1006 J. Am. Chem. S0d.996,118,1006-1012

Synthesis, Structure, and Electronic Properties of
syn[2.2]Phenanthrenophanes: First Observation of Their
Excimer Fluorescence at High Temperature

Yosuke Nakamura, Takeshi Tsuihiji, Tadahiro Mita, Toshiyuki Minowa,
Seiji Tobita, Haruo Shizuka, and Jun Nishimura*

Contribution from the Department of Chemistry, Gunma dgrsity,
Tenjin-cho, Kiryu, Gunma 376, Japan

Receied May 30, 199%

Abstract: Two syn[2.2](1,6)- and -(3,6)phenanthrenophantgh, were synthesized for the first time by means of
intermolecular [2+ 2] photocycloaddition of the corresponding divinylphenanthrenes. Phenanthrenofladnes

were obtained as mixtures of two (exo,exo and exo,endo) and three (exo,exo, exo,endo, and endo,endo) structural
isomers, respectively, which were isolated by reversed-phase HPLC and gel permeation chromatography. All of the
isomers, whose structures were characterized mainly on the basiddfiR spectroscopy, were in a syn conformation.

X-ray crystallographic analysis efko,endelawas successful, also in agreement with the resultsldiMR. Birch

reduction oflb, followed by DDQ oxidation, afforded [4.4](3,6)phenanthrenoph@mén an anti conformation, due

to opening of the cyclobutane rings. The absorption specttbafere relatively similar to that of phenanthrene

itself, while those ofLa were rather broadened and red-shifted compared to those of phenanthrekte dndoth

cases, the spectra were independent of the configuration of the cyclobutane rings. The fluorescence dectra of
exhibited sharp vibrational structures, as in phenanthrene, suggesting fluorescence from the locally excited state.
On the other handla afforded a broad and structureless emission due to the excimer fluorescence, even at room
temperature. This is the first observation of the excimer emission almost free from the monomer-like emission for
phenanthrene derivatives at rather high temperature. Such differences in the absorption and fluorescence spectra
betweenlab can be explained reasonably in terms of differences in the arrangement of the two phenanthrene rings;
they are tightly held almost in parallel fdw, according to the X-ray structural analysis, while tilted by the dihedral
angle of ca. 30for 1b on the basis of MM2 calculations.

Introduction anthrenophane (eq 1). The obtained phenanthrenophane,
however, was a mixture of the syn and anti isomers, whose
separation was not achieved. [2.2](3,6)Phenanthrenophanediene
was prepared by a sequence of Wittig reaction and aryl iodide
photolysis (eq 2j. Its 'H NMR data suggested a relatively

[2.2]Cyclophanes, including [2.2]naphthalenophanes and
phenanthrenophanes, have been of much interest from the
viewpoints of their synthesis, reactivities, and physical properties
resulting from the intramolecular interaction between the
m-electron systems of the two aromatic nuéleAmong them,

syncyclophanes, in which the two aromatic rings are aligned

face-to-face, are more attractive compounds, since they can bring

about larger electronic interaction than the corresponding anti ‘ _1) Pyrolysis_ m
conformers. Various [2.2]naphthalenophaneave been syn- "2) Oxidation_ syn - anti =1 : 4-5
thesized by various methods since the preparation of [2.2](2,7)- Y. 13%

naphthalenophane by Baker et al. in 195but the selective

synthesis okyn{2.2]naphthalenophanes had not been attained [2.2)(2,7)Phenanthrenophanes
for a long time. Recently, we have successfully synthesized

[2.2]cyclophanes by means of intermolecular422] photo-

cycloaddition of divinylarene%. This reaction also enabled the O O
selective and systematic synthesis of seveyal[2.2]naphtha- )
lenophanes for the first tim. Y. 15%

The synthesis of [2.2]phenanthrenophanes has been much less

known because of i'Fs great difficulties. Staab and Haenel ( syn, dihedral angle = 67° )
reported the synthesis of [2.2](2,7)phenanthrenophane by the

2.2](3,6)Phenanthrenophanedi
pyrolysis of the disulfones derived from dithia[3.3]phen- (2:216.6)Phenanthrenophancdiene

® Abstract published irAdvance ACS Abstractsanuary 15, 1996. planar structure, while the UV spectrum indicated that the two
€0 Vﬁgﬂel,( F. Cy<3_|0rihalf(1l¢ Chemistrywiley: New YOLK 1993. phenanthrene rings are almost perpendicular without significant
(2) (2) Baker, W.; Glockling, F-; McOmie, J. F. W. Chem. Sod 951, electronic interactiofi. According to the molecular mechanics

1118. (b) Abell, J.; Cram, D. 1. Am. Chem. Sod 954 76, 4406. (c) . . .
Brown, G. W.; Sondheimer, Fl. Am. Chem. Socl967, 89, 4406. (d) calculations, the aromatic nuclei were expected to form a

Haenel, M. W.Tetrahedron Lett1977 4191. V-shape with an angle of 8% As in the case of naphthale-
(3) (a) Nishimura, J.; Horikoshi, Y.; Wada, Y.; Takahashi, H.; Sato, M.

J. Am. Chem. S0d991, 113 3485. (b) Wada, Y.; Ishimura, T.; Nishimura, (4) Staab, H. A.; Haenel, MChem. Ber1973 106, 2190.

J.Chem. Ber1992 125, 2155. (c) Takeuchi, M.; Tuihiji, T.; Nishimura, J. (5) Thulin, B.; Wennerstnm, O. Acta Chem. Scand 976 B30, 369.

J. Org. Chem1993 58, 7388. (6) Liljefors, T.; Wennerstim, O. Tetrahedron1977, 33, 2999.
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nophanessyn[2.2]phenanthrenophanes have not been obtained Scheme 1Preparation of 1,6- and 3,6-Divinylphenanthréne
selectively. Therefore, we have been stimulated to apply the
intermolecular [2+ 2] photocycloaddition to two divinylphenan-
threnes for the synthesis ain[2.2]phenanthrenophanes. In

both cases, desired syn isomers were obtained efficiently and —_—
selectively.
The photophysical properties of [2.2]phenanthrenophanes are !
of great interest from the viewpoint of the intramolecular 3 ('2 ) 42 (16 22 (169
. . . a (2,4'- a (1,6- a (1,6-
excimer formation. A large number of aromatic hydrocarbons 3b @4 4b (3.6) 2b (3.6

in the excited states are known to form excimers whose
fluorescence has been observed in a concentrated solution or ° (@) v, l/benzene, (b)rtBu):SnCH=CH;, (PhP):Pd/toluene.
crystalline state$. Cyclophanes, including naphthalenophanes, scheme 2 Photoreaction of Divinylphenanthrera,b

have proved to provide intramolecular excimer fluorescence,
even in a dilute solutiof. In contrast with such aromatic
hydrocarbons and cyclophanes, unambiguous excimer fluores-
cence of phenanthrene has hardly been observed under usual
experimental conditions in fluid media. The red-shifted, broad
spectra due to the excimer fluorescence were detected for the
evaporated filmsand the phenanthrene adlayers on@lt°

hv (Pyrex)
—_—

benzene

Azumi and McGlynn reported the delayed excimer fluorescence 2a exo,exo-1a ex0,endo-la
in a hydrocarbon matrix at 77 K. Its intensity increased with Isomer ratio = 60 : 40 Y.33%
increasing temperatures, reached the maximum, and then [2.2)(1,6)Phenanthrenophanes 1a

decreased to zero at room temperafdreéOn the other hand,
Chandross and Thomas suggested the failure of excimer
formation of phenanthrene, on the basis of the study on the
photolytic dissociation of the cis,syn dimer of 9-(hydroxy-
methyl)phenanthrene and others in a rigid matrix at 7% K.
Stevens and Dubois found the extremely low self-quenching
constant for the fluorescence of phenanthrene, which was
attributed to the rapid excimer dissociation at room tempera- 20
turel® At any rate, the excimer formation of phenanthrene Isomer ratio =5 : 54 : 41 Y. 46 %

seems to be more difficult than that of other aromatic hydro- (2.21(3,6)Phenanthrenophanes 1b

carbons such as pyrene. The fluorescence spectrum of a

phenanthrene d(_erivative, 9-cyano-10-metho>§y_phenanthren_e, iNResults and Discussion

a benzene solution at room temperature exhibited a red-shifted

component with an increase in the concentration, suggesting Preparation of Divinylphenanthrenes. The synthesis of
excimer fluorescence, although the monomer fluorescencedivinylphenanthrene8ab is shown in Scheme 1. Vinylarenes
considerably remaineld. Concerned with phenanthrenophanes, aré generally prepared either by Stille reaction of the corre-
Staab et al. could detect the excimer fluorescence of [2.2](2,7)- SPonding bromides or triflat&or by Wittig reaction of aryl
phenanthrenophane, a mixture of the syn and anti isomers, in a2/dehydes. Thus, we synthesigz_ed 1,6-dibromophenantté#ene (
fluorene host crystal at 4.2 K, though no mention was made from _2,4-d|bromost|lbene$a)18 In a manner similar to that in
about the spectrum at room temperattfrein contrast to the 3,6-dibromophenanthrendl), " which had been prepared from

* . 4,4 -dibromostilbene 3b) by Blackburn et al® Vinylation of
_[2.2]phenanthrenophanes prepgred S.d € obtained ones dibromides4ab was carried out by palladium-catalyzed dis-
in this study are kept exclusively in a syn conformation.

i ) lacement in good yiel&fa.b
Therefore, they are considered to produce the mtramolecularp 9 y

excimer efficiently and facilitate the observation of its fluores- Preparation and Characterization of [2.2]Phenan-
y threnophanes. Intermolecular [2+ 2] photocycloaddition of

hv (Pyrex)
_
benzene

exo,exo-1b exo,endo-1b endo,endo-1b

cence. divinylphenanthreneg,b) was performed with a 400-W high-

In this paper, the synthesis, structure, and electronic propertiespressure mercury lamp through a Pyrex filter in dry benzene
of the firstsyn[2.2](1,6)- and -(3,6)phenanthrenopharksb, (100 mmol/L) under a nitrogen atmosphere (Scheme 2). After
are described in detail. appropriate periods, the reaction mixture was evaporated and

then treated with borareTHF complex in order to react with
19%) Birks, J. B.Photophysics of Aromatic Moleculéd/iley: New York, the remaining olefins. The purification by column chromatog-

(85 (a) Froines, J. R.; Hagerman, P.Chem. Phys. Lett1969 4, 135. raphy on silica gel ga_ve desired phenanthrenophaagsas
(b) Shizuka, H.; Ogiwara, T.; Morita, TBull. Chem. Soc. Jprl975 48, mixtures of structural isomers.

3385. (c) Feguson, J.; Morita, M.; Puza, Khem. Phys. Lettl976 42, The photocycloaddition a2a,b affordedla as a mixture of

288. (d) Yanagidate, M.; Takayama, K.; Takeuchi, M.; Nishimura, J.; isomers in 33% vield an mixture of three isomer
Shizuka, H.J. Phys. Chem1993 07, 8881, two isomers in 33% vyield antlb as a mixture of three isomers

(9) Arden, W.; Peter, L. M.; Vaubel, G Luminescencé974 257, 9. in 46% yield, respectively. These isomers are derived from
(10) Haynes, D. R.; Helwig, K. R.; Tro, N. J.; George, S. MChem. the difference in the direction of the cyclobutane rings. The
Phys.199Q 93, 2836.
(11) Azumi, T.; McGlynn, S. PJ. Chem. Phys1964 41, 3131. (16) (a) Kosugi, M.; Sasazawa, K.; Shimizu, Y.; Migita, Ghem. Lett.
(12) Chandross, E. A.; Thomas, H.X.Am. Chem. S0d972 94, 2421. 1977, 301. (b) McKean, D. R.; Parrinello, G.; Renaldo, A. F.; Stille, J. K.
(13) Stevens, B.; Dubois, J. Trans. Faraday Socl966 62, 1525. J. Org. Chem1987, 52, 422. (c) Echavarren, A. M.; Stille, J. K. Am.
(14) Bouas-Laurent, H.; Lapouyade, R.; Castellan, A.; Nourmamode, A.; Chem. Soc1987, 109, 5478.
Chandross, E. AZ. Phys. Chem. N. FL976 101, 39. (17) Bance, S.; Barber, H. J.; Woolman, A. B1.Chem. Soc1943 1.

(15) Schweitzer, D.; Colpa, J. P.; Behnke, J.; Hausser, K. H.; Haenel,  (18) Blackburn, E. V.; Loader, C. E.; Timmons, C.JJ.Chem. Soc. C
M.; Staab, H. A.Chem. Phys1975 11, 373. 1968 1576.
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Table 1. Comparison ofH NMR Spectroscopic Data amorig, 1b, 5b, and Phenanthrene

chemical shiftp

DOSitiOﬂ 6exo,endeﬂ.a ()exo,exela 5ex0,exelb 6exo,endolb 5endo,enddb 65b ()phenanthrene
1 7.49 7.50 7.40 7.76 8.12
2 7.10 7.07 7.28 7.31 (exo side) 7.06 7.41 7.82
3 7.85 7.72 7.88
4 7.10 7.07 8.61 8.72 9.11 8.52 8.93
5 7.67 7.30 8.61 8.99 9.11 8.52 8.93
6 7.88
7 6.52 6.95 7.28 7.03 (endo side) 7.06 7.41 7.82
8 6.99 7.12 7.49 7.38 7.40 7.76 8.12
9 6.99 7.00 7.28 7.26 7.28 7.60 7.71

10 7.46 7.44 7.28 7.27 7.28 7.60 7.71

Scheme 3 Birch reduction oflb?

two isomers ofla were found to be of exo,exo and exo,endo
configurations, and the three dib exo,exo, exo,endo, and
endo,endo ones, as described below. The two isomets of
were isolated by the reversed-phase HPLC. The three isomers _a) ‘ _b)_ O
of 1b were separated into one (exo,exo) and two isomers O O ‘ O
(exo,endo and endo,endo) by the reversed-phase HPLC, and

the latter two isomers were separated by gel permeation

chromatography. The structures of the isolated phenan- 1b 5b Y.36%
threnophanes were mainly determined by NMR spectroscopy  a(a) NH;Na/BuOH, —60 °C, 30 min. (b) DDQ/decalin, 176C, 1
including NOESY and COSY experiments. The isomer ratio h.

was determined on the basis of the peak area¥HoNMR

spectra and HPLC chartsexo,exela:exo,endela = 60:40; the cyclobutane rings, while those of te®o,exelb resonate
exo,exelb:exo,endelb:endo,enddlb = 5:54:41. at the highest field. Furthermore, NOE interaction was observed
The chemical shifts for the aromatic protons b and between the aromatic protons (C4 and C5 hydrogens) and the

phenanthrene itself are summarized in Table 1 for comparison. methine protons of cyclobutane ringsero,exelb and between
The aromatic protons dfa,b generally resonate at higher fields the aromatic protons (C4 and C5 hydrogens) and the methylene
than those of phenanthrene itself because of the shielding effectprotons of the cyclobutane rings @ndo,endelb.

of the aromatic nuclei, though the high-field shifts are more  Bjrch Reduction of [2.2]Phenanthrenophanes to [4.4]-
remarkable inla than in1b. Both 1la and 1b are, therefore, Phenanthrenophanes. Cyclobutane rings are known to be
concluded to have a syn conformation. The observed syn gpened regioselectively by electron-transfer reactions such as
selectivity is explained as follows. When a cyclobutane ring Bijrch reductionl® Especially, the cyclobutane rings at the
is formed by the first photocycloaddition, the two phenanthrene penzyl position are readily opened by this reaction to afford a
rings can be in either syn or anti conformation. In the second tetramethylene un®® Several [X]cyclophanes can be readily
cycloaddition, however, the anti intermediate cannot yield converted into the corresponding Mityclophanes by Birch
desired intramolecular photocycloadducts, but only byproducts reduyction in more than 60% yiefd. The ring expansion reaction
such as polymer, since the two vinyl groups are too far apart to of [2.n]-22 and [2.2]naphthalenopharfésvas also carried out

react with each other. On the other hand, the intramolecular py Birch reduction and subsequent DDQ oxidation of the
two vinyl groups in the syn intermediate can easily react within  gyerreduced aromatic rings.

a molecule due to their closeness, leading to the second
cycloaddition. The obtainesyn[2.2]phenanthrenophanes were
never found to bring about the interconversion into anti isomers
at room temperature.

The two isomers olaare derived from the difference in the
direction of the cyclobutane ring at C6 (exo or endo). The
cyclobutane ring on C1 is considered to face only the exo
direction because of the steric hindrance with the C10 hydrogen
(peri-hydrogen), while that on C6 can be directed to the both
sides. The steric effect of the cyclobutane ring at C6 on the
C5 and C7 hydrogens is clearly represented by the chemica
shift of their'H NMR signals as shown in Table 1; the C5 proton
in the exo,endo isomer whose cyclobutane ring at C6 faces to
the C5 side resonates at a lower field than that in the exo,exo-
isomer, while the C7 protons are in the reverse relationship.
These interactions, however, were not detected clearly by the
NOESY experiments.

On the other hand, the two cyclobutane ringslimcan be
directed to the both sides, giving the three isomers. Their
conformation could be determin_ed on the basis of the signals (19) (a) Birch, A. J; Rao, G. Sdv. Org. Chem1972 8, 1. (b) Birch,
for the protons on C4 and C5 in tHél NMR spectra. The A J: Hinde, A. L. Radom, LJ. Am. Chem. Sod.98q 102, 3370.

Thus, this method was applied to the transformation of [2.2]-
phenanthrenophanes into [4.4]phenanthrenophanes. The two-
isomer mixture of la afforded no desired [4.4]phenan-
threnophane, probably because of the severe oxidation conditions
by DDQ. On the other hand, the three-isomer mixturelof
could be successfully converted into the desired [4.4](3,6)-
phenanthrenopharih (Scheme 3) in 36% vyield.

[4.4](3,6)PhenanthrenophaBb, characterized mainly biH
and*C NMR spectroscopy, was found to be a single isomer
Idue to the cleavages of the cyclobutane rings, in contrast with
the three-isomer mixture dfb. As shown in Table 1, the C4
and C5 protons of5b resonate at higher fields than the
corresponding ones dib, while the other aromatic protons of
5bresonate at lower fields. These changes in the chemical shifts
are considered to be obviously brought about by changes in
the conformation of the phenanthrenophanes, probably from syn
to anti conformation. By such a change, the shielding effect
on the C4 and C5 protons should be increased, in contrast to

protons on C4 and C5 in thexo,endelb are not equivalent, in (20) Nozaki, H.; Noyori, R.; Kawanishi, KTetrahedrorl 96§ 24, 2183.
contrast to those in the other two isomers with symmetry. (21) Nishimura, J.; Ohbayashi, A.; Ueda, E.; Oku,Ghem. Ber1988

121, 1531,
The C4 and C5 protons of thendo,endelb resonate at the (22) Nishimura, J.; Takeuchi, M.; Takahashi, H.; Ueda, E.; Matsuda,

lowest field among the three due to the greatest influence of Y.; Oku, A. Bull. Chem. Soc. Jprl989 62, 3161.



Synthesis of syn-[2.2]Phenanthrenophanes J. Am. Chem. Soc., Vol. 118, No. 5,10996

(a)

H

5' Oﬂo

- | Et - o o
iy i rM

;’Y:g Y YN

€, 10*Mem’!
e, 10*M'ecm!

&(J\ﬁ ’ (é g
<=side view & (_3 A\ ¢
| C
#‘Vﬁ/ﬁ (gi jl) O}‘% R L8 ?;
A Wl 11
e N S Fh
(f*) © 1 Il 1 - -
side view top view 0250 300 350 400 0250 300 350 400
Wavelength, nm Wavelength, nm
(© (d)
5 5
= =3
° o
o o
)
0%250 300 350 400 0380300 350 400
side view top view Wavelength, nm Wavelength, nm
Figure 1. Side and top views of (@xo,endela (X-ray crystallographic Figure 2. Absorption spectra of (agxo,exela, (b) exo,exelb, (c)
analysis) and (bxo,exelb (MM2 calculations). 5b, and (d) phenanthrene in cyclohexane at room temperature.

the decrease on the other protons. In the mass spectra, théC3—C6 side), are tilted by the dihedral angle of ca’,3&@s
molecular ion peak obb was observed much more clearly than Shown in Figure 1b. The interplanar distance is ca. 3.0 Aon
that of 1b; the molecular ion peaknf/z= 464) was the base the C3-C6 side and ca. 6.0 A on the €€10 side. The
peak in5b, while that of1b (m/z= 460) was with an intensity ~ Planarity of the phenanthrene rings is still maintained because
of about 1% of the base ion peakifz= 230). These results of much less strain than iba. The other |somersexq,enqg_
indicate thasb is more flexible, more stable, and less strained andendo,endelb, were found to have structures quite similar

than1b, arising from the loss of the two cyclobutane rings with  t0 that ofexo,exelb.
much strain. Thus, the structures of the two phenanthrenophdreis

exhibited a remarkable contrast to each other, though little
depending on the direction of their cyclobutane rings. The
greater high-field shift of the aromatic protonsliathan inlb

can be explained reasonably in terms of the difference in their
structures.

Absorption Spectra. The absorption spectra of [2.2]phenan-
threnophanegab and [4.4]phenanthrenophabb were mea-
sured in cyclohexane at room temperature, along with phenan-
threne itself as the reference. No distinct difference was
observed between the two isomerslafand among the three
f 1b; the absorption spectra were almost independent of the
irection of the cyclobutane rings, as expected from their
structures. Figures 2-ad show the spectra aéxo,exelab,

Structures of [2.2]Phenanthrenophanes.lt is apparent that
both 1a and 1b are in a syn conformation, according to the
results offH NMR. Strictly speaking, however, the arrangement
of the two phenanthrene rings is expected to be different between
laand1b, since the aromatic protons &k resonate at quite
higher fields than those dfb, as described above, suggesting
a larger shielding effect ida. It is necessary and interesting
to investigate the structure and electronic propertied @b
closely.

X-ray crystallographic analysis eko,endelawas successful
among all the synthesized phenanthrenophanes. The side an(g
top views are shown in Figure la. The optimal structures of
1b andexo.,exela, whose apprppriate single crystals have. not 5b, and phenanthrene
been obtalneql, were detgrmmed by the MM2 calculations. The absorption bands of phenanthrene itself have been well
These calculations are sufficiently reliable because the CalCU|atedcharacterize d so f& The extremely weak vibrational struc-
structure okexo,enddlais in good agreement with that by X-ray :

. . - tures € ~ 200) in the region 306350 nm are the $'Ly) —
analysis. The_ structure efxo,exelb is shown in Figure 1b as S(*A) band, and those around 27800 nm are the L) —
a representative dfb.

. ) So(*A), whose G-0 transition is located at 292 nra{ 14 000).
. The two phenanthrene rings exo,gndela are held al_mos.t The strong bande(~ 60 000) at 250 nm is interpreted by the
in parallel by the two cyclobutane rings on the opposite sides Su(1B.) — So(*A) rather than the §!Br) — So(*A), which is

and fully overlap with each other. The average interplanar .,-cxaq by the much strong#B, band due to the closeness
distance is about 3.5 A (nearest 2.88 A (C1 position); farthest poyyeen theB, and B, bands. Phenanthrenopharigsand
4.07 A (C4 position)). Each phenanthrene ring, however, is 51 3154 exhibited vibrational structures, as in phenanthrene. It

slightly'distorted for the release of the strain in the molecule. ¢ reasonable to assign the quite weak bands arounet 320
According to the MM2 calculations, the arrangement of the two |, . 214 the rather strong ones around-2300 nm to the $—

phenanthrene (ings_iev(o,exela_was virtu_ally the_sam_e as that Soand S — S transitions, respectively, by the comparison of
in exo,endela, in spite of the difference in the direction of the

cyclobutane ring at the C6 position. (23) (a) Dar, F.; Hohineicher, G.; Schneider, Ber. Bunsen-Ges. Phys.
. . Chem.1966 70, 803. (b) Thulstrup, E. W.; Michl, J.; Eggers, J. HPhys.
On the other hand, the two phenanthrene ringsxo,exe Chem.197Q 74, 3868. (c) Vask, M.; Whipple, M. R.; Michl, J.J. Am.

1b, connected by the two cyclobutane rings on the one side Chem. Soc1978 100, 6867.
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Table 2. Position of G-0 Transition in $— S and S — S @) (b)
Absorption Bands and Peak Position af<S S Band in1b, 5b,
and Phenanthrefe

Si('Lp) — So(*A) - So('La) — So('A) - Su('Ba) — So(*A)
0—0 transition, nm ©-0 transition, nm band peak, nm
(, 100M~Tcm™d) (¢, 10*M1cm?)
1b 355 307 (1.4) 249 (10.0)
5b 351 298 (1.5) 248 (7.0)
phenanthrene 346 292 (1.4) 251 (6.4)

Intensity
Intensity

aThe B, band due to the 5— S transition was probably masked T 250 =55 205
by the strong absorption of tH8, band. For details, see text. © d

300 500

their position, absorbance, and shape with those for phenan-
threne. The 60 transitions of the 5— S and S — S bands

in 1b and 5b are summarized in Table 2. These bands are
apparently red-shifted and broadened relative to those inphenan-
threne. The strong bands around 250 nmlimand 5b are
probably due to the £'Bs) — Sy(*A) transition, as in phenan-
threne. The peak positions of the bands are almost unchanged
(Table 2), though the shape appears to depend on the compounds
to some extent. The band shapelb is similar to that in
phenanthrene, while that b is relatively broad with a shoulder
on the lower wavenumber side. Such difference in the band
shape may be correlated with the relative position and/or
intensity between thesS— S and § — S bands. Thus, it is
possible that the broadening and shouldeSinsuggest the  Table 3. Peak Position of Fluorescence Spectralbf5b, and
larger contribution of the §— S band than that in cases of Phenanthrene

Intensity
Intensity

300 400 500 300 400 500
Wavelength, nm Wavelength, nm

Figure 3. Fluorescence spectra of (@)o,exela, (b) exo,exelb, (c)

5b, and (d) phenanthrene upon 250-nm excitation in cyclohexane at
room temperature.

both 1b and phenanthrene, although the details are unknown at peak position, nm

present. The red shift and broadening of the-SSy and $

— S bands inlb and5b are considered to be brought about  1b 357, 377, 396, ~4208
not only by the presence of the substituent groups at the C3 5P 352, 371, 390, 414

and C6 positions but also by the intramolecular electronic phenanthrene 347, 357, 365, 375, 3844058

interaction between the two phenanthrene rings. The red shift 2 The suffix “s” denotes a shoulder.
in 1b is more remarkable than b, obviously indicating the

greater intramolecular interaction ihb than in 5b, since in Table 3, and some peaks observed in phenanthrene are too
the overlap between the two phenanthrene ringbsbdh a syn much weakened to be recognized. The relative intensity of the
conformation is considered to be larger than thabbfin an 0—0 transition in1lb and5b is increased compared to that in
anti conformation, though much smaller compared to that of phenanthrene. These featureglirand5b indicate the presence

la of the intramolecular interaction between the two aromatic nuclei

The absorption spectrum &b exhibited considerable broad- in the excited state, though it is not strong enough to lead to
ening. The $— S band could be hardly appreciated due to the formation of the excimer, as in the case of the 9-(hydroxy-
its weakness. The,S— S band is further red-shifted relative  methyl)phenanthrene sandwich pkir.The failure to form
to those inlb and5b; the 0-0 transition seems to be located excimers is obvious from the quite small Stokes shift4@0
at 320 nm, though the unambiguous assignment is difficult. Such cm™) in 1b and5b, which are comparable to that in phenan-
broadening and the red shift are apparently ascribable to thethrene, as can be seen from a comparison between Tables 2
much greater intramolecular transannular interaction betweenand 3. Therefore, the fluorescenceldfand5b is interpreted
the two phenanthrene rings tightly held in parallel, in contrast in terms of that from the locally excited singlet state having a

to those oflb. weak intramolecular interaction. The spectrumlbfshows a
Thus, the difference in the structures amdiagb, and 5b larger red shift and broadening compared with the cadsbpf
was clearly reflected by their absorption spectra. Itis surprising probably resulting from the larger interaction than thabin
that the spectrum olb is similar to that of5b in an anti in agreement with the results of the absorption spectra.
conformation rather than that df in a syn conformation. In On the other handla exhibited an entirely different

the arrangement dfb in Figure 1b, the two phenanthrene rings fluorescence spectrum, as shown in Figure 3a. It is a broad

in a tilted form are not able to interact with each other and structureless emission with a peak at 410 nm, much red-

sufficiently. shifted in comparison with that dfb and phenanthrene; the
Fluorescence Spectra.The fluorescence spectrad,b and red shifts are ca. 3600 and 4400 chmelative to the emissions

5b were measured in cyclohexane at room temperature. Theof 1b and phenanthrene, respectively. These shifts are appar-

spectra were almost independent of the excitation wavelength.ently larger than those in the absorption spectrurha¥ersus

The isomers derived from the direction of their cyclobutane rings 1b and phenanthrene. In the, State of 1a, much larger

in 1a,b exhibited the same spectra in each case. Figure® a intramolecular interaction between the two phenanthrene rings

illustrates the fluorescence spectra efo,exelab, 5b, and is established than in the ground state. In other words, the

phenanthrene upon 250-nm excitation as representatives. structure in the Sstate oflais different from that in the ground
The fluorescence spectra db and5b exhibit sharp vibra- state; the two aromatic moieties get close to each other in the

tional structures, corresponding to the mirror image of the S excited state. Therefore, it is reasonable to assign the fluores-

— & absorption band, as in the case of phenanthrene. In bothcence observed fota to the intramolecular excimerEX*)

1b and 5b, however, all of the peaks are slightly broadened emission. Excimer fluorescences are usually observed with a

and red-shifted relative to those in phenanthrene, as summarizeded shift of 5008-6000 cnt! relative to the corresponding
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monomer fluorescencéé. The observed red shift ida iss- only parallel forms but also tilted forms and antiparallel foghs.
lightly smaller, probably because the two aromatic moieties The excimer formation of phenanthrenes may be influenced by
cannot approach to the most stable conformation in {feese, the arrangement much more sensitively.

due to its relatively rigid structure. The fluorescence spectrum

of la is similar to the delayed excimer fluorescence of Experimental Section
phenanthrene at low temperatures reported by Azumi ét al.,
though the peak is §h|ﬂed to shorter wavele_ngths (for phenan-soo FT NMR spectrometer. Mass spectra were measured on a JEOL
threne, 430 nm). lItis also similar to the excimer fluorescence jyi5.px302 mass spectrometer. HPLC analysis was performed with
of [2.2](2,7)phenanthrenophanes at 4.2 K by Staab et al., 4 shimadzu LC-6A pump, an LC-6A UV detector, and an RCA4A data
including the position of the maximufd. To the best of our  processor. Gel permeation chromatography was performed on a Japan
knowledge, the excimer fluorescence so far observed for Analytical Industry LC-08 system. Melting points are uncorrected.
phenanthrene derivatives at room temperature contains vibra-Absorption spectra were recorded on a JASCO Ubest-50 spectropho-
tional structures suggesting monomer-like components. Thetometer. Fluorescence spectra and fluorescence excitation spectra were
emission spectrum dfais the first observation of the excimer measured on a Hitachi-4010 spectrofluorimeter. These spectra were
fluorescence almost free from the monomer-like fluorescence btained in cyclohexane (spectroscopic grade) with a quartz cell of
for phenanthrene derivatives room temperature This easy 101'0”_‘TM°p“Ca' path. The sample concentration is in the rangé 10
detection of the excimer fluorescenceliais apparently derived - . .

from the conformation of the two phenanthrene rings which 1,6-Dibromophenanthrene (4a). The mixture oftrans2,4-dibro-

. . . mostilbene 8a) (3.0 g, 8.9 mmol) and iodine (56.3 mg, 0.44 mmol)
are kept tightly in parallel by the two cyclobutane rings. was dissolved in benzene (450 mL) in a Pyrex flask and then irradiated

The fluorescence excitation spectralafo and5b, monitored by a 400-W high-pressure mercury lamp while being monitored by
at the maximum of each fluorescence spectrum, were in good TLC (SiO,, hexane). Irradiation was continued until the disappearance
agreement with the corresponding absorption spectra. It is of the reactant olefin (after about 20 h). The reaction mixture was
concluded that the observed fluorescence undoubtedly resultssvaporated and purified by column chromatography ¢Si@xane-
from the lowest excited singlet state of each compound. benzene) to affordlia as a colorless solid (2.4 g, 79.7%): mp 158

The emission spectra were also measured at 77 K in MP 3530_051'5" sz)(%l)gskfp?odzﬂﬂzg))ézgggl |(_|1)H'7S§2C(51‘|_"|')£'597((13H*
Cpectia were amost the same as those at foom temperaturc-2!Y: 780 (1H, 43 = B9, IO, 7.80 (11, = 89, Co.1)

P - mp € .73 (1H, d,J = 9.2, C7-H), 7.52 (1H, dd) = 7.6 and 8.5, C3-H).
though the vibrational structures ib and5b became slightly Anal. Calcd for GHeBry: C, 50.04: H. 2.40. Found: C, 50.05; H,
sharper at 77 K. No excimer fluorescence was observed for go.
1b at all because this molecule is conformationally hardly 3 g.pibromophenanthrene (4b). 3,6-Dibromophenanthrengitf)
changeable to form a suitable excimer structure due to itS was synthesized in a way similar to that in the literattiield
rigidity. 77.2%): mp 187188°C (lit.8 194°C); 'H NMR (CDCls, 500 MHz)

The fluorescence spectra bd,b were considerably different 6 8.70 (2H, s, C4- and C5-H), 7.75 (2H, 8= 8.6, C1- and C8-H),
from each other. Although this difference was more remarkable 7-70 (2H, d,J = 8.6, C2- and C7-H), 7.69 (2H, s, C9- and C10-H).
than that in the absorption spectra, the whole tendencyeor, 1,6-Divinylphenanthrene (2a):®*" To a solution of 1,6-dibro-
and5b resembled that in the absorption spectra; the deviation mophenanthreneig) (3.0 g, 9.0 mmol) in toluene (357 mL) were added
of their absorption and fluorescence spectra from those of Ii-n-butylvinylstannane (11.4 g, 35.7 mmol), prepared from vinyl-
phenanthrene becomes larger in the orflbr< 1b < 1a magnesium bromide and tn-outyltin chloride, tetrakis(triphenylphos-

. . . . phine)palladium(0) (443.3 mg, 0.36 mmol), and a few crystals tef4-
reflecting the magnitude of the intramolecular electronic interac- butylcatechol as a polymerization inhibitor. The resulting suspension

General Procedure. NMR spectra were recorded on a JEOL Alpha-

tion. was heated to reflux for 4 h, cooled to room temperature, filtrated,
. concentrated, and then diluted with ether. The ether solution was treated
Conclusion with 20% aqueous potassium fluoride solution (70 mL) and stirred

. . . ) vigorously for 30 min. The ether phase was decanted from the aqueous
We have succeeded in the selective synthesisyo{2.2] phase containing the solid of tin fluoride polymer and evaporated. The

_phenanthrenophaneidb) for the f_|r_st time by means Qf residue was purified by column chromatography (Si@exane-
intermolecular [2+ 2] photocycloaddition of the corresponding  penzene) to affor@aas a colorless solid (1.81 g, 87.6%): mp-7&D
divinylphenanthrenes. Although botlaandlb are apparently °C; 'H NMR (CDCl;, 500 MHz) ¢ 8.68 (1H, d,J = 8.3, C4-H), 8.63
in a syn conformation, the arrangements of the two phenanthrene(iH, s, C5-H), 8.03 (1H, dJ = 9.2, C8-H), 7.85 (1H, dJ = 8.2,
rings were found to be quite different from each other. This C10-H), 7.74 (1H, dJ = 8.2, C9-H), 7.73 (1H, dJ = 7.3, C2-H),
structural difference had a significant effect on their electronic 7.75 (1H, d,J = 9.2, C7-H), 7.63 (1H, dd) = 8.3 and 7.3, C3-H),
properties in the ground state as well as the excited state, as/-54 (1H, dd,J = 17.4 and 11.0, C1-8=CH,), 7.00 (1H, dd,J =
revealed by the absorption and fluorescence spectra. Especiallyl’-4 and 11.0, C6-8=CH), 5.96 (1H, d,J = 17.4, C6-CH=CH,
the fluorescence spectra are entirely different from each other: (trans)), 581 (1H, dd) =17.4 and 1.5, C1-CHCH, (rans)), 5.52
the intramolecular excimer fluorescence was observed.dor E:lgc?—ijc; 11.0 a}nd 1.5, C1-CHCH, (cis)), 5.39 (1H, d) = 11.0,

. - 2 (cis)); LRMSm/z(relative intensity) 230 (100, ¥), 202
in a parallel form, whereas the fluorescence from the locally (35~ Anal.” Calcd for GHe C, 93.87; H, 6.13. Found: C, 93.66;
excited state forlb was in a tilted form. The former is the | 519

first observation of excimer fluorescence almost free from the 3 g.pjvinylphenanthrene (2b). 3,6-Divinylphenanthrene2p) was
monomer-like components of phenanthrene derivatives at roomsynthesized in the same way 2a (yield 93.8%): mp 69-70 °C; *H
temperature. It is enabled by the presence of the two cyclobu-NMR (CDCls, 500 MHz) 6 8.60 (2H, s, C4- and C5-H), 7.82 (2H, d,
tane rings; they keep the two phenanthrene rings rigidly in a J = 8.3, C1- and C8-H), 7.73 (2H, d,= 8.3, C2- and C7-H), 7.67
parallel conformation favorable for the excimer formation and (2H, s, C9- and C10-H), 7.00 (2H, ddi= 17.2 and 11.0, Ar-8=CHp),
prevent the dissociation which would be extremely rapid without 5-95 (2H, d,J = 17.2, Ar-CH=CH (trans)), 5.39 (2H, dJ = 11.0,
such bridging units. The fact that no excimer fluorescence is A-CH=CH: (cis)); LRMSm/z(relative intensity) 230 (100, i), 202
detected forlb is in contrast to the case of the naphthale- (20)- Anal. Calcd for GHas C, 93.87; H, 6.13. Found: C, 93.78;

. . . . H, 6.12.
nophanes, in which the excimer fluorescence is detected for not Intermolecular [2 + 2] Photocycloaddition toward 1,2-Ethano-
(24) Klopffer, W. Organic Molecular Photophysicsirks, J. B., Ed.; syn+2.2](1,6)phenanthrenophane (1a).1,6-Divinylphenanthrenga

John Wiley and Sons: New York, 1973; Vol. 1, p 357. (1.0 g, 4.3 mmol) dissolved in dry benzene (40 mL) was placed in a
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Pyrex flask equipped with a magnetic stirrer, reflux condenser, and
nitrogen inlet. It was irradiated with a 400-W high-pressure mercury
lamp under a nitrogen atmosphere while being monitored by TLC,(SiO
hexane/benzene 7/3). When polymerization predominated over the
formation of the desired cyclophanes after about 5 h, irradiation was

Nakamura et al.

ammonia was allowed to evaporate slowly in a hood. The residue was
extracted with benzene (20 mL). The benzene extract was washed with
water (20 mLx 3) and dried over anhydrous Mg@OAfter filtration

and evaporation, the residue was purified by column chromatography
(Si0,, benzene-hexane) to give the Birch reduction product (ca. 250

ceased. The reaction mixture was evaporated and then purified by mg).

column chromatography (Siohexane-benzene) to afford the mixture
of exo,exe andexo,endela as a colorless solid (total: 0.33 g, 33%).

In a 50-mL flask equipped with a magnetic stirrer, reflux condenser,
and nitrogen inlet were placed the Birch reduction product prepared

Both isomers were separated by the reversed-phase HPLC (ODSabove and DDQ (980 mg, 5.4 mmol), which were dissolved in decalin

column, methanol).

exo,exela mp > 250 °C; 'H NMR (CDCl;, 500 MHz) 6 7.72
(2H, dd,J = 4.9 and 4.6, C3-H), 7.44 (2H, d,= 9.0, C10-H), 7.30
(2H, s, C5-H), 7.12 (2H, dJ = 8.3, C8-H), 7.07 (2H, dJ = 4.9,
C2-H), 7.07 (2H, dJ = 4.6, C4-H), 7.00 (2H, d) = 9.0, C9-H), 6.95
(2H, d,J = 8.3, C7-H), 5.1 (2H, m, C1-methine), 4.4 (2H, m, C6-
methine), 2.9 (8H, m, methylene}C NMR (CDCk, 125 MHz) 6

(15 mL) under a nitrogen atmosphere. The reaction mixture was heated
with stirring at 180°C for 1 h. After the decalin was removed, the
desired producbb was isolated by column chromatography (8O
hexane-benzene) as a colorless solid (110 mg, 36.3%): mp-228

°C; ™H NMR (CDClz, 500 MHz)d 8.52 (4H, s, C4- and C5-H), 7.76
(4H, d,J = 8.3 Hz, C1- and C8-H), 7.60 (4H, s, C9- and C10-H), 7.41
(4H, d,J = 8.3 Hz, C2- and C7-H), 3.00 (8H, m, AHGCH,—), 1.92

137.95, 137.24, 130.25, 129.85, 129.75, 129.28, 126.94, 126.35, 125.08(8H, m, Ar-CH-CHy-); 1°C NMR (CDCk, 125 MHz)d 140.40, 130.38,

125.04, 124.76, 124.52, 121.19, 119.93, 47.20, 42.20, 22.27, 21.37,

LRMS m/z (relative intensity) 460 (1.3, M), 230 (100); HRMSm/z
460.2178, calcd for gHs 460.2192.

exo,endelas mp > 250 °C; *H NMR (CDCl;, 500 MHz) ¢ 7.85
(2H, dd,J = 6.0 and 3.4, C3-H), 7.67 (2H, s, C5-H), 7.46 (2HJds
9.2, C10-H), 7.10 (2H, dJ = 6.0, C2-H), 7.10 (2H, d) = 3.4, C4-H),
6.99 (2H, d,J= 8.6, C8-H), 6.99 (2H, d) = 9.2, C9-H), 6.52 (2H, d,
J = 8.6, C7-H), 5.1 (2H, m, C1-methine), 4.4 (2H, m, C6-methine),
2.9 (8H, m, methylene}3C NMR (CDCk, 125 MHz)¢ 137.74, 137.26,

129.95, 128.57, 127.45, 125.82, 121.39, 35.81, 29.35; LRWMS
(relative intensity) 464 (100, N), 245 (6), 231 (21), 219 (12), 218
(15), 217 (22), 205 (21), 191 (25); HRM®/z 464.2504, calcd for
CaeHsz 464.2499.

X-ray Crystallographic Analysis.?> A colorless prismatic crystal
with approximate dimensions of 0.200.20 x 0.15 mm was mounted
on a glass fiber. All measurements were made on a Rigaku AFC7S
diffractometer with graphite monochromated Cu Kadiation. Cell
constants and an orientation matrix for data collection, obtained from

130.48, 130.21, 129.82, 129.41, 129.16, 126.78, 125.00, 124.75, 124.60a least-squares refinement using the setting angles of 25 carefully

123.04, 121.22,119.96, 46.69, 42.56, 22.31, 21.05; LRMS&relative
intensity) 460 (2.5, M), 230 (100); HRMSm/z 460.2192, calcd for
CagHog 460.2192.

Intermolecular [2 + 2] Photocycloaddition toward 1,2-Ethano-
syn[2.2](3,6)phenanthrenophane (1b).3,6-Divinylphenanthrenb
(0.48 g, 2.1 mmol), irradiated in the same way 2# afforded the
three-isomer mixture oib as a colorless solid (total: 0.22 g, 46%).
From the mixture, only the@xo,exelb was isolated by the reversed-
phase HPLC (ODS column, methanol). The residual two isomers
(exo,ende and endo,endelb) were separated by gel permeation
chromatography (polystyrene gel column, chloroform).

exo,exa@lb: mp > 250 °C; *H NMR (CDCl;, 500 MHz) ¢ 8.61
(4H, s, C4- and C5-H), 7.49 (4H, d,= 8.4, C1- and C8-H), 7.28
(4H, d,J = 8.4, C2- and C7-H), 7.28 (4H, s, C9- and C10-H), 4.59
(4H, m, methine), 2.73 (8H, m, methylenéfC NMR (CDCk, 125
MHz) 6 138.81, 129.81, 128.95, 127.97, 125.51, 124.23, 124.00, 45.50,
23.71; LRMSm/z(relative intensity) 460 (1.5, M), 230 (100); HRMS
m/z460.2211, calcd for §Hog 460.2192.

exo,endelb: mp > 250°C; *H NMR (CDCls, 500 MHz) 6 8.99
(2H, s, C5-H), 8.72 (2H, s, C4-H), 7.50 (2H, &= 8.1, C1-H), 7.38
(2H, d,J = 8.1, C8-H), 7.31 (2H, dJ = 8.1, C2-H), 7.27 (2H, s,
C10-H), 7.26 (2H, s, C9-H), 7.03 (2H, d= 8.1, C7-H), 4.65 (2H, m,
exo-methine), 4.43 (2H, m, endo-methine), 2.92 (4H, m, endo-
methylene), 2.74 (4H, m, exo-methylen& NMR (CDCk, 125 MHz)

0 139.32, 138.96, 130.11, 129.84, 129.12, 128.13, 128.04, 128.04,

127.70, 125.65, 125.43, 124.26, 124.01, 121.46, 46.71, 45.57, 24.88
23.81; LRMSm/z(relative intensity) 460 (0.4, ), 230 (100); HRMS
m/z460.2210, calcd for gH2s 460.2192.

endo,endelb: mp > 250°C; *H NMR (CDCl;, 500 MHz)d 9.11
(4H, s, C4- and C5-H), 7.40 (4H, d,= 7.9, C1- and C8-H), 7.28
(4H, s, C9- and C10-H), 7.06 (4H, d,= 7.9, C2- and C7-H), 4.46
(4H, m, methine), 2.96 (8H, m, methylenéfC NMR (CDCk, 125
MHz) 6 139.42, 130.17, 129.29, 128.06, 127.74, 125.56, 121.33, 46.64,
25.12; LRMSm/z(relative intensity) 460 (0.3, M), 230 (100); HRMS
m/z460.2169, calcd for gH.s 460.2192.

[4.4](3,6)Phenanthrenophane (5b) (Birch Reduction).A 200-mL
three-necked round-bottomed flask equipped with a magnetic stirrer,
nitrogen inlet, and gas inlet was cooled to &0 °C over a dry ice-
methanol bath. Ammonia gas was introduced into the system. When
liguid ammonia (ca. 65 mL) was condensed, the gas inlet tube was

centered reflections in the range 55.2120 < 56.94, corresponded

to a primitive monoclinic cell with dimensionsa = 10.79(3) A,b =
8.44(4) A,c = 26.01(4) A, = 96.0(2F, V = 2357(11) B. Forz=

4 and fw= 460.62, the calculated density is 1.30 g#cnThe space
group was determined to B#2;/n (no. 4). The data were collected at

a temperature of 2@t 1 °C using thew—26 scan technique to a
maximum 2 value of 120.8. Omega scans of several intense
reflections, made prior to data collection, had an average width at half-
height of 0.38 with a take-off angle of 6.0 Scans of (1.73+ 0.30

tan 0)° were made at a speed of 16.0 deg/min @). The weak
reflections ( < 10.Q(1)) were rescanned (maximum of three scans),
and the counts were accumulated to ensure good counting statistics.
The ratio of peak counting time to background counting time was 2:1.
The diameter of the incident beam collimator was 1.0 mm, the crystal
to detector distance was 235 mm, and the computer-controlled detector
aperture was set to 9.8 13.0 mm (horizontalx vertical). Of the
4001 reflections which were collected, 3774 were unidq@e € 0.107).

The intensities of three representative reflections were measured after
every 150 reflections. No decay correction was applied. The linear
absorption coefficieny, for Cu Ko radiation is 5.5 cm!. The structure

was solved by the direct method, SAPI91, and expanded using Fourier
techniques. The non-hydrogen atoms were refined anisotropically. The
hydrogen atom coordinates were refined, but their isotr@scwere

held fixed. The final cycle of full-matrix least-squares refinement was
based on 2616 observed reflectioms>( 3.00s(1)) and 410 variable

Jparameters and converged (largest parameter was 0.18 times its esd)

with unweighted and weighted agreement factorR ef 0.072 andR,
= 0.050. The standard deviation of an observation of unit weight was
6.34.
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