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Abstract: Thephotochemical reaction of [35](1,3,5)cyclophane 2, which is a photoprecursor for the formation
of propella[3s]prismane 18, was studied using a sterilizing lamp (254 nm). Upon photolysis in dry and wet
CHCl, or MeOH in the presence of 2 mol/L aqueous HCI solution, the cyclophane 2 afforded novel cage
compounds comprised of new skeletons, tetracyclo[6.3.1.0.270%1!]dodeca-5,9-diene 43, hexacyclo-
[6.4.0.0.260.4110.51°0%*?]dodecane 44, and pentacyclo[6.4.0.0.260.4110°%dodecane 45. All of these products
were confirmed by the X-ray structural analyses. A possible mechanism for the formation of these
photoproducts via the hexaprismane derivative 18 is proposed. The photophysical properties in the excited
state of the [3]cyclophanes ([3,]CP, n = 2—6) were investigated by measuring the emission spectra and
determining the quantum yields and lifetimes of the fluorescence. All [3,]JCPs show excimeric fluorescence
without a monomeric one. The lifetime of the excimer fluorescence becomes gradually longer with the
increasing number of the trimethylene bridges. The [3,]CPs also shows excimeric phosphorescence spectra
without vibrational structures for n = 2, 4, and 5, while phosphorescence is absent for n = 3 and 6. With
an increase in symmetry of the benzene skeleton in the [33]- and [3]CPs, the probability of the radiation
(phosphorescence) process from the lowest triplet state may drastically decrease.
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Figure 1. [3p]Cyclophanesr{ = 2—6) 1—6 and superphaneé.

University. [2,]CP series. As a result, the JJEPs show much stronger
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Figure 2. Prismane family.
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s-electron donating ability than the corresponding]@Ps?6
We have already reported the synthetic methods of t€Bs
and their structural properties in solutfams well as in the solid
state® Our next subject to be solved in this field is the synthesis
of propella[3]prismanes via photochemical reaction of thg{3
CPs’8

Prismanes constitute an infinite family of (GH)olyhedrd

that chemists find esthetically appealing because of their

molecular architecture (Figure 2). Notwithstanding their struc-

tural regularity, many years of effort were needed before the

first three members, prismaBg® cubaned,!! and pentaprismane

10,22 could be successfully synthesized. Recently, attention has
been focused on the challenging objective of constructing the

higher prismanes, in particular, hexaprismadeMany diverse
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synthetic strategies have been developed, and significantto the basic skeleton may enableH2]photocyclization leading

progress toward the synthesis of hexaprismafhenas been

to the prismane skeletons (Schemé“lThese findings have

madel®1¢ For example, synthesized secohexaprismane, in been rationalized in terms of the order of the frontier molecular

which only one G-C bond is missing from hexaprismah# >
However,11 has eluded synthesis so far.
Pentacyclo[6.4.0.870.310%9dodeca-4,10-diend 2, an at-
tractive and logical precursor, could not be photochemically
converted toll (Scheme 1} This result might have been
anticipated because the related olefiynitricyclo[4.2.0.G-Socta-
3,7-dienel3failed to give cubané via [24-2]photocyclizatiorn'8
However, the photochemical formation of propellgfBismane
15from dienel4is indicative that attaching trimethylene bridges

(5) El-tamany, S.; Hopf, H.Chem. Ber1983 116, 1682-1685.

(6) (a) Yasutake, M.; Koga, T.; Sakamoto, Y.; Komatsu, S.; Zhou, M.; Sako,
K.; Tatemitsu, H.; Onaka, S.; Aso, Y,; Inoue, S.; Shinmyozu,JTAm.
Chem. Soc2002 10136-10145. (b) Yasutake, M.; Araki, M.; Zhou, M.;
Nogita, R.; Shinmyozu, TEur. J. Org. Chem2003 1343-1351. (c)
Yasutake, M.; Koga, T.; Lim, C.; Zhou, M.; Matsuda-Sentou, W.; Satou,
T.; Shinmyozu, T. InCyclophane Chemistry for the 21st Century
Takemura, H., Ed.; Research Signpost: Kerana, India, 2002, pp3B5

(7) (a) Sakamoto, Y.; Kumagai, T.; Matohara, K.; Lim, C.; Shinmyozu, T.
Tetrahedron Lett1999 40, 919-922. (b) Matohara, K.; Lim, C.; Yasutake,
M.; Nogita, R.; Koga, T.; Sakamoto, Y.; Shinmyozu,Tetrahedron Lett.
200Q 41, 6803-6807.

(8) (a) Lim, C.; Yasutake, M.; Shinmyozu, ARngew. Chem., Int. Ed. Engl.
200Q 39, 578-580. (b) Lim, C.; Yasutake, M.; Shinmyozu, Tetrahedron
Lett. 1999 40, 6781-6784.

(9) For recent reviews, see. (a) Shinmyozu, T,; Nogita, R.; Akita, M.; Lim, C.
In CRC Handbook of Organic Photochemistry and Photobiolagyyd
edition; Horspool, W., Lench, F., Eds.; CRC Press: U8B03 23—-1—
23—11. (b) Dodziuk, H. InTopics in Stereochemistriliel, E. L., Wilen,

S. H., Eds.; John Wiley & Sons: New York, 1994; Vol. 21. (c) Dodziuk,
H. Modern Conformational Analysis, VCH Publishers995 (d) Forman,
M. A. Org. Prep. Proced. Int1994 26, 291-320.

(10) Katz, T. J.; Acton, NJ. Am. Chem. S0d.973 86, 2035-2037.

(11) (a) Eaton, P. E.; Cole, Jr. T. W. Am. Chem. Sod964 86, 962—963. (b)
Eaton, P. E.; Cole, Jr. T. W. Am. Chem. S0d.964 86, 3157-3158. (c)
Eaton, P. EAngew. Chem., Int. Ed. Endl992 31, 1421-1436.

(12) (a) Eaton, P. E.; Or, Y. S.; Branca, S.JJ.Am. Chem. Sod981, 103
2134-2136. (b) Eaton, P. E.; Or, Y. S.; Branca, S. J.; Ravi Shanker, B. K.
Tetrahedron1986 42, 1621-1631.

(13) Eaton, P. E.; Chakraborty, U. R. Am. Chem. Sod 978 100, 3634—
3635.

(14) (a)Mehta, G.; Padma, S. Am. Chem. Sod.987, 109, 7230-7237. (b)
Mehta, G.; Padma, Setrahedron1991, 47, 7807-7820.

(15) (a) Mehta, G.; Padma, S. Am. Chem. Sod.987, 109, 2212-2213. (b)
Mehta, G.; Padma, S.etrahedron Lett1991 47, 7783-7806.

(16) (a) Dailey, W. P.; Golobish, T. Dletrahedronl996 37, 3239-3242. (b)
Chou, T—C.; Lin, G.-H.; Yeh, Y.-L.; Lin, K.-J.J. Chinese Chem. Soc
1997, 44, 477-493.

(17) Yang, N. C.; Horner, M. GTetrahedron Lett1986 27, 543-546.

(18) lwamura, H.; Morino, K.; Kihara, HChem. Lett1973 457-460.

orbitals which are largely affected by through-bond interac-
tions20-23 Moreover, on the basis of Frontier MO consideration,
it was predicted that [3]superphafevould give the hexapris-
mane derivative 7 on irradiation?C It could be argued that three
trimethylene bridges would be just as effective as six making
the [Z]CP 2 a likely candidate for conversion to the triply
bridged hexaprismand8 (Scheme 2). Before putting this
prediction to the test, we decided to first investigate the
photochemical behavior of less substituteavith the aim of
optimizing the reaction conditions. We now describe experi-
ments with2,3224 the lower homologue 06, which has the
advantage of being available in large quantities.

Benzene is very stable to photochemical reaction so that the
photodimer of benzene has hardly been characterized except
for a few examples, whereas the photodimer of condensed
aromatics such as naphthalene and anthracene has been re-
ported?> Misumi et al. first reported the novel photodimerization
of benzene rings incorporated ingynquadruple-layered di-
hetera-cyclophan&9 and concluded that the photodimerization
is affected by the face-to-face stacking of two fairly strained
benzene rings, as well as the substituted positions of four bridges
at the inner benzenes and that the outer benzene rings are
required for an increase in thermal stability of the photoisomers
20 but not for photodimerization (Scheme28)Prinzbach et al.
reported a second example of the photodimerization of benzene
rings in a rigid polycyclic cage, the {66] photocyclization
between two benzene rings in solutiol(to 22).27 They

(19) (a) Gleiter, R.; Karcher, MAngew. Chem. Int. Ed. Endl988 27, 840—
841. (b) Brand, S.; Gleiter, Rietrahedron Lett1997 38, 2939-2942. (c)
Gleiter, R.; Brand, SChem. Eur. J1998 4, 2532-2538.

(20) Cha, O. J.; Osawa, E.; Park,B.Mol. Struct.1993 300, 73—81.

(21) Dailey, W. P.Tetrahedron Lett1987 28, 5787-5990.

(22) Disch, R. L.; Schulman, J. M. Am. Chem. S0d.988 110, 2102-2105.

(23) Engelke RJ. Am. Chem. So&986 108 5799-5803 and references therein.

(24) Hubert, A. JJ. Chem. Soc. @967, 6—10.

(25) Chandross, E. A.; Dempster, C.JJ.Am. Chem. Sod97Q 704-706.

(26) (a) Higuchi, H.; Takatsu, K.; Otsubo, T.; Sakata, Y.; Misumil&rahedron
Lett. 1982 23, 671-672. (b) Higuchi, H.; Kobayashi, E.; Sakata, Y.;
Misumi, S. Tetrahedron1986 42, 1731-1739.
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Scheme 3. Novel Photodimerizations of Benzene Rings in the
Syn-Quadruple-Layered Diheteracyclophane 19 and 21

Scheme 4. Bridge Flipping Process and Two Stable Conformers
(Cspn and Cs) of [33](1,3,5)Cyclophane 2

|
H

2(Can) 2(TS) 2(Cd)

ments except for gas-phase measurement. THEPZ may
elucidate this problem by behaving as a benzene dimer in the
excited state due to their structural character, where the two
benzene ring are completely stacked face to face by trimethylene
chains. Furthermore, the J&Ps should show excimer emission
efficiently rather than the [JCPs on the basis of a statistical

proposed a synthetic route of the doubly birdcage-annelated,je known as Hirayama’a = 3 rule3

hexaprismane derivatives via thet{2] photocyclizatior?® Thus,
a limited number of this type [22] photocyclization between

We wish to report here a photochemical study ofi¢® 2
directed toward the synthesis of the first hexaprismane deriva-

two benzene rings has been reported so far. In our photochemica{ive, propella[3Jprismanel8, and the emission spectral proper-

approach to the construction of propellg@ismanes, the [3-
CPs 6 = 3—6), in which two benzene rings are completely

stacked at 3.03.2 A transannular distances, are used for the

precursor$a

The [3]]CPs are very useful chromophores for the study of

the singlet and triplet excimer stat€sAn investigation of the

excimeric states of aromatic compounds in intramolecular and reportec® Two conformers havings, andCs

intermolecular systems has been repoffed2 The unique

ties of the [3]CPs f = 2—6) as fundamental information on
the excited states.

2. Results and Discussion

The precursor of the photochemical reaction]C® 2, was
prepared by the TosMIC coupling method as previously
symmetries are
observed in théH NMR spectrum of 2,2,11,11,20,20-hexa-

spectroscopic and photochemical properties of [2.2]metacyclo- yoterated in CD,Cl,, and2 (Cq) is more stable tha@ (Cap)

phane and related compourid$luorene3! naphthalene deriva-
tives32:33and anthracene derivativisvith transannular-elec-

by 0.4 kcal/mol. The energy barrier for the bridge flipping
process is 12.4 kcal/molf{ = —7 °C) (Scheme 4j2 and the

tronic interaction have been extensively studied as benzeneva|ue is slightly higher than those of]8L,3)-738and [3](1,4)-

dimer model$® Fluorescence and phosphorescence from an CPs%49The Density Functional calculations (B3LYP) estimated

excimer, a transient singlet and a triplet dimer formed by the {nat the transition statg (TS connecting theCa, and theCs
association of electronically excited and unexcited molecules, .qnformers has only one flat bridge whose dihedral angle is

have been observed for a number of aromatic hydrocarbons in.5iculated to be 180°0and one of three bridges can change its

liquid solution, pure liquid, and the crystalline state. However, ,nformation independently without the influence of other
only in the case of benzene, observation and definite conclusionbridgeg}l In the solid state? takes theCs conformation and

have not been drawn because of the difficulty of its measure- he penzene rings are completely stacked with the transannular

(27) (a) Prinzbach, H., Sedelmeier, G.; Kruger, C.; Goddart, R.; Martin, H. D.;
Gleiter, R.Angew. Chem., Int. Ed. En§978 42, 1731-1739. (b) Fessner,
W. D.; Prinzbach, HTetrahedron Lett1983 24, 5857-5860. (c) Prinzbach,
H.; Sedelmeier, G.; Kmger, C.; Goddard, R.; Martin, H. D.; Gleiter, R.
Angew. Chem. Int. Ed. Engl978 17, 271-272. (d) Wollenweber, M.;
Hunkler, D.; Keller, M.; Knothe, L.; PrinzbacBull. Soc. Chim. Fr1993
130 32-57.

(28) Wollenweber, M.; Etzkorn, M.; Reinbold, J.; Wahl, F.; Voss, T.; Melder,
J. P.; Grund, C.; Pinkos, R.; Hunkler, D.; Keller, M.; W, J.; Knothe,
L.; Prinzbach, H.Eur. J. Org. Chem200Q0 3855-3886.

(29) (a) Lim, E. C.Acc. Chem. Red.987 20, 8—17. (b) Saigusa, H.; Lim, E.
C. Acc. Chem. Red.996 29, 171-178.

(30) (a) Shizuka, H.; Ogiwara, T.; Morita, Bull. Chem. Soc. JpriL975 48,
3385-3386. (b) Ishikawa, S.; Nakamura, J.; Iwata, S.; Sumitani, M.;
Nagakura, S.; Sakata, Y.; Misumi, Bull. Chem. Soc. Jpi1979 52, 1346—
1350. (c) Kovac, B.; Mohraz, M.; Heilbronner, E.; Boekelhide, V.; Hopf,
H. J. Am. Chem. S0d.98Q 102,4314-4324. (d) Dewhirst, K. C.; Cram,
D. J.J. Am. Chem. S0d.958 3115-3125.

(31) (a) Saigusa, H.; Itoh, Ml. Phys. Chenil985 89, 5486-5488. (b) Rani, S.
A.; Sobhanadri, J.; Prasada Rao, T.JAPhotochem. Photobio.: £hem
1996 94, 1-5.

(32) (a) Yamaiji, M.; Tsukada, H.; Nishimura, J.; Shizuka, H.; TobitaCBem.
Phys. Lett 2002 357, 137-142. (b) Yamaji, M.; Shima, K.; Nishimura,
J.; Shizuka, H.;J. Chem. Soc., Faraday Tran83, 1065-1070,1997

(33) (a) Nakamura, Y.; Fujii, T.; Nishimura, Jetrahedron Lett200Q 41,
1419-1423. (b) Nakamura, Y.; Kaneko, M.; Yamanaka, N.; Tani, K.;
Nishimura, J.Tetrahedron Lett1999 40, 4693-4696.

(34) Kaupp, G.Angew. Chem., Int. Ed. Engl972 11, 313-314.

(35) (a) Langridge-Smith, P. R. R.; Brumbaugh, V. D.; Haynman, A. C.; Levy,
H. D.J. Phys. Chenll981, 85, 3742-3746. (b) Hopkins, J. B.; Power, D.
E.; Smalley, R. EJ. Phys. Chenl981, 85, 3739-3742. (b) Gonzalez, C.;
Lim, E. C.J. Phys. Chem. 2001, 105 1904-1908.
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distance being 3.083.24 A2

2.1. Photochemical Reaction of [g(1,3,5)Cyclophane 2.
Irradiation of 2 by a sterilizing lamp 4 = 254 nm) in
cyclohexane, MeOH, or benzene I&tintact, while causing
some of the usual polymerization. However, two types of
products were formed when Gél, was used as a solvehA
dry CH,ClI; solution of2 (4.90 x 102 mol/L) in a quartz vessel

(36) Hirayama, K. Chem. Phys1965 42, 3163-3171.

(37) Semmelhack, M. F.; Harrison, J. J.; Young, D. C.; Guéig, A.; Rafii, S.;
Clardy, J. JJ. Am. Chem. Sod.985 107, 7508-7514.

(38) (a) Sako, K.; Hirakawa, T.; Fujimoto, N.; Shinmyozu, T.; Inazu, T,
Horimoto, H. Tetrahedron Lett.1988 29, 6275-6278. (b) Sako, K.;
Shinmyozu, T.; Takemura, H.; Suenaga, M.; Inazu]. TOrg. Chem1992
57, 6536-6541. (c) Shinmyozu, T.; Hirakawa, T.; Wen, G.; Osada, S.;
Takemura, H.; Sako, K.; Rudzinski, J. Miebigs Ann 1996 205-210.

(d) Sako, K.; Tatemitsu, H.; Onaka, S.; Takemura, H.; Osada, S.; Wen,
G.; Rudzinski, J. M.; Shinmyozu, Tiebigs Ann 1996 1645-1649. (e)
Takemura, H.; Kariyazono, H.; Kon, N.; Tani, K.; Sako, K.; Shinmyozu,
T.; Inazu, T.J. Org. Chem1999 64, 9077-9079. (f) Wen, G.; Matsuda-
Sentou, W.; Sameshima, K.; Yasutake, M.; Noda, D.; Lim, C.; Satou, T.;
Takemura, H.; Sako, K.; Tatemitsu, H.; Inazu, T.; Shinmyozu, T. submitted
to J. Am. Chem. So¢g) Satou, T.; Shinmyozu, T. Chem. Soc., Perkin
Trans. 22002 393—-397.

(39) Anet, F. A. L.; Brown, M. A.J. Am. Chem. Sod.969 91, 2389-2391.

(40) Sako, K.; Meno, T.; Takemura, H.; Shinmyozu, T.; InazuChem. Ber.
199Q 123,639-642.

(41) Hori, K.; Sentou, W.; Shinmyozu, Tetrahedron Lett1997 38, 8955~
8958.
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Scheme 5. Photochemical Reaction of [35](1,3,5)Cyclophane 2 in
Dry CH2Cl, or Wet CH,Cl, (upper) and in MeOH in the Presence
of 2 mol/L Aqueous HCI (lower) under Sterilizing Lamp Irradiation

|
hv 2
CH,Cl, CH20|2 (H20)

”

was irradiated by a sterilizing lamp for 2.5 h at room temperature
under Ar. Separation of the reaction mixture by silica gel column
chromatography with hexane afforded a new cage compound,
the bridged hexacyclic chlorododecai28 (5.3%) and the
recovery of the starting compourtd(40%) (Scheme 5). The
structure of23 was first proposed from the molecular formula,
NMR data [the distortionless enhancement by polarization
transfer (DEPT) spectrum and tHe-13C correlation spectros-
copy], elemental analysis, and mass spectral data (FABMS:
= 311 [M* — 1]). Furthermore, the structure was confirmed
by the fact that it$H- and13C NMR data are quite similar to
those of the alcohoR5 with the same structure as described c10
below?’a
. Irradiation of; under the same conditions as before, while ;'(geﬁ'gfoi (gﬁgggggw&%?LH;hp?Ao)t?%%dzL?s(kléc){og)g@%T.]gz'tls_
in a CHCI, solution saturated with water (1.4510°2 mol/L) (3), C3-C4 1.340(3), C4C5 1.515 (3) C5C6 1.563(3), C6-C1 1.538-
for 2.5 h under Ar, followed by separation by column chroma- (3), C7-C8 1.576(3), C8C9 1.524(3), C9-C10 1.337(3), C16C11
tography (SiQ, hexane:AcOEt, 10:1), gave, in addition 20 é—;‘?géé)ﬁcu 1.546(3), C2C8 1.602(3), C5C11 1.849(3), C12
(18%), two photoproducts. ThiH- and *3C NMR spectra of ' '
25 are similar to those d23, suggesting that the two molecules products because it has three consecutive cyclobutane rings. The
have the same structure. The structure of the polycyclic olefin skeleton o25is composed of the three consecutive cyclobutane
24 was identified on the basis of the NMR daf&l{ and 13C rings and two cyclopentane rings. The cyclobutane rings are
NMR, DEPT spectrum), elemental analysis, mass spectral datanot square but are rectangular, and the magnitude of the
(FABMS: m/z = 294 [M*]), and finally by X-ray structural deviation is significant in the central cyclobutane ring. The-C3
analysis. The novel polycyclic diolefig4 is composed of one  C12 and C4-C13 bonds are significantly longer than otherC
cyclooctadiene, one cycloheptane, one cyclohexane, and twobonds of the cyclobutane rings. However, a detailed discussion
cyclohexene rings, which originate from the benzene rings, and of the C-C bond lengths cannot be provided at the present stage
three cyclopentanes (Figure 3A). The-634 [1.340(3) A] and because of the insufficient quality of the X-ray data. A more
C9-C10 [1.337(3) A] bonds are double bonds. The upper and precise X-ray analysis oP5 is in progress. The central
lower cyclohexenes are connected at three positions;C&2 cyclobutane ring, therefore, is expected to be more reactive than
C6—C7, and C5-C11 (Figure 3B). The upper cyclohexene ring the terminal rings, and in fact, the more strained central
takes the strained half-chair form of the cyclohexene [the cyclobutane ring undergoes protonation in preference to the
dihedral angles of C2C3—C4—C5 is —10.8(2)]. To release terminal rings as described later.
this deviation, the bond lengths of EZ8 [1.602(3) A] and To reveal the photochemical reaction mechanism, the pho-
C5—C11 [1.649(3) A] are abnormally long compared with the tolysis of 2 in acidic and basic conditions was examined. A
RHF/6-31G* optimized &C bond length (1.552 A) of a  CDsOD or CD;CN solution of2 (2.71 x 1072 mol/L) containing
cyclopentane. The crystal packing diagram2dfis shown in 2 mol/L aqueous HCI solution (one drop) in a quartz NMR tube
Figure S1 in the Supporting Information, and the crystal data was irradiated with a sterilizing lamp for 2.5 h at room
of 24 as well as those of other photoprodu2& 27, 28, and temperature under Ar, and the reaction was monitored by the
31, which will be mentioned hereafter, are summarized in Table H NMR spectra. The reaction proceeded in acidic conditions,
S1 in the Supporting Information. whereas the reaction in GDI; in the presence of triethylamine
The structure of the cage compouf was determined by  did not proceed. Because the reaction afforded photoproducts
X-ray structural analysis=170 °C) (Figure 4A). Compound only in CH,Cl, or CDsCN and CROD in the presence of HCI,
25 has the highest strain energy among the identified photo- the heavy atom effect on product formation was examined.

C12
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Figure 4. ORTEP drawings of the photoprodu2s (—170 °C) (A) and its skeleton (B).

However, the reaction in CGIOD in the presence of Etl (5 or  oxidized at the benzylic positior39 and 30 (yield < 0.1%)

10 mol %) gave no photoproducts. In the preparative scale of were detected. The alcoh@b was isolated from the reaction

the reaction, a mixture of MeOH and 2 mol/L aqueous HCI mixture and identified by th&éH- and3C NMR (DEPT) spectra
solution (17:1 v/v) (1.02x 102 mol/L) of 2 was irradiated and mass spectrum. A question was raised regarding the source
with a sterilizing lamp in a quartz vessel for 80 min at room of this oxygen atom, oxygen gas in the solvent or singlet oxygen
temperature under Ar. Separation of the reaction mixture by generated during the photoreaction. To answer this question,

recycle HPLC on GPC with CHglafforded the recovered the reaction was conducted under the generation of singlet
(11%), the methoxy compound6 (2.7%), as well as the  oxygen with 1,3-diphenyl-isobenzofuran known as a singlet
dimethoxy and methoxy-hydroxy compour2i(11%) and28 oxygen monitor reagent. From this singlet oxygen reaction, the

(5.9%) with a new caged skeleton. Prolonged irradiation gave oxidized productsZ9, 30) were obtained in a negligibly minute

the dimethoxy compoun®7 as a major product (57%). quantity. Therefore, it is concluded that the oxygen atom

Compound26 has the same skeleton 28 and 25. substituted at the benzylic position came from air, not from
In degassed nonpolar solvents such as hexane, pentane, anginglet oxygen.

cyclohexane, it was found that photoreaction did not appreciably Next, we tested the photosensitization of thegl@® 2 (2.7

proceed. On the other hand, in the presence of dissolved oxygenx 10-2 mol/L) containing acetone as a sensitizer (2 mg). The

in the nonpolar solvents, trace amounts of the photoproductssolution containing acetone in a Pyrex NMR tube was irradiated
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Figure 5. ORTEP drawing of 1l-acetylmethyl {§1,3,5)cyclophane31
(—170°C).

Scheme 6. Photochemical Reaction of 2 in Acetone

O
, _m K
—_—
acetone, Ar ‘a

31

with a high-pressure Hg lamp (400 W) at room temperature
under Ar, and the reaction was monitored by fitt NMR
spectra. Irradiation of the benzedgsolution of2 for 26 h at
room-temperature lef2 intact, whereas the irradiation of the
CD3CN solution for 26 h at room temperature caused some of
the usual polymerization. However, in the photochemical
reaction of the aceton@s solution, products which could be
monitored by the'H NMR spectrum were observed. In the
preparative scale reaction, an acetone solution %3162 mol/

L) of 2 was irradiated with a high-pressure Hg lamp €oh at
room temperature. Separation of the reaction mixture by silica
gel column chromatography with GBI, afforded31in a small
guantity (Scheme 6). It is assumed that the irradiatior? of
formed a benzyl radical intermediate caused by abstraction of
a hydrogen from a benzylic methylene group, which gate

by the reaction with acetone. The structurétfvas identified

as 1-acetylmethyl[3CP 31 by the mass spectrurt- and*3C
NMR spectra, and X-ray structural analysis (Figure 5). The role
of acetone in this photochemical reaction is not clear at the
present stage. The two benzene rings3a@fare completely
stacked face to face similar to that of the]f3P 2, but their
transannular distances are slightly longer than those @he
bridged carborcarbon distance is 3.078.115 A, whereas the
unbridged carborcarbon distance is 3.128.175 A.

2.2. Possible Photochemical Reaction Mechanism of3]3
(1,3,5)CyclophaneThere has been no conclusive evidence, but
we speculated a reaction mechanism (protonation mechanism)
as shown in Scheme 7. Thes]@P 2 on irradiation in CHCI;
first gives highly strained hexaprismane derivati8However,
protonation occurs at the unbridged carbon atom of a cyclobu-
tane ring to give secondary carbocati®f, which rearranges
to the more stable tertiary carbocati@®. Finally, 36 is
intercepted by chloride or hydroxide ions to give the products
23 (X = Cl) or 25 (X = OH), respectively. One of the driving
forces of a series of reactions may be the release of the steric
energies. The formation 024 can be explained by similar
processes. Protonation at the unbridged cyclobutane carbon atom
of the olefin 32 gives secondary carbocati@3, which rear-
ranges to the more stable tertiary carbocaBdnand trapping
the cation with water affords the olefin-alcol&. The protons
may be generated by the photolysis of £#}. In fact, the pH
of the reaction mixture was ca. 2 after irradiation in the wet
CH,CI, solution.

Scheme 7. Expected Mechanism for the Formation of the Photoproducts 24—282

(+162) (-66) + (-14) + H
h H* OH
2 d ——
A -H*
hv 32 34 24
%:39)
(-86) + HCl or H,0 X
H (-30) (-55)
A H
18 35 36 23: X = Ol
H ﬂ H* 25,X=OH
Me Me Me
+ MeOH H* + MeOH
H - MeOH H -Ht H - MeOH o
37 38 e
OMe 26 39 27
+ Hgo
- H,0 H
OH
28

aThe values (kcal/mol) denote the gain or release of steric energies estimated by MM3.
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Figure 6. [34)(L,3,5)cyclophaned0—42 /\’/\
[ [33](1,3,5)CP
There was a possibility th&b5 might be formed fron24 via 0
[2+2] photocyclization. To examine the suggested process, a - 1
CD.ClI; solution of24 (2.38 x 107°> mol/L) containing water :
(1 uL) in a quartz NMR tube was irradiated with a sterilizing 0 [3.(1.2.35)CP

lamp for 1.5 h at room temperature under Ar. The reaction was
monitored by théH NMR spectra. With a decrease in the signal

. . . . 1+
intensity of 24, the signals due to the cyclophaB@ebegan to M [34](1,2,4,5)CP
appear after 30 min, and the signal intensities increased. This 0
result suggests that the photochemical conversion bet&een 1+
and 24 is reversible. However, after 45 min, both signal | [35]CP
intensities due t@ and 24 were decreased, and finally tf 0

Intensity (a.u.)

NMR spectrum for photoproduct(s) with no aromatic or olefinic
protons appeared. Thus, the olefld may convert ta25 via
the cyclophan®. The direct conversion df4to 25is unlikely,
but the process via the cyclophaBés plausible. oL

The photochemical reaction & did proceed in MeOH in 0
the presence of a proton source to gR&as was the case in Wavenumber / 102 cm”!
CHCl,. Subsequent protonation to the unbridged carbon atom _ )

. Figure 7. Absorption, fluorescence and phosphorescence spectralof [3

of the central bicyclo[2.2.0]hexane skeletor2éffrom the upper cyclophanes { = 2—6). Absorption and fluorescence spectra of the
side may give the secondary carbocaB@nwhich is intercepted  cyclophanes were obtained in degassed cyclohexane at 295 K. Phospho-
by MeOH or HO to give the product&7 and28, respectively. rescence spectra were obtained in degassed methylcyclohexane/isopentane
This interception of the secondary carbocation occurred in the (1 VV) at 77 K.
preferable lower side because the steric hindrance of the.
methoxy group and the repulsion of the lone pair on the oxygen
atoms between the flag-pole bond arise if the interception occurs
on the upper side. In this reaction, we were unable to isolate
and characterize the highly strained propeliismanel8, a
possible intermediate, becaus® may be protonated under
acidig'conditi.ons. Therefore: we studied the. neqtral reaction due to the transannulat—xz* interaction between the two
conditions using a photo_sens_ltlzer. An altt_ernatlve single electro_n benzene rings as a benzene dimer in the ground %tatee
transfer (SET) mechanism is also considered, and the deta'lsappearance of this band is a characteristic phenomenon in the

ﬁ're descrltk;c_ad n ﬁchgme_ St I!E Th% Suzport;gg Informatlotn.l [3n]CPs, whereas the [ICPs f = 2—6) and their derivatives
owever, this mechanism is unlikely based on the experimental | * < o ibic pand.

results.
. . . . . . The fluorescence spectra of the)JBPs g = 2—6) were
We investigated the photochemical reaction also in the solid measured in cyclohexane at 295 K with a Hitachi F-4010

state W'th the hope of obtaining propellg8ismanel8 b_ec_ause . fluorescence spectrophotometer. All cyclophanes show broad
fhrgt(s)cr:l?élcs)?a?ef tiegsgfdsgltgffggugg :Invo;“i?m Ze ig:l??;g? " fluorescence bands without vibrational structures in the region
tube was evap.orated t(z) dryness in vacuo \?vith a r?)tary evapora—Of 29 000730 000 cm* due to the exaimer interactidit was

. o confirmed that the fluorescence excitation spectra of the [3
_tor. 'I_'he resgltlng th|n_ 1_‘|I_m around the wall of the test tube was CPs agreed well with the corresponding absorption spectra. The
irradiated with a sterilizing lamp 06 h atroom temperature excimeric fluorescence band shifts to a smaller wavenumber
under Ar. However, no apparent change was observed in theWith the increasing number of the trimethylene bridges. The

crysta}l tcolor and f(zém; atntlzl th](H f'\g\/ﬁ ;g?c:Lum Sgod\rlée‘j maximum wavelengths for the absorption and emission spectra
complete recovery a. Photolysis of 2,11,20-trithiafiC ’ of the [3]]CPs are listed in Table 1.

triketone 41, and monoketon&l2 were also studied, but no The quantum yield®;) of the fluorescence was determined

reaction was observed (Figure 6). by comparing the correct fluorescence spectrum of thECB

2.3. Photophysical Properties of [g]Cyclophanes o = ith that of itv] ; loh hich i
2—6). To investigate the photophysical properties of thg-[3 with that of mesitylene in cyclohexane, which is reported to

CPs (= 2—6), absorption and emission spectra were measured.(42) One of the reviewers suggested that Figure 7 should report the absorption

i i _ coefficients of all compounds. But the low solubility of the higher members
Figure 7 shows the absorptlon, ﬂuoregcence apd phosphores of [3,]CPs, especially [§CP, in cyclohexane inhibited the determination
cence spectra of the [J/EPs f = 2—6).42 Absorption spectra of the absorption coefficients. Absorption spectra @f¢®s in CHC} were

already reported in ref 2b.
were measured in degassed CyC|0hexane at 295 K. The absorp(43) Birks, J. B.Photophysics of Aromatic Compound®hn Wiley & Sons:
tion band at around 35 06@10 000 cnt! and a much lower New York, 1970.

[361CP

intensity band in the region of 30 000 cfnare observed in all
cyclophanes. The former band corresponding to the “cyclophane
band” gradually shifts to a smaller wavenumber region with an
increase in the number of trimethylene bridges. In the photo-
chemical reaction, the excited state was generated by irradiating
this band with a sterilizing lamp. The weak absorption band is
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Table 1. Maximum Wavelengths of Absorption and Emission Table 2. Quantum Yields (&), Lifetimes of Fluororescence (),
Spectra of the [3,]cyclophanes (n = 2—6) Rate Constants for Fluorescence (k;) in the Degassed
N T Pro— Cyclohexane Solution of Mesitylene and [3,]cyclophanes (n =
compound Anadnm A Amac/nm 2—6) Obtained at 295 K, and the Lifetime of Phosphorescence ()
[3;]CP1 267 360 470 in a Mixture of Methylcyclohexane and Isopentane (3:1 v/v) at 77
[3s]CP2 258 370 K
[34](1,2,3,5)CP3 270 390 495 compounds of Tins KPI108 51 s
[34](1,2,4,5)CP4 280 400 500 -
[35]CP5 280 405 515 mesitylene 0.088 37.3 23.6 6.3
[3¢]CP6 275 420 [32](1, 4)CP: 1 0.012 30.3 4.0 6.0
[3:(1, 3, 5)CP: 2 0.013 315 4.1 d
aln cyclohexane at 295 KeIn a mixture of methylcyclohexane/ [34(1, 2,3, 5)CP:3 0.019 62.3 3.0 17
isopentane (3:1 v/v) at 77 K. [34](1, 2, 4, 5)CP:4 0.020 67.8 3.0 3.4
[3s]CP: 5 0.014 116 1.2 1.2

36]CP: 6 0.004 160 0.25 d
have a®; value of 0.088"* The rates k) of the fluorescence [3d

were obtained by eq 1. aErrors+ 0.001.P Determined by the equatiok, = 7. © Data from
J. Phys. Chem1972 76, 3566.9 No detection.

-1
ki = @7 1) Table 3. Transannular Distances of Benzene Rings of
[3n]cyclophanes (n = 2—6).

The lifetimes ¢) of the [3]CPs were determined by time- a(A) b (A) Aa-h)
correlated single photon counting with an Edingburg FL-900  [2,)(1,4)CP) 3.09 2.78 0.31
fluorescence photometer. It is interesting that the lifetimp ( [32)(1,4) CP1 3.30 3.14 0.16

; ; ; [33](1,3,5) CP2 3.14 3.09 0.05
b(_acon;]els graglgglly Ior}gher with an mc_:rtlac?se f|nhthe number of 3.(L2.3.5) CF3 220 908312 022008
trimethylene bridges. The quantum yields of the](®s are [34](1,2,4,5) CP4 3.24 3.03 0.17
considerably smaller than that of mesitylene as a reference [3s)(1,2,3,4,5) CF 3.24 2.93-3.07 0.3+0.17
compound. The deactivation process from the singlet state to [3¢(1.2,3,4,5,6) CF% - 2.93 -

other states via intersystem crossing or internal conversion, . . . .
y 9 aDistances of unbridged carbon atorA®istances of bridged carbon

singlet or triplet reactions may occur much more rapidly than aioms: A (a— b) indicates the difference between a ancFata fromJ.
in mesitylene. For example, the total quantum yield of th$[3  Am. Chem. Soc 954 76, 6132.

CP 2 during the photochemical reaction was estimated to be — —
3 4 5 6

Phosphorescence spectra were measured in methylcyclo- ! 2
hexane-isopentane (3:1 v/v, MP) glass at 77 K using a
mechanical chopper incorporated in a Hitachi F-4010 fluores- CPs @ = 2—6) obtained by X-ray structural analys&sThe
cence spectrometer. The maximum wavelengths of the phos_transannular distances between two benzene rings of unbridged
phorescence observed are listed in Table 1. With thECPs carbons (a) and bridged carbons (b), as well as the difference
for n = 2, 4, and 5, broad phosphorescence spectra without Petween themA), are summarized. The benzene ring is more
vibrational structures are seen in the region of 15028000  distorted in the [JCPs 1= 2,74, 5) than in the [§CPs o =
cmL, which are considered to originate from the triplet excimer 3. 6) in the ground state. This is the reason thg-(@nd [3]-
state of the cyclophanes as a benzene dimer. On the other hand>Ps do not show triplet excimer phosphorescence. The order

quite interestingly, phosphorescence frori3 2 and [3]CP of the lifetime () is similar to that of mesitylene, suggesting
6 was not observed at all with the Hitachi F-4010 fluorescence that the electronic structure of the excited triplet state is similar
spectrometer. to that of mesitylene.

These observations suggest that the molecular distortion,3 conclusi
transannular strain, and distances of the two benzene rings®: ©ONcluSIons
stacked face to face are significant factors, as was suggested | adiation of 2 with a sterilizing lamp in solutions of dry

by the study of the triplet excimer of naphthalenoph&f€. 504 wet CHCI, gave prismane derivatives, the bishomopen-
Aromatic triplet excimers play an important role and show an taprismyl chloride23, its hydroxy analogu@5, and the triply
attractive character. Lim and co-workers reported the molecularbridged hexacyclic dienoR4. We speculated a protonation
triplet excimer of naphthalene derivatives in solutirit is  mechanism. Iradiation & would give highly strained hexapris-
reported t.hat the face-to-face stacking of twp falrly strained mane derivativa 8, which undergoes protonation of a cyclobu-
benzene rings of the cyclophanes and a sandwich-pair or parallekge fing to give a carbocation species. Interception of the
conformation of the tethered chromophores are favored for carhocation gives photoproducts. This reaction proceeds in acidic
smglet excimers. In contrast to the singlet excimer, a triplet conditions; photolysis a2 in MeOH/2 mol/L agueous HCI (17:1
excimer prefers an L-shaped arrangentéi the case of the /v with a sterilizing lamp afforded the new polycyclic caged
[3nCPs, two benzene rings are completely stacked with each dimethoxy and methoxy-hydroxy compour@sand28 with a
other, but a slight conformational change has to take place in gyg| pentacyclo[6.4.0.970.4110519dodecane skeletods, in

the excited state whem= 2, 4, and 5 but not for the = 3 and addition to methyl ethe6 with bishomopentaprismané4.

6. Table 3 shows the distances of two benzene rings of e [3  gecause isolation and characterization of the highly strained
18 are expected to be impossible under acidic conditions, we
examined neutral reaction conditions. The reaction2aih

(44) Froehlich, P. M.; Morrison, H. Al. Phys. Chenil972 76, 6(24), 3566~
3570

(45) East,' A. L. L,; Lim, E. CJ. Chem. Phys200Q 113 8981-8994.
(46) Yamaiji, M.; Tsukada, H.; Nishimura, J.; Shizuka, H.; TobitaCBem.
Phys. Lett2002 357 137-142. (47) (a) Gantzel, P. K.; Trueblood, K. Mcta Cryst 1965 18, 958-968.
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43
Figure 8. Skeletons of the new cage compounds.

acetone did not afford cage compounds except for the
1-acetylmethyl[3]CP 31.

Although we have not yet succeeded in the isolation of
propella[3]prismanel8, we expected that8 would be gener-
ated via the excited singlet state after irradiation clC® 2.
Further investigations of the photochemical reaction conditions
via the excited singlet state @& as well as modifications of
the structure of in order to stabilize the hexaprismane skeleton,

cyclophanes agreed well with the corresponding absorption spectra.
The absolute fluorescence quantum yield was determined by comparing
the corrected fluorescence spectra of cyclophanes with that of mesi-
tylene in cyclohexane which is known to have a fluorescence quantum
yield of 0.088* The fluorescence lifetime was determined by single-
photon counting method with a FL-900 CDT spectrophotometer
(Edinburgh Analytical Instruments, UK).

X-ray Crystallographic Study. The X-ray structural analyses were
obtain with a Rigaku RAXIS IV imaging plate area detector with
graphite monochromated Md<, A = 0.71070 A) radiation and rotating
anode generator. The crystal structure was solved by the direct method
[SIR88}® (24, 31) [SHELXS86}* (25), and [SIR92Y° (27, 28), and
refined by the full-matrix least-squares methé8$he non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were isotor-
opically. All computations were performed using the teXsan package.
The computations were performed with MM3(82and the Gaussian
94 prograr®* graphically facilitated by Insight Il from Ryoka Systems,
Inc., on Silicon Graphics Octane.

Photochemical Reaction of [g|(1,3,5)Cyclophane 2. (1) Photolysis

may lead to the isolation of the hexaprismane derivatives. The of 2 in Dry CH ,Cl,. A dry CH,Cl, solution (650 mL) of2 (880 mg,

photochemical reaction of §BCP 6 and fluorinated [g](1,3,5)-

3.29 mmol) in a quarz vessel was irradiated with sterilizing lamps (10

CPs are in progress, and the results will be reported soon. Thew x 7) under Ar for 150 min at room temperature. After removal of

photochemical reactions in the present work provide useful one-

step synthetic methods leading to new polycyclic cage com-
pounds with novel skeletor&3—45 from the [Z]CP 2 (Figure
8).

All of the [3,]CPs fi = 2—6) show excimeric fluorescence

without monomer fluorescence. The lifetime gradually becomes

longer with an increase in the number of the bridges. The
phosphorescence from the,J8Ps is also observed when=
2, 4, and 5, although it is absent for= 3 and 6. To clarify

the solvent under reduced pressure, the residue was separated,by SiO
column chromatography (hexane) to give bishomo-prismyl chi@&le
(53.1 mg, 5.2%) and the recovery of the startth@52 mg, 40%)23;

mp 68.5-70.0°C; *H NMR ¢ 1.23 (d,J = 11.9 Hz, 1H), 1.47 (d) =

11.9 Hz, 1H), 1.4%1.73 (m, 11H), 1.64 (s, 1H), 1.82.09 (m, 7H),

2.07 (s, 2H), 2.14 (dJ = 6.3 Hz, 1H), 2.40 (dJ = 6.3 Hz, 1H);*C

NMR (DEPT) 6 21.2 (sec.), 30.2 (sec.), 31.1 (sec.), 36.2 (sec.), 37.4
(two sec.), 38.6 (sec.), 39.7 (tert.), 40.1 (sec.), 40.7 (sec.), 42.1(sec.),
43.0 (quat.), 45.8 (quat.), 47.2 (tert.), 49.5 (tert.), 53.9 (tert.), 55.8 (quat.),
58.2 (quat.), 59.7 (quat.), 65.8 (tert.), 74.5 ppm (quat.); MS (FAB)

this phenomenon in more detail, a transient absorption spectral311 [M*-H]. Anal. Calcd for GiH2sCl: C, 80.62; H, 8.05%. Found:

study of the [3]CPs f = 2—6) is in progress, and the results
will be reported elsewhere.

4. Experimental Section

General Procedures.Melting points were measured on a Yanako
MP—S3 micro melting point apparatu$d and**C NMR spectra were

C, 80.42; H, 8.04%.

(2) Photolysis of 2 in Wet CHCl,. A water-saturated CiCl,
solution (200 mL) of2 (800 mg, 2.89 mmol) in a quartz vessel was
irradiated with sterilizing lamps (10 W 7) under Ar for 150 min at
room temperature. After removal of the solvent under reduced pressure,
the residue was separated by Si®lumn chromatography (hexane/

measured on JEOL JNM-GX 270 and AL-300 spectrometers. Chemical ACOEt, 10:1) to afford polycyclic olefinic compouri# (144 mg, 17%,

shifts were reported a& values (ppm) relative to internal tetrameth-
ylsilane (TMS) in CDC4 unless otherwise noted. Mass spectra (EIMS

R: = 0.30), polycyclic hydroxy dodecar#s (47 mg, 5.4%R; = 0.18),
and the recovery of the starti®143 mg, 18%)24: colorless crystals

ionization voltage 70 eV) and fast atom bombardment mass spectra(toluene), mp 115:5119.0°C; *H NMR 6 1.34 (t,J = 1.6 Hz, 1H),

(FAB-MAS m-nitrobenzyl alcohol) were obtained with a JEOL JMS

1.18-2.05 (m, 14H), 1.43 (dJ = 2.64 Hz, 2H), 2.152.48 (m, 4H),

SX/SX 102A mass spectrometer. Gas chromatograph mass spectromete?-33 (dd,J = 7.59 Hz, 1H), 2.53 (dd) = 7.59 Hz, 1H), 2.79 (s, 1H),

was measured on a SHIMADZU GCMS-QP5050A. Electronic spectra

5.12 (s, 1H), 5.60 (s, 1H}3C NMR (DEPT)d 20.3 (sec.), 26.3 (sec.)

were recorded on a Hitachi U-3500 spectrometer. Infared data were 28.2 (sec.), 33.8 (sec.), 33.9 (sec.), 34.4 (sec.), 35.4 (sec.), 35.7 (sec.),

obtained on a Hitachi Nicolet 1-5040 FT-IR spectrometer. Elemental

analyses were performed by the Service Centre of the Elemental (48) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Polidori, G.;

Analysis of Organic Compound affiliated with the Faculty of Science,
Kyushu University. Analytical thin-layer chromatography (TLC) was
performed on Silica gel 605 Merk and Merk Aluminumoxide 60
GF,s4 neutral (TypeE). Column chromatography was performed on
Merk Silica gel 60 (46-63 um).

All solvents and reagents were of reagent quality, purchased
commercially, and used without further purification, except as noted
below. Aldrich anhydrous CHCl, (99.8%) was used for photochemical

reaction. MeOH was distilled from magnesium methoxide and acetone

was distilled from CaS©
As a light source of the photochemical reactions, we used TOSHIBA-
GL sterilizing lamps (10 Wk 7) in place of a low-pressure Hg lamp.

Absorption and emission spectra were measured with a U-best V-550
spectrophotometer (JASCO) and a Hitachi F-4010 fluorescence spec-
trometer, respectively. The samples for emission measurements were

degassed on a high vacuum line by freepamp—thaw cycles. It was
confirmed that the excitation spectra of emission from the employed

13740 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004

Spagna, R.; Viterbo, DJ. Appl. Cryst 1989 22, 389-303.

(49) Sheldrick, G. M. InCrystallographic Computing ;3Sheldrick, G. M.,
Kruger, C., Goddard, R., Eds.; Oxford University Press: New York, 1985;
175-189.

(50) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo, C.;
Guagliardi, A.; Polidori, GJ. Appl. Cryst 1994 27, 435.
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of Goettingen, Germany, 1997.

(52) Crystal Structure Analysis Package, Molecular Structure Corporation (1985

and 1999).

(53) The computations were performed with MM3-92, graphically facilitated

by CAChe from Fijitsu Ltd. MM3-Program obtained from Technical

Utilization Corporation. The program was developed by N. L. Allinger

and co-workers, University of Georgia. For ab initio MO calculations, the
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Systems Inc. on Silicon Graphics Octane, was used.
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39.1 (sec.), 42.8 (sec.), 51.8 (quat.), 52.2 (tert.), 54.8 (tert.), 61.5 (quat.), (4) Photolysis of 2 in Nonpolar SolventsA dry hexane solution
64.5 (quat.), 67.0 (tert.), 75.5 (quat.), 136.0 (olefinic), 139.3 (olefinic), (500 mL) of2 (700 mg, 2.52 mmol) in a quartz apparatus was irradiated

141.3 (olefinic), 144.1 ppm (olefinic.); MS (FAByZ) 294 [M*]. Anal. with sterilizing lamps (10 W& 7) with continuous oxygen gas bubbling
Calcd for GiH2¢0-1/4H,0: C, 84.37; H, 8.85%. Found: C, 84.49; H, for 25 min at room temperature. The solvent was removed under
8.85%.25; colorless crystals (toluene), mp 691 °C; *H NMR ¢ reduced pressure, the residue was separated by PTLG, (SH2Cl,),

1.20 (d,J=12.0 Hz, 1H), 1.28 (s, 1H), 1.35 (s, 1H), 1.41 Jd= 12.0 and then by HPLC (C18, MeOH). Very small amounts28fand 30
Hz, 1H), 1.44-1.71 (m, 13H), 1.781.81 (m, 1H), 1.88-1.94 (m, 2H), were isolated and identified b4 NMR and GC-MS. The vyields of
1.99-2.02 (m, 2H), 2.04 (dJ = 6.5 Hz, 1H), 2.06 (s, 2H), 2.14 (4, these compounds depend on the amount of dissolved oxygen in solution;
= 6.5 Hz, 1H);13C NMR (DEPT)0 19.5 (sec.), 29.4 (sec.), 30.4 (sec.), 29(0.8—1%) and30 (0.6—0.7%). Irradiation o (700 mg, 2.52 mmol)
35.4 (sec.), 36.4 (sec.), 36.8 (sec.), 37.8 (two sec.), 38.3 (tert.), 39.3in acetone with high-pressure Hg lamp foh gave the compoun@®9
(sec.), 40.1 (sec.), 43.1 (quart.), 43.3 (quart.), 46.0 (tert.), 47.1 (tert.), (2.7%) and30 (1.2%) after the similar separation and purification
50.8 (tert.), 55.8 (quat.), 56.0 (quat.), 58.5 (quat.), 62.7 (tert.), 77.0 procedure described abov9: yellow oil. *H NMR ¢ 7.01 (s, 1H),
(quat.); MS (FAB,m/2) 294 (M*). Anal. Calcd for GiH260+1/2H,0: 6.78 (s, 2H), 6.65 (s, 1H), 6.37 (s, 2H), 2-58.12 (m, 16H); MS (FAB,
C, 83.12; H, 8.97%. Found: C, 83.16; H, 8.94%. m/z) 292 [M*-H]. Anal. Calcd for G:H»,O0: 1.5HO, C, 78.96, H,

(3) Photolysis of 2 in a Mixture of MeOH and 2 mol/L Aqueous 8.52%. Found: C, 78.81, H, 8.28%0: yellow oil. 1H NMR ¢ 6.79
HCI (17:1, viv). A MeOH-2 mol/L HCI (17:1, v/v) solution (270 mL) (s, 1H), 6.68 (s, 1H), 6.57 (s, 1H), 6.51 (s, 1H), 6.45 (s, 1H), 6.28 (s,
of 2 (760 mg, 2.74 mmol) in a quartz vessel was irradiated with 1H), 4.62 (s, 1H), 2.622.87 (m, 10H), 2.16-2.22 (m, 6H); MS (FAB,
sterilizing lamps (10 Wk 7) under Ar for 80 min at room temperature  myz) 291 [M*]. Anal. Calcd for GiH»,0: 0.65MeOH, C, 83.55; H,
while monitoring the reaction by tHéd NMR spectra in every 20 min. 7.97%. Found: C, 83.62; H, 8.01%.
After removal of the solvent under reduced pressure, the residue was (5) Photolysis of 2 in AcetoneA solution of2 (400 mg, 1.45 mmol)
separated by recycle HPLC on ?PC with CiI@ afford polycyclic in acetone (400 mL) was irradiated with a high-pressure Hg lamp (400
methoxy compoun@6 (23 mg, 2.7%), polycyclic dimethoxy compound  \y) nder argon for 14 h at room temperature while monitoring the
27(100 mg, 11%), and polycyclic methoxyhydroxy compo@8along reaction by'!H NMR. After removal of the solvent under reduced

. . ’ 1
with the recovery of the starting (80 mg, 11%)26: colorless oil.™H pressure, the residue was purified by recycle HPLC on GPC type with

NMR o 1'122 (d.J :2 11 Hz, 1H), 1'25’0(5’ 1H), 2.17 (gﬂ =11 Hz, CHCl to afford 1-acetyl[3](1,3,5)cyclophangl (5 mg, 1.1%) along
1H), 1.41-2.06 (m, 26H), 3.17 (s, 3H}'C NMR (DEPT)0 19.9 (sec.), with the recovery of the starting material (114 mg, 29%d). *H NMR

30.1 (sec.), 30.9 (sec.), 33.4 (sec.), 36.2 (sec.), 37.0 (sec.), 37.1 (sec.)(CDC|3) 6 2.01 (s,—~COMe, 3H), 2.19 (m), 2.682.74 (m), 3.00 (m),
37.3 (sec.), 38.4 (sec), 39.8 (sec.), 39.8 (tert.), 40.8 (sec.), 43.7 (quat.),6.39 (s, aromatic), 6.486.49 (m), 6.54-6.56 (M)“CNMR(CDCH) 6
44.4 (quat), 46.6 (tert.), 47.6 (quat), 49.2 (quat), 51.2 (tert), 56.1 g ¢ 55 g 75 8 30,0, 34.8, 36.8, 36.4, 36.5, 60.8, 127, 128, 130, 132,

(quat.), 57.0 (quat.), 59.0 (quat.), 61.3 (prim.), 81.9 (quat.); HRMS 133, 138, 140, 141, 141, 142, 208 ppm. MS (FAB?) 332 [M],

(FAB, m/2) obsd. 308.2144 [M), calcd for 308.463727. mp 56-57 Anal. Calcd for G4H2¢0-0.05 benzene: C, 86.76; H, 8.48%. Found:
°C; 'H NMR 6 1.03 (d,J = 13 Hz, 1H), 1.16 (dJ = 11 Hz, 1H), c 86 75 H. 8.52% ' T ' '
1.26-1.78 (m, 20H), 1.90 (dJ = 11 Hz, 1H), 2.03 (dJ = 5.7 Hz, T '
1H), 2.26 (d,J = 13 Hz, 1H), 2.83 (s, 1H), 3.16 (s, 3H), 3.35 (s, 3H);

13C NMR (DEPT) 6 19.9 (sec.), 25.0 (sec.), 26.1 (sec.), 32.1 (sec.), . A
34.0 (sec.), 35.4 (sec.), 36.5 (sec.), 36.6 (sec), 37.4 (sec.), 37.9 (sec.)support by a Grant-in-Aid for Scientific Research (B) (No.

40.9 (sec.), 45.1 (tert.), 45.3 (tert.), 48.2 (quat.), 49.2 (quat.), 51.0 (tert.), 14340200) from the Ministry of Education, Culture, Sports,
51.9 (quat.), 56.4 (quat.), 57.3 (quat.), 59.4 (prim.), 65.0 (prim.), 86.2 Science and Technology, Japan. T.S. sincerely thanks the
(quat.), 89.6 ppm (tert.). GEMS (EI, m/2) 340 [M*]. Anal. Calcd for financial support by the Shorai Foundation for Science and
CoH30,-1/8H,0: C, 80.63; H, 9.39%. Found: C, 80.65; H, 9.33%. Technology, Japan.

28 mp 138-139°C; 'H NMR 6 1.10 (d,J = 13 Hz, 1H), 1.19 (dJ

=12 Hz, 1H), 1.271.73 (m, 21H), 1.93 (d] = 12 Hz, 1H), 2.07 (d, Supporting Information Available: The alternative mecha-
J= 4.2 Hz, 1H), 2.25 (dJ = 13 Hz, 1H), 3.18 (s, 3H), 3.32 (s, 1H);  nism of single electron transfer (Scheme S1), crystal packing
13C NMR (DEPT) ¢ 19.9 (sec.), 25.4 (sec.), 26.1 (sec.), 31.4 (sec.), diagrams of compoundg4 and 31(Figures S1, S2), and a
34.0 (sec.), 35.0 (sec.), 35.4 (sec.), 36.1 (sec.), 37.4 (two, sec.), 41.5summary of the crystallographic data and refinement details
(sec.), 45.1 (tert), 45.3 (tert), 47.7 (quat), 49.5 (quat), 51.0 (tert.), (Taple S1). This material is available free of charge via the
52.2 (quat.), 56.0 (quat.), 57.6 (quat.), 64.5 (prim.), 79.3 (tert.), 86.2 Internet at http://pubs.acs.org.

ppm (quat.). GC-MS (Elm/z) 326 [M*]. Anal. Calcd for GsHzO,

1/2H,0: C, 79.83; H, 9.28%. Found: C, 79.78; H, 9.13% JA030032X
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