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Abstract

In the crystal structures of [36](1,2,3,4,5,6)cyclophane 1 and the 1:TCNQ (1:1) complex, the cyclophane
moiety is observed as the D6h structure because of the disorder of the molecules with C6h symmetry. In
contrast, the C6h structure is observed in the crystals of the 1:TCNQ-F4 (1:1) complex, and the complex
shows an alternating donor–acceptor stacking with partial donor–acceptor overlap. © 2000 Elsevier
Science Ltd. All rights reserved.
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In previous papers, we have reported the synthesis and conformational behavior of a pinwheel
molecule with six blades, [36](1,2,3,4,5,6)cyclophane 1.1 The variable temperature 1H NMR
study of 1 in toluene-d8 indicates the rapid flipping of the six bridges at room temperature, and
the molecule is frozen to a C6h conformer below ca. −70°C.1b The barrier for the flipping process
between two degenerate C6h conformers is 10.9 kcal/mol. Ab initio MO calculations also predict
the C6h conformer as the most stable structure.2,3 Our group2 and Schleyer et al.3 independently
proposed a stepwise flipping process, where the trimethylene bridge changes their conformation
step-by-step via several intermediates (Scheme 1). An alternative synchronous mechanism
involving a D6h symmetric structure as a transition state is ruled out by its high energy (43.5
kcal/mol)3 above 1 (C6h). Thus, the structural properties of 1 in solution have been elucidated,
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but its fundamental structural parameters have not been reported yet because of the difficulty of
its X-ray structural analysis mainly due to the highly symmetrical C6h structure. We describe
here the first crystal structural study of 1 and its charge transfer (CT) complexes with TCNQ
and TCNQ-F4.4

Scheme 1. Two types of inversion mechanisms of the six bridges between degenerate 1(C6h) and 1%(C6h): a stepwise
flipping mechanism and a synchronous mechanism involving a D6h symmetric structure as a transition state

In the crystal structure of the 1–TCNQ–benzene (1:1:1) complex at −190°C, a cyclophane
(donor) and a TCNQ (acceptor) are stacked with the D�A distance being ca. 3.30 A, . The
benzene ring of the cyclophane and the six-membered ring of the TCNQ partially overlap. In the
crystal packing diagram, an alternate D�A stacking is observed, and these D�A columns are
bound to each other by benzene molecules. The short distance (2.64 A, ) between an olefinic
proton of the TCNQ and a benzene ring suggests the presence of a CH-p interaction (Fig. 1).
The cyclophane moiety is observed as a D6h conformer as is the case of free 1 (−180°C, Fig.
2(A)) because of the disorder of molecules with a C6h symmetry. The two neighboring
cyclophane molecules face in an orthogonal position in the crystals of free 1, and this
arrangement is generally observed in the crystal structures of [3n ]cyclophanes (Fig. 2(B)).5,6

Figure 1. The packing of the molecules in the crystal structure of the 1–TCNQ–benzene (1:1:1) complex at −190°C
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Figure 2. The crystal structure of 1 at −180°C: molecular structure (A) and packing of the molecules (B) (hydrogen
atoms are omitted for clarity)

In contrast, the cyclophane moiety of the 1–TCNQ-F4 (1:1) complex takes the C6h structure
in the crystals (Fig. 3). The transannular D�A distance is 3.22 A, and the average transannular
distance between two benzene rings is 2.93 A, (Fig. 4(A)). The overlapping mode of the donor
and acceptor is similar to that of 1–TCNQ (Fig. 4(B)), and this characteristic partial D�A
overlap is interpreted by the orbital interactions of the LUMO of the acceptor and the HOMO
of the donor (Fig. 4(C)). A similar alternating D�A stacking to that of 1–TCNQ is observed in
the crystal packing diagram (Fig. 4(D)). Although comparison of the bond lengths between
experimental data of the complexed 1 and theoretically predicted data of free 1 should be made
carefully, the experimental bond lengths of the benzene rings (1.406–1.415 A, ) are comparable to
those estimated by ab initio MO calculations of 1 (1.414 (B3LYP/DZP)3 and 1.400 A,
(RHF/6-31G)2). Similarly, the Caromatic�Caliphatic (1.520�1.521 A, ) and Caliphatic�Caliphatic bond
lengths (1.541–1.552 A, ) agree well with those expected for the former (1.528 (B3LYP/DZP)3 and
1.527 A, (RHF/6-31G)2) and for the latter (1.562 (B3LYP/DZP)3 and 1.557 A, (RHF/6-31G)2).
The dihedral angle between the C1�C7�C9 and C7�C8�C9 planes is 39.6°, and similar dihedral
angles (37.7 and 38.2°) are observed for other bridges. These values are in good agreement with
those obtained by MO calculations (38.3° by RHF/6-31G) for the C6h structure.2 Thus, the most
stable C6h structure was observed, for the first time, in the crystals of 1–TCNQ-F4. The D6h

structure in the crystals of 1 and its TCNQ complex may result from the presence of the 1(C6h)
and 1%(C6h) conformers (Scheme 1) in a 1:1 ratio in the crystal packing.

In conclusion, we have elucidated the structural parameters of 1 with the C6h symmetry in the
1–TCNQ-F4 (1:1) complex. The cyclophane 1 forms 1:1 CT complexes with TCNQ and
TCNQ-F4 with alternating D�A stacking. The observed partial D�A overlap is suitable for the
efficient HOMO–LUMO orbital interactions. Our present study may be helpful for the
understanding of the CT interactions in the solid state because there have been few reports on
the crystal structures of the intermolecular cyclophane CT complexes with TCNQ.7,8 Our
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Figure 3. The crystal structure of the cyclophane moiety of 1–TCNQ-F4 (1:1) complex at −180°C. Selected bond
lengths (A, ) and angles (°): C1�C2 1.406(2), C2�C3 1.415(2), C3�C4 1.406(2), C4�C5 1.406(2), C5�C6 1.411(2), C1�C7
1.520(2), C7�C8 1.552(3), C8�C9 1.546(3), C9�C4* 1.523(2), C2�C10 1.520(2), C10�C11 1.549(3), C11�C12 1.541(2),
C12�C5* 1.521(2), C3�C13 1.521(2), C13�C14 1.552(3), C14�C15 1.543(3), C15�C6* 1.521(2), C1�C7�C9 and
C7�C8�C9 39.6, C2�C10�C12 and C10�C11�C12 37.7, C3�C13�C15 and C13�C14�C15 38.2. Transannular distances:
C1�C4* 2.934(2), C2�C5* 2.931(2), C3�C6* 2.929(2)

solid-state structural study of a series of multibridged [3n ]cyclophanes and their hetero analogs,
as well as their CT complexes, is now in progress, and the study may lead to the development
of new electron-conducting materials.9
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Figure 4. The crystal structure of the 1–TCNQ-F4 (1:1) complex at −180°C: side view (A), top view (B), HOMO and
LUMO orbitals (C), and crystal packing diagram (D)
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