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Abstract

Cyclophane-type bis-calix[4]arenes were synthesized very efficiently using quadruple cycloadditive
macrocyclization as a key reaction and their conformational studies were carried out by solution NMR
experiments and X-ray crystallography. © 2000 Elsevier Science Ltd. All rights reserved.
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Three-dimensional macrocycles (3D-macrocycles) play an essential role in supramolecular
chemistry1 and it is very important to develop efficient synthetic pathways toward them. We
have envisioned a new pathway for 3D-macrocycles by using quadruple cycloadditive macro-
cyclization (QCM)2 as a key step (Scheme 1). Compound 1 is a bis-dipolarophile with a
calixarene, cyclodextrin, or porphyrin moiety and compound 2 is a bis-dipole with nitrile oxide
functionality. Reaction between 1 and 2 may give very efficiently 3D-macrocycle 3 in a one-pot
procedure if the required reaction geometry and transition states for QCM are allowed.
Compared to other macrocyclization methods, this modular QCM approach has several
advantages: (1) few steps and good overall yields; (2) excellent stereoselectivity due to the
well-defined transition state of [3+2] dipolar cycloaddition; (3) accessibility to structural diversity
by changing bis-dipole and bis-dipolarophile components.

Calix[4]arenes3 are macrocyclic building blocks constructed from phenols and formaldehydes.
There have been many attempts to design and synthesize receptor molecules with enforced
cavities by using calix[4]arenes as a key structural motif. The representatives are double or
multiple calix[4]arenes4 which are covalently constructed through upper rim–upper rim linkage,5

lower rim–lower rim fashion,6 or noncovalently generated through hydrogen bonding.7 How-
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Scheme 1.

ever, in most cases the yields of bis-calix[4]arenes are very low due to the preference of
intramolecular cross-link to the intermolecular dimerization. We report here an efficient
synthesis of cyclophane-type bis-calix[4]arenes 4 and 5 by using QCM as a key step. Also
reported are the crystal structure of compound 4, and NMR studies for the solution conforma-
tion of calix[4]arenes. To our knowledge, there is no precedent for the synthesis of bis-
calix[4]arenes by using QCM as a key reaction.

Synthetic routes for the bis-calix[4]arenes 4 and 5 are shown in Scheme 2. N-Acryloylation
and N-propiolation of the diamine 68 afforded the bifunctional dipolarophiles 7 and 8,
respectively. Cycloadditions between the dihydroximoyl chloride 92 and compound 7 in the
presence of triethylamine in ethanol then provided the bis-calix[4]arene 4 in 27% isolated yield,
which corresponds to a 72% yield per cycloaddition. Similarly, the bis-calix[4]arene 5 was
prepared by cycloadditions between compounds 8 and 9 in 26% yield. Both bis-calix[4]arenes 4
and 5 were prepared in only two steps from diamine 6 in 21% overall yield. In the case of the
imino bis-calix[4]arenes recently reported by us,5f the isolated yield of bis-calix[4]arene from
terephthaldehyde was 19%. Therefore this QCM method is comparable to the condensation
method for macrocycles with the para-related (terephthaldehyde based) linkers. The structures
of bis-calix[4]arenes 4 and 5 were identified by elemental analysis, mass spectroscopy, IR, UV,
1H, and 13C NMR.9 Full characterization data of bis-calix[4]arenes 4 and 5 suggest that these
compounds are quadruple cycloadducts between terephthaldinitrile oxide and the corresponding
bifunctional dipolarophiles 7 and 8, respectively.

The 1H NMR spectra of bis-calix[4]arenes 4 and 5 were temperature dependent (Fig. 1). The
signals for the aromatic protons of the substituted aromatic rings (ArHsub) are shifted downfield
as the temperature decreases, whereas the aromatic protons of the unsubstituted aromatic rings
(ArHunsub) are shifted upfield. Furthermore, bis-calix[4]arene 4 showed a remarkable solvent
dependence of signal patterns for the aromatic protons of the calix[4]arene. From these
phenomena we speculate that bis-calix[4]arenes 4 and 5 are conformationally mobile. To
investigate the possibility of the pinched cone conformation,10 we determined the distances
between the equatorial proton of the methylene group of the calix[4]arene and the two
neighboring aromatic protons by using the initial rate approximation11 through NOESY
spectroscopy. We found that all of the bifunctional dipolarophiles and bis-calix[4]arenes 4 and
5 have the pinched cone conformation in the solution state. Bis-calix[4]arene 4 in particular has
a highly distorted pinched cone conformation (Table 1).
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Scheme 2.

To confirm the suggested structure in the solution state and get direct evidence for the pinched
cone conformation, we carried out the X-ray crystallographic study. The X-ray diffraction-grade
single crystals of the bis-calix[4]arene 4 were grown by slow evaporation of DMSO/CHCl3 (1:1
v/v) solution. The X-ray crystal structure9 (Fig. 2) clearly shows the chemical structures of 4
including the relative stereochemistry of the four stereogenic centers and reveals the overall
topological shape with an inversion center (i ) of the bis-calix[4]arene 4. This bis-calix[4]arene is
a nanometer-sized macrocycle (2.2 nm long). In the bis-calix[4]arene 4, two aromatic rings
substituted with amido groups are almost parallel (interplanar angle 16.3°), and the other two
are almost perpendicular (interplanar angle 89.0°) to each other. These interplanar angles
suggest that the bis-calix[4]arene has a highly distorted pinched cone conformation in the
solid-state. These solid-state conformational results are parallel with the solution conformational
data obtained by NMR.



10058

Figure 1. Variable temperature 1H NMR spectra of bis-calix[4]arenes 4 and 5. (a) 1H NMR (500 MHz) spectra of 4
in CDCl3. ArHsub and ArHunsub represent the aromatic protons of the substituted aromatic rings and unsubstituted
rings, respectively. (b) 1H NMR spectrum (300 MHz) of 4 in CDCl3/DMSO-d6 3:2 v/v at 300 K. (c) 1H NMR spectra
(500 MHz) of 5 in CDCl3
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Table 1
The distances (A, ) between the Heq and the neighboring aromatic protons of bis-calix[4]arenes 4 and 5

54bBis-calix[4]arenea

H1 2.522.81–3.53c (2.54–2.64)
H2 2.43 (2.33–2.49) 2.39

a Bis-calix[4]arene 4 was determined in CDCl3/DMSO-d6 1:1 v/v and 5 was determined in CDCl3 at rt.
b The distance obtained from the X-ray crystal structure is in the parenthesis.
c Calculated distance range of four distinct H1 protons.

Figure 2. X-Ray crystal structure of bis-calix[4]arene 4: (a) side view; (b) top view. One dimethyl sulfoxide solvent
molecule and hydrogen atoms are omitted for clarity

In summary, we successfully applied the quadruple cycloadditive macrocyclization to the
synthesis of novel, three-dimensional, cyclophane-type bis-calix[4]arene 4 and 5. Solution NMR
experiments and X-ray crystal study showed that the conformation of cyclophane-type bis-
calix[4]arene to be a pinched cone.
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