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The triplet-sensitized photoreactions of the title biplanophane system 6, the photoisomer of a 2,11-
diazal3,3](9,10)anthracenoparacyclophane derivative 5, were investigated by stationary and laser-
flash photolyses using xanthone (XT) and benzophenone (BP) as triplet sensitizers. When
photoisomer 6 underwent XT-sensitized irradiation, a triplet cyclophane 5 and a novel polycyclic
product 7 were obtained via an adiabatic cycloreversion and a formal [27a + 27a + 20s]
rearrangement, respectively. The maximum quantum yield for the formation of cyclophane 5 (0.69)
and the upper-limit efficiency for the formation of polycycle 7 (0.31) were determined by laser
photolysis techniques. For BP-sensitized photolysis of photoisomer 6, oxetane 8, in addition to triplet
cyclophane 5 and polycycle 7, was formed by a Paterno—Biichi reaction. The quenching rate constant
(k) of triplet BP by photoisomer 6 (3.4 x 10® dm® mol~! s71) was found to be 1 order of magnitude
smaller than that for XT (5.0 x 10° dm? mol ! s71). On the basis of the relationship between %, and
the triplet donor—acceptor energy gap, the triplet energy level of photoisomer 6 was estimated to
be ~71 kecal mol~'. The photochemical and the photophysical processes involved in the sensitized

photolyses are summarized in an energetic reaction diagram and discussed in detail.

Introduction

Photocycloaddition of aromatic molecules and photo-
cycloreversion of the adducts have become increasingly
attractive processes to scientists from aspects of light-
energy storage by the formation of photocycloadducts and
the release of the stored energy through facile and clean
cycloreversion of the adducts to their starting aromatic
units.!2 These reactions have been applied to an energy
storage system,? optical memories,* and a novel chemi-
luminescent system without the involvement of any
oxidation process.>S In addition to these potential ap-

" Biplanemer is a nickname for [47 + 4x]-type cycloadducts of
aromatic molecules.2’ Here, we denote, for convenience, the bridged
biplanemer skeleton of the title photoisomer of an anthracenopara-
cyclophane as a biplanophane.
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plications, experimental and theoretical investigations of
cycloaddition and reversion of aromatic molecules have
been extensively directed toward the photoreaction mech-
anisms,”® the intermediates involved,? and the signifi-
cance of adiabatic photoprocesses.!015

(6) Kimura, M.; Okamoto, H.; Kashino, S. Bull. Chem. Soc. Jpn.
1994, 67, 2203—2212.

(7) (a) Gerhartz, W.; Poshusta, R. D.; Michl, J. J. Am. Chem. Soc.
1976, 98, 6427—6443. (b) Bearpark, M. J.; Deumal, M.; Robb, M. A.;
Vreven, T.; Yamamoto, N.; Olivucci, M.; Bernardi, F. JJ. Am. Chem.
Soc. 1997, 119, 709—718.

(8) Caldwell, R. A. J. Am. Chem. Soc. 1980, 102, 4004—4007.

(9) (a) Manring, L. E.; Peters, K. S.; Jones, G., II; Bergmark, W. R.
J. Am. Chem. Soc. 1985, 107, 1485—1489. (b) Bergmark, W. R.; Jones,
G., II; Reinhardt, T. E.; Halpern, A. M. J. Am. Chem. Soc. 1978, 100,
6665—6673.

(10) Turro, N. J.; McVey, J.; Ramamurthy, V.; Lechtken, P. Angew.
Chem., Int. Ed. Engl. 1979, 18, 572—586.

(11) (a) Yang, N. C.; Chen, M.-J.; Chen, P.; Mak, K. T.J. Am. Chem.
Soc. 1982, 104, 853—855. (b) Yang, N. C.; Chen, M.-J.; Chen, P. .
Am. Chem. Soc. 1984, 106, 7310—7315. (¢) Kimura, M.; Okamoto, H.;
Kura, H.; Okazaki, A.; Nagayasu, A.; Satake, K.; Morosawa, S.;
Fukazawa, M.; Abdel-Halim, H.; Cowan, D. O. J. Org. Chem. 1988,
53, 3908—3991.

(12) (a) Okamoto, H.; Kimura, M.; Satake, K.; Morosawa, S. Bull.
Chem. Soc. Jpn. 1993, 66, 2436—2439. (b) Kimura, M.; Kura, H.;
Nukada, K.; Okamoto, H.; Satake, K.; Morosawa, S. J. Chem. Soc.,
Perkin Trans. 1 1988, 3307—3310.

(13) (a) Yamamoto, S.; Grellmann, K.-H. Chem. Phys. Lett. 1982,
92, 533—540. (b) Yamamoto, S.; Grellmann, K.-H. Chem. Phys. Lett.
1982, 85, 73—80.

(14) Albini, A.; Fasani, E. J. Am. Chem. Soc. 1988, 110, 7760—7763.

(15) (a) Noh, T.; Lim, H.; Kim, D. Bull. Korean Chem. Soc. 1997,
18, 247—249. (b) Noh, T.; Lim, H.; Kim, D.; Jeon, K. Bull. Korean Chem.
Soc. 1997, 18, 998—1002.

10.1021/j0048757m CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/16/2004



Triplet-Sensitized Photolysis

SCHEME 1. Photoreactions of Biplanemers 1 and
3 and the 5—6 Cyclophane System
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In contrast to such widespread studies on the photo-
chemistry of aromatic molecules in excited singlet states,
much less effort has been addressed to the elucidation
of reactivities of aromatic compounds and their cyclo-
adducts in the triplet state. However, it has been
confirmed that triplet species play significant roles in the
photocycloadditions of aromatics, and that triplet cyclo-
adducts display interesting reactions, which are signifi-
cantly different from those observed in their excited
singlet states.>1%16719 Anthracene chromophores, bound
by an ethylene linker, undergo a [47r + 4] intramolecular
cycloaddition by direct photoreaction, while they afford
[47r + 271] intramolecular cycloadducts through the triplet
manifold.'® In some derivatives of 1,3-dianthrylpropane,
an efficient [477 + 4] intramolecular cycloaddition be-
tween their two anthracene chromophores occurs in the
triplet state.>!'” For a [47m + 4x] photocycloaddition of
amide-linked naphthalene and anthracene chromophores,
a triplet biradical was confirmed as the intermediate.!®

It has been suggested that anthracene photodimers
and an anthracene—naphthacene biplanemer?® undergo
cycloreversion in the triplet state.’® Interestingly, photo-
reactions of some biplanemers in the triplet state have
been shown to afford novel polycyclic or cage molecules
which are not accessible by direct irradiation.'>'® An-
thracene—benzene biplanemers 1 provide an electroni-
cally excited anthracene through an adiabatic pathway
on direct irradiation.®!%12 In contrast, they undergo di-
m-methane rearrangement?! upon triplet-sensitized pho-
tolysis, giving tetracyclic product 2 (Scheme 1a).'® Also,
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photoexcited naphthalene—benzene biplanemer 3 affords
both singlet- and triplet-excited naphthalene, whereas
triplet 3 undergoes intramolecular [27 + 27] cycloaddi-
tion, affording a cage compound, 4 (Scheme 1b).12

The title compound 6 is the photoisomer of the 2,11-
diazal3,3](9,10)anthracenoparacyclophane 5. Cyclophane
system 5 has been developed as a photochromic molecular
device based on interconversion with photoisomer 6.4>22
Since photoisomer 6 possesses a bridged biplanemer
skeleton (biplanophane), we have been interested in its
photoreactions in comparison with those of nonbridged
analogues 1. We have found that the photocycloreversion
of photoisomer 6 adiabatically occurs to give an excited
singlet cyclophane 5 efficiently on direct photolysis, as
in the case of the nonbridged analogue 1 (Scheme 1c).?

Considering the results of the triplet-sensitized pho-
tolyses of biplanemers 1 and 3, the triplet photochemistry
of photoisomer 6 would be of interest since triplet 6 is
expected to display reactions different than those of
excited singlet 6. However, photoexcited 6 essentially
reverts on a singlet adiabatic surface to afford an excited
singlet 5, while photoexcitation of cyclophane 5 results
in the intramolecular cycloaddition exclusively through
a singlet manifold. Thus, very little information has been
available so far regarding the triplet state of the 5—6
cyclophane system. These facts motivated us to investi-
gate the triplet-sensitized photoreaction of the 5—6
cyclophane system in order to characterize their nature
in the triplet states.

In the present work, we have studied the sensitized
photoreactions of photoisomer 6 by means of stationary
and laser-flash photolyses, using xanthone (XT) and
benzophenone (BP) as triplet sensitizers. Herein, we
describe the results of the product studies and the kinetic
analyses for the photochemical and photophysical pro-
cesses.

Results and Discussion

Xanthone-Sensitized Photolysis of the Biplano-
phane. When a 1:1 mixture of photoisomer 6 and XT
was irradiated at 350 nm, cyclophane 5 and polycyclic
compound 7 were obtained as the photoproducts (Scheme
2). A di-m-methane-rearranged product 9, which was
expected from the triplet reactions of biplanemers 1,°
was not observed. To understand the course of the
reaction, the time dependence of the product formation
was followed by "H NMR spectroscopy (Figure 1a). In the
early stage of the photolysis (<5 min), starting photo-
isomer 6 was consumed rapidly, and the formation of
cyclophane 5 and polycycle 7 was observed. Since poly-
cycle 7 was not detected in the photolysis of cyclophane
5 in the presence of XT, both polycycle 7 and cyclophane
5 were considered to be the primary products in the XT-
sensitized photoreaction. As cyclophane 5 (formed in the
photolysis) absorbed the incident light, it was consumed
through intramolecular [47 + 4x] cycloaddition as a
secondary photoprocess affording photoisomer 6, which

(22) (a) Usui, M.; Nishiwaki, T.; Anda, K.; Hida, M. Chem. Lett.
1984, 1561—1564. (b) Usui, M.; Nishiwaki, T.; Anda, K.; Hida, M.
Nippon Kagaku Kaishi 1988, 1052—1058. (¢) Usui, M.; Nishiwaki, T
Anda, K.; Hida, M. Nippon Kagaku Kaishi 1989, 237—243.
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Commaun. 1998, 1049—1050.
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SCHEME 2. Triplet-Sensitized Photoreaction of
Photoisomer 6
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underwent further XT sensitization under the photolysis
conditions. Therefore, at a longer irradiation time (~20
min), polycycle 7 was detected as the major component.
With prolonged irradiation (>20 min), polycycle 7 was
gradually lost due to further photoreactions. These
results indicate that photoisomer 6 has a significantly
different reactivity depending on the spin multiplicities
of the excited state.

Polycyclic product 7 was characterized by 'H NMR
spectra on the basis of 'H-'H COSY and NOESY
methods and variable-temperature techniques. Also,
mass spectrum and elemental analysis support the
assigned structure 7. Photoproduct 7 was found to be a
mixture of two exchanging isomers, and the observed 'H
NMR signals were assigned to each isomer, as shown in
Figure 2 (vide infra). In the higher field of the '"H NMR
spectrum, characteristic peaks that were assigned to
protons in the cyclopropane moiety appear at 6 1.63 (H%)
and 2.35 ppm (H?).2* With the structure of 7, one can
expect 12, nonequivalent protons rather than aromatic
ones; however, 21 signals were actually observed for
product 7. Temperature dependence of product 7 in the
'H NMR spectrum was examined, as shown in Figure 3.
The complex spectrum observed at 24 °C (Figure 3a) was
simplified by an increase in temperature. At 120 °C, the
multiplet signals assigned to H* and H? on the cyclo-
propane ring were merged into a triplet and a broad
doublet pattern, respectively, which can be expected from
structure 7 (Figure 3c). Additionally, at the higher
temperature, the bridgehead (H¢, 6 3.50 ppm) and the
olefinic (H?, H", 6 4.78 ppm) protons appeared as doublet
signals, which is consistent with structure 7.2¢ These
results suggest that product 7 is a mixture of isomers,

(24) The assigned chemical shifts are similar to those observed for
the corresponding protons of the bicyclo[3.1.0lhexane moiety in the
nonbridged analogue 2 [X = H, Scheme 1; 1.20 (H%), 2.13 (H?®), 3.59
(He), and 5.09 ppm (H¢”) in CDCls], suggesting that photoproduct 7
possesses the same bicyclic substructure as compound 2.19
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FIGURE 1. Time course of the sensitized irradiation (300 nm)
of photoisomer 6 in acetone-dg monitored by "H NMR spec-
troscopy (500 MHz) in the presence of (a) XT and (b) BP.

which are exchanging with each other. The NOESY
spectrum of product 7 (Figure S1 in the Supporting
Information) shows negative NOE values for the follow-
ing pairs of methylene protons on the C—N—C bridges:
He—H#, HY—H", H/—H!, "—-H", H'-H!, and H*—H* (for
the assignment of each proton, see Figure 2), indicating
that these pairs of protons undergo chemical exchange.?>26
Thus, there are two indivisible isomeric structures in
product 7, as suggested by the temperature effects. The
ratio of the major and the minor isomers was determined
to be 1.5:1 by the 'H NMR integrals (Figure 2). Consider-
ing the high rotational barrier of the C—N bond in the
amide group,?® the observed isomers for polycycle 7 are
able to be assigned as rotamers, which are interconvert-
ible through rotation of the amide C—N bonds on the side
chains. Such a rotational isomerism has also been
observed for an N-formyl derivative of cyclophane 5 (R
= CHO).222

Benzophenone-Sensitized Photolysis of the Bi-
planophane. When photoisomer 6 was irradiated in the

(25) Derome, A. E. Modern NMR Techniques for Chemistry Research;
Pergamon Press: Oxford, 1987; pp 239—244.

(26) Using the phase-sensitive NOESY spectroscopy technique, a
negative NOE is observed for exchanging pairs of protons. Thus, the
NOE and the chemical exchange in polycycle 7 were unambiguously
observed as the positive and the negative cross-peaks, respectively
(shown in Figure S1 of the Supporting Information).2”

(27) One-Dimensional and Two-Dimensional NMR Spectra by Mod-
ern Pulse Techniques (Japanese edition); Nakanishi, K., Ed.; Kodansha
Scientific: Tokyo, 1986.

(28) Stewart, W. E.; Siddall, T. H., III. Chem. Rev. 1970, 70, 517—
551.
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FIGURE 2. 'H NMR spectrum of polycycle 7 in acetone-d¢ at 600 MHz (the asterisked signals are due to the solvent used). The
peaks depicted in black and gray letters are assigned to the major and the minor isomers of 7, respectively.
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FIGURE 3. Temperature effects on the '"H NMR spectra of
polycycle 7 in DMSO-ds at 600 MHz (the asterisked peaks are
due to the solvent used).

presence of benzophenone (BP) as a triplet sensitizer,
novel oxetane 8 was obtained in addition to cyclophane
5 and polycycle 7 (Scheme 2). The structure of oxetane 8
was confirmed by 'H and *C NMR spectra using '"H—'H
COSY, NOESY, HMQC, and HMBC techniques. Fur-
thermore, mass spectra and elemental analyses support
the structure of 8. The formation of oxetane 8 is well
rationalized as a Paterno—Biichi reaction? between the
1,4-cyclohexadiene moiety of photoisomer 6 and triplet
BP. In the case of the XT-sensitized photolysis of
photoisomer 6, such an oxetane was not obtained. Thus,
the formation of oxetane 8 may be ascribed to a stronger
n,* character of triplet BP compared to that of triplet
XT in the polar solvent used (acetone) where the elec-
tronic character of triplet XT is of a mixture of n,7* and
a,7%.30 The time course of the BP-sensitized photolysis

(29) (a) Buchi, G.; Inman, C. G.; Lipinsky, E. S. J. Am. Chem. Soc.
1954, 76, 4327—-4331. (b) Kimura, M.; Nukada, K.; Satake, K.
Morosawa, S. J. Chem. Soc., Perkin Trans. 1 1986, 885—888.

is shown in Figure 1b. Within a shorter irradiation period
(<10 min), cyclophane 5, polycycle 7, and oxetane 8 were
observed as the photoproducts. As in the case of the XT-
sensitized irradiation, cyclophane 5, once formed in the
photolysis, was consumed through the secondary [47 +
47] photoprocess, and photoproducts 7 and 8 were, thus,
observed in the mixture after prolonged irradiation (>30
min).

Proposed Mechanism for the Formation of Poly-
cycle 7. A plausible mechanism for the rearrangement
of photoisomer 6, affording polycycle 7 in the triplet state,
is shown in Scheme 3. With XT-sensitized irradiation,
nonbridged 1 undergoes di-7-methane rearrangement
within the 1,4-cyclohexadiene (CHD) moiety (Scheme
3a).1%21 In the rearrangement of triplet photoisomer 6,
as in the case of biplanemer 1, the cyclopropane ring is
formed in the 1,4-CHD part of photoisomer 6 (A, Scheme
3b). Subsequent rupture of the central C'—C2? bond
followed by the formation of the double bond and the new
bridge C?—C? bonding (B, Scheme 3b) affords polycycle
7. These processes may be merged into a formal [27a +
27ra + 20s] rearrangement (C, Scheme 3), which proceeds
in a concerted manner. Different from that of the di-z-
methane rearrangement of the nonbridged analogue 1,
the C1—C? o bond significantly participates in the re-
arrangement of photoisomer 6. This may be due to
enhanced through-bond orbital interaction®! between the
C'—C? ¢ bridge and the & system of photoisomer 6
through perturbation by the C—N—C side chains.

Triplet Sensitization by Laser-Flash Photolysis.
Figure 4 shows transient absorption spectra obtained 100
ns and 1.2 us after a 355 nm laser pulsing in an XT—6
system. The absorption band at 630 nm is due to triplet
XT.32 The intensity of the absorption for triplet XT
decreases with a first-order rate (koppsq = 5.0 x 10 571
see top inset in Figure 4), while the absorption at 417
nm increases with the same rate (5.0 x 10% s, bottom
inset in Figure 4). The absorption band at 417 nm is due

(30) Pownall, H. J.; Huber, J. R. J. Am. Chem. Soc. 1971, 93, 6429—
6436.

(31) (a) Inagaki, S.; Fujimoto, H.; Fukui, K. J. Am. Chem. Soc. 1976,
98, 4054—4061. (b) Gleiter, R.; Karcher, M. Angew. Chem., Int. Ed.
Engl. 1988, 27, 840—841. (¢c) Paddon-Row, M. N. Acc. Chem. Res. 1982,
15, 245—251. (d) Ohwada, T. Tetrahedron 1993, 49, 7649—7656.

(32) Scaiano, J. C. J. Am. Chem. Soc. 1980, 102, 7747—7753.
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Proposed Mechanism for the Rearrangement of Triplet Photoisomer 6

to neither the ketyl nor the anion radicals of XT, but the
shape of the absorption spectrum resembles that of the
triplet—triplet absorption of anthracenes.?® The decay
rate (kopsa) of triplet XT was found to increase proportion-
ally to the concentration of 6, [6] (Figure 5). These
observations indicate that an unknown intermediate X,
with an absorption band at 417 nm, should be produced
via triplet 6, which was formed by the triplet energy
transfer from triplet XT. Since the plots of &.psq Show a
straight line, the kg, can be formulated with a quenching
rate constant, &, by eq 1

Eobsa = ko 1 ky[6] (1)

where kg is the decay rate of triplet XT in the absence of
6. From the slope and the intercept of the line, the values

04
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- 01r
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FIGURE 4. Transient absorption spectra obtained at 100 ns
(---) and 1.2 us (—) upon 355 nm laser pulsing in an XT (6.0
x 1073 dm? mol™1)—6 (6.0 x 107* dm? mol™!) system. Insets:
the temporal absorbance changes at 630 nm for triplet XT (top)
and at 417 nm for intermediate X (bottom).
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of k4 and k¢ were determined to be 5.0 x 10° dm?® mol !
s tand 2.0 x 10® s71, respectively. The obtained k4 value,
which is smaller than the diffusion limit of acetone (2.0
x 101 dm?3 mol™! s7! at 20 °C)3* is typical of the
exothermic triplet energy transfer having a triplet energy
gap (AEr) of >2 kcal mol 1.3 Since the triplet energy of
XT is known to be 74.0 kcal mol 1,33 that of photoisomer
6 can be readily estimated to be <72 kcal mol .

To characterize intermediate X, the absorption profiles
at 417 nm were investigated in detail. Figure 6 shows
the absorbance at 417 nm (AA47) for intermediate X,
observed after depletion of triplet XT (see bottom inset
in Figure 4), plotted as a function of [6]. With an increase
of [6], the AA,; 7 value increases, leveling off at higher
regions of [6]. The AA;; can be formulated by using
kinetic parameters ko and &, as

AA 7= aTETnxéi(ﬂq)ISCIabskq[G] (ko + kq[ﬁ]y1 2)

where orgr, 7%, 6}17, and ®igc are the efficiency of the
triplet energy transfer from triplet XT to 6, the efficiency
for the formation of intermediate X from triplet 6, the
molar absorption coefficient of X at 417 nm, and the

0 " 1 " 1
0 1 2

[6]/ 107> mol dm™

FIGURE 5. Decay rates (kosa) of triplet XT plotted as a
function of [6].
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FIGURE 6. Transient absorbance change (AA417) observed
after depletion of triplet XT plotted as a function of [6]. The
solid curve was calculated by eq 2.
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FIGURE 7. Time profile of the absorbance change at 417 nm
for the decay of X obtained after 355 nm laser pulsing in the
XT (6.0 x 1072 dm? mol™1)—6 (6.0 x 107* dm? mol™!) system.
Inset: the transient absorption spectrum obtained at 1.0 ms
for the above system.

triplet yield of XT (1.0), respectively.?* The quantity of
I.ps, the number of the photon flux of a laser pulse
absorbed by XT, was determined by using the absorption
of triplet benzophenone in acetonitrile as an actinom-
eter.?® By best-fitting eq 2 to the AA4;7 values obtained
experimentally, the product value of (xTETnxeffn was
determined to be 9500 dm? mol™! cm ™. The absorption
spectrum of X was found to decay according to the first-
order kinetics (Figure 7) with a lifetime of 180 us, which
was independent of [6] (2.0 x 1072 mol dm™3). In the
millisecond time region (>1 ms) after the depletion of X,
the residual absorbance (RA47) at 417 nm was un-
changed. The absorption spectrum at 1 ms, obtained after
laser photolysis, was identical to that of cyclophane 5
(inset in Figure 7), indicating that intermediate X gave
cyclophane 5 efficiently. By using the molar absorption
coefficient of 5 at 417 nm (&3,; = 3800 dm® mol ! cm~! in
acetone), the quantum yield, ®;5, for the formation of
cyclophane 5 is obtained by eq 3

O; = RA417€45117 _llabs_l 3)

(33) Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of Photo-
chemistry, 2nd ed.; Marcel Dekker: New York, 1993.

(34) Bebelaar, D. Chem. Phys. 1974, 3, 205—216.

(35) Turro, N. J. Modern Molecular Photochemistry; Benjamin/
Cummings: Menlo Park, CA, 1978.

(36) Yamaji, M.; Sekiguchi, T.; Hoshino, M.; Shizuka, H. <J. Phys.
Chem. 1992, 96, 9353—9359.
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FIGURE 8. Quantum yields (®5) for the formation of 5
obtained upon 355 nm laser photolysis of XT (6.0 x 1073 dm3
mol~1)—6 systems plotted as a function of [6]. The solid curve
was drawn according to eq 4.

The obtained ®; values are plotted as a function of [6]
in Figure 8. The plots show a negative curve. On the
other hand, with the use of kinetic parameters, ®5 can
be expressed by eq 4

Dy = O3k [6](ky + k,[6]) " (4)

where @7 represents the ultimate quantum yield for the
formation of 5 at infinite [6]. By best-fitting eq 4 to the
®; values obtained experimentally, ®; was determined
to be 0.69 (£0.03). The estimated value is close to the
yield for the formation of 5 upon direct excitation of 6
(0.61 & 0.02).” The term ®; can be interpreted by eq 5.

@5 = oty Prsc (5)

Since the value of the product aTETnxeffn was deter-
mined to be 9500 dm? mol ! em ! (Figure 6), that of €},
is estimated to be 14 000 dm? mol~! em™1.

The following spectroscopic and photochemical proper-
ties of intermediate X were found: (1) X is a precursor
of cyclophane 5, (2) the absorption spectrum resembles
that of triplet anthracene, and (3) the lifetime is 180 us,
which could be responsible for an excited state of triplet
electronic character of 77,7* in solution at room temper-
ature. Therefore, from the above facts, we infer that
intermediate X is assigned to the triplet state of 5
produced by an adiabatic cycloreversion from triplet 6,
which was photosensitized by triplet XT. Also, the esti-
mated 61(17 value resembles that of triplet anthracenes
in order of magnitude (1 x 104 dm? mol™! cm™1).33

The efficiency, orgr, is less than unity; thus, the
efficiency for the adiabatic cycloreversion, #7x, can be
evaluated to be >0.69. Considering the estimated #x
value (>0.69), the adiabatic conversion in the triplet
manifold seems to be very efficient as is that in the
excited singlet state, with an efficiency of 0.71.232 There-
fore, the excited states of 6, irrespective of the spin
multiplicity, are fated to be converted to those of 5 by
adiabatic processes with large efficiencies.

Furthermore, triplet sensitization was examined by
using BP (Et = 69.2 kcal mol™1)% as a triplet sensitizer,

(37) The quantum yield for cycloreversion of photoisomer 6 to give
cyclophane 5 upon direct irradiation (266 nm laser pulsing) was
determined in acetonitrile at 20 °C. The photon flux of the laser source
used was determined by using the absorption of triplet benzophenone
in acetonitrile as an actinometer.3%
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FIGURE 9. Transient absorption spectra obtained 100 ns
(---) and 4.8 us (—) after a 355 nm laser photolysis of a BP
(1.0 x 1072 dm?® mol™1)—6 (1.0 x 1073 dm? mol™!) system.
Inset: the decay rates (kobsa) of triplet BP plotted as a function
of [6].

whose Er value is smaller than that of XT (Ep = 74.0
kcal mol™), to characterize triplet 6 in more detail. Figure
9 shows the transient absorption spectra obtained by 355
nm laser pulsing in a BP—6 system in acetone. The
transient absorption band at 520 nm, which is due to
triplet BP,? decays with a rate of 7.3 x 105 s71, giving
the absorption spectrum of triplet 5 (417 nm) 4.8 us after
a laser pulse. The change in absorption spectra indicates
that triplet energy transfer occurs from triplet BP to 6,
from which triplet 5 is produced by adiabatic cyclo-
reversion.

As well as that in the case of the XT-sensitized
photolysis, the absorption spectrum of triplet 5 was
observed to decay according to first-order kinetics, result-
ing in the formation of cyclophane 5. The quenching rate
constant, kg, of triplet BP by 6 was determined from the
slope of the plots of the decay rates versus [6] (see inset
in Figure 9) to be 3.4 x 108 dm?® mol~! s1. The order of
magnitude of the obtained value for %, indicates the
occurrence of endothermic triplet energy transfer having
a triplet energy gap, AEr, of 1.5—2.0 kcal mol~1.4° The
energy level of triplet 6 is, thus, evaluated to be close to
71 kecal mol ™!, which is smaller than that of XT (74.0 kcal
mol™1) by more than 2.0 kcal mol~!. The mechanism of
such endoergonic energy transfer is interpreted in terms
of the thermally activated crossing of potential surfaces
and the absence of back energy transfer due to fast
deactivation of the acceptor molecule,** which corre-
sponds to the adiabatic transformation from triplet 6 to
triplet 5 for the present system. When the apparent
activation energy (AE,) is larger than the endothermic
AEr, energy transfer will proceed.*® The AE, value for
the BP—6 system was obtained from the Arrhenius plots
of ky, as shown in Figure 10. Since the plots give a
straight line, % is expressed by eq 6. The AE, value was
determined to be 2.3 £ 0.1 kcal mol™!, which is clearly

(38) Carmichael, 1.; Hug, G. J. Phys. Chem. Ref. Data 1986, 15,
1-250.

(39) Shizuka, H.; Yamaji, M. Bull. Chem. Soc. Jpn. 2000, 73, 267—
280.

(40) Yamaji, M.; Wakabayashi, S.; Ueda, S.; Shizuka, H.; Tobita, S.
Chem. Phys. Lett. 2003, 368, 41—48.
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FIGURE 10. Arrhenius plots for the quenching rate con-
stants, kg, for the BP (1.0 x 1072 dm?® mol™!)—6 system.

larger than the estimated AET of the BP—6 system (~2
kecal mol™1), as expected.

ky = (1.6 x 10") exp(—11407" ") (6)

Although the formations of photoproducts 7 and 8 were
observed in the steady-state photolyses (Figure 1), we
were unable to follow the formation profiles of these new
compounds through transient absorption measurements
because the absorption of photoproducts 7 and 8 is absent
in the wavelength region >350 nm.

Overview of the Sensitized Photolysis of the
Biplanophane. Figure 11 outlines an energetic diagram
for the photochemical and photophysical processes upon
triplet sensitization of photoisomer 6, including the
chemical products. The relative heats of formation of
compounds 6—8, compared to that of cyclophane 5, were
computed by the AM1 method:*' 5 (0 kcal mol™1), 6 (20.6
kcal mol™1), 7 (39.7 keal mol 1), and 8 (55.9 kcal mol™1).
Although photoisomer 6 is known to revert to cyclophane
5 exclusively on an excited singlet adiabatic surface, its
triplet features have not been revealed. By means of the
present quenching experiments using XT and BP as
triplet sensitizers, the triplet energy level was deter-
mined for the first time to be 71 kcal mol~!. The energy
transfer from triplet XT to photoisomer 6 is exoergonic
by ~3 kcal mol™!, while that from triplet BP to the
substrate is endoergonic by 1.5—2 kcal mol . In the case
of the BP sensitization, triplet 6 vanishes by both the
adiabatic cycloreversion and the rearrangement faster
than the back energy transfer to BP. Therefore, triplet
energy transfer is irreversible in the BP—6 system. The
triplet level of photoisomer 6 (71 kcal mol™!) is unam-
biguously lower than those of o-xylene (82 kcal mol™1)
and 9,10-dihydroanthracene (82.4 kcal mol™),3® which are
involved as aromatic chromophores in photoisomer 6, and
comparable to that of norbornadiene (~72 kcal mol™1),
which has a 1,4-CHD chromophore.?>*?> From these
considerations, it is inferred that the triplet exciton in
triplet 6 is localized on the 1,4-CHD moiety of photo-
isomer 6.

When it is assumed that the triplet level of cyclophane
5 is similar to that of 9,10-disubstituted anthracenes (~40

(41) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
J. Am. Chem. Soc. 1985, 107, 3902—3909.

(42) (a) Turro, N. J.; Cherry, W. R.; Mirbach, M. F.; Mirbach, M. J.
J. Am. Chem. Soc. 1977, 99, 7388—7390. (b) Arai, T.; Oguchi, T.;
Wakabayashi, T.; Tsuchiya, M.; Nishimura, Y.; Oishi, S.; Sakuragi,
H.; Tokumaru, K. Bull. Chem. Soc. Jpn. 1987, 60, 2937—2943. (c)
Gorman, A. A.; Hamblett, I.; McNeeney, S. P. Photochem. Photobiol.
1990, 51, 145—149.
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FIGURE 11. Schematic reaction diagram for the XT- and BP-sensitized photolysis of photoisomer 6 (in acetone at 295 K; the
relative heats of formation of 5—8 were calculated by the AM1 method).*! argr is the efficiency for the triplet energy transfer. x
is the fraction of the adiabatic cycloreversion from triplet 6 to triplet 5. 7 is the fraction of the rearrangement of triplet 6 to 7.

@7 and P are the limiting quantum yields for the formations of 5 and 7, respectively; 74 is the lifetime of triplet 5, and ISC is

the intersystem crossing.

kcal mol1),33 the adiabatic process from triplet 6 to triplet
5 is expected to be highly exoergonic (~50 kcal mol™).
The rate for such an exothermic process would be as large
as that for the adiabatic cycloreversion of photoisomer
6%% or the nonbridged biplanemers 1! in the excited
singlet states. Therefore, the intersystem crossing from
triplet 6 to the ground state is negligible in the decay
pathways of triplet 6. In fact, the evaluated efficiency for
the adiabatic cycloreversion, 7x, is quite large (>0.69).
From the above considerations, it is reasonable to assume
that photoisomer 6 adiabatically reverts on a triplet
surface efficiently, as in the case of direct photoexcita-
tion.?3 Additionally, the rearrangement of triplet photo-
isomer 6 to provide polycycle 7 is expected to be a highly
exothermic process and could compete with the adiabatic
process. In the present work, triplet cyclophane 5 is found
to be deactivated only by the intersystem crossing to the
ground state, with a lifetime of ~180 us at room tem-
perature (Figure 4), and the limiting quantum yield for
the formation of cyclophane 5 (®; = 0.69) upon XT
sensitization. Consequently, considering that the sum of
the quantum yields, ®; and @7, does not exceed unity,
the upper-limit value of @7 is estimated to be 0.31.

Summary

The detailed features of biplanophane system 6 in the
triplet state have been clarified by the sensitized pho-
tolysis using XT and BP as triplet sensitizers on the basis
of the results of the stationary and the laser-flash
photolyses. The reaction processes of the triplet sensiti-
zation for photoisomer 6 are summarized in Figure 11.
Triplet 6 provides triplet 5 through an adiabatic pathway,
and the unknown polycycle 7 is formed by a formal [2:7a

+ 27a + 20s] rearrangement, which is a novel reaction
mode of the anthracene—benzene biplanemer system.
Oxetane 8 is obtained via a Paterno—Biichi reaction of
photoisomer 6 and triplet BP. The observed reactivities
of photoisomer 6 are quite different from those of the
nonbridged analogue 1, presumably due to enhanced
through-bond interaction between the central C—C o
bonds with the & system in photoisomer 6 by participa-
tion of the side bridges in the triplet state. By means of
the quenching experiments of triplet XT and BP by
photoisomer 6, the triplet energy level of 6 was deter-
mined to be ~71 kcal mol™!, which was comparable to
that of the 1,4-CHD chromophore in norbornadiene.
When photoisomer 6 underwent XT-sensitized photolysis,
the limiting quantum yield for the adiabatic cyclorever-
sion, @7 = 0.69, was determined, and that for the upper
limit of the rearrangement, @7, was estimated to be
0.31. These values indicate that triplet photoisomer 6 is
mainly deactivated through these reaction pathways
rather than by intersystem crossing.

Experimental Section

Materials. Cyclophane 5 and photoisomer 6 were prepared
according to Usui’s procedure.?? Acetone, used for steady-state
and laser-flash photolyses, was purified by distillation. XT and
BP were purified by repeated recrystallizations from ethanol.

Xanthone-Sensitized Photolysis of Photoisomer 6.
Preparative Study. An argon-purged solution of photoisomer
6 (50 mg, 94 mmol) and XT (18.5 mg, 94 mmol) in 30 mL of
acetone was irradiated at 350 nm for 1 h. Acetone was
evaporated under reduced pressure, and the residue was
separated by preparative thin-layer chromatography (silica gel,
CHClI;) to give product 7 (28 mg, 56%). Recrystallization from
a CHCls/acetone mixture gave colorless fine needles: mp 276—
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278 °C dec; 'H NMR (600 MHz, acetone-de, cf. Figure 2)
Isomer a (major isomer) ¢ 1.63 (m, 1H), 2.35 (m, 1H), 3.62
(m, 1H), 3.68 (d, 1H, J = 11.4 Hz), 3.73 (d, 1H, J = 11.4 Haz),
4.05 (d, 1H, J = 16.2 Hz), 4.45 (d, 1H, J = 13.2 Hz), 4.64 (d,
1H, J = 16.2 Hz), 4.68 (d, 1H, J = 13.2 Hz), 4.77 (d, 1H, J =
12.6 Hz), 4.84 (m, 1H), 4.89 (d, 1H, J = 12.6 Hz); Isomer b
(minor isomer) 6 1.63 (m, 1H), 2.35 (m, 1H), 3.47 (d, 1H, J =
13.2 Hz), 3.53 (d, 1H, J = 13.2 Hz), 3.62 (m, 1H), 3.64 (1H),*3
4.69 (1H),*® 4.72 (d, 1H, J = 10.8 Hz), 4.75 (1H),*3 4.82 (m,
1H), 4.96 (d, 1H, J = 10.8 Hz), 5.22 (d, 1H, J = 11.4 Hz). Peaks
of the aromatic protons in both isomers appear in a 6 7.2—7.5
ppm region as multiplet signals (Figure 2): YF NMR (282
MHz, acetone-dg) Isomer a 6 90.86 (s), 93.43 (s); Isomer b 0
91.22 (s), 93.00 (s); IR (KBr) vmax 1686 (C=0), 1180 (C—F) cm™1;
UV—vis (CHCl3) Amax (log €) 272 (sh, 3.02), 276 (sh, 2.94), 295
(2.24); MS (FAB) m/e 531 (M + H). Anal. Calcd for CosHgo-
FsN:0s: C, 63.40; H, 3.80; N, 5.28. Found: C, 63.50; H, 3.47;
N, 5.35. Analytical Experiments. An argon-purged solution
of photoisomer 6 (5 x 1073 mol dm™3) and XT (1.5 x 1072 mol
dm™2) in acetone-dg was irradiated at 300 nm in an NMR tube,
and the reaction mixture was analyzed by "H NMR spectros-
copy (500 MHz).

Benzophenone-Sensitized Photoreaction of Photo-
isomer 6. An argon-purged solution of photoisomer 6 (106 mg,
200 mmol) and BP (276 mg, 2 mmol) in 75 mL of acetone was
irradiated at 300 nm for 2 h. Acetone was evaporated under
reduced pressure, and the residue was separated by MPLC
(silica gel, 5:1 hexane/AcOEt) and followed by reversed-phase
chromatography (MeCN) to give oxetane 8 (45 mg, 32%).
Recrystallization from CHCl3/MeOH gave colorless needles:
mp 286—288 °C; '"H NMR (600 MHz, CDCls) 6 3.18 (d, 1H, J
=12.3Hz), 3.45(d, 1H, J = 6.3 Hz), 3.52 (d, 1H, J = 12.3 Haz),
3.76 (d, 1H, J = 12.3 Hz), 4.21 (d, 1H, J = 12.3 Hz), 4.36 (d,
1H, J = 12.3 Hz), 4.43 (dd, 1H, J = 6.3, 1.8 Hz), 4.70 (d, 1H,
J = 13.5 Hz), 4.79 (d, 1H, J = 13.5 Hz), 4.83 (d, 1H, J = 9.3
Hz), 4.97 (d, 1H, J = 13.5 Hz), 5.30 (dd, 1H, J = 9.3, 1.8 Hz),
7.13 (m, 6H), 7.20—7.27 (m, 10H), 7.28—7.36 (m, 3H), 7.41 (d,
1H, J = 7.8 Hz), 7.46 (d, 1H, J = 7.8 Hz); 1*C NMR (150 MHz,
CDCls) 6 50.1, 50.6, 54.1, 54.9, 56.7, 56.9, 58.0, 59.3, 60.5, 78.5,
86.7,116.0 (Jcr = 286 Hz), 116.2 (Jcr = 286 Hz), 123.3, 123.9,
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124.8, 125.2, 125.4, 126.9, 127.1, 127.2, 127.5, 127.6, 127.9,
128.2, 128.4, 134.1, 137.6, 139.9, 140.4, 141.4, 141.5, 143.0,
146.9, 154.2 (Jcr = 37.0 Hz), 154.6 (Jcr = 38.0 Hz); IR (KBr)
Vmax 1690 (C=0), 1183 (C—F) cm™%; UV—vis (CHCls) Amax (log
€) 262 (sh, 3.14), 272 (sh, 3.02), 282 (2.85); MS (FAB) m/e 713
(M + H). Anal. Caled for C41H30FgN2Os: C, 69.10; H, 4.24; N,
3.93. Found: C, 68.99; H, 3.90; N, 4.04.

Laser-Flash Photolysis. All of the samples in a quartz
cell with a 1 cm path length were degassed by several freeze—
pump—thaw cycles on a high-vacuum line. Transient absorp-
tion measurements were carried out at room temperature (295
K), unless noted, or in the temperature range from —43 to 45
°C. The temperature of the sample in a quartz dewar was
maintained with hot water (>295 K) or a mixture of methanol
and liquid nitrogen (<295 K) within a precision of +0.5 °C
during the measurement. Third harmonics (355 nm) of an
Nd3+:YAG laser (pulse width 8 ns) was used for flash photoly-
sis. The details of the detection system for the time profiles of
the transient absorption have been reported elsewhere.** The
transient data obtained by laser-flash photolysis were analyzed
using the least-squares best-fitting method. The transient
absorption spectra were taken with a USP-554 system, with
which one can take a transient absorption spectrum with a
one-shot laser pulse.
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