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Abstract: The template-directed syn-
theses, employing bisparaphenylene-
[34]crown-10 (BPP34C10), 1,5-di-
naphthoparaphenylene-[36]crown-10
(1/5NPPP36C10), and 1,5-dinaphtho-
[38]crown-10 (1/5DNP38C10) as tem-
plates, of three [2]catenanes, whereby
one of the two bipyridinium units in
cyclobis(paraquat-p-phenylene) is re-
placed by a bipicolinium unit, are de-
scribed. The crude reaction mixtures
comprising the [2]catenanes all contain
slightly more of the homologous [3]cat-
enanes, wherein a ™dimeric∫ octacation-
ic cyclophane has the crown ether mac-
rocycles encircling the alternating bipyr-
idinium units with the bipicolinium units
completely unfettered. X-ray crystallog-
raphy, performed on all three [2]cate-
nanes and two of the three [3]catenanes

reveals co-conformational and stereo-
chemical preferences that are stark and
pronounced. Both the [3]catenanes crys-
tallize as mixtures of diastereoisomers
on account of the axial chirality associ-
ated with the picolinium units in the
solid state. Dynamic 1H NMR spectros-
copy is employed to probe in solution
the relative energy barriers for rotations
by the phenylene and pyridinium rings
in the tetracationic cyclophane compo-
nent of the [2]catenanes. Where there
are co-conformational changes that
are stereochemically ™allowed∫, crown

ether circumrotation and rocking pro-
cesses are also investigated for the
relative rates of their occurrence. The
outcome is one whereby the three
[2]catenanes containing BPP34C10,
1/5NPPP36C10, and 1/5DNP38C10 exist
as one major enantiomeric pair of dia-
stereoisomers amongst two, four, and
eight diastereoisomeric pairs of enan-
tiomers, respectively. The diastereoisom-
erism is a consequence of the presence
of axial chirality together with helical
and/or planar chirality in the same
interlocked molecule. These [2]cate-
nanes constitute a rich reserve of new
stereochemical types that might be tap-
ped for their switching and mechanical
properties.

Keywords: chirality ¥ NMR
spectroscopy ¥ stereochemistry ¥
structure elucidation ¥ supramolecular
chemistry

Introduction

During the past 15 years, certain molecular recognition-based,
self-assembly protocols, which have been pioneered by us,[1]

have been employed in the template-directed synthesis[2] of
oligocatenanes, which include among others olympiadane[3]

and a branched [7]catenane.[4] In addition to incorporating
crown ether templates with �-electron-rich aromatic ring
systems, these exotic molecules have captured within them-
selves two different tetracationic cyclophanes, one, a centrally
positioned cyclobis(paraquat-4,4�-biphenylene),[5] and the
other peripherally located cyclobis(paraquat-p-phenylene)s,[6]

both containing a pair of �-electron-deficient bipyridinium
units. These highly ordered interlocked molecules owe their
formation and precise intercomponent geometries to three
different kinds of noncovalent interactions: 1) C�H ¥ ¥ ¥O
interactions[7] between the hydrogen atoms on the encircled
bipyridinium units and the centrally located oxygen atoms in
the polyether loops of the crown ethers, 2) � ¥ ¥ ¥� stacking
interactions[8] between electron-donating dioxybenzene or
dioxynaphthalene ring systems and the electron-accepting
bipyridinium units, and 3) C�H ¥ ¥ ¥� interactions[9] between
appropriately oriented hydrogen atoms on the encircled �-
electron-rich aromatic rings and the faces of the bridging
bitolyl and xylyl spacers in the tetracationic cyclophanes. In
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the case of the much simpler [2]catenane homologues,
replacement of one of the two bipyridinium units with either
a bis(pyridinium)ethylene[10] or diazapyrenium[11] unit results
in the production of nondegenerate interlocked molecules. In
such [2]catenanes, we have demonstrated[10, 11] that the crown
ether components can be moved between the two distinct
recognition sites in the constitutionally unsymmetrical cyclo-
phanes either chemically or electrochemically. This kind of
mechanical switching introduces the possibility of using these
[2]catenanes as controllable, bistable molecular switches.[12±14]

Related mechanical movements between the two macrocyclic
components of [2]catenanes, in which the degeneracy has
been removed from the crown ether by having both tetra-
thiafulvalene and 1,5-dioxynaphthalene ring systems incorpo-
rated as electron donors, can be stimulated electrically in the
setting of solid-state devices.[15] Indeed, electronically recon-
figurable, bistable memory devices have been developed[16] by
sandwiching such switchable [2]catenanes as monolayers
between Ti/Al and polysilicon electrodes.

Following another line of reasoning for the construction of
artificial molecular machinery,[17] we have recently synthe-
sized and characterized a molecular-level abacus based on a
[2]rotaxane that can be operated both electrochemically and
photochemically.[18] In this particular [2]rotaxane, the dumb-
bell-shaped component is endowed with a photoactive
stopper at one end and a slippage stopper,[19] with reference
to a tailored ring component, for example, bisparaphenyl-
ene[34]crown-10 (BPP34C10), at its other end. The thermo-
dynamically controlled assembly of the rotaxane was achieved
with the aid of two �-electron-deficient recognition sites,
provided by bipyridinium and bipicolinium units, for match-
ing with two �-electron-rich hydroquinone rings in
BPP34C10. Spectroscopic studies, along with electrochemical
investigations, indicated that the stable translational isomer is
the one with the BPP34C10 ring encircling the sterically and
electronically more attractive planar bipyridinium unit rather
than the nonplanar bipicolinium one. Photoinduced electron
transfer from the photoactive stopper to the bipyridinium
unit, which possesses the lower reduction potential, destabil-
izes its noncovalent bonding interactions with BPP34C10. In
the presence of a sacrificial electron donor to reduce the
incipiently oxidized stopper, this destabilization results in the
BPP34C10 ring being displaced from the bipyridinium unit to
the bipicolinium unit. This research demonstrated the ease
with which a bistable molecular switch can be assembled in a
modular fashion using a collection of readily available
building blocks.

In a parallel set of experiments, we have been exploring the
consequences of replacing one of the bipyridinium units in the
cyclobis(paraquat-p-phenylene) component of the donor/
acceptor catenanes with a bipicolinium unit. In addition to
BPP34C10, we have employed the crown ethers, 1,5-dinaph-
tho[38]crown-10[20] (1/5DNP38C10) and 1,5-naphthoparaphe-
nylene[36]crown-10[21] (1/5NPPP36C10) as templates to be
mechanically interlocked by the modified, nondegenerate
tetracationic cyclophane. Here, we report on 1) the synthesis,
with BPP34C10, 1/5NPPP36C10, and 1/5DNP38C10 as the
templates, of three [2]catenanes where the tetracationic
cyclophane component contains both a bipyridinium and a

bipicolinium unit, and the �homologous� [3]catenanes incor-
porating the �dimeric� octacationic cyclophane with doubly
alternating bipyridinium and bipicolinium units; 2) the solid-
state structures of all the [2]catenanes and two of the
[3]catenanes; 3) the nature of the relative ring movements
with respect to each other in the three [2]catenanes as probed
by dynamic 1H NMR spectroscopy in solution; and 4) a
detailed investigation of the stereochemistry of the [2]cate-
nanes. These investigations mark the first important steps in
the construction and evaluation of the potential of such
mechanically interlocked molecules to act as switches in
solution, prior to their incorporation into solid-state devices.

Results and Discussion

Synthesis : The catenanes were assembled (Scheme 1) by
using conventional reaction conditions,[10, 11] wherein the
crown ethers serve in turn as templates for the formation of
the tetracationic and octacationic cyclophanes to give the [2]-
and [3]catenanes, respectively. The reaction of the dibromide

Scheme 1. The template-directed synthesis of the [2]catenanes 6 ¥ 4PF6, 7 ¥
4PF6, and 8 ¥ 4PF6, and of the [3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥
8PF6.

salt[6] 1 ¥ 2PF6 with bipicoline (2) in turn with the crown ethers
3 (BPP34C10), 4 (1/5NPPP36C10), and 5 (1/5DNP38C10)
afforded the [2]catenanes 6 ¥ 4PF6, 7 ¥ 4PF6, and 8 ¥ 4PF6,
respectively, in yields of 4, 11, and 9%. In addition, the
[3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥ 8PF6 were isolated in
yields of 11, 27, and 24%, respectively. It should be noted that
the [3]catenanes were obtained as the major catenated
products in all three reactions.
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X-ray structural analysis : Single crystals, suitable for X-ray
crystallography, of five of the six catenanes were grown using
the vapor diffusion technique. In the case of the three
catenanes 6 ¥ 4PF6, 7 ¥ 4PF6 and 8 ¥ 4PF6, iPr2O was allowed to
diffuse into a solution of the compounds in MeCN. In the case
of the two [3]catenanes 9 ¥ 8PF6 and 11 ¥ 8PF6, tBuOMe was
used as the diffusing solvent in place of iPr2O. Sometimes, a
few drops of an aromatic solvent (PhH and/or PhMe) were
added to the MeCN solutions to facilitate crystallizations.
One of the [3]catenanes, namely 10 ¥ 8PF6, did not form single
crystals that were suitable for X-ray structural analysis.

The [2]catenane 64� has crystallographicC2 symmetry about
an axis passing through the centers of the linking C�C bonds
of the bipyridinium and bipicolinium units in the solid-state
(Figure 1). The O-methylene groups of both hydroquinone

Figure 1. The solid-state structure of the [2]catenane 64�. The C�H ¥ ¥ ¥�
interaction between the inside hydroquinone ring and one of the paraxylyl
rings has H ¥ ¥ ¥�, 2.80 ä; C�H ¥ ¥ ¥�, 161�. The C�H ¥ ¥ ¥O hydrogen bond
between the lowermost �-CH-bipy hydrogen atom and the central oxygen
atom of the lower polyether loops has C ¥ ¥ ¥O, H ¥ ¥ ¥O, 3.33, 2.41 ä;
C�H ¥ ¥ ¥O, 161�.

rings have anti geometries. The torsional twists of the inside
bipyridinium and outside bipicolinium units are 7 and 59�,
respectively. The mean interplanar separations between the
inside hydroquinone ring and the centers of the outside
bipicolinium and inside bipyridinium units are 3.95 and
3.38 ä, respectively: the separation between the outside
hydroquinone ring and the inside bipyridinium unit is
3.40 ä. The [2]catenane co-conformation is stabilized by the
normal combination of � ¥ ¥ ¥�, C�H ¥ ¥ ¥�, and C�H ¥ ¥ ¥O
interactions. The packing of the [2]catenane molecules is
controlled predominantly by van der Waals forces, as there is
no � ±� stacking that extends beyond the molecule.

In the solid-state (Figure 2), the structure of the [2]catenane
74� has only approximate C2 symmetry and has the 1,5-
dioxynaphthalene ring system located outside, whereas the
hydroquinone ring is positioned inside the tetracationic
cyclophane. There are substantial differences in the twist
angles within the bipyridinium and bipicolinium units; these
are 2 and 61�, respectively. The mean interplanar separations
between the inside hydroquinone ring and the inside bipyr-

Figure 2. The solid-state structure of the [2]catenane 74�. The C�H ¥ ¥ ¥�
interactions between the inside hydroquinone ring and the two paraxylyl
units have H ¥ ¥ ¥�, C�H ¥ ¥ ¥�, upper, 2.74 ä, 164� ; lower, 2.78 ä, 162�.
C�H ¥ ¥ ¥O hydrogen bonds are between the upper �-CH-bipy hydrogen
atom and the central oxygen atom of the upper polyether loop and between
the lower inside CH2 group of the tetracationic cyclophane and the second
oxygen along the polyether chain from the outside 1,5-dioxynaphthalene
ring system. The respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.20,
2.28 ä, 159� ; 3.27, 2.42 ä, 148�.

idinium and outside bipicolinium units are 3.46 and 3.92 ä,
respectively: the separation between the outside 1,5-dioxy-
naphthalene ring system and the inside bipyridinium unit is
3.45 ä. Once again, stabilization of the [2]catenane co-
conformation is achieved by complementary � ¥¥¥�, C�H ¥¥¥�,
and C�H ¥ ¥ ¥O interactions. The [2]catenane molecules pack in
the crystal to form polar �-stacked tapes (Figure 3), the
outside 1,5-dihydroxynaphthalene ring system of one mole-
cule being aligned parallel with one of the paraxylyl units of
the next. The mean interplanar separation of the extended �-
systems is 3.44 ä. The outer edges of the tapes are populated
by the methyl substituent of the bipicolinium units.

The solid-state geometry (Figure 4) of the [2]catenane 84�

departs from the C2 symmetric arrangement observed for the
other two [2]catenanes in that its outside 1,5-dioxynaphtha-
lene ring system is displaced with respect to the molecular C2

axis, such that it is positioned preferentially over one of the
pyridinium rings of the inside bipyridinium unit. The mean
interplanar separation between the outside 1,5-dioxynaph-
thalene ring system and this inside pyridinium ring is only
3.28 ä, whereas those between the inside 1,5-dioxynaphtha-
lene ring system and the inside bipyridinium and outside
bipicolinium ring systems are 3.35 and 3.64 ä, respectively.
This last separation is significantly less than that which was
observed in the solid-state structures 64� and 74� and is clearly
a consequence of the significantly reduced torsional twist (46�,
cf. 60�) associated with the outside bipicolinium unit: the
torsional twist of the inside bipyridinium unit is 4�. Stabiliza-
tion of the [2]catenane co-conformation is achieved by the
familiar range of � ¥ ¥ ¥�, C�H ¥ ¥ ¥�, and C�H ¥ ¥ ¥O interactions.
There are no additional � ¥ ¥ ¥� stacking interactions that
extend beyond the molecule.

The [3]catenane 98� has crystallographic inversion symme-
try (Figure 5), the macrocyclic octacation adopting an open
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Figure 4. The solid-state structure of the [2]catenane 84�. The C�H ¥ ¥ ¥�
interactions between the inside 1,5-dioxynaphthalene ring system and the
paraxylyl units have H ¥ ¥ ¥�, C�H ¥ ¥ ¥�, upper, 2.48 ä, 151� ; lower 2.54 ä,
151�. There is a bifurcated C�H ¥ ¥ ¥O hydrogen bond between the upper-
most �-CH-bipy hydrogen atom and the second and third oxygen atoms
from the inside 1,5-dioxynaphthalene ring system. Also, there are C�H ¥ ¥ ¥O
hydrogen bonds a) between the lowermost �-CH-bipy hydrogen atom from
the inside 1,5-dioxynaphthalene ring system in the lower polyether loop
and b) between the lower inside CH2 group of the tetracationic cyclophane
and the second oxygen atom from the outside 1,5-dioxynaphthalene ring
system. The respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.15,
2.36 ä, 139� ; 3.15, 2.32 ä, 145� ; 3.14, 2.31 ä, 145� ; 3.13, 2.27 ä, 149�.

extended conformation with a significant free pathway
through its center. The voids so formed are filled with MeCN
solvent molecules. The transannular separation between the
centers of the central linking bonds of the bipicolinium units is
12.6 ä. These units display a substantial twist angle between
their constituent pyridinium rings. In contrast to the ordered
positioning of the methyl substituents on the bipicolinium
units in all three [2]catenanes, in the solid-state structure of
this [3]catenane, the positioning of the methyl substituents on
one of the bipicolinium units exhibits 0.75:0.25 inside:outside
disorder. The inside bipyridinium unit has a substantially
greater torsional twist (23�) than in any of the three
[2]catenanes. The separation between the inside bipyridinium
unit and the inside and outside hydroquinone rings are 3.57
and 3.53 ä, respectively. In this structure, since there are no
C�H ¥ ¥ ¥� interactions, stabilization is by � ¥ ¥ ¥� and C�H ¥ ¥ ¥O

interactions. There are no inter[3]catenane interactions of
note.

In the solid state (Figure 6), the [3]catenane 118�, in which
the �-electron-rich components are all 1,5-dioxynaphthalene
ring systems, has a dramatically different and substantially
more compact structure. The molecule has both crystallo-
graphic and molecular C2 symmetry about an axis passing
through the centers of the two linking C�C bonds of the pair
of bipicolinium units: their centroids are separated by a mere
4.05 ä. The torsional twist angles in the two independent
bipicolinium units are 68� and 59�, whereas that for the unique
inside bipyridinium unit is only 7�. The separation between
this unit and the inside and outside 1,5-dioxynaphthalene ring
systems is 3.44 ä in each case. Again, there are no C�H ¥ ¥ ¥�
interactions, only � ¥ ¥ ¥� and C�H ¥ ¥ ¥O ones. The packing of
the molecules is complex and comprises a contiguous three

Figure 5. The solid-state structure of the [3]catenane 98�. There are
C�H ¥ ¥ ¥O hydrogen bonds between the pair of CH2 groups attached to the
inside bipyridinium units and the central oxygen atoms of the proximal
polyether loops. Their respective geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O,
3.37, 2.44 ä, 162� ; 3.35, 2.40 ä, 170�,

Figure 3. A space-filling representation of part of one of the � ±� stacked tapes present in the solid-state superstructure of the [2]catenane 74�.
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Figure 6. The solid-state structure of the [3]catenane 118�. There are
C�H ¥ ¥ ¥O hydrogen bonds a) between the upper left CH2 group associated
with the inside bipyridium unit and the central oxygen atom of the proximal
polyether loop and b) between the lower �-CH-bipy hydrogen atom and
the central oxygen atom of the proximal polyether loop. Their respective
geometries are C ¥ ¥ ¥O, H ¥ ¥ ¥O, C�H ¥ ¥ ¥O, 3.21, 2.25 ä, 177� ; 3.23, 2.38 ä,
147�.

dimensional net formed by inter[3]catenane � ±� stacking of
the outside 1,5-dioxynaphthalene ring systems of one mole-
cule and pairs of paraxylyl units in another. The mean
interplanar separation is ca. 3.65 ä.

Dynamic 1H NMR spectroscopy : To achieve a better under-
standing of the switching properties of the molecules in solid-
state catenane-based devices,[10] and to bring about improve-
ments in the design of molecular switches, an in-depth
understanding of the dynamic behavior of the molecules in
solution must be attained. Toward this end, a detailed
dynamic 1H NMR kinetic study[22] has been carried out on
all three of the [2]catenanes, namely 6 ¥ 4PF6, 7 ¥ 4PF6 and 8 ¥
4PF6, with the objective of obtaining a better appreciation of
1) the nature of the noncovalent bonding interactions
between the two macrocyclic ring compounds and 2) the
rates of the relative movements, including rocking and
circumrotations, of the ring components, as well as degenerate
rotations of the para-disubstituted aromatic rings. An analo-
gous series of experiments on the [3]catenanes, 9 ¥ 8PF6, 10 ¥
8PF6 and 11 ¥ 8PF6, was precluded by the fact that the
degenerate and relative movements of the parts and compo-
nents in these molecules are much too fast in solution to be
detected on the 1H NMR timescale, even at very low
temperatures. The difference between the [2]- and [3]cate-
nanes must reflect the relative compactness of the former and
the relative looseness of the latter–a feature which is
immediately evident from an inspection of CPK space-filling
molecular models. Thus, in this section, the various dynamic
processes present in the [2]catenanes are discussed and
compared across the series 64�, 74�, and 84�.

In parent tetracationic cyclophanes, aromatic ring rotations
typically occur too rapidly to affect 1H NMR line shapes, even
at very low temperatures. However, on account of their
sterically constricted nature as interlocked components in
[2]catenanes, the activation barriers for some of these rota-
tional processes have been observed to increase dramatically.
Two such processes were observed in all three [2]catenanes–
one involving rotation of the phenylene rings in the tetracat-

ionic cyclophanes and the other involving rotation of their
pyridinium rings. In the [2]catenanes, whereas the encircled
bipyridinium unit is oriented face-to-face with the two
aromatic ring systems in the crown ether component, the
phenylene rings experience only a single, weak edge-to-face
interaction with the encircled aromatic ring of the crown ether
component. Rapid rotation (Figure 7a) of the phenylene rings
on the 1H NMR timescale results in an exchange process,

Figure 7. a) A schematic representation of the phenylene ring rotation
process occurring simultaneously in both paraxylylene spacers in the
tetracationic cyclophane component of the [2]catenanes. Rotation of the
phenylene rings around their substituted axis causes exchange between Ha

and Hb, and Hc and Hd. Selected 1H NMR spectra recorded in CD3COCD3

for b) 6 ¥ 4PF6, c) 7 ¥ 4PF6, and d) 8 ¥ 4PF6, showing the coalescences of the
peaks corresponding to the phenylene ring protons on the tetracationic
cyclophane component as the temperature is increased.

wherein the four observed signals (Figure 7b ± d) for the
phenylene rings at low temperatures collapse into two signals
when the temperature is raised. The site exchanges occur such
that Ha and Hb, as well as Hc and Hd, are interconverted. If we
assume, for the time-being at least, that the rocking of the
crown ether ring has no observable effect on the magnetic
equivalence of these phenylene protons, and the two phenyl-
ene rings in the tetracationic cyclophane are equivalent
because of C2 symmetry, then the observation of four signals
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at low temperature can be rationalized. The protons Ha and
Hc are anti to the methyl group on the closest picolinium ring
with respect to the plane containing the four nitrogen atoms of
the cyclophane, while the protons Hb and Hd are syn to this
methyl group. Additionally, Ha and Hb are closer to the
bipicolinium than to the bipyridinium unit, while Hc and Hd

are further away. Thus, all four phenylene protons on each
ring are heterotopic. The kinetic and thermodynamic data for
phenylene ring rotations are recorded in Table 1 for all three

[2]catenanes. Although direct quantitative comparisons of the
�G� values are precluded by the lack of kinetic data for all
three compounds at the same temperature, qualitatively it is
clear that the barrier for phenylene ring rotation increases
through the series 64� to 74� to 84� by about 1 kcalmol�1 from
one to the other. This trend correlates with the increasing
number of 1,5-dioxynaphthalene recognition sites in the
crown ether ring component of the [2]catenanes. This
phenomenon cannot be rationalized solely by steric inter-
actions with the inside aromatic unit of the crown ether
component, because, if this were the case, one would only
expect a significant affect by changing the inside aromatic unit
of the crown ether component. On the contrary, changing only
the outside aromatic unit from hydroquinone to 1,5-dioxy-
naphthalene increases the barrier for phenylene rotation.

A possible explanation for this barrier increase involves
steric interactions with the glycol chains. On account of the
orientation of the outside 1,5-dioxynaphthalene ring system,
the glycol chain comes into closer contact with the phenylene
ring of 74� than it does when there is an outside hydroquinone
ring present in the crown ether macrocycle. This difference
can be easily appreciated on comparing the corresponding
X-ray crystal structures and examining the close contact
distances between the crown ether macrocycle and the
tetracationic cyclophane. These closer and hence stronger
interactions render it less easy for the phenylene rings in the
tetracationic cyclophane component to rotate.[23]

The independent rotations of both pyridinium rings within
the bipyridinium units in the tetracationic cyclophane com-
ponent of the [2]catenanes interchanges pairs of nonequiva-
lent protons in these units (Figure 8a). In common with the

Figure 8. a) A schematic representation of the pyridinium ring rotation
process occurring simultaneously in both halves of the bipyridinium unit
present in the tetracationic cyclophane component of the [2]catenanes.
Rotation of the pyridinium rings independently around the axis of the
bipyridinium unit brings about the exchange of H� with H�� and H� with H�� .
Selected 1H NMR spectra recorded in CD3COCD3 for b) 6 ¥ 4PF6 and c) 7 ¥
4PF6 showing the coalescences of peaks corresponding to the pyridinium
ring protons on the tetracationic cyclophane component as the temperature
is increased.

phenylene ring rotations, the slow exchange limit for pyridi-
nium ring rotations reveals four signals, which coalesce into
two signals at higher temperatures (Figure 8b and c). The
nonequivalence of the pyridinium protons is a consequence of
their different topic relationships with respect to the methyl
groups in the bipicolinium unit, as well as of their different
constitutions. While H� and H� are syn to the methyl group in
the closer picolinium ring, H�� and H�� are anti. Both
pyridinium rings in the bipyridinium unit are equivalent by
C2 symmetry. Rotation of either pyridinium ring results in site
exchange between H� and H�� and between H� and H�� . The
kinetic and thermodynamic data for this process are listed in
Table 2. Comparison of the activation barriers at 293 K shows
that changing the outside aromatic residue in the crown ether

Table 1. Phenylene rotation kinetic and thermodynamic data in
CD3COCD3.

[2]Catenane T [K][a] kex [s�1][b] �G� [kcalmol�1][c]

6 ¥ 4PF6
[d] 174 0.17 10.6

182 0.35 10.9
7 ¥ 4PF6

[e] 191 0.08 12.0
202 0.26 12.2
213 1.0 12.3
225 2.6 12.6

8 ¥ 4PF6
[f] 217 0.17 13.3

227 0.63 13.4
238 1.53 13.6
249 3.89 13.8
259 10.9 13.9

[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method. See ref. [22]. [c] � 0.1 kcalmol�1. [d] Exchange
observed between peaks corresponding to the protons on the phenylene
ring of the tetracationic cyclophane at �� 7.92/8.45 and 7.68/8.25 ppm.
[e] Exchange observed between peaks corresponding to the protons on the
phenylene ring of the tetracationic cyclophane at �� 7.84/8.35 and 7.67/
8.26 ppm. [f] Exchange observed between peaks corresponding to the
protons on the phenylene ring of the tetracationic cyclophane at �� 8.14/
8.48 and 8.02/8.44 ppm.
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component from a hydroquinone ring to a 1,5-dioxynaphtha-
lene ring system results in an increase of approximately
1 kcalmol�1 in the rotational barrier. However, changing the
second aromatic residue to a 1,5-dioxynaphthalene ring
system has no further effect on the barrier to pyridinium ring
rotation. It seems that the 1/5NPP36C10 macrocycle is as
good a match for the tetracationic cyclophane as is the
1/5DNP38C10 one, a feature which is apparent in the yields
(11 and 9%, respectively) obtained during the template-
directed synthesis of 7 ¥ 4PF6 and 8 ¥ 4PF6 (see Scheme 1). The
process of pyridinium ring rotation in these three [2]catenanes
is undoubtedly intimately tied up with other mechanical
processes going on simultaneously in these molecules.

A third possible rotational process in the tetracationic
cyclophane components of 64�, 74�, and 84� is that involving
the independent rotations of the two picolinium rings in the
bipicolinium unit. This process, which is not observable by
dynamic 1H NMR spectroscopy in an accessible temperature
range, would be expected to have a very large barrier in these
three [2]catenanes. In order to rotate one picolinium ring with
respect to the other, the two methyl groups would either have
to pass by each other or one of them would have to pass
through the cavity of the tetracationic cyclophane. Inspection
of CPK space-filling molecular models suggests that the latter
process is nigh impossible. Also, literature data on analo-
gously substituted bipicolines reveal very high barriers to
rotations in these molecules.[24] Although this process may be
observable at very high temperatures by 1H NMR spectros-
copy, it is not going to proceed at a rate at lower temperatures
that will influence other ring rotation processes.

A mechanical process, however, which should be observ-
able in the two degenerate [2]catenanes 64� and 84� is that of
circumrotation of the crown ether ring with respect to the
tetracationic cyclophane component.[25] Circumrotation of the
crown ether macrocycle through the cavity of the tetracationic
cyclophane results (Figure 9) in the equilibration of the two

Figure 9. A schematic representation of the crown ether circumrotational
process in the [2]catenanes. The equilibration between the two forms is
degenerate in the case of 64� and 84� and nondegenerate for 74�, that is, it
can undergo translational isomerism.

identical aromatic rings between the inside and outside
positions in 64� and 84�. In the case of the nondegenerate
[2]catenane 74�, the overwhelming preference for its having
the hydroquinone ring located inside the cavity of the
tetracationic cyclophane with the 1,5-dioxynaphthalene ring
system residing outside (as observed in the solid-state
structure illustrated in Figure 2) means that dynamic
1H NMR spectroscopy cannot be employed to probe a
circumrotational process which is undoubtedly operative.
The reason is that the other (very minor) translational isomer
cannot be identified in the low temperature spectrum.

The kinetic and thermodynamic data (Table 3) for the
crown ether ring circumrotation in 64� and 84� show a larger
barrier for the second of these two [2]catenanes by around
1.2 kcalmol�1. This difference presumably arises from the
stronger interaction of the 1/5DNP38C10 ring with the
tetracationic cyclophane than it experiences with BPP34C10.
It is evident from a comparison of the two X-ray crystal
structures, illustrated in Figures 4 and 1, respectively, that
C�H ¥ ¥ ¥O and C�H ¥ ¥ ¥� interactions, as well as � ¥ ¥ ¥� stacking
interactions, are much more significant in the former than in
the latter. Another interesting feature evident from a perusal
of the data in Table 3 is the trend in �G�values from larger to
smaller with increasing temperature, indicative of a positive
�S�value. An Eyring plot, which is shown in Figure 10, gives a
�S� value of 7.4 calmol�1 K�1 for 6 ¥ 4PF6. This positive

Table 2. Pyridinium rotation kinetic and thermodynamic data in
CD3COCD3.

[2]Catenane T [K][a] kex [s�1] �G� [kcalmol�1][d]

6 ¥ 4PF6
[e] 247 0.20[b] 15.2

256 0.48[b] 15.3
270 1.3[b] 15.6
281 3.5[b] 15.7
293 7.7[c] 15.9
304 18[c] 16.1
316 42[c] 16.2

7 ¥ 4PF6
[f] 270 0.08[b] 17.1

281 0.36[b] 17.0
293 1.4[b] 17.0
305 4.3[b] 17.0

8 ¥ 4PF6
[g] 292 1.15[b] 17.0

305 3.35[b] 17.1

[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method. See ref. [22]. [c] Measured by using line shape
analysis method. [d] � 0.1 kcalmol�1. [e] Exchange observed between the
H� and H�� peaks of the pyridinium rings in the tetracationic cyclophane at
9.41 and 9.29 ppm. [f] Exchange observed between the H� and H�� peaks of
the pyridinium rings in the tetracationic cyclophane at 7.67 and 7.58 ppm.
[g] Exchange observed between the H� and H�� peaks of the pyridinium
rings in the tetracationic cyclophane at 7.24 and 7.06 ppm.

Table 3. Crown ether ring circumrotation kinetic and thermodynamic data
in CD3COCD3.

[2]Catenane T [K][a] kex [s�1] �G� [kcalmol�1][d]

6 ¥ 4PF6
[e] 256 0.2 [c] 15.7

270 1.2[c] 15.6
281 5.6[c] 15.5
293 21[c] 15.4
304 60[c] 15.4
316 180[c] 15.3
326 450[c] 15.2

7 ¥ 4PF6 not observed
8 ¥ 4PF6

[f] 271 0.13[b] 16.9
282 0.57[b] 16.8
293 2.56[b] 16.6

[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method (ref. [22]). [c] Measured by using line shape
analysis method. [d] � 0.1 kcalmol�1. [e] Exchange observed between the
peaks corresponding to the outside (6.27 ppm) and inside (3.84 ppm)
hydroquinone rings of the crown ether component. [f] Exchange observed
between peaks corresponding to the outside (7.28 ppm) and inside
(2.70 ppm) 1,5-dioxynaphthalene rings of the crown ether component.



FULL PAPER J. F. Stoddart, D. J. Williams et al.

¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0902-0550 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2550

entropy of activation indicates that the transition state for
circumrotation of the BPP34C10 ring around the tetracationic
cyclophane is entropically more favored, that is, more flexible,
than the ground state co-conformation and/or that the
transition state is less well solvated than the ground state,
causing a release of molecules of solvation into the bulk
solvent during the circumrotational process. Since, at the
transition state, most, if not all, of the noncovalent bonding
interactions between the two interlocked components will
have been ripped apart, a more flexible co-conformation
should result. Also, a highly solvated ethyleneglycol chain has
to pass through the middle of the tetracationic cyclophane
during the circumrotational process and in so doing has
presumably to cast off some molecules of solvation, which will
not be attracted to the bare hydroquinone rings freed of their
� ¥ ¥ ¥� stacking interactions.

The tilting of the crown ether rings with respect to the mean
plane of the tetracationic cyclophane has already been
discussed for the two [2]catenanes 64� and 74�, in which a
hydroquinone ring resides inside the cavity of the cyclophane.
This tilt gives rise to a rocking process,[26] wherein one co-
conformation is in rapid equilibrium on the 1H NMR time-
scale with another co-conformation. In the absence of any
other chiral element in the [2]catenane molecule, the equili-
bration process is tantamount to the inversion of enantiomers
as shown in Figure 11a, whereby the source of chirality is
helical.[26, 27] However, if another element of chirality is
present in the molecule, then it becomes possible to analyze
the rocking in the [2]catenane in terms of the interconversion
between diastereoisomeric pairs of enantiomers. All three
[2]catenanes possess an axis of chirality[27] on account of the
atropisomerism exhibited by the bipicolinium unit (Fig-
ure 11b). The combination of helical and axial chirality in
64� gives rise to the possibility of the existence of two
diastereoisomers in the form of enantiomeric pairs (Fig-
ure 12). The situation is further complicated in 74� and 84� by
the presence of one and two 1,5-dioxynaphthalene rings
(Figure 11c), which add on additional elements of planar
chirality,[26, 28] increasing the number of enantiomeric pairs of
diastereoisomers to four (Figure 13) and eight (Figure 14),
respectively. Although in the case of all three [2]catenanes,
only one diastereoisomer is identified in the solid state by
X-ray crystallography (see Figures 1, 3, and 4 for 64�, 74�, and

84�, respectively), it is even
more important to note that in
solution, at least at those tem-
peratures at which all the sig-
nificant dynamic processes be-
come slow on the 1H NMR
timescale, only one diaste-
reoisomer–most likely the
same one as in the solid
state–prevails for the most
part. We shall return to a dis-
cussion of this topic later. Suf-
fice to say at this juncture that,
in the case of the [2]catenane
84� in particular, there is a
dynamic combinatorial li-

brary[29] of possible structures (Figure 14), wherein the free
energies of the various stereoisomers decide which is going to
be by far the most dominant one.[30]

Figure 11. Our definition of the absolute stereochemical descriptors. The
helicities of plus and minus are indicated by (P) and (M), respectively. We
give the open, unshaded ring (containing oxygen atoms) a higher priority
than the full, shaded ring and, on that basis, display the open ring in front of
the shaded ring when defining the helicities generated by the two rings. The
axial chiralities of the bipicolinium units are denoted by the symbols (aR)
and (aS) and the planar chiralities of the 1,5-dioxynaphthalene ring systems
by the symbols, (pR) and (pS). The rules used to describe these two forms of
chirality are essentially those discussed in ref. [27d].

The ring-rocking process can be probed by means of the
1H NMR signals for the inside hydroquinone ring in the
macrocyclic polyether components in the [2]catenanes 64� and
74� (Table 4). One pair of hydroquinone ring protons–those
involved in C�H ¥ ¥ ¥� interactions with the paraxylylene rings
in the tetracationic cyclophane–is highly shielded as a result
of the stable co-conformation shown in Figure 15. The result is
an upfield shift, by about 4 ppm, of the signal for these
protons. Exchange between these shielded protons and the
pair of �exposed� protons occurs during the ring-rocking
process and provides a means to observe this motion. One
would expect a low barrier for this process because only the
weak C�H ¥ ¥ ¥O and C�H ¥ ¥ ¥� interactions have to be broken,
while � ¥ ¥ ¥� stacking interactions are perturbed, but presum-
ably not lost altogether. Thus, the ring-rocking process should

Figure 10. The Eyring plot for crown ether circumrotation in 64�. Using a linear least-squares fit, the following
equation was obtained: (��G�/T)� (17.6 kcalmol�1)(�1/T) � (7.4 calmol�1K�1).
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Figure 12. The processes (I and II) for interconverting diastereoisomers
and inverting enantiomers in the [2]catenane 64�. Process I corresponds to
inversion of the helical chirality while process II represents an inversion of
the axial chirality. The descriptors of absolute stereochemistry are defined
in Figure 11. Note that process I occurs easily, whereas process II would
only occur with difficulty. Not all the possible interconversion pathways for
processes I and II are shown.

Figure 13. The processes (I, II, and III) for interconverting diastereoiso-
mers and enantiomers in the [2]catenane 74�. Process I corresponds to
inversion of the helical chirality, process II, which would only occur with
difficulty, corresponds to inversion of the axial chirality, and process III
corresponds to inversion of the planar chirality. The descriptors of absolute
stereochemistry are defined in Figure 11. Not all the possible interconver-
sion pathways for processes I, II, and III are shown.

Figure 14. The processes I ± IV associated with the interconversion of
diastereoisomers and with the inversion of enantiomers in the [2]catenane
84�. Process I corresponds to inversion of the helical chirality, process II,
which would only occur with difficulty, corresponds to inversion of the axial
chirality, and processes III and IV correspond to inversions of the planar
chiralities. The descriptors of absolute stereochemistry are defined in
Figure 11. Not all possible interconversions are shown. Not all the possible
interconversion pathways for processes I, II, III, and IV are shown.

occur extremely rapidly and would normally be very difficult
to observe if it were not for the fortuitous fact that the large
chemical shift difference,[31] which results from the shielding
effect (Figure 15), allows for the observation of this fast
process at the lower limit of the temperature range for
CD3COCD3. As a result of the stereochemical issues dis-
cussed earlier and illustrated in Figures 12 and 13, the site
exchange process is not simple and straightforward, since it
involves equilibration between two diastereoisomers–a mi-
nor one and a major one. This situation was confirmed by
careful double irradiation experiments carried out at 182 Kon
resonances for the [2]catenane 6 ¥ 4PF6. Irradiation of the
lower intensity peak centered on �� 5.4 ppm, which corre-
sponds to the minor diastereoisomer (Figure 16), resulted in a
decrease in the intensity of the higher intensity peak centered
on �� 2.3 ppm, which corresponds to the major diaste-
reoisomer. To confirm that this observation is the result of a

Table 4. Ring rocking kinetic and thermodynamic data in CD3COCD3.

[2]Catenane T [K][a] kex [s�1][b] �G� [kcalmol�1][c]

6 ¥ 4PF6
[d] 174 1.22 9.9

182 2.53 10.2
7 ¥ 4PF6

[e] 234 1.81 13.3
8 ¥ 4PF6 not observed

[a] Calibrated by using a neat MeOH sample. [b] Measured by using spin
saturation transfer method (ref. [22]). [c] � 0.1 kcalmol�1. [d] Exchange
observed between the peaks corresponding to the protons of the inside
hydroquinone ring of the crown ether component at 5.43 and 2.25 ppm.
[e] Exchange observed between the peaks corresponding to the protons of
the inside hydroquinone ring of the crown ether component at 5.26 and
2.18 ppm.
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Figure 15. This cut-away illustration reveals the origin of the very large
limiting chemical shift difference for the inside hydroquinone protons when
the rocking process, involving the crown ether ring and the tetracationic
cyclophane, becomes slow on the 1H NMR timescale. Two distinct pairs of
hydroquinone protons can be identified, those that are involved in C�H ¥¥¥�
interactions with the bridging paraxylylene units in the tetracationic
cyclophane and are therefore highly shielded and those that are exposed to
the solvent and are not shielded.

saturation transfer effect, and not a simple NOE, the
irradiation was also performed at an equal distance on the
opposite side of the large peak at �� 5.5 ppm. The resulting
decrease in intensity of the peak at �� 2.3 ppm was much
smaller, confirming that the observed spectra are a result of a
site-exchange process. If we were observing an NOE from the
off-resonance irradiation of the large peak, then the intensity
would decrease equally in both cases. For the [2]catenane 6 ¥
4PF6, the ratio between the two diastereoisomers was
determined to be 100:5 by integration of the 1H NMR
spectrum (Figure 16) recorded at 182 K in CD3COCD3. This
ratio corresponds to a �G� value of 1.1 kcalmol�1 in favor of
the major diastereoisomer.[32] To confirm that this isomer is
the same as the one [(aS)-(M)/(aR)-(P) in Figure 12] present
in the solid-state (Figure 1), molecular mechanics calculations
were performed[33] on 64�. The details of these calculations will
be discussed in a future publication. However, preliminary
results indicate a �E value of 1.6 kcalmol�1 in favor of the
(aS)-(M)/(aR)-(P) diastereoisomer. It should be noted that
the �G�values reported in Table 4 for ring rocking are for the
minor-to-major diastereoisomer. The 1H NMR chemical shifts
for the inside and outside aromatic ring systems in the major
diastereoisomers of 64�, 74�, and 84� are summarized in

Figure 16. Partial 1H NMR spectrum of 6 ¥ 4PF6 recorded in CD3COCD3 at
182 K showing the signals for the inside hydroquinone ring protons, as
shown in Figure 15, in the major and minor diastereoisomers.

Table 5. In the case of the [2]catenane 7 ¥ 4PF6, we can only
surmise that the major diastereoisomer populated in solutions
is the (M)-(aS)-(pR)/(P)-(aR)-(pS) one (Figure 13) observed
in the solid-state structure (Figure 2). It is intriguing that the
ring-rocking process for 74� has a free energy barrier at least
3 kcalmol�1 higher than that obtained for 64� (Table 4). This
difference can probably be attributed to the need for the
outside 1,5-dioxynaphthalene ring system to undergo inver-
sion of its local chirality, at considerable cost to its � ¥ ¥ ¥�
stacking interactions, when ring rocking occurs. Finally, when
we reach the [2]catenane 8 ¥ 4PF6 with an inside, as well as an
outside 1,5-dioxynaphthalene ring system, ring rocking is no
longer an option: it cannot occur. Also, diastereoselection is
probably complete for this [2]catenane in solution for the
(M)-(aS)-(pR)-(pR)/(P)-(aR)-(pS)-(pS) racemic mixture,
which is the form that crystallizes out in the solid-state
(Figure 4). The 1H NMR chemical shifts listed in Table 5 for
the outside 1,5-dioxynaphthalene ring system protons in 7 ¥
4PF6 and 8 ¥ 4PF6 are not too dissimilar under very similar
conditions. It is, therefore, not unreasonable to conclude that
the relative planar chiralities of their outside 1,5-dioxynaph-
thalene ring systems are the same.

The 1H NMR spectra recorded in CD3CN solutions for the
three [3]catenanes 9 ¥ 8PF6, 10 ¥ 8PF6, and 11 ¥ 8PF6 indicate as
expected that the two macrocyclic polyether rings reside on
the two bipyridinium units rather than on the bipicolinium
units. We can assume that all three catenanes are composed of
rapidly equilibrating diastereoisomeric mixtures, on account
of the two different axial chiralities associated with the two
bipicolinium units in the octacationic macrocycles–a stereo-
chemical feature that is evident in the solid-state structures of
98� and 118� shown in Figures 5 and 6, respectively. On
account of the fact that the three [3]catenanes all exist as
mixtures of inseparable diastereoisomers, it was considered to
be unwise to attempt to investigate them further by variable
temperature 1H NMR spectroscopy at this juncture.

Conclusion

The fact that donor ± acceptor catenanes, incorporating bipic-
olinium units in their tetracationic cyclophane components
and 1,5-dioxynaphthalene components in their crown ether
components, have the potential to exhibit both axial and
planar chiralities within the same molecules affords them
intriguing stereochemical properties. In the case of those
[2]catenanes where one macrocyclic ring can undergo rocking
with respect to the other, helicity comes into the reckoning as

Table 5. 1H NMR chemical shifts (� values) for the aromatic ring systems
of the crown ether macrocycle.[a]

[2]Catenane T [K][b] Inner aromatic Outer aromatic

6 ¥ 4PF6 182.1 2.26, 5.54 6.23 (br)
7 ¥ 4PF6 182.7 2.12, 5.38 6.42,[c] 7.18,[d] 7.35[e]

8 ¥ 4PF6 183.8 2.56,[c] 6.13,[d] 6.26[e] 6.38,[c] 7.05,[d] 7.18[e]

[a] Solvent used was CD3COCD3 and the chemical shifts are given in ppm.
[b] Calibrated by using a neat MeOH sample. [c] H4/8 . [d] H3/7. [e] H2/6.
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yet another source of chirality. The outcome for the three
[2]catenanes 64�, 74�, and 84� is the possible existence of two,
four, and eight enantiomeric pairs of diastereoisomers, that is,
the stereochemical situation could become extremely com-
plicated for these three interlocked molecular compounds. On
the contrary, it is very simple with both 64� and 74� existing in
solution as one major diastereoisomer and 84� as exclusively
one, at least in so far as we can detect. At first reckoning, it
seems to be somewhat remarkable that this relative simplicity
can emerge out of so much apparent complexity. If the
stereochemical options for the donor ± acceptor catenanes
discussed herein are likened to an emergent dynamic combi-
natorial library, then it is clear that the selective molecular
recognition processes that operate during the self-assembly,
which leads on to their template-directed syntheses under
kinetic control, preordain the stereochemical latitude given to
these interlocked molecules in the final event. Kinetic control
at some stage in a supramolecularly assisted covalent syn-
thesis can express itself subsequently in a thermodynamically
controlled stereochemical event for which the dice are really
loaded in favor of one outcome. When chirality is expressed in
multiple ways in a molecule at a dynamic level, then it would
appear that the propensity for diastereoselection can be
extremely high. The recent observation[28] that some related
[2]catenanes which contain both helical and planar chiralities
readily undergo spontaneous resolution on crystallization to
give optically active crystals raises some intriguing questions.
It seems that a phase change can superimpose enantioselec-
tion upon the diastereoselection that has already been
predetermined by the molecular recognition and self-assem-
bly processes in the early stages of a template-directed
synthesis. The realizaton that there exists highly orchestrated
chemical reaction pathways between molecular recognition
and self-assembly processes, employing templates to uncover
asymmetry and chirality in an efficient manner, could be not
unimportant when it comes to the future design and con-
struction of unidirectional molecular switches and machines.

Experimental Section

General methods : All reactions were carried out under an argon atmo-
sphere. Chemicals were purchased from Aldrich and used as received.
Solvents were dried according to literature procedures.[34] The bis(hexa-
fluorophosphate) 1,[10] bipicoline (2)[35] and crown ethers, BPP34C10 (3),[36]

1,5-NPPP36C10 (4),[21] and 1,5-DNP38C10 (5)[20] were prepared as de-
scribed previously in the literature. Thin-layer chromatography (TLC) was
carried out on aluminum sheets coated with silica-gel 60F (Merck 5554).
The plates were inspected by UV light and, if required, developed in I2
vapor. Column chromatography was carried out by using silica-gel 60
(Merck 9385, 230 ± 400 mesh). Melting points were determined on an
Electrothermal 9100 melting point apparatus and are uncorrected. All 1H
and 13C NMR spectra were recorded on either a Bruker ARX500
(500 MHz and 125 MHz, respectively) or Bruker Avance500 (500 MHz
and 125 MHz, respectively). All chemical shifts are quoted in ppm,
referenced to TMS. Samples were prepared using CD3COCD3 or CD3CN
purchased from Cambridge Isotope Labs and the samples for the kinetic
study were degassed by using the freeze-pump-thaw method and sealed
under vacuum. Temperatures were calibrated by using a neat MeOH
sample[37] before or after each experiment and assumed to remain constant
during the experiment. Two methods were used to obtain the kinetic data
by NMR spectroscopy. The primary method involved spin saturation
transfer (SST) experiments.[22] This was accomplished by irradiation of one

of the two exchanging protons. Spectra were then obtained with and
without irradiation and the T1app was measured in the presence of
irradiation. Details of this method can be found in the references. The
second method used involved line shape analysis (LSA). The chemical
shifts, line widths, and coupling constants were determined at low
temperature and input into the Spinworks[38] NMR spectral simulation
program. Simulation of the exchange process and comparison with the
experimental spectra allowed for determination of the rate constants. Fast
atom bombardment (FAB) mass spectra were obtained by using a ZAB-SE
mass spectrometer, equipped with a krypton primary atom beam, and a m-
nitrobenzyl alcohol matrix was utilized. Cesium iodide or poly(ethylene
glycol) were employed as reference compounds. Electron spray mass
spectra (ESMS) were measure on a VG ProSpec triple focusing mass
spectrometer with MeCN as mobile phase. Microanalyses were performed
by Quantitative Technologies, Inc.

General procedure for the preparation of the catenanes : A solution of 1 ¥
2PF6 (203 mg, 0.25mmol), bipicoline (2) (45 mg, 0.25 mmol) and crown
ether 3, 4, or 5 (0.52 mmol), in anhydrous DMF (5 mL) was stirred for 15 d
at room temperature. The solvent was removed under reduced pressure
and the solid residue was purified by column chromatography [SiO2: 2M
NH4Cl(aq)/MeOH/MeNO2 (7:2:1)] to yield two different colored products
which were dissolved in H2O. In both instances, the addition of NH4PF6

afforded a orange/purple precipitate, which was filtered off and washed
with H2O to give, in order of elution, a [3]catenane and a [2]catenane.

[2]Catenane 6 ¥ 4PF6 : Yield: 4%; m.p. 130 ± 132 �C (decomp); 1H NMR
(500 MHz, CD3CN, 25 �C): �� 2.21 (s, 6H), 3.23 ± 4.10 (m, 36H), 5.59 (d,
J� 13.8 Hz, 2H), 5.67 (d, J� 13,8 Hz, 2H), 5.70(d, J� 16.6 Hz, 2H), 5.73(d,
J� 16.6 Hz, 2H), 6.23 (s, 4H), 6.42 (d, J� 6.4 Hz, 2H), 7.60 (s, 2H), 7.65 (s,
2H), 7.71 (d, J� 7.7 Hz, 4H), 7.88 (d, J� 7.7 Hz, 4H), 8.79 (s, 2H), 8.86 (s,
2H), 9.13 ppm (s, 2H); 13C NMR (125 MHz, CD3CN, 25 �C): �� 17.6, 65.1,
65.5, 70.6, 70.5, 125.7, 125.8, 125.8, 125.9, 125.9, 129.6, 132.2, 136.8, 137.4,
138.4, 141.0, 145.8, 146.9, 150.3 ppm; MS (FAB): m/z (%): 1518 (6) [M�
PF6]� , 1374 (15) [M� 2PF6]� , 1229 (10) [M� 3PF6]� ; elemental analysis
calcd (%) for C66H76F24N4O10P4 (1665.19): C 47.60, H 4.60, N 3.36; found: C
47.55, H 4.64, N 3.31.

[2]Catenane 7 ¥ 4PF6 : Yield: 11%; m.p. 296 ± 298 �C; 1H NMR (500 MHz,
CD3CN, 25 �C): �� 2.17 (s, 6H), 3.42 (t, J� 9.0, 2H), 3.59 ± 3.72 (m, 8H),
3.78 ± 3.91 (m, 20H), 3.96 ± 4.10 (m, 16H), 5.55 (d, J� 13.6, 2H), 5.63 (d,
J� 13.6 Hz, 2H), 5.67 (d, J� 13.2 Hz, 2H), 5.80 (d, J� 13.2 Hz, 2H), 6.35
(d, J� 5.7 Hz, 2H), 6.38 (d, J� 7.5 Hz, 2H), 7.13 (s, 4H), 7.22 (dd, J� 7.5,
8.0 Hz, 2H), 7.33 (d, J� 8.0 Hz, 2H), 7.66 (s, 4H), 7.82 (s, 4H), 8.07 (d, J�
7.5 Hz, 2H), 8.63 (s, 2H), 8.77 (s, 2H), 9.01 ppm (s, 2H); 13C NMR
(125 MHz, CD3CN, 25 �C): �� 17.5, 65.1, 65.5, 67.7, 68.5, 70.4, 70.7, 70.8,
71.2, 71.9, 72.2, 106.4, 114.8, 125.0, 125.1, 126.7, 126.9, 129.5, 132.1, 132.2,
136.7, 137.5, 138.3, 141.0, 144.4, 146.0, 146.8, 150.2, 150.8, 154.3 ppm; MS
(FAB): m/z (%): 1569 (5) [M�PF6]� , 1424 (24) [M� 2PF6]� , 1280 (14)
[M� 3PF6]� .

[2]Catenane 8 ¥ 4PF6 : Yield: 9%; m.p. 315 ± 317 �C (decomp); 1H NMR
(500 MHz, CD3COCD3, 25 �C): �� 2.20 (s, 6H), 2.75 (d, J� 8.1 Hz, 2H),
3.59 (t, J� 7.5, 2H), 3.80 ± 4.39 (m, 30H), 5.99 (d, J� 5.7, 2H), 6.02 (d, J�
5.7 Hz, 2H), 6.09 (d, J� 13.8 Hz, 2H), 6.15 (t, J� 8.1Hz, 2H), 6.26 (d, J��
13.8 Hz, 2H), 6.33 (d, J� 6.0 Hz, 2H), 6.37 (d, J� 8.0 Hz, 2H), 6.77 (d, J�
8.0 Hz, 2H), 7.06 (d, J� 6.5 Hz, 2H), 7.13 (t, J� 8.0 Hz, 2H), 7.27 (d, J�
6.7 Hz, 2H), 7.29 (d, J� 8.0 Hz, 2H), 8.70 (d, J� 6.7 Hz, 2H), 8.91 (s, 2H),
9.31 ppm (d, J� 6.0 Hz, 2H); 13C NMR (125 MHz, CD3CN, 25 �C): ��
16.6, 64.6, 64.8, 67.5, 68.1, 69.5, 69.6, 69.7, 70.5, 71.0, 71.3, 104.0, 105.4, 109.2,
113.7, 122.5, 123.8, 124.2, 125.4, 125.7, 127.0, 128.4, 131.4, 136.0, 136.1, 137.4,
139.2, 142.4, 143.3, 144.5, 145.9, 148.0, 150.9, 153.3 ppm; MS (ESMS): m/z
(%): 1620 [M� PF6]� .

[3]Catenane 9 ¥ 4PF6 : Yield: 11%; m.p. 303 ± 305 �C (decomposed);
1H NMR (500 MHz, CD3CN, 25 �C): �� 1.78 (s, 12H), 3.48 ± 3.40 (m,
16H), 3.60 ± 3.80 (m, 16H), 3.70 ± 3.80 (m, 16H), 5.79 (s, 24H), 5.89 (s, 8H),
7.41 (d, J� 6.2 Hz, 4H), 7.72 (d, J� 8.0 Hz, 8H), 7.79 (d, J� 8.0 Hz, 16H),
8.74 (d, J� 6.1 Hz, 4H), 8.80 (s, 4H), 8.99 ppm (d, J� 8.0 Hz, 8H);
13C NMR (125 MHz, CD3CN, 25 �C): �� 15.8, 67.3, 69.5, 70.0, 70.3, 114.4,
125.1, 127.2, 130.4, 130.5, 134.3, 135.1, 137.7, 142.1, 145.5, 145.9, 151.5,
151.8 ppm; MS (ESMS): m/z : 1520 [M� 2PF6]2�.

[3]Catenane 10 ¥ 4PF6 : Yield: 27%; m.p. 220 ± 224 �C (decomposed);
1H NMR (500 MHz, CD3CN, 25 �C): �� 1.35 (s, 12H), 3.41 (s, 8H), 3.64
(s, 8H), 3.76 (s, 8H), 3.83 (s, 8H), 3.88 (s, 8H), 3.93 (s, 8H), 3.98 (s, 8H),
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4.08 (s, 8H), 5.54 (s, 4H), 5.71 (s, 8H), 5.87 (s, 16H), 6.32 (dd, J� 8.0 Hz,
4H), 6.43 (d, J� 8.0 Hz, 4H), 6.94 (s, 8H), 7.27 (d, J� 6.8 Hz, 8H), 7.84 (d,
J� 8.2 Hz, 8H), 7.96 (d, J� 8.2 Hz, 8H), 8.60 (s, 4H), 8.61 (d, J� 6.4 Hz,
4H), 7.27 ppm (d, J� 6.8 Hz, 8H); 13C NMR (125 MHz, CD3CN, 25 �C):
�� 15.3, 64.0, 67.5, 67.8, 69.3, 69.6, 69.9, 70.4, 70.6, 70.7, 104.8, 111.9, 114.6,
115.7, 124.5, 124.9, 125.9, 126.7, 130.7, 130.8, 134.7, 135.5, 137.5, 141.9, 144.3,
144.6, 145.1, 151.1, 151.8, 152.7; MS (ESMS): m/z : 1570 [M� 2PF6]2� ;
elemental analysis calcd (%) for C140H156F48N8O20P8 (3430): C 47.60, H 4.60,
N 3.36; found: C 47.69, H 4.71, N 3.32.

[3]Catenane 11 ¥ 4PF6 : Yield: 24%; m.p. 249 ± 251 �C; 1H NMR (500 MHz,
CD3CN, 25 �C): �� 1.30 (s, 12H), 3.80 ± 3.95 (s, 64H), 5.67 (s, 8H), 5.85 (s,
16H), 6.38 (d, J� 7.6 Hz, 8H), 6.57 (s, 16H), 6.82 (d, J� 6.8 Hz, 8H), 7.85
(d, J� 8.3 Hz, 8H), 8.00 (d, J� 8.3 Hz, 8H), 8.50 (s, 4H), 8.54 (d, J� 6.2 Hz,
4H), 8.73 ppm (br s, 8H); 13C NMR (125 MHz, CD3CN, 25 �C): �� 15.1,
67.7, 69.8, 70.6, 71.0, 105.0, 112.3, 123.8, 125.0, 125.8, 126.4, 130.8, 130.9,
134.8, 135.5, 137.3, 141.9, 143.0, 144.0, 144.8, 150.9, 152.7 ppm; MS (ESMS):
m/z (%): 1620 [M�PF6]� .

X-ray crystallographic data for 6 ¥ 4PF6, 7 ¥ 4PF6, 8 ¥ 4PF6, 9 ¥ 8PF6, 10 ¥
8PF6, and 11 ¥ 8PF6 : Table 6 provides a summary of the crystallographic
data for compounds 6 ¥ 4PF6 ± 11 ¥ 8PF6. Data were collected on Siemens
P4/PC diffractometers by using �-scans. The structures were solved by
direct methods and they were refined based on F 2 using the SHELXTL
program system.[39] Disorder was found to be present in part of either one
or both of the unique polyether arms in each of structures 7 ¥ 4PF6 ± 11 ¥
8PF6, in the position of the methyl substituents on one of the pyridinium
rings of each bipyridinium unit in 10 ¥ 8PF6, and of both of the methyl
substituents on one of the bipyridinium units in 11 ¥ 8PF6. In each case, two
partial occupancy orientations were identified with the major occupancy
non-hydrogen atoms being refined anisotropically and their minor
occupancy counterparts refined isotropically. The absolute structure of
11 ¥ 8PF6 was determined by a combination of R factor tests [R1

�� 0.0781,
R1

�� 0.0786] and by use of the Flack parameter [x���0.21(10), x��
�0.79(10)]. CCDC-191624 ± 191628 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44) 1223 ± 336033; or deposit@ccdc.cam.uk).
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