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One of the most characteristic features of cyclophane
compounds could provide information about intramolecu-
lar interactions by employing their defined arrangement
of some components in the molecule.! During the course
of our study on cyclophanes,?2 the fluorene unit has been
selected as the component of cyclic compounds because
of its aromatic nature and acidic protons. We have
developed a convenient method* to synthesize the 1,8-
bridged fluorenophanes and also examined their confor-
mation, indicating that the orientation between the
fluorene component and another aromatic component is
characteristic of their molecular structure.

This result prompted us to investigate the intramo-
lecular transannular interaction between the fluorene
unit and the polynuclear aromatic component.

Thus, we now describe the synthesis of 1,8-bridged
fluorenophanes consisting of naphthalene, anthracene or
pyrene component, their conformation and their behavior
of absorption and fluorescence spectra.

Results and Discussion

Cyclization of mercaptomethyl compound (1a*) and
halomethyl compounds (2a,®> 3a,® and 4a’) using CsOH
as a base under highly dilute conditions afforded the
corresponding dithiafluorenophanes (5a%—7a) in 57—75%
yields. After the oxidation of 5a—7a with m-CPBA, the
corresponding disulfones were subjected to pyrolysis at
500 °C under reduced pressure to give the desired
fluorenophanes (5b—7b) in 25—40% yields (Chart 1).

The 'H NMR spectra of the fluorenophanes could
provide their conformational features; thus, the signals
of the 9-protons and the bridge methylene protons are
summarized in Table 1.

A singlet is observed for the 9-protons in 5a and 6a as
a result of the fast flipping of the aromatic component
at room temperature on the NMR time scale, which is
consistent with two singlets for the bridge methylene
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Table 1. Partial Chemical Shifts? in Fluorenophanes

compd  9-proton (6/ppm) bridge proton® (6/ppm)

ba 1.58 (s) 3.22 (s), 3.65 (s)
6a 1.55(s) 3.69 (s) ,4.95 (s)
7a —-0.48(d,J=21) 2.94(d,J=14),2.99(d,J=14)
140(d,J=21) 4.24(d,J=13),4.71(d,J=13)
5b —-0.69(d,J=21) 1.61-3.28(m)
211(d,J=21)
6b —-159(d,J=21) 2.27-4.31(m)
1.83(d,J=21)
7 —-0.80(d,J=21) 2.80—4.09 (m)
159 (d, J=21)
1b 3.95(s)

aln CDCl3 at 27 °C. b J/Hz.

protons. On the basis of the variable-temperature NMR
technique, 6a was found out to coalesce at —30 °C,
corresponding to AG* = 43 kJ mol~! in contrast to the
coalescence temperature at —50 °C for 5a.3

On the contrary, the 9-protons and the bridge meth-
ylene protons in 7a exhibit a doublet and two sets of
doublets, respectively. No obvious changes in these
signals were observed even at 150 °C, indicating that the
conformation of 7a is fixed. The pyrene component seems
too large for inversion of the ring. A similar rigid
structure has been confirmed for 5b—7b on the basis of
their NMR spectral behavior.

As shown in Table 1, one of two 9-protons in 7a and
5b—7b is subject to a large upfield shift in comparison
with that of 1b, which undoubtedly stems from the
shielding effect of the opposite aromatic component. In
any event, the 9-proton penetrates farther into the
sr-cavity of the aromatic component in these compounds.
This plausible geometry is strongly supported by the
X-ray analysis of 5b® in which the naphthalene ring is
located right upon one of the 9-protons (Figure 1).

Some intramolecular interactions could be expected for
the two chromophoric components present in the specific

(8) The X-ray crystallographic data for 5b have been deposited with
the Cambridge Crystallographic Data Centre as CCDC no. 162499.
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Figure 1. Perspective view of 5b.

Table 2. Absorption and Fluorescence Spectra®

absorption fluorescence®
compd Amax/nm Amax/nm (intensity)©
5a 243, 310 342 (23), 354 (26)
5b 247,311 355 (171)
1b +2b 270, 303 330 (4), 345 (5)
6a 389, 412 428 (364), 446 (423)
6b 383, 404 418 (1580), 438 (1845)
1b +3b 379, 401 413 (13), 433 (17)
7a 341, 357 390 (128), 410 (120)
7b 328, 344 400 (178), 415 (160)
1b + 4b 283, 344 382 (72), 395 (50)

a2.0 x 1074 mol dm~3 in CHCIlz. 310 nm excitation. ¢ Relative
intensity.

orientation as in the fluorenophanes shown here; thus,
their spectral behavior has been examined as shown in
Table 2.

All the fluorenophanes exhibit a bathochromic shift as
compared to the corresponding reference compounds,
which can probably be ascribed to a transannular inter-
action® between the fluorene and the polynuclear aro-
matic components. Such a shift due to the extent of
conjugation has been well-known in the cyclophane
system.

Although the fluorene unit and the polynuclear aro-
matic component in the fluorenophanes (5b—7b) seem
to be located in closer proximity than those in the
dithiafluorenophanes (5a—7a), the dithiafluorenophanes
show a greater bathochromic shift than the corresponding
fluorenophanes. One of the reasons for the hypsochro-
matic shift in contrast to expectation is the bent aromatic
component such as the naphthalene component as shown
in Figure 1. The dihedral angle between the plane (C16—
C25—C17) and the plane (C21—-C20—C22) is 135.2°.

The fluorene 1b itself shows weak fluorescence. How-
ever, as shown in Figure 2, 6b upon excitation at 310
nm exhibits a strong emission at 438 nm, which corre-
sponds to the band of the anthracene component. A
similar fluorescence enhancement can also be observed
for 6a; however, the intensity of the emission is almost
one-fourth of that in 6b. A similar trend in the fluores-
cence spectrum was confirmed for the fluorenophanes
having naphthalene (5a, 5b) and pyrene components (7a,
7b) (Table 2).

In these systems, the dithiafluorenophanes exhibit
weaker emission than the corresponding fluorenophanes,
which can be ascribed to flexibility of the molecule and
bending of the aromatic unit, since bending of aromatics
is well-known to enhance the rate of internal conversion.
These results are probably ascribed to a very efficient
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Figure 2. Absorption (dashed line) of fluorenophane 6b and
emission (full line) of fluorenophanes 6a, 6b and the mixture
of 1b and 3b.

intramolecular energy transfer!® from the fluorene com-
ponent to the anthracene component, since the emission
upon the excitation at 310 nm for the 1:1 mixture of 1b
and the reference polynuclear aromatic compounds is
negligible as also shown in Figure 2.

A detailed investigation of this intramolecular energy
transfer in terms of dynamic structure and the orienta-
tion of the two aromatic units of the fluorenophanes is
now under progress in our laboratory.

Conclusion

The results obtained in this study reveal that the
conformational properties of the 1,8-bridged fluo-
renophanes consisting of naphthalene, anthracene, and
pyrene components depend on their molecular structure,
especially the structure of the polynuclear aromatic
component, and one of the 9-H protons undergoes a
strong shielding effect by the opposite aromatic compo-
nent. We have shown that the bathochromic shift of the
fluorenophanes originated from the transannular inter-
action between two aromatic components. The fluo-
renophane compounds in which the fluorene and poly-
nuclear aromatic components are fixed in an appropriate
position exhibit characteristic fluorescence behavior that
might be based on an efficient energy transfer from the
fluorene component to the aromatic component.

Experimental Section

General Methods. All melting points are uncorrectrd. 'H
NMR spectra were recorded at 500 MHz in CDCl; with Me,Si
as internal reference. J values are given in Hz. Mass spectra
were obtained at 75 eV using a direct-inlet system. Column
chromatography was carried out on silica gel (Wako gel, C-300).

Typical Procedure for Coupling Reaction. A solution of
la (7.4 g, 20 mmol) and 2a (6.28 g, 20 mmol) in a mixture of
ethanol and benzene (500 mL) was added dropwise from a
Hershberg funnel with stirring to a refluxing mixture of CsOH
(purity; 80%) (9.84 g, 50 mmol) and NaBH,4 (1.5 g, 40 mmol) in
ethanol (3 L). When the addition was complete (24 h), the
reaction mixture was concentrated and the residue was extracted
with CH.Cl,. The extract was dried over MgSO., concentrated
and chromatographed using 2:1 mixture of chloroform and
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hexane as an eluent to give 5a (5.95 g, 57%) as colorless prisms
(2:1 mixture of chloroform/hexane): mp 195—-196 °C; 'H NMR
0 1.45 (18H, s), 1.58 (2H, s), 3.22 (4H, s), 3.65 (4H, s), 7.04 (2H,
dd,J=15,8.0),7.16 (2H,d, J=1.5), 7.30 (2H, d, 3 = 8.0), 7.49
(2H, d, J = 1.8), 7.57 (2H, d, J = 1.8); MS m/z 522 (M*). Anal.
Calcd for CssH3sS2: C, 80.40; H, 7.34. Found: C, 80.16; H, 7.33.

6a: yield 43%; pale yellow powder (a mixture of chloroform
and hexane); mp 184—187 °C; *H NMR ¢ 1.27 (18H, s), 1.37 (2H,
s), 3.69 (4H, s), 4.95 (4H, s), 6.99 (2H, d, 3 =1.8), 7.41 (2H, d, J
= 1.8), 7.50 (4H, dd, J = 3.0, 6.8), 8.36 (4H, dd, J = 3.0, 6.8);
MS m/z 572 (M*). Anal. Calcd for C3gH40S2: C, 81.76; H, 7.05.
Found: C, 81.55; H, 7.09.

7a: yield 35%; white powder (a mixture of chloroform and
hexane); mp 199—-201 °C; 'H NMR ¢ 1.03 (2H, s), 1.40 (18H, s),
1.49 (18H, s), 2.94 (2H, d, J = 14), 2.98 (2H, d, J = 14), 4.24
(2H, d, 3 =13),4.71 (2H, d, J = 13), 7.22 (2H, d, J = 1.8), 7.42
(2H,d, 3 =1.8), 7.75 (2H, s), 7.87 (2H, d, J = 1.5), 8.17 (2H, d,
J = 1.5); MS m/z 708 (M*). Anal. Calcd for C49Hs6S2: C, 82.98;
H, 7.98. Found: C, 82.84; H, 7.99.

Typical Procedure for Pyrolysis. After oxidation of 5a with
m-chloroperoxybenzoic acid in CH,Cl,, the resultant tetraoxide
(1.60 g, 2.7 mmol) was pyrolyzed at 450 °C under reduced
pressure (0.6 Torr) according to the reported method. The crude
product was dissolved in CH,Cl, and chromatographed with a
1:5 mixture of chloroform and hexane as an eluent, giving crude
5b. Recrystallization from a mixture of chloroform and hexane
afforded 5b (0.50 g, 40%) as colorless prisms: mp 216—218 °C;
1H NMR ¢ —0.69 (1H, d, J = 21), 1.43 (18H, s), 1.61—-1.97 (2H,
m), 2.11 (1H, d, J = 21), 2.61—-3.28 (6H, m), 5.95 (1H, dd, J =
1.5, 8.0), 6.51 (1H, s), 6.70 (1H, d, 3 = 8.0), 7.07 (1H, d, I = 1.5),
7.12 (1H,d,J =1.5),7.28 (1H,dd, J = 1.5, 8.0), 7.54 (1H, d, J
=1.8),7.58(1H,d, J=1.8), 7.76 (1H, s), 7.83 (1H, d, J = 8.0);
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MS m/z 458 (M*). Anal. Calcd for CssHsg: C, 91.63; H,8.37.
Found: C, 91.46; H, 8.38.

6b: yield 25%; pale yellow needles (ethanol); mp 210—215 °C;
IH NMR 6 —1.59 (1H, d, J = 21), 1.43 (18H, s), 1.83 (1H,d, J =
21), 2.27-2.33 (2H, m), 3.15—-3.20 (2H, m), 3.49—3.55 (2H, m),
4.26—4.31 (2H, m), 6.38 (2H, dd, 3 = 3.2, 6.8), 6.93 (2H, dd, J =
3.2,6.8), 7.13 (2H, d, J = 1.8), 7.23 (2H, d, J = 1.8), 7.61 (2H,
dd, 3 = 3.2, 6.8), 8.53 (2H, dd, J = 3.2, 6.8); MS m/z 508 (M™).
Anal. Calcd for CagHaso: C, 92.06; H, 7.94. Found: C, 91.92; H,
7.98.

7b: yield 40%; colorless prisms (ethanol); mp 230—234 °C; 'H
NMR 6 —0.80 (1H, d, J = 21), 1.13 (9H, s), 1.38 (9H, s), 1.44
(9H, s), 1.61 (1H, d, J = 21), 1.64 (9H, s), 2.84—4.10 (8H, m),
6.39 (1H, s), 7.04 (1H, d, 3 = 1.8), 7.06 (1H, d, J = 1.8), 7.12
(1H,d,J=18),7.24 (1H,d,J=1.8),7.28 (1H,d, J=15),7.36
(1H, d, J =1.5), 7.89 (1H, s), 8.09 (1H, d, J = 1.5), 8.32 (1H, d,
J = 1.5); MS m/z 644 (M"). Anal. Calcd for Cq9Hse: C, 91.23; H,
8.77. Found: C, 91.09; H, 8.82.

X-ray Analysis. Crystal data for 5b: CgsHss, M 458.69,
monoclinic, space group P2i/a (No. 14), a = 19.84(1) A, b =
6.041(5) A, c = 23.58(1) A, o = 90°, p = 107.58(5)°, y = 90°, V =
2693(3) A3, Z = 4, p = 1.13 glcm?3. A total of 6985 unique data
points (Omax = 27.5°) were measured at T = 296.2 K on a Rigaku
AFCT7R diffractometer (Mo Ko radiation; A = 0.7107 A). Numer-
ical absorption correction was applied (« = 0.63 mm~1). The
structure was solved by direct methods and refined by the full-
matrix least-squares methods on F with anisotropic temperature
factors for non-hydrogen atoms using the TeXsan package. The
final R and Rw values are 0.0758 and 0.0429 for 1428 reflections
with | > 3.00(l) and 354 parameters.
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