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Molecules capable of recognizing one or more identical
copies of themselves can be employed for the noncovalent
synthesis[1] of supermolecules and/or supramolecular arrays.
Indeed, self-replicating systems,[2] self-assembling capsules,[3]

and supramolecular polymers[4, 5] have all been developed
successfully by employing appropriate self-complementary
molecules as precursors. Consequently, we contemplated the
possibility of synthesizing receptor molecules incorporating
mechanically interlocked[6] components by modifying the
design of some [2]catenanes[7] such that they acquire receptor
characteristics. These [2]catenanes incorporate a 1,5-dioxy-
naphthalene-based macrocyclic polyether component inter-
locked with cyclobis(paraquat-4,4'-biphenylene)[8] and are
able to bind[7] p-electron-deficient and p-electron-rich sub-
strates. These recognition phenomena have already been
exploited in the synthesis of a ªrotacatenaneº[7b] composed of
a 1,5-dioxynaphtho[38]crown-10 moiety interlocked with
cyclobis(paraquat-4,4'-biphenylene)[8] and with a third acyclic
polyether component containing a 1,5-dioxynaphthalene ring
system threaded through the cavity of the bipyridinium-based
cyclophane and stoppered by bulky groups.

To generate self-complementary [2]catenanes, we have
lengthened and introduced some flexibility into the spacers
separating the bipyridinium units in the tetracationic cyclo-
phane component. By inserting a 2,6-bis(oxymethyl)pyridine
unit between the two phenylene rings of the 4,4'-bitolyl
spacers, the size of the cavity associated with cyclobis(para-
quat-4,4'-biphenylene) can be enlarged and enriched with
hydrogen bonding acceptorsÐnamely, the nitrogen and oxy-
gen atoms of the 2,6-bis(oxymethyl)pyridine unit. Here, we
report the template-directed synthesis of a self-complemen-
tary [2]catenane and the formation of a supramolecular
homodimer composed of two mutually interpenetrating
[2]catenanes both in solution and in the solid state.

Reaction of 1 ´ 2 PF6 and 2[9] in the presence of the 1,5-
dioxynaphthalene-based macrocyclic polyether 3 gives the
[2]catenane 4 ´ 4 PF6 in 18 % yield after counterion exchange
(Scheme 1), together with small amounts of a [3]catenane
incorporating one tetracationic cyclophane and two macro-
cyclic polyether components.

Scheme 1. The template-directed synthesis of the [2]catenane 4 ´ 4 PF6.
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The X-ray structural analysis[10] of 4 ´ 4 PF6 reveals that the
macrocyclic polyether encircles one of the bipyridinium units
of the tetracationic cyclophane (Figure 1). The structure is

Figure 1. a) Ball-and-stick and b) space-filling representations of one of
the supramolecular dimers formed by the [2]catenane 44� in the solid state.
One of the [2]catenanes is made up of the components colored green and
yellow, and the other of the components colored red and mauve.

stabilized by p ´ ´ ´ p stacking interactions between the bipyr-
idinium unit and the 1,5-dioxynaphthalene ring systems.[11]

The only other interactions of note are a pair of CÿH ´´´ O
hydrogen bonds between one of the methylene hydrogen
atoms adjacent to the ªinsideº bipyridinium unit and the
polyether oxygen atoms.[12] The most interesting feature of
this [2]catenane is the open conformation adopted by the
cyclophane component. As a consequence, there is a large
central void between the inside 1,5-dioxynaphthalene ring
system and the ªalongsideº bipyridinium unit, which are
separated by about 14 �. This void becomes occupied as a
result of the mutual interpenetration of centrosymmetrically
related pairs of [2]catenanes to form a supramolecular
homodimer. The resulting superstructure is stabilized by
p ´ ´ ´ p stacking interactions between 1) the alongside 1,5-
dioxynaphthalene ring system of one [2]catenane and the
alongside bipyridinium unit of the other, and between 2) one
of the phenoxy rings adjacent to the inside bipyridinium unit

in one [2]catenane and one of the pyridyl spacers in the other,
and vice versa.[13] These noncovalent bonds are supplemented
by a CÿH ´´´ p interaction between one of the peri hydrogen
atoms of the alongside 1,5-dioxynaphthalene ring system in
one [2]catenane and one of the phenoxy rings adjacent to the
alongside bipyridinium unit of the other.[14] The inside pair of
1,5-dioxynaphthalene ring systems are aligned parallel, but
offset, such that there is no p ´ ´ ´ p overlap. However, there are
a pair of CÿH ´´´ p interactions between one of the b-
methylene hydrogen atoms associated with the inside 1,5-
dioxynaphthalene ring system of one [2]catenane and the
inside 1,5-dioxynaphthalene
ring system of the other, and
vice versa.[15] Pairs of dimers
form stepped stacks with the
alongside bipyridinium unit of
one dimer positioned parallel,
but offset, to its counterpart in
the next. The area of overlap
is small but the interplanar
separation short (ca. 3.4 �).

The 1H NMR spectrum of
4 ´ 4 PF6 (Figure 2 a; T�
185 K, (CD3)2CO) shows only
one signal for the a-protons
aHa of the alongside bipyridin-
ium unit, indicating that the
rotation of this unit around its
N ´´ ´ N axis is fast on the
1H NMR time scale. By con-
trast, the rotation of the inside
bipyridinium unit around its
N ´´ ´ N axis and that of the
inside 1,5-dioxynaphthalene
ring system around its O ´´´ O
axis are slow. As a result, the
a-protons iHa of the inside
bipyridinium unit give rise to
two sets of signals in the
1H NMR spectrum (Fig-
ure 2 a). Upon warming of
the solution, one or both
processes become fast on the
1H NMR time scale, and the
two sets of signals for iHa

coalesce into one (Fig-
ure 2 b, c). With the coales-
cence treatment[16] a free en-
ergy of activation DG 6�

c of
9.3 kcal molÿ1 was calculated
at a coalescence temperature Tc of 195 K. Upon a further
increase in temperature, the circumrotation of the tetraca-
tionic cyclophane through the cavity of the macrocyclic
polyether becomes fast. As a result, the two sets of signals
for aHa and iHa coalesce into one (Figure 2 d ± g). A DG 6�

c

value of 13.5 kcal molÿ1 was determined at a Tc of 288 K. At
185 K the circumrotation of the macrocyclic polyether
through the cavity of the tetracationic cyclophane becomes
slow and two distinct signals are observed (Figure 3 a) for the

Figure 2. Portion of the
1H NMR spectra of the [2]cate-
nane 4 ´ 4PF6 recorded in
(CD3)2CO at a) 185, b) 195,
c) 208, d) 252, e) 274, f) 288,
and g) 309 K. The limiting fre-
quency separation Dn for the two
signals associated with the pro-
tons iHa in a) is 62 Hz, and the
derived rate constant kc at the
coalescence temperature is
82 sÿ1. For the two signals asso-
ciated with the protons aHa and
iHa in c), Dn� 143 Hz and kc�
317 sÿ1.
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2,6-protons aH-2/6 and iH-2/6
of the alongside and inside 1,5-
dioxynaphthalene ring sys-
tems, respectively. Upon
warming of the solution, this
process becomes fast and the
two signals coalesce into one
(Figure 3 b, c). A DG 6�

c value
of 9.2 kcal molÿ1 was deter-
mined at a Tc of 188 K.

As a result of the formation
of a supramolecular homo-
dimer, the 1H NMR spectra
of 4 ´ 4 PF6 (T� 185 K,
(CD3)2CO) showed concen-
tration dependence. The ob-
served change in chemical
shift Dd0 of the signal associ-
ated with the protons aHa

(Figure 2 a) was followed by
varying the concentration c
from 3� 10ÿ2 to 3� 10ÿ3m.
An association constant Ka of

20mÿ1 (ÿDG8� 1.1 kcal molÿ1) for the dimerization process
was determined[17] by nonlinear curve fitting of the plot of Ddo

against c.
Thus, we have established that the [2]catenane 4 ´ 4 PF6

forms a homodimeric superstructure both in solution and in
the solid state as a result of a combination of intercatenane
p ´ ´ ´ p and CÿH ´´´ p interactions. This homodimer is com-
posed of a total of four macrocyclic components held together
by two mechanical bonds and a range of cooperative non-
covalent bonds. The intriguing recognition properties of this
novel class of [2]catenane receptors offers the potential for
the design and synthesis of even more intricate molecular and
supramolecular systems incorporating interlocked compo-
nents. This remarkable and unique example of self-recogni-
tion is reminiscent of the dimerization of certain glycopep-
tides whose antibiotic activity is promoted upon self-recog-
nition.[18]

Experimental Section

4 ´ 4PF6: A solution of 1 ´ 2PF6
[9] (0.28 g, 0.3 mmol), 2 (0.15 g, 0.3 mmol),

and 3 (0.59 g, 0.9 mmol) in dry MeCN (25 mL) was stirred for 14 d at
ambient temperature. The solvent was evaporated off under reduced
pressure and the residue was purified by column chromatography (SiO2,
2m NH4Cl/MeOH/MeNO2 (7/2/1, v/v/v)). The resulting purple solid was
dissolved in H2O and a large excess of NH4PF6 was added. The resulting
precipitate was isolated by filtration, washed with H2O, and dried to afford
4 ´ 4PF6 as a purple powder (12 mg, 18 %). M.p.> 200 8C; FAB-MS: m/z :
2018 [MÿPF6]� , 1872 [Mÿ 2 PF6]� , 1728 [Mÿ 3 PF6]� ; 1H NMR
(400 MHz, CD3CN, 25 8C): d� 8.76 (8 H, br s), 7.71 ± 7.52 (16 H, m), 7.49
(2H, t), 7.24 (4H, d), 7.10 (8 H, br s), 6.57 (4H, t), 6.37 (8H, d), 5.72 (8 H, s),
5.09 (8H, s), 3.92 ± 3.71 (32 H, m); 13C NMR (125.7 MHz, CD3CN, 25 8C):
d� 160.6, 157.1, 154.0, 145.5, 132.9, 132.2, 130.1, 126.7, 126.2, 121.8, 116.7,
113.8, 106.1, 72.0, 71.7, 71.6, 70.9, 68.9, 65.3.

Received: August 13, 1999 [Z 13875]

[1] a) D. Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1242 ± 1286;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1155 ± 1196; b) M. C. T. Fyfe,
J. F. Stoddart, Acc. Chem. Res. 1997, 30, 393 ± 401; c) M. C. T. Fyfe, J. F.
Stoddart, Adv. Supramol. Chem. 1999, 5, 1 ± 53.

[2] a) G. von Kiedrowski, Bioorg. Chem. Front. 1993, 3, 113 ± 146; b) J.
Rebek, Jr., Angew. Chem. 1990, 102, 261 ± 272; Angew. Chem. Int. Ed.
Engl. 1990, 29, 245 ± 255; c) S. Hoffmann, Angew. Chem. 1992, 104,
1032 ± 1035; Angew. Chem. Int. Ed. Engl. 1992, 31, 1013 ± 1016;
d) L. E. Orgel, Nature 1992, 358, 203 ± 209; e) E. A. Winter, M. M.
Conn, J. Rebek, Jr., Acc. Chem. Res. 1994, 27, 198 ± 203; f) L. E. Orgel,
Acc. Chem. Res. 1995, 28, 109 ± 118; g) S. Kauffman, Nature 1996, 382,
496 ± 497; h) D. H. Lee, K. Severin, M. R. Ghadiri, Curr. Opin. Chem.
Biol. 1997, 1, 491 ± 496; i) A. Luther, R. Brandsch, G. von Kiedrowski,
Nature 1998, 396, 245 ± 248.

[3] a) J. L. Atwood, K. T. Holman, J. W. Steed, Chem. Commun. 1996,
1401 ± 1407; b) L. R. MacGillivray, J. L. Atwood, Nature 1997 389,
469 ± 472; c) M. M. Conn. J. Rebek, Jr., Chem. Rev. 1997, 97, 1647 ±
1668; d) R. G. Chapman, J. C. Sherman, Tetrahedron 1997, 53, 15911 ±
15945; e) L. J. Barbour, G. W. Orr, J. L. Atwood, Nature 1998, 393,
671 ± 673; f) J. Rebek, Jr., Acc. Chem. Res. 1999, 32, 278 ± 286; g) A.
Jasat, J. C. Sherman, Chem. Rev. 1999, 99, 931 ± 967.

[4] a) P. R. Ashton, I. Baxter, S. J. Cantrill, M. C. T. Fyfe, P. T. Glink, J. F.
Stoddart, A. J. P. White, D. J. Williams, Angew. Chem. 1998, 110,
1344 ± 1347; Angew. Chem. Int. Ed. 1998, 37, 1294 ± 1297; b) P. R.
Ashton, I. W. Parsons, F. M. Raymo, J. F. Stoddart, A. J. P. White, D. J.
Williams, R. Wolf, Angew. Chem. 1998, 110, 2016 ± 2019; Angew.
Chem. Int. Ed. 1998, 37, 1913 ± 1916; c) N. Yamaguchi, D. S. Nagvekar,
H. W. Gibson, Angew. Chem. 1998, 110, 2518 ± 2520; Angew. Chem.
Int. Ed. 1998, 37, 2361 ± 2364; d) N. Yamaguchi, H. W. Gibson,
Angew. Chem. 1999, 111, 195 ± 199; Angew. Chem. Int. Ed. 1999, 38,
143 ± 147.

[5] a) K. Hirotsu, T. Higuchi, K. Fujita, T. Ueda, A. Shinoda, T. Imoto, I.
Tabushi, J. Org. Chem. 1982, 47, 1143 ± 1144; b) J. L. Sessler, A.
Andrievsky, P. A. Gale, V. Lynch, Angew. Chem. 1996, 108, 2954 ±
2957; Angew. Chem. Int. Ed. Engl. 1996, 35, 2782 ± 2785; c) A. Zanotti-
Gerosa, E. Solari, L. Giannini, A. Chiesa-Villa, C. Rizzoli, Chem.
Commun. 1996, 119 ± 120; d) M. Dimitrius, A. Terzius, A. W. Cole-
man, C. de Rango, Carbohydr. Res. 1996, 282, 125 ± 135; e) I. Baxter,
A. Ben-Haida, H. M. Colquhoun, P. Hodge, F. H. Kohnke, D. J.
Williams, Chem. Commun. 1998, 2213 ± 2214.

[6] For books and reviews on molecules incorporating interlocked
components, see a) J.-C. Chambron, C. O. Dietrich-Buchecker, J.-P.
Sauvage, Top. Curr. Chem. 1993, 165, 131 ± 162; b) H. W. Gibson,
M. C. Bheda, P. T. Engen, Prog. Polym. Sci. 1994, 19, 843 ± 945;
c) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725 ± 2828;
d) M. Belohradsky, F. M. Raymo, J. F. Stoddart, Collect. Czech. Chem.
Commun. 1996, 61, 1 ± 43; e) M. Belohradsky, F. M. Raymo, J. F.
Stoddart, Collect. Czech. Chem. Commun. 1996, 61, 527 ± 557; f) M.
Fujita, K. Ogura, Coord. Chem. Rev. 1996, 148, 249 ± 264; g) R. Jäger,
F. Vögtle, Angew. Chem. 1997, 109, 986 ± 988; Angew. Chem. Int. Ed.
Engl. 1997, 36, 930 ± 944; h) S. A. Nepogodiev, J. F. Stoddart, Chem.
Rev. 1998, 98, 1959 ± 1976; i) M. Fujita, Acc. Chem. Res. 1999, 32, 53 ±
61; j) D. A. Leigh, A. Murphy, Chem. Ind. 1999, 178 ± 183; k) G. A.
Breault, C. A. Hunter, P. C. Mayers, Tetrahedron 1999, 55, 5265 ± 5293;
l) Molecular Catenanes, Rotaxanes and Knots (Eds.: C. O. Dietrich-
Buchecker, J.-P. Sauvage), Wiley-VCH, Weinheim, 1999 ; m) F. M.
Raymo, J. F. Stoddart, Chem. Rev. 1999, 99, 1643 ± 1664.

[7] a) D. B. Amabilino, P. R. Ashton, V. Balzani, S. E. Boyd, A. Credi,
J. Y. Lee, S. Menzer, J. F. Stoddart, M. Venturi, D. J. Williams, J. Am.
Chem. Soc. 1998, 120, 4295 ± 4307; b) D. B. Amabilino, P. R. Ashton,
J. A. Bravo, F. M. Raymo, J. F. Stoddart, A. J. P. White, D. J. Williams,
Eur. J. Org. Chem. 1999, 1295 ± 1302.

[8] a) P. R. Ashton, S. Menzer, F. M. Raymo, G. K. H. Shimizu, J. F.
Stoddart, D. J. Williams, Chem. Commun. 1996, 487 ± 490; b) M.
Asakawa, P. R. Ashton, S. Menzer, F. M. Raymo, J. F. Stoddart, A. J. P.
White, D. J. Williams, Chem. Eur. J. 1996, 2, 877 ± 893.

[9] The bis(hexafluorophosphate) salt 1 ´ 2 PF6 was prepared by treating
the dibromide 2 with 4,4'-bipyridine. The dibromide 2 was synthesized
in three steps by 1) allowing methyl 4-hydroxybenzoate to react with
2,6-bis(hydroxymethyl)pyridine ditosylate (tosylate� toluene-4-sul-
fonate), 2) reducing the ester groups, and 3) brominating the resulting
hydroxymethyl groups.

Figure 3. Portion of the 1H NMR
spectra of the [2]catenane 4 ´
4PF6 recorded in (CD3)2CO at
a) 185, b) 190, and c) 208 K. The
limiting frequency separation Dn

for the two signals associated
with the protons aH2/6 and iH2/6 in
a) is 37 Hz, and the derived rate
constant kc at the coalescence
temperature is 82 sÿ1.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2000, 39, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0570-0833/00/3901-0151 $ 17.50+.50/0 151

[10] Crystal data for 4 ´ 4 PF6: [C98H98N6O14][PF6]4 ´ 4 MeCN ´ 2.5H2O, Mr�
2373.0, triclinic, space group P1Å (no. 2), a� 13.567(1), b� 17.762(2),
c� 24.924(3) �, a� 74.41(1), b� 87.72(1), g� 73.23(1)8, V�
5534.5(9) �3, Z� 2, 1calcd� 1.424 g cmÿ3, m(CuKa)� 15.8 cmÿ1,
F(000)� 2458, T� 193 K; red rhombs, 0.56� 0.35� 0.32 mm, Siemens
P4 rotating anode diffractometer, graphite-monochromated CuKa

radiation, w scans, 16246 independent reflections. The structure was
solved by direct methods. The major-occupancy non-hydrogen atoms
of the [2]catenane and of the hexafluorophosphate counterions, as
well as the full-occupancy non-hydrogen atoms of the included solvent
molecules, were refined anisotropically (the others isotropically) using
full-matrix least squares based on F 2 to give R1� 0.096, wR2� 0.243
for 9537 independent observed reflections (jFo j> 4s(jFo j ), 2q� 1208)
and 1507 parameters. Crystallographic data (excluding structure
factors) for the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-132674. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.
ac.uk).

[11] The mean interplanar separations between the inside and alongside
1,5-dioxynaphthalene ring systems and the inside bipyridinium unit
are 3.37 and 3.32 �, respectively.

[12] The C ´´´ O and H ´´´ O distances and the CÿH ´´´ O angles are 3.29 �,
2.38 �, 1588 and 3.30 �, 2.44 �, 1488, respectively.

[13] The mean interplanar separations between the interacting 1,5-
dioxynaphthalene and bipyridinium units and between the phenoxy
and pyridyl rings are 3.42 and 3.67 �, respectively.

[14] The H ´´´ p distance and the CÿH ´´´ p angle are 2.95 � and 1398.
[15] The H ´´´ p distance and the CÿH ´´´ p angle are 2.77 � and 1328.

CÿH ´´´ p interactions of this type have been observed previously; see,
for example, a) M. Asakawa, P. R. Ashton, W. Hayes, H. M. Janssen,
E. W. Meijer, S. Menzer, D. Pasini, J. F. Stoddart, A. J. P. White, D. J.
Williams, J. Am. Chem. Soc. 1998, 120, 920 ± 931; b) P. R. Ashton, S. E.
Boyd, A. Brindle, S. J. Langford, S. Menzer, L. PeÂrez-García, J. A.
Preece, F. M. Raymo, N. Spencer, J. F. Stoddart, A. J. P. White, D. J.
Williams, New J. Chem. 1999, 23, 587 ± 602.

[16] I. O. Sutherland, Annu. Rep. NMR Spectrosc. 1971, 4, 71 ± 235.
[17] K. A. Connors, Binding Constants, Wiley, New York, 1987.
[18] a) J. P. Waltho, D. H. Williams, J. Am. Chem. Soc. 1989, 111, 2475 ±

2480; b) M. Schäfer, T. R. Schneider, G. M. Sheldrick, Structure 1996,
4, 1509 ± 1515; c) P. J. Loll, A. E. Bevivino, B. D. Korty, P. H. Axelsen,
J. Am. Chem. Soc. 1997, 119, 1516 ± 1522; d) G. M. Sheldrick, E.
Paulus, L. VeÂrtesy, F. Hahn, Acta Crystallogr. Sect. B 1995, 51, 89 ± 98;
e) M. Schäfer, E. Pohl, K. Schimdt-Bäse, G. M. Sheldrick, R.
Hermann, A. Malabarba, M. Nebuloni, G. Pelizzi, Helv. Chim.
Acta 1996, 79, 1916 ± 1924; f) D. H. Williams, B. Bardsley, Angew.
Chem. 1999, 111, 1264 ± 1286; Angew. Chem. Int. Ed. 1999, 38, 1172 ±
1193.


