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The 'iT-'iT interaction between polycyclic arenes and the effects of 
orientation were studied in [2.2)-, [3.3)-, and [3.2)naphtha
lenophanes, (2)naphthaleno[2)paracyclophanes, and syn- and anti
[2.2)(2,7J.fluorenophane by electron absorption and emission spec
troscopy as well as by optically detected magnetic resonance (ODMR) 
of the excited triplet state. The 'iT-'iT interaction in the excited singlet 
and triplet state was found to be highest if a maximal number of six
membered rings of the interacting arenes in a parallel orientation 
are completely eclipsed. Similarly, the n-'iT interaction between the 
nonbonding nitrogen electron pair and the aromatic 'iT electrons was 
investigated in isomeric etheno-bridged naphthalenopyridinophanes 
and an anthracenopyridinophane; in these pyridinophanes, the pyr
idine rings are fixed perpendicularly above different sites of the 
naphthalene and anthracene units, respectively. 

T HE CHARACfERISTIC FEATURE OF BENZENE AND POLYCYCLIC ARENES is 
the 'iT-electron system. The overlapping 2pz orbitals on each sp2-hybridized 
carbon center generate an electron cloud over and under a planar hydro
carbon skeleton. This electronic structure favors intermolecular interactions 
between arenes in a face-to-face geometry (Figure 1). In an electronically 
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Figure 1. Electronic interactions of arenes. 

excited state, the binding 11"-11" interaction leads to the fonnation of excited 
dimers or complexes, which are called excimers or exciplexes, respectively 
(1-4). The electronic ground state usually is attractive only if some charge 
transfer is induced between electron-donor and electron-acceptor systems 
(5). A similar n-1I" interaction between a non bonding nitrogen electron pair 
and aromatic 11" electrons is involved in the fonnation of amine-arene ex
ciplexes (6-8) and in the photoreduction of arenes by amines (9, 10). 

The classic example for the 11"-11" electron interaction between polycyclic 
arenes is the pyrene excimer (11). Upon UV excitation of a 10 - 5 M pyrene 
solution, the structured fluorescence of monomeric pyrene molecules is 
mainly observed. The increase of the concentration to 10-3 M diminishes 
the monomeric fluorescence, and a new broad and completely structureless 
excimer band appears, which is red-shifted by 5000-6000 cm -1. This phe
nomenon can be explained through potential curves of the electronic ground 
state and the excited singlet state (1, 12). The spectroscopic shift between 
the fluorescence of the excimer and the monomer depends on the depth of 
the potential well in the excited state; that is, the red shift is proportional 
to the binding energy of the excimer. 

Figure 2 raises the question of how the electronic interaction depends 
on the orientation. For instance, three different orientations are shown for 
the naphthalene excimer (Figure 2a). In the amine-anthracene exciplex 
(Figure 2b), the nitrogen can be located over one of the outer six-membered 
rings or over the inner six-membered ring of anthracene. At the bottom of 
Figure 2b, an orientation is shown in which the nitrogen is located directly 
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Figure 2. Effect of orientation on the electronic interactions of arene excimers 
(a), amine-a rene excipleres (b), and charge-transfer complexes (c). 

over the central naphthalene 'it' bond. Orientation is also important in charge
transfer complexes (Figure 2c). For the complex, which consists of donor 
and acceptor substituted benzene derivatives, the "pseudogeminal" and 
"pseudoortho" orientations can be distinguished (13). To investigate these 
orientational dependencies, we and other groups have synthesized cyclo
phanes (14, 15) in which two aromatic units are immovably arranged by rigid 
carbon skeletons in different face-to-face orientations. In this chapter, the 
'it'-'IT electron interaction between polycyclic arenes and the effects of ori
entation are discussed for [2.2]-, [3.3]-, and [3.2]naphthalenophanes (1-12), 
isomeric [2]naphthaleno[2]paracyclophanes (13-15), and syn- and anti
[2.2](2,7)Huorenophane (17 and 18) (see Chart I). 

Similar model compounds of amine-arene exciplexes require rigid skel
etons linking an amine nitrogen and a polycyclic arene in such a manner 
that the non bonding nitrogen electron pair is pointing toward the opposite 
aromatic 'it'-electron system (Figures 1 and 2). However, the nitrogen in
version makes it difficult to locate the electron pair of aliphatic amines. An 
alternative is the perpendicular orientation of an aromatic nitrogen hetero
cycle, such as pyridine, which can interact with an opposite polycyclic arene 
only through its nitrogen electron pair and not through its 'it' electrons. These 
geometric requirements are fulfilled by [2](2,6)pyridino[2]paracyclophan-
1,9-diene (19), which together with the saturated compound (20) has been 
described by Boekelheide and co-workers (16-18). According to dynamic 
1H NMR spectroscopy, the pyridine ring in 20 is Hipping between the two 
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Chart I. Continued. 

identical conformations in which the aromatic units have more or less parallel 
orientations (16, 18). However, for the diene (19), the rectangular geometry 
between pyridine and benzene was found in the crystalline state (17), which 
apparently is also the conformation present in solution (16, 18). Therefore, 
the etheno-bridged naphthaleno- and anthracenopyridinophane systems (21-
24) were selected as model compounds of amine-arene exciplexes. The pairs 
of isomers 21 and 22 and 23 and 24 differ in that the nitrogen lone pair is 
interacting with different sites of the naphthalene or anthracene 1I"-electron 
system. Orientational effects should be detectable in their spectroscopic 
properties. The corresponding ethano-bridged cyclophanes (25-28) are ex
pected to have more parallel aromatic units. If both series of cyclophanes 
are compared spectroscopically, n-1I" and 11"-11" electron interactions might 
become distinguishable. 

naphthalene anthracene 

Experimental Details 

The follOwing cyclophanes were synthesized as described in the literature: achiral 
and chiral [2.2](2,6)naphthalenophane (1 and 2, respectively; 19, 20); achiral and 
chiral [2.2J(I,5)naphthalenophane (3 and 4, respectively; 21); syn- and anti
[2.2](1,4)naphthalenophane (5 and 6, respectively; 22, 23); achiral and chiral 
[3.3](2,6)naphthalenophane (7 and 8, respectively; 24); [3.3J(I,5)(2,6)naphtha
lenophanes (9 and 10, respectively; 24); syn- and anti-[3.2J(I,4)naphthaleno
phane (11 and 12, respectively; 25); isomeric [2](1,4)-, (2)(1,5)-, and 
[2J(2,6)naphthaleno[2Jparacyclophane (13, 14, and IS, respectively; 26); syn- and 
anti-[2.2J(2,7)fluorenophane (17 and 18, respectively; 27); isomeric [2](1,4)- and 
[2J(I,5)naphthaleno[2J(2,6)pyridinophane-I,1l-diene (21 and 22, respectively; 28, 
29); isomeric [2J(I,4)- and [2](1,5)naphthaleno[2](2,6)pyridinophane (25 and 26, re
spectively; 28, 29); [2](1,4)anthraceno[2J(2,6)pyridinophane-l,13-diene (23; 30); and 
[2J(1,4)anthraceno[2J(2,6)pyridinophane (27; 30). 

UV spectra were obtained with a Varian spectrometer (Cary 15 and 17). Fluo
rescence, phosphorescence spectra, and the zero-field splitting parameters D and E 
of the triplet state were determined at 1. 3K with an apparatus (31) for optical detection 
of magnetic resonance (ODMR) which was similar to the one described by Zuclich 
et al. (32). 
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Results and Discussion 

[2.2]-, [3.3]-, and [3.2]Naphthalenophanes. In the series of the 
[2.2]-, [3.3]-, and {3.2]naphthalenophanes (1-12), each structure type formed 
a pair of two stereoisomers (syn- and anti-isomers or diastereomers): The 
naphthalenophanes, linked at the naphthalene l,4-positions by two ethano 
bridges or one ethano and one propano bridge, were obtained as syn-isomers 
5 and 11 and anti-isomers 6 and 12 (23, 25). The naphthalene units overlap 
in 5 and 11 with both six-membered rings and in 6 and 12 with only one 
six-membered ring. Two ethano or two propano bridges at the naphthalene 
2,6- or 1,5-positions generated the achiral isomers 1,3, and 7, in which the 
naphthalene units are completely eclipsed, and the chiral isomers 2, 4, and 
8, in which the naphthalene units are crossed by about 40° (19-21 . 24). 
Especially interesting are the {3.3](1.5)(2.6)naphthalenophanes (9 and 10). 
which contain one 1.5- and one 2.6-bridged naphthalene unit: Two diaster
eomers are formed (24) in which the naphthalene units are slightly and 
strongly crossed (crossing angles are about 40° in 9 and about 80° in 10). In 
syn- and anti-[3.2](1,4)naphthalenophane (11 and 12). the planes of the 
naphthalene units are inclined to each other by about 15° because the two 
bridges have different lengths. 

Figure 3 shows the result of the X-ray structural analysis (33) of the 

Figure 3. Molecular structure (33) of the achiral [2.2](1.5)naphthalenophane 
(3). 
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achiral [2.2](l,5)naphthalenophane (3). The naphthalene units are consid
erably deformed. The transannular distance varies from 2.8 A between the 
bridged naphthalene carbons in the l,5-positions up to 3.6 A between the 
naphthalene carbons in the 3,7 -positions. Certainly some contribution of the 
deformation on the electronic absorption and emission spectra have to be 
considered which cannot be separated easily from the pure electronic effects. 
In this regard, the less strained [3.3]naphthalenophanes are presumably the 
better models. 

Compared with the monomeric dimethylnaphthalenes, the electronic 
absorption spectra of the naphthalenophanes exhibit bathochromic shifts 
together with the appearance of new bands and the loss of vibronic structure 
(19-25). As an example, Figure 4 shows the UV absorption spectra of 1, 2, 

6 

f 

5 

4 

3 

2 

/ 
i 

/ 
1 

220 240 260 280 300 320 340 360 380 
Mnm) 

Figure 4a. UV absorption spectra of 1, 2, and 2,6-dimethylnaphthalene in 
cyclohexane. The spectrum of 1 is shifted by 0.5 ordinate unit, and that of2 
is shifted by 1 ordinate unit. (Reproduced with pennissionfrom reference 20. 

Copyright 1983 VCR Verwgsgesellschaft) 
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Figure 4b. UV absorption spectra of 7, 8, and 2,6-dimethylnaphthalene in 
cyclohexane. The spectrum of 7 is shifted by 0.5 ordinate unit, and that of 8 
is shifted by 1 ordinate unit. (Reproduced with permission from reference 24. 

Copyright 1981 VCH Verlagsgesellschaft) 

7, 8, and 2,6-dimethylnaphthalene (19, 20, 24). In the case of the 
[2.2](2,6)naphthalenophanes, the achiral isomer 1 exhibits a stronger bath
ochromic shift and hence a stronger 'IT-'IT electronic interaction than the 
chiral isomer 2, which has crossed naphthalene units. However, in the case 
of the [3.3](2,6)naphthalenophanes, this differentation is not so clear, even 
though the spectra of 7 and 8 resemble those of 1 and 2. 

In the emission spectra (31, 34, 35), the orientational effects are differ
entiated much more clearly (Figure 5). At 1.3 K, monomeric 2,6-dimethyl
naphthalene emits a sharply structured fluorescence from the excited singlet 
state 5 I; however, only structureless red-shifted bands, typical of excimers 

and dimers, appear in the case of naphthalenophanes 1, 2, 7, and 8. The 
fluorescence red shift of excimers relative to the monomer, as mentioned 
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Figure 5. Fluorescence (F) and phosphorescence (P) of 2,6-dimethylnaphtha
lene and naphthalenophanes 1, 2, 7, and 8 in octane or methylcyclohexane 
(MCH c < 10-3 maUL) at 1.3 K. In the fluorescence of 7, contamination by 
8 apparently causes the shoulder at 23,700 em-I, which is not observed in the 

emission of crystals of7 (31). 
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earlier, is proportional to the excimer binding energy in the excited singlet 
state (1, 12). In both pairs of naphthalenophanes (1, 2 and 7, 8), the fluo
rescence red shift is found to be stronger for the achiral isomers 1 and 7, 
which have eclipsed naphthalene units. Phosphorescence, the emission from 
the excited triplet state TI, is also observed. The vibronic structure is partly 
retained, and the phosphorescence red shifts are much smaller than those 
found in the fluorescence (36-38). However, the same gradation between 
isomers 1, and 7, 8 is observed as in the fluorescence. 

The excited triplet state TI is characterized by two unpaired electrons 
and is accessible to further experimental investigations because of its longer 
lifetime and magnetic property. As a consequence of the dipole-dipole in
teraction between the two unpaired electrons, the excited triplet state T I is 
split into three sublevels, T., T~, T., even in the absence of an external 
magnetic field. This zero-field splitting is described by two parameters, D 
and E (39). D is inversely proportional to the cube of the average distance 
between the two triplet electrons and is a sensitive measure for their average 
distance. As shown by the D values for benzene (0.16 cm -I), naphthalene 
(0.10 em-I), and anthracene (0.07 em-I), the D parameter decreases with 
increasing size of the 1T-electron system. This relationship is found because 
the dipole-dipole and Coulombic repulsion causes the triplet electrons to 
separate as far as possible. E depends on the symmetry of the electron-spin 
distribution in the triplet state, but it is not considered in this context. In 
the case of the cyclophanes, the reduction of the D parameter relative to 
the monomeric aromatic unit can be used as an additional measure for the 
electronic interaction in the excited triplet state (31, 34-38). For molecules 
that emit phosphorescence, the zero-field splitting parameters D and E of 
the excited triplet state can be determined by ODMR. In principle, ODMR 
is a double-resonance experiment between UV light and microwaves (31, 
40). 

The fluorescence and phosphorescence red shifts and the reduction of 
the D parameters of naphthalenophanes 1-12 relative to the corresponding 
dimethylnaphthalenes are summarized in Table I. If the pairs of stereoiso
mers are compared (and only these should be compared), the isomer with 
completely eclipsed naphthalene units always has the strongest fluorescence 
red shift and hence the strongest bonding 1T-1T interaction in the excited 
Singlet state. A small rotation by about 40° to crossed orientations of the 
naphthalene units decreases the red shifts from 5500 to 3450 em -I, from 
7000 to 6300 cm -I, and from 6200 to 5200 cm -I for the diastereomeric 
[2.2](2,6)naphthalenophanes (1 and 2), [2.2](1,5)naphthalenophanes (3 and 
4), and [3.3](2,6)naphthalenophanes (7 and 8), respectively. However, in the 
case of the [3.3](1,5)(2,6)naphthalenophanes (9 and 10), the fluorescence red 
shift increases from 3500 cm -I (in 9) to 3900 cm -I (in 10) if the crossing 
angle between the naphthalene units is increased from about 40° to about 
80°. Apparently, the potential surface of the excited Singlet state possesses 
a second minimum for a geometry in which the naphthalene units are strongly 
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Table I. Fluorescence and Phosphorescence Red Shifts and Reductions of the 
Zero-Field Splitting Parameter IDI of Cyclophanes in Dilute Vitreous Solutions at 

1.3 K 

Structure 
Red Shiftb (em -I) 

Reduction' 
Number Matrix· Fluorescence Phosphorescence (010) 

1 MCH 5500 ± 200 2100 ± 100 29 
2 MCH 3450 ± 200 300 ± 100 8 
3d PMMA' 7000 ± 200 2800 ± 100 24 
4d PMMA' 6300 ± 200 1750 ± 100 11 
7 MCH 6200 ± 200 2450 ± 300 33 
8 MCH 5200 ± 200 400 ± 100 12 
9 MCH 3500 ± 200 400 ± 100 9 
10 MCH 3900 ± 200 1150 ± 100 15 
5 MCH 7250 ± 200 3000 ± 200 43 
6 MCH 5600 ± 200 1400 ± 100 10 
11 MCH 7400 ± 200 2100 ± 100 36 
12 MCH 5900 ± 200 1300 ± 100 10 
13 MTHF 2500 ± 200 1900 ± 100 21 
14 MTHF 1800 ± 200 1450 ± 100 6 
15 MTHF 1200 ± 200 800 ± 100 9 
18 MTHF 2600 ± 300 700 ± 200 7.8 
17 MTHF 3900 ± 300 1100 ± 200 13.8 

NOTE: Data for 1-12 are relative to the corresponding monomeric dimethylnaphthalenes; data 
for 13, 14, and 15 are relative to 1,4-, 1,5-, and 2,!KIimethylnaphthalene, respectively; and 
data for 17 and 18 are relative to 2,7-dimethylfluorene. 
'MCH is methylcyclohexane, PMMA is poly(methyl methacrylate), and MTHF is 2-methyl
tetrahydrofuran. Concentrations of the compounds in these matrices were <10- 3 mollL. 
hTIte red shifts are given between fluorescence maxima and phosphorescence ()-+O transitions. 
'Reductions of IDI are given as [(IDI_ -IDIJ/IDI_l x 100. 
"'The structural assignments of 3 and 4 are reversed in reference 35; because of the X-ray 
structure of3 (Figure 3) and 'H NMR spectroscopy at 360 MHz, the original wrong assignments 
were revised (21). 
'The fluorescence red shifts of 3 and 4 in MCH are 7700 ± 200 cm - , and 5500 ± 200 cm - I, 

respectively. 
SOURCE: Data are taken from references 31 and 34-38. 

crossed. However, this second minimum is higher in energy than the po
tential well in which the two naphthalene units are fully eclipsed. Theoretical 
investigations of the naphthalene excimer have predicted exactly such a 
potential surface with a second minimum of higher energy in which the 
naphthalenes are crossed by about 70° (41-43). 

As shown by the fluorescence red shifts of the syn- and anti-isomers of 
[2.2]- and [3.2]{1,4)naphthalenophane (5, 6 and 11, 12, respectively), the 
1T-1T electronic interaction in the excited singlet state is also diminished by 
a translation so that the overlap of the naphthalenes is reduced from two to 
only one six-membered ring. The small angle, by which the naphthalene 
planes in II and 12 are inclined to each other because of the different lengths 
of the two bridges, apparently has only a minor effect on the excited singlet 
state. 
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For the excited triplet state, the phosphorescence red shifts and the 
reductions of the D parameter show a similar orientational dependence. As 
in the excited singlet state, the 1T-1T electronic interaction decreases if the 
naphthalenes are rotated from fully eclipsed to slightly crossed orientations, 
and it increases again to about one-half of the original amount if the rotation 
proceeds to strongly crossed orientations. However, this behavior is in sharp 
contrast with calculations. According to calculations, the naphthalene triplet 
excimer should be stabilized by the rotation discussed and by an inclination 
so that the naphthalenes in the direction of their short axes are no longer 
coplanar (41). The stabilization due to inclination seems to be disproved by 
11 and 12, in which the angle of inclination is estimated to be 15°. 

[2]Naphthaleno[2]paracyclophanes. In the naphthalenophanes 
discussed so far, two arenes of the same kind were interacting. To investigate 
the electronic 1T-'7T interaction between arenes that durer in their electronic 
excitation energies, the structurally isomeric [2]naphthaleno[2]paracyclo
phanes (13-15) were selected as exciplex models. The para-disubstituted 
benzene ring is oriented differently over the naphthalene unit linked by the 
ethano bridges at the 1,4-, 1,5-, and 2,6-positions for 13, 14, and 15, re
spectively. The spectroscopic comparison of 13 and 14 seemed to be espe
cially interesting in respect to orientational effects: In 13, formally only one 
six-membered ring of the naphthalene is overlapping with the opposite ben
zene, whereas in 14 (and also in 15), the entire naphthalene unit is involved 
in the interaction. On the other hand, in 13, the 2p. orbitals of the benzene 
carbon atoms are located directly opposite to the corresponding naphthalene 
carbon orbitals; therefore, the transannular overlap between these pairs of 
opposite 2p. orbitals is maximal. However, as shown by the molecular struc
ture (33) in Figure 6, the carbon atoms of benzene and naphthalene are 
staggered in 14 (and also in 15). Consequently, the transannular overlap of 
the single carbon 2P. orbitals between benzene and naphthalene is expected 
to decrease. 

In 15, the orbital overlap between benzene and naphthalene is restricted 
additionally by steric constraints: Because 15 formally is generated by con
necting both ends of the shorter p-xylene and the longer 2,6-dimethylnaph
thalene, a "bow" and a "bowstring" must be formed. The X-ray structures 
of 15 and its corresponding diene (16) confirm this expectation; the structures 
show almost planar benzene rings and extremely bent naphthalene units 
(44). Thus, relative to 13 and 14, the electronic interaction in 15 is expected 
to be smaller, whereas the extreme deformation might cause further signif
icant spectroscopic effects. Especially because the diene (16) now can be 
prepared in reasonable yields, the properties of these highly strained com
pounds are being studied in more detail (44). 

The results of emission spectroscopy and the ODMR measurements of 
13-15 are summarized in Table I (31). Relative to the corresponding 1,4-, 
1,5-, and 2,6-dimethylnaphthalenes, the fluorescence and phosphorescence 
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Figure 6. Molecuwr structure (33) of (2](1,5)naphthalen[2]paracyclophane 
(14). 
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red shifts of 13-15 decrease in the order 13 > 14 > 15. This sequence 
means that both in the excited singlet and triplet states, the electronic 'IT-

11" interaction between benzene and naphthalene is highest if, as in 13, the 
carbon atoms of benzene and naphthalene are eclipsed to enable maximal 
overlap between each pair of opposite carbon 2p. orbitals (36). In contrast 
with the order of the phosphorescence red shifts, 15 exhibits a stronger 
reduction of the D parameter than 14. The extreme deformation of the 
naphthalene unit in 15 might be responsible for an additional reduction of 
the D parameter (45). 

Compared with the [2.2]naphthalenophanes (1-6), the fluorescence red 
shifts of the naphthalenoparacyclophanes 13-15 are much smaller, whereas 
the phosphorescence red shifts are about the same magnitude (Table I). 
Especially interesting is the comparison between 13 and 6, which have 
comparable structures with 1,4-disubstituted benzene and naphthalene 
units, respectively. Whereas the fluorescence red shift of naphthalenopar
acyclophane 13 is less than one-half of that for naphthalenophane 6, the 
phosphorescence of 13 has a 500-cm -1 larger red shift. Apparently, in 13, 
the excited triplet state is additionally lowered in energy by contributions 
of configuration interaction with higher excited states and/or by charge
transfer terms (31). In agreement with an additional energy decrease through 
charge-transfer terms, the reduction of the D parameter in 13 relative to 
1,4-dimethylnaphthalene is 21%, which is more than twice as large as the 
10% reduction for 6 (31, 46). 

syn- and anti-[2.2](2,7}Fluorenophane. As a further example to 
study the orientational dependence of the 'IT-'lT interaction between poly
cyclic arenes, syn- and anti-[2.2](2,7)fluorenophane (17 and 18) were syn
thesized (27). Because of the five-membered ring, the 2,7 -substituents of 
fluorene form an angle of 155°. This geometry causes the fluorene units to 
be eclipsed in the syn-isomer (17) and staggered in the anti-isomer (18). As 
shown by the molecular structure of 18 (Figure 7), the fluorene units are 
considerably bent outward. Therefore, the transannular distances in the 
central region of the molecule are unusually large (3.63 A between the planes 
of the five-membered rings). The transannular overlap between the carbon 
2pz orbitals should be significant mainly in the neighborhood of the bridges. 
From the projection at the bottom of Figure 7, the staggered arrangement 
of the fluorene carbon atoms is evident. Because the carbon atoms and their 
2pz orbitals must be eclipsed in the syn-isomer (17), a larger 11"-11" interaction 
is expected for the syn-isomer (17) than for the anti-isomer (18). 

The emission spectroscopy and ODMR measurements summarized in 
Table I for 17 and 18 confirm these expectations (the spectra are shown in 
references 37 and 38). According to the fluorescence red shifts of 3900 and 
2600 cm -1, the electronic interaction in the excited singlet state is larger in 
the syn-isomer (17) than in the anti-isomer (18). As was already observed in 
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-------3.83-- ___ _ 

Figure 7. Molecular structure of anti-[2.2](2,7)fluorenophane (18). (Repro
duced with pennission from reference 27. Copyright 1985 VCH Verlagsge

sellschaft) 

the case of the naphthalenophanes, the 'iT-'iT interaction in the excited triplet 
state Tl is considerably smaller than in the excited singlet state S 1 (36-38); 
however, the orientational dependence of the electronic interaction is similar 
in both excited states. 

By reaction with n-butyllithium, 17 and 18 can be converted into the 
red syn- and anti-[2.2](2,7)8uorenophane dianions in which the electron
rich 9-8uorenyl anions are the interacting arenes (27). A second example of 
such double-layered dianions, the [2.2](4,7)indenophane dianion, has been 
described recently (47). 

N aphthalenopyridinophanes and Anthracenopyridino
phanes. As model compounds for amine-arene eXciplexes, isomeric 
[2](1,4)- and [2](I,5)naphthaleno[2](2,6)pyridinophane-l,1l-diene (21 and 
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22), and for comparison the corresponding saturated naphthalenopyridino
phanes (25 and 26) were synthesized (28, 29). IH NMR and X-ray structural 
analysis indicated that the etheno bridges in 21 and 22 indeed enforce the 
required rectangular geometry between naphthalene and pyridine (28). Ac
cording to the X-ray structural analysis (Figure 8, middle), 22 exhibits rect
angular geometry; it has an interplanar angle of 87° for one of the two 
independent molecules in the unit cell. Because of packing, this angle is 65° 
for the second molecule (Figure 8, right). On the other hand, for the cor
responding cyclophane (26) linked by ethano bridges. interplanar angles of 
24° and 29° are observed in the two independent molecules of the unit cell 
(Figure 8, left). Because of these different conformations, n-1T interaction is 
expected to exist exclusively in the etheno-bridged naphthalenopyridino
phanes (21 and 22), whereas 1T-1T interaction should be dominant in the 
ethano-bridged compounds (25 and 26). 

This difference in the electronic interaction and strong orientational 
effects are indicated by the electronic absorption and emission spectra of the 
two pairs of isomers (21, 22 and 25, 26). In the UV spectra (Figure 9), the 
two dienes (21 and 22) exhibit enormous bathochromic shifts relative to the 
monomeric dimethylnaphthalenes and 2.6-dimethylpyridine. The absorp
tion edge for the yellow 22 is shifted 50 nm to longer wavelengths than for 
the colorless 21. This difference is due only to the different location of the 
nitrogen electron pair: In the first case it is directly over the central naph
thalene 1T bond, and in the second case it is over the electronic hole in the 
center of a naphthalene six-membered ring. The ethano-bridged cyclophanes 
(25 and 26) also show absorptions shifted to longer wavelengths, but 
on the whole the bathochromic shifts observed for the 1T-1T interaction are 
much smaller than for the n-1T interaction. 

In the fluorescence emission at 1.3 K (Figure 10), these differences are 

1:' 24.3 AND 29.3° 86.7° 64.5 ° 

Figure 8. Molecular structures of [2](1,5)naphthaleno[2](2,6)pyridinophane-
1,1l-diene (22, two independent molecules, middle and right) and 
[2](1,5)naphthaleno[2](2,6)pyridinophane (26, left). The interplanar angles 
between naphthalene and pyridine are given for each pair of the two inde
pendent molecules 22 and 26 in the unit cells. (Reproduced with permission 

from reference 28. Copyright 1985 VCH Verlagsgesellschaft) 
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Figure 10. Emission spectra of 1,5-dimethylnaphthalene, 21, 22, 25, and 26 
in n-octane (c < 10 -3 mollL) at 1.3 K. (Reproduced with permission from 

reference 28. Copyright 1985 VCH Verlagsgesellschaft) 
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even more pronounced. Compared with the structured fluorescence of the 
corresponding dimethylnaphthalenes, the ethano-bridged cyclophanes (25 
and 26) possess fluorescence red shifts of21oo and 3900 cm -I, respectively. 
Compared with the naphthalenophanes (1-12), these values correspond to 
1f-1f interactions of moderate size. 

The red shifts observed for the etheno-bridged cyclophanes (21 and 22) 
are much stronger; they reach 6500 cm -1 in 21 and the enormous value of 
10,500 cm -1 in 22. Fluorescence red shifts of this magnitude usually are 
observed only in charge-transfer complexes between donor- and acceptor
substituted arenes (46). The spectroscopic difference of 4000 cm - J between 
the isomers 21 and 22 corresponds to about 11 kcallmol (47 kJ Imol). Because 
no phosphorescence could be detected for all the naphthalenopyridino
phanes, the excited triplet states could not be investigated by ODMR tech
niques (48). 

In the case of the anthracene compounds, so far we could synthesize 
only [2](l,4)anthraceno[2](2,6)pyridinophane-l,13-diene (23) and the corre
sponding ethano-bridged compound (27); in both of these compounds, pyr
idine is arranged over an outer anthracene ring (30). Therefore, a comparison 
of nitrogen over an outer anthracene ring, as in 23, with nitrogen over the 
inner anthracene ring, as in 24, is not yet possible. However, anthraceno
pyridinophane 23 can be compared with naphthalenopyridinophane 21, both 
of which have the same geometric arrangement of the nitrogen lone pair 
over the center of an aromatic six-membered ring. Relative to 1,4-dimethyl
anthracene, the fluorescence of 23 is red-shifted by 4500 + 500 cm -I (the 
spectra are shown in reference 30). This red shift is considerably less than 
the red shift of 6500 + 300 cm- J for the fluorescence of21 relative to 1,4-
dimethylnaphthalene (28). Actually, a priori, one could have expected the 
reverse order for 21 and 23 because anthracene is a much better electron 
acceptor than naphthalene; thus, a charge transfer from the occupied non
bonding nitrogen orbital to the lowest unoccupied molecular orbital of an
thracene should be preferred. 

An explanation of the experimental result is attempted by adapting a 
bonding model that preViously has been used by Colpa et al. (36) to describe 
the excimer-type 1f-1f bonding in cyclophanes. According to this model, the 
bonding in the excited singlet state between naphthalene (29) or anthracene 
(30) and an amine nitrogen, which is located over the center of an aromatic 
six-membered ring, can be described by <r-type bonds between the nitrogen 
orbital and the six carbon 2p. orbitals (Figure II). Then, the total bond 
density (dt "") is the sum of these six contributions, which again are described 
by a product of two quantities, P ij and F ij' The quantity P ij is essentially 
geometric quantity (36) and therefore should be identical or very similar in 
the naphthalene and anthracene exciplex models (21 and 23, respectively). 
The quantity F ij is the charge or electron density, that is, the probability of 
finding an electron on each single center. As an approximation (36), the spin 
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densities of the naphthalene and anthracene radical anions are used; these 
can be calculated (49, 50) or determined experimentally (51-53). As shown 
in Table II, the spin density in the I-position of naphthalene is twice as 
large as that of anthracene; in addition, the spin density in the 2-position of 
naphthalene is also larger than that of anthracene. Therefore, in comparison 
with 21, a smaller total bond density d, n ... in the excited singlet state and 
hence a smaller fluorescence red shift are predicted for the anthracenopyr
idinophane (23); these predictions are in accordance with the experimental 
results. On the other hand, the very high spin density in the anthracene 
9,1O-positions should cause a strong exciplex bond if the nitrogen electron 
pair is located over the inner anthracene ring. For [2](9,10)anthra
ceno[2](2,6)pyridinophane-l,I3-diene (24), which is the isomer of 23 and 
could not yet be synthesized, a fluorescence red shift that is larger than that 
for 23 and presumably exceeding that for 21 is predicted . 

...... N'.,.. 
o 

Figure 11. Bonding model for amine-a rene exciplexes. 

Table II. Calculated Spin Densities for the Radical Anions 
(Cations) of Naphthalene and Anthracene 

n cl
• p. 

Naphthalene 
1 0.181 0.222 
2 0.069 0.047 
9 0 -0.037 

Anthracene 
1 0.097 0.118 
2 0.048 0.032 
9 0.193 0.256 
11 0.008 -0.028 

NOTE: n is the position of the carbon in naphthalene or anthracene 
(see Structure 29 or 30, respectively); c· .. is the HM 0 (Huckel molecular 
orbital) spin denSity, which is the square of the LCAO (linear com
bination of atomic orbitals) coefficient of the sing!e-occupied HMO til. 
at the center n (49); and p. is the McLachlan spin density (50). 
SOURCE: Reproduced with pennission from reference 30. Copyright 
1986 Verlag der Zeitschrift flir Naturforschung. 
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Conclusions 

The orientation of interacting aromatic 1T-electron systems strongly influ
ences the extent of the electronic interaction. The investigations of 
naphthalenophanes (1-12), naphthalenoparacyclophanes (13-15), and fluo
renophanes (17-18) indicate that in the excited singlet state, as well as 
in the excited triplet state, the 1T-'IT interactions between two arenes are 
the highest if their planes are parallel and the maximal number of their six
membered rings are completely eclipsed. This geometry enables maximal 
overlap between the single pairs of carbon 2P. orbitals located directly op
posite each other. Similarly, the n-1T interaction in the amine-arene exciplex 
models (21-23), in which the nitrogen electron pair is pointing toward ar
omatic 1T-electron systems, is determined by the overlap between the lone
pair orbital and each of the carbon 2p. orbitals involved. A simple model 
using the spin densities of aromatic radical anions is useful to predict the 
n-1T interactions in the amine-arene exciplexes. 
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