-bond interaction without large structure
changes, the 'M*—Y—X processes can efficiently
occur in cases where the n,*-0,* interactions are con-
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formationally allowed. On the other hand, the asym-
metric cleavage is inherently slow as the consequence
of inefficient mixing of the o* character. In other
words the specific or selective asymmetric ring cleav-
age can occur only in cases where the aryl rings are
sterically inhibited to take case (i) conformations. In
short the “cis effect” should be the consequence aris-
ing from steric control of the different orbital interac-
tions.

The present investigation may provide a general
concept for the understanding of both regioselectivi-
ties and reactivities in photolytic bond-cleavage reac-
tions of various n-substituted cyclobutanes!?-23-25) and,
perhaps, of diarylethane-type compounds. Synthetic
implications of the present investigation may be given
by elegant preparation of bullvalene,?® pentalene
derivatives,?” cyclobutadiene,?® and azetidinone??
from photolyses of rigid polycyclic cyclobutanes with
n chromophores, since the regiochemistry is that
expected from specific orbital interactions imposed by
the rigid structures.

Experimental

Ultraviolet absorption spectra were recorded on a Hitachi
220-A UV spectrophotometer and fluorescence measure-
ments were performed on a Hitachi 850 spectrofluorometer
after correction for the spectral response of the instru-
ment. Fluorescence lifetimes were determined on a Horiba
NAES-1100 time-resolved spectrofluorometer. Vapor-phase
chromatographic analyses were performed on a Shimadzu
GC-7A gas chromatograph using a 2-m column of 10% PEG
20M on Shimalite NAW-101, a 3-m column of 2% OV 17 on
Chromosorb W AW-DMCS, and a 5-m column of 25%
ODPN on Shimalite NAW-101.

Materials. Spectrograde cyclohexane (Wako Pure Chem-
icals) was used after distillation. Reagent-grade acetoni-
trile was refluxed over P20s and then distilled. This proce-
dure was repeated three times, and then the acetonitrile was
distilled from CaHs prior to use. The cyclobutanes were
prepared according to the literature methods; cis-transoid-
cis-cyclobuta[1,2-a;4,3-a’]diindene (1),39 endo-2-phenyl-2,2a,
7,7a-tetrahydro-1H-cyclobut[a]indene (2),16) cis-1,2-diphenyl-
cyclobutane (3),30 trans-1,2-diphenylcyclobutane (4),30 r-1,t-
2-dimethyl-¢-3,c-4-diphenylcyclobutane (5),” and 1,1,2,2-
tetramethyl-¢rans- 3,4-diphenylcyclobutane (6).32  Purifica-
tion was achieved by repeated recrystallization from
methanol for 1, 2, and 3 or from hexane for 6, whereas 4 and
5 were distilled in vacuo. Vapor-phase chromatographic
analyses of the purified cyclobutanes revealed that 4
includes the cis isomer in ca. 5% whereas the other cyclo-
butanes are virtually pure (> 99%).

Photolysis. A cyclohexane or acetonitrile solution of 1—
6 (0.01 moldm™3) in a quartz cuvette was flushed with a
gentle stream of Ar, placed in a temperature-regulated water
bath, and then irradiated with an Eikosha POL-100 low-
pressure mercury arc lamp through a Toshiba UV-D 25
glass filter which cuts off the 185-nm emission from the
light source. The progress of the photoreaction was fol-
lowed by vapor-phase chromatography. A potassium tri-
oxalatoferrate(III) actinometer was used for the determina-
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tion of quantum yields. It was confirmed that the observed
quantum vyields for the photoreactions of 1 and 5 are almost
constant within experimental errors (+ 5%) independently of
concentration from 5X10-3 to 5X10~2 moldm~3.

This work was partly supported by Grant-in-Aid for
Special Project Research from the Ministry of Educa-
tion, Science and Culture (Nos. 61113001 and
62113001). We thank to Professors Kensuke Shima
and Masahide Yasuda of Miyazaki University for help-
ful discussions on structure-reactivity relationships in
the ring-cleavage reactions of the cyclobutanes.
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