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The first supramolecular poly(taco complex) was formed in
the solid state as shown by X-ray analysis.

The field of non-covalent polymers or supramolecular poly-
mers, a topic of great current interest, is being explored by
scientists all over the world.1 Among reported non-covalent
polymers, many have been based on host–guest complexations,
especially pseudorotaxane-type complexations.1a,1g,1j In 1999,
we first reported that bis(5-hydroxymethyl-1,3-phenylene)-
32-crown-10 (1) formed a taco (or folded sandwich-type)
complex with N,NA-dimethyl-4,4A-bipyridinium bis(hexafluor-
ophosphate) (2) in the solid state.2 However up to now, no non-
covalent polymers based on taco complex-type structures have
been published. Here we report the first non-covalent poly(taco
complex).

2 and its derivatives have been used to construct many host–
guest complexes.2,3 Recently we made its novel urethane
derivative, N,NA-bis[b-(phenyliminocarbonyloxy)ethyl]-4,4A-
bipyridinium bis(hexafluorophosphate) (3). Acetone solutions
of 2 with bis(m-phenylene)-32-crown-10 (4)4 and 3 with 4 are
yellow because of the charge transfer between the electron-rich
aromatic rings of the crown ethers and the electron-poor
pyridinium rings of the guests. A Job plot5 (Fig. 1) based on
proton NMR data demonstrated that the complex between 3 and
4 was of 1 : 1 stoichiometry in acetone solution. Our previous
study showed that the complex between 2 and 4 also has 1 : 1
stoichiometry.2 Two solutions containing 2 and 3, respectively,
with 4 were characterized by proton NMR (Fig. 2). It was found
that the chemical shift changes of hydrogens on crown ether 4
were the same for the two complexations, yielding the same
apparent association constant, 5.5 (± 0.8) 3 102 M21 at 1.00
mM initial concentrations of host and guest.‡

Single crystals of 3·4 for X-ray analysis were grown from an
equimolar solution of 3 and 4 in a mixture of acetone and
chloroform (2.5 : 1). As shown by its crystal structure (Fig. 3),§
just like 2·1,2 3·4 is stabilized by C–H…O and face-to-face p-
stacking interactions between both phenylene rings of 4 and the
pyridinium rings of 3. However there are some apparent

differences. Firstly, 2·1 is stabilized by three hydrogen bonds
between the guest and host, while 3·4 has six hydrogen bonds
between the guest and host. What is more important is that four
of six hydrogen bonds of 3·4 involve N-methylene hydrogens,
which usually are not involved in hydrogen bonding with the
host. One example reported up to now is the pseudorotaxane
based on bis(p-phenylene)-34-crown-10.7 Secondly, face-to-
face p-stacking interactions are different in 2·1 and 3·4; the
dihedral angle and the centroid–centroid distance between two
crown aromatic rings change from 6.9° and 7.39 Å to 3.2° and
6.898 Å, respectively. This latter distance is very short. Even in
a pseudorotaxane-like complex based on a cryptand and 2, the
corresponding value is 6.94 Å.2

In the solid state, the complex is arranged linearly to form a
non-covalent taco complex supramolecular polymer (Fig. 4).
The stabilization forces between complex monomers are two
direct hydrogen bonds, eight indirect hydrogen bonds, and face-
to-face p-stacking interactions. Each PF6

2 counterion acts as a
hydrogen bonding bridge to stabilize the non-covalent polymer

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b3/b302682e/

Fig. 1 Job plot: the stoichiometry of the complex between 3 and 4 in
CD3COCD3 solution using data for H2 of 4. [4]c is the concentration of
complexed 4. [3]0 + [4]0 = 2.00 mM.

Fig. 2 1H NMR spectra (400 MHz, CD3COCD3, 22 °C) of (a) 1.00 mM 2
and 1.00 mM 4, (b) 1.00 mM 3 and 1.00 mM 4, (c) 1.00 mM 4.

Th is journa l i s © The Roya l Soc ie ty of Chemist ry 20031480 CHEM. COMMUN. , 2003, 1480–1481

D
O

I: 
10

.1
03

9/
b

30
26

82
e



by connecting one guest by three hydrogen bonds and the next
one by one hydrogen bond. The N–Hs of the urethane moiety

are involved in bifurcated H-bonds with the PF6
2, which also

H-bonds with the a-pyridyl protons of 3. The dihedral angle and
centroid–centroid distance between neighbouring crown ether
aromatic rings are 3.2° and 3.765 Å.

In summary, we prepared the first supramolecular poly(taco
complex) as shown by its crystal structure. In the structure,
hydrogen bonding of the PF6 counterions with the urethane
linkages of guest 3 play a key role. We plan to prepare the
poly(taco complex) from the corresponding covalent polyure-
thane.

This work was supported by the National Science Foundation
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Notes and references
‡ 1H NMR characterizations were done on solutions with constant [4] and
varied [3]. Based on these NMR data, D0, the difference in d values for
protons of 4 in the uncomplexed and fully complexed species, was
calculated by using the Benesi–Hildebrand method.6 Then Ka was
calculated from Ka = (D/D0)[4]0/{{[4]02 (D/D0)[4]0}{[3]02 (D/D0)[4]0}}.
Errors are based on a 5% variation in D/D0 values. We found that apparent
association constants Ka for these systems are concentration dependent so it
is necessary to specify initial concentrations.
§ Crystal data: blade, orange, 0.05 3 0.18 3 0.45 mm3,
C62H80F12N4O16P2, FW 1427.26, monoclinic, space group C2/c, a =
10.594(1), b = 22.508(3), c = 28.391(5) Å, b = 99.557(7)°, V =
6675.9(16) Å3, Z = 4, Dc = 1.420 g cm23, T = 100 K, m = 1.68 cm21,
11912 measured reflections, 6103 independent reflections, 436 parameters,
F(000) = 2984, R1 = 0.1859, wR2 = 0.2262 (all data), R1 = 0.1275, wR2
= 0.2019 [I > 3s(I)], max. residual density 1.02 e Å23, max./min.
transmission 0.992/0.890, and goodness-of-fit (F2) = 0.9604. Non-
hydrogen atoms were treated anisotropically and hydrogen atoms were
placed in calculated positions. 3366 reflections were used in refinements by
full-matrix least-squares on F2. The structure was solved by direct methods
using SIR8 and refined by full-matrix least squares, using CRYSTALS.9
CCDC 205087. See http://www.rsc.org/suppdata/cc/b3/b302682e/ for crys-
tallographic files in .cif or other electronic format.

1 The term “supramolecular polymer” was defined in L. Brunsveld, B. J. B.
Folmer, E. W. Meijer and R. P. Sijbesma, Chem. Rev., 2001, 101,
4071–4098; A. Ciferri, Macromol. Rapid Commun., 2002, 23, 511–529;
J.-M. Lehn, Polym. Int., 2002, 51, 825–839. Some recent publications: (a)
N. Yamaguchi, D. S. Nagvekar and H. W. Gibson, Angew. Chem., Int.
Ed., 1998, 37, 2361–2364; (b) U. Michelsen and C. A. Hunter, Angew.
Chem., Int. Ed., 2000, 39, 764–767; (c) A. K. Dutta, T. Ho, L. Zhang and
P. Stroeve, Chem. Mater., 2000, 12, 1042–1048; (d) A. T. ten Cate and R.
P. Sijbesma, Macromol. Rapid Commun., 2002, 23, 1094–1112; (e) P. A.
Gale, K. Navakhun, S. Camiolo, M. E. Light and M. B. Hursthouse, J.
Am. Chem. Soc., 2002, 124, 11228–11229; (f) S. Kiyonaka, K. Sugiyasu,
S. Shinkai and I. Hamachi, J. Am. Chem. Soc., 2002, 124, 10954–10955;
(g) H. W. Gibson, N. Yamaguchi, L. Hamilton and J. W. Jones, J. Am.
Chem. Soc., 2002, 124, 4653–4665; (h) S. Schmatloch, M. F. Gonzalez
and U. S. Schubert, Macromol. Rapid Commun., 2002, 23, 957–961; (i)
J. H. K. K. Hisrschberg, A. Ramzi, R. P. Sijbesma and E. W. Meijer,
Macromolecules, 2003, 36, 1429–1432; (j) H. W. Gibson, N. Yamaguchi
and J. W. Jones, J. Am. Chem. Soc., 2003, 125, 3522–3533.

2 W. S. Bryant, J. W. Jones, P. E. Mason, I. A. Guzei, A. L. Rheingold, D.
S. Nagvekar and H. W. Gibson, Org. Lett., 1999, 1, 1001–1004.

3 Reviews: H. W. Gibson in Large Ring Molecules, Ed. J. A. Semlyen,
John Wiley & Sons, New York, 1996, pp. 191–262; F. M. Raymo and J.
F. Stoddart, Chem. Rev., 1999, 99, 1643–1664; E. Mahan and H. W.
Gibson in Cyclic Polymers, 2nd edn., Ed. A. J. Semlyen, Kluwer
Publishers, Dordrecht, 2000, pp. 415–560. Some recent publications(a) J.
W. Jones, L. N. Zakharov, A. L. Rheingold and H. W. Gibson, J. Am.
Chem. Soc., 2002, 124, 13378–13379; (b) M. Belohradsky, A. M.
Elizarov and J. F. Stoddart, Coll. Czech. Chem. Commun., 2002, 67,
1719–1728.

4 W. S. Bryant, I. A. Guzei, A. L. Rheingold and H. W. Gibson, Org. Lett.,
1999, 1, 47–50.

5 P. Job, Ann. Chim., 1928, 9, 113–203.
6 C. Gong, P. B. Balanda and H. W. Gibson, Macromolecules, 1998, 31,

5278–5289.
7 B. L. Allwood, N. Spencer, H. Shahriari-Zavareh, J. F. Stoddart and D. J.

Williams, J. Chem. Soc., Chem. Commun., 1987, 1064–1066.
8 M. C. Burla, M. Camalli, G. Cascarano, C. Giacovazzo, G. Polidori, R.

Spagna and D. Viterbo, J. Appl. Crystallogr., 1989, 22, 389–393.
9 D. J. Watkin, C. K. Prout, J. R. Carruthers, P. W. Betteridge and R. I.

Cooper, CRYSTALS, Issue 11), Chemical Crystallography Laboratory,
University of Oxford, Oxford, 2000.

Fig. 3 Ball–stick (a) and cartoon (b) representations of 3·4. (a) Oxygens are
green, 3 is blue, and 4 is red. Two acetone molecules, two PF6

2 ions, and
hydrogens, except the ones involved in hydrogen bonding, have been
omitted for clarity. Hydrogen-bonding parameters: C–O distances (Å)
3.114, 3.252, 3.254; H…O distances (Å) 2.281, 2.489, 2.584; C–H…O
angles (°) 140.8, 133.5, 124.0. Face-to-face p-stacking parameters:
centroid–centroid distances (Å) and dihedral angles (°) 3.936 and 5.2, 4.196
and 7.7. The dihedral angle and the centroid–centroid distance between two
crown aromatic rings (° and Å): 3.2 and 6.898. (b) 3 is blue and 4 is red.

Fig. 4 Ball–stick (a) and cartoon (b) representations of 3·4 packing
structure. (a) Fluorines and hydrogens are blue, nitrogens are green,
phosphoruses are black, and oxygens are magenta. Six acetone molecules
and hydrogens, except the ones involved in hydrogen bonding, have been
omitted for clarity. Hydrogen-bonding parameters: N(C)–F(O) distances
(Å) 3.460, 3.368, 3.337, 3.465, 3.281; H…F(O) distances (Å) 2.514, 2.416,
2.384, 2.539, 2.374; N(C)–H…F(O) angles (°) 157.0, 157.0, 167.1, 169.5,
149.2. Face-to-face p-stacking interaction between complex monomers:
centroid–centroid distances (Å) and dihedral angles (°) 3.765 and 3.2. (b) 3
molecules are blue, 4 molecules are red, and PF6

2 counterions are green.
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