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Diazapyrenium units have been incorporated into the p-electron deÐcient components of four [2]pseudorotaxanes,
four [2]catenanes, and two [2]rotaxanes, each having a dioxyarene-based macrocyclic polyether as the p-electron
rich component. A dramatic increase in the association constants that characterize the formation of
diazapyrenium-containing [2]pseudorotaxanes, relative to those of their bipyridinium-based analogs, was observed
in solution studies. These results indicate that the intercomponent non-covalent bonding interactions are reinforced
signiÐcantly when diazapyrenium, instead of bipyridinium, recognition sites are employed in the p-electron deÐcient
components of this kind of [2]pseudorotaxane. Not surprisingly, therefore, in two asymmetric [2]catenanes which
incorporate one diazapyrenium and one bipyridinium recognition site within their tetracationic cyclophane
components, the diazapyrenium unit is located inside the cavity of the p-electron rich macrocyclic component as
revealed in the solid state by X-ray crystallographic analyses and by 1H NMR spectroscopic studies in solution.
Variable temperature 1H NMR spectroscopic studies showed that, in the [2]catenanes, the free energy barriers
associated with the circumrotation of one macrocyclic component through the cavity of the other and vice versa
increase when diazapyrenium, instead of bipyridinium, recognition sites are employed, reÑecting the stronger
intercomponent non-covalent bonding interactions involving the former.

Introduction
Mechanically interlocked1 molecules and their supramolecu-
lar analogs can be constructed efficiently by relying upon non-
covalent bonding interactions between appropriate
recognition sites. To this end, a combination of [CÈHÉ É ÉO]
hydrogen bonds, [pÉ É Ép] stacking, and [CÈHÉ É Ép] inter-
actions has been exploited2 in the syntheses of catenanes and
rotaxanes incorporating bipyridinium-based components
mechanically interlocked with dioxyarene-based polyether
components. In these systems, the a-bipyridinium protons
sustain [CÈHÉ É ÉO] hydrogen bonds with the polyether
oxygen atoms. In addition, the p-electron deÐcient bipyridin-
ium recognition sites [pÉ É Ép] stack with the p-electron rich
dioxyarene units. Preliminary studies suggested3 that these
non-covalent bonding interactions can be reinforced by repla-
cing the bipyridinium units with diazapyrenium recognition
sites. Here, we report (i) the syntheses of a number of acyclic
and cyclic diazapyrenium-containing compounds, (ii) their
incorporation into four [2]pseudorotaxanes, four
[2]catenanes, and two [2]rotaxanes, (iii) the X-ray crystallo-
graphic analyses of all four [2]pseudorotaxanes, and of two
of the four [2]catenanes, as well as of the tetracationic
cyclophane containing one bipyridinium and one diaza-
pyrenium unit and of 2,7-dibenzyldiazapyrenium
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bis(hexaÑuorophosphate), and (iv) the variable temperature 1H
NMR spectroscopic investigations of all of the [2]catenanes
and of both of the [2]rotaxanes.

Results and discussion
Synthesis

The conversion of 1 into 2 was achieved (Scheme 1) in three
steps in an overall yield of 43% following a modiÐed literature
procedure.4 Alkylation of 2 with MeI, or 5, fol-PhCH2Br,
lowed by counterion exchange, gave the compounds 3 É 2PF6 ,

and in good yields (59È95%). The4 É 2PF6 , 6 É 2PF6 , 7 É 2PF6diazapyrenium-containing compounds and3 É 2PF6 4 É 2PF6 ,
as well as the bipyridinium-containing one are8 É 2PF6 ,5,6
bound (Scheme 2) by the macrocyclic polyether 9 or 10 with
pseudorotaxane geometries in The correspondingCD3CN.
association constants were determined by either 1H(Ka)NMR or absorption UV-VIS spectroscopy, using dilution or
titration procedures,7 respectively. Higher values areKaobserved (Table 1) when (i) 1,5-dioxynaphthalene instead of
1,4-dioxybenzene recognition sites are incorporated into the
host, (ii) a diazapyrenium instead of a bipyridinium recogni-
tion site is present in the guest, and (iii) the guest carries
benzyl instead of methyl substituents.

Macrocyclization of either and 11 or 2 and6 É 2PF6in the presence of the template 13 a†orded (Scheme12 É 2PF63) the diazapyrenium-based cyclophane in yields of14 É 4PF630 or 59%, respectively. Similarly, macrocyclization of
and 2 in the presence of the template 15 gave (Scheme6 É 2PF64) the diazapyrenium-based cyclophane in a yield of16 É 4PF651%. When a macrocyclic polyether template (either 9 or 10)

was employed (Schemes 5 and 6) under similar conditions, the
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Scheme 1 Synthesis of the diazapyrenium-containing compounds
and3 É 2PF6 , 4 É 2PF6 , 6 É 2PF6 , 7 É 2PF6 .

[2]catenanes were isolated in good yields17 É 4PF6È20 É 4PF6(37È73%) after counterion exchange. Reaction of 21 with 2-[2-
(2-chloroethoxy)ethoxy]ethanol, followed by tosylation and
alkylation, gave (Scheme 7) the dumbbell-shaped compound
25 in an overall yield of 25%. This compound was employed
(Scheme 8) to template the macrocyclization of 5 and 7 É 2PF6 ,
as well as that of 5 and which gave the correspond-26 É 2PF6 ,
ing [2]rotaxanes and in yields of 43 and27 É 4PF6 28 É 4PF623%, respectively, after counterion exchange. The alkylation
of 2 with 29 was carried out in the presence of 9 and under
high pressure (12 kbar) conditions to a†ord (Scheme 9) the

Table 1 Association constants and derived free energies of(Ka)association ([*G¡) for the complexes [3 É 9] É 2PF6 , [3 É 10] É 2PF6 ,
and in[4 É 9] É 2PF6 , [4 É 10] É 2PF6 , [8 É 9] É 2PF6 [8 É 10] É 2PF6at 25 ¡CCD3CN

Complex Ka/dm3 mol~1 [*G¡/kcal mol~1

[3 É 9] É 2PF6 5900 ^ 400a 5.1^ 0.2
[3 É 10] É 2PF6 11000 ^ 1000a 5.5^ 0.1
[4 É 9] É 2PF6 29000 ^ 8000b 6.1^ 0.2
[4 É 10] É 2PF6 290000 ^ 60000b 7.5^ 0.2
[8 É 9] É 2PF6 240 ^ 40a 3.3^ 0.1
[8 É 10] É 2PF6 670 ^ 30b 3.8^ 0.1

a Determined by 1H NMR spectroscopy using the dilution procedure.
b Determined by absorption UV-VIS spectroscopy using the titration
procedure.

Scheme 2 Complexation of the dicationic compounds 3 É 2PF6 ,
and by the macrocyclic polyethers 9 and 10.4 É 2PF6 , 8 É 2PF6

Scheme 3 Template-directed synthesis of the diazapyrenium-
containing cyclophane 14 É 4PF6 .
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Scheme 4 Template-directed synthesis of the diazapyrenium-
containing cyclophane 16 É 4PF6 .

Scheme 5 Template-directed synthesis of the diazapyrenium-
containing [2]catenanes and17 É 4PF6 18 É 4PF6 .

Scheme 6 Template-directed synthesis of the diazapyrenium-
containing [2]catenanes and19 É 4PF6 20 É 4PF6 .

diazapyrenium-containing [2]rotaxane in a yield of30 É 2PF640%, after counterion exchange.

X-Ray crystallography

The X-ray structural analysis of shows [Fig.[3 É 9] É 2PF61(a) and 1(b)] the guest to be threaded symmetrically through
the center of the symmetric macrocyclic cavity with theCip-electron deÐcient dication sandwiched between the p-
electron rich 1,4-dioxybenzene rings, each of which exhibit a
syn relationship for their oxymethylene substituents. The 1 : 1
complex is stabilized further by a pair of [CÈHÉ É ÉO] hydro-
gen bonds between the methyl groups of the guest and the
central oxygen atoms of the polyether linkages of the host. A
summary of the [pÉ É Ép] stacking and [CÈHÉ É ÉO] hydrogen
bonding geometries is given in Table 2. Although the 1 : 1

Scheme 7 Synthesis of the dumbbell-shaped compound 25.
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Scheme 8 Template-directed synthesis of the diazapyrenium-
containing [2]rotaxanes and27 É 4PF6 28 ÉPF6 .

complexes pack to form stacks [Fig. 1(c)] that extend in the
crystallographic a direction, there is no [pÉ É Ép] overlap
between adjacent 1,4-dioxybenzene rings but there are pairs of
intercomplex [CÈHÉ É Ép] interactions between diametrically
opposite b-methylene groups in one complex and the 1,4-
dioxybenzene rings in adjacent complexes, the [HÉ É Ép] dis-
tance being 2.72 and the [CÈHÉ É Ép] angle 138¡.Ó

Scheme 9 Template-directed synthesis of the diazapyrenium-
containing [2]rotaxane 30 É 2PF6 .

Fig. 1 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by [3 É 9]2` in the solid state and (c) one of the polar stacks
formed by [3 É 9]2` in the crystal. The dashed lines in (a) and (b) indi-
cate intracomplex [CÈHÉ É ÉO] hydrogen bonds. The dashed lines in (c)
indicate intercomplex [CÈHÉ É Ép] interactions.

Fig. 2 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by [3 É 10]2` in the solid state and (c) one of the polar stacks
formed by [3 É 10]2` in the crystal. The dashed lines in (a) and (b)
indicate intracomplex [CÈHÉ É ÉO] hydrogen bonds. The dashed lines
in (c) indicate intercomplex [CÈHÉ É Ép] interactions in addition to the
[CÈHÉ É ÉO] hydrogen bonds.

The solid state superstructure of shows (Fig.[3 É 10] É 2PF62) a co-conformation8 that di†ers markedly from
The host has approximate molecular sym-[3 É 9] É 2PF6 . C2hmetry about an axis passing through the centers of the two

naphthalene rings [Fig. 2(b)], the two polyether linkages
having classical all-gauche conformations. However, the guest
is not positioned centrosymmetrically within the cavity of the
host ; it is displaced both vertically and laterally [Fig. 2(b)]
with respect to the center of the macroring cavity. Despite this
o†set, there is still appreciable overlap and hence [pÉ É Ép] sta-
bilization between the p-electron rich naphthalene rings and
the p-electron deÐcient diazapyrene unit. Secondary stabiliza-
tion is achieved [Fig. 2(a)] by [CÈHÉ É ÉO] hydrogen bonding
between one of the methyl groups on the guest and the second
and fourth polyether oxygen atoms of one linkage and
between one of the a-CH hydrogen atoms and the central
oxygen atom in the other. The absence of dibenzyl substit-
uents (vide infra) again permits the formation of stacked arrays
in the solid state [Fig. 2(c)] comparable with those present in

but, in this case, involving partial overlap[3 É 9] É 2PF6between the naphthalene rings of adjacent complexes. The
mean intercomplex interplanar separation is 3.41 Supple-Ó.
menting this weak interaction, there is an intercomplex [CÈ
HÉ É Én] interaction between one of the oxymethylene groups
in one molecule and the center of one of the fused benzene
rings of the 1,5-dioxynaphthalene residue of another. The
[HÉ É Ép] distance is 2.63 and the [CÈHÉ É Ép] angle is 153¡.Ó

The X-ray crystallographic investigation of [4 É 9] É 2PF6revealed [Fig. 3(a) and 3(b)] the macrocycle to have the
normal open-box like geometry through which is threaded the
guest in a centrosymmetric manner. The diazapyrenium core
is positioned centrally (Table 2) between the two p-electron
rich 1,4-dioxybenzene rings, which have their pairs of oxy-
methylene substituents displaying anti geometries in this solid
state superstructure. The guest, which has its benzyl groups in
an open-book conformation with respect to the diazapyre-
nium unit, has its [NÉÉÉN] axis more steeply inclined [Fig.
3(b) and Table 2] to the mean plane of the host than in the

complex. In addition to the [pÉ É Ép] stabilizing[3 É 9] É 2PF6interactions between the diazapyrenium unit and the 1,4-
dioxybenzene rings of the host in the complex, there are pairs
of [CÈHÉ É ÉO] hydrogen bonds between both the a-
diazapyrenium hydrogen atoms and one of each of the pair of
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Table 2 Distances and angles (¡) characterizing the [2]pseudorotaxanes and the(Ó) [3 É 9] É 2PF6 , [3 É 10] É 2PF6 , [4 É 9] É 2PF6 , [4 É 10] É 2PF6 ,
tetracationic cyclophane and the [2] catenanes and14 É 4PF6 17 É 4PF6 19 É 4PF6

Compound ha tb rc qd [YÉ É ÉY]e [ZÉ É ÉZ]f [XÉ É ÉY]g [HÉ É ÉY]h [XÈHÉ É ÉY]i [ZÉ É ÉX]j [AÉ É ÉA]k [AÉ É ÉB]l [CÈHÉ É ÉO]m [CÉ É ÉO]n [HÉ É ÉO]o

[3 É 9] É 2PF6 È È È 21 È È È È È È 6.90 3.45 159 3.43 2.54
[3 É 10] É 2PF6 È È È 8 È È È È È È 6.84 3.44 160 3.22 2.30

3.40 131 3.15 2.43
160 3.21 2.30

[4 É 9] É 2PF6 È È È 45 È È È È È È 7.10 3.54 160 3.36 2.44
147 3.31 2.46

[4 É 10] É 2PF6 È È È 39 È È È È È È 6.96 3.48 176 3.33 2.35
14 É 4PF6 17 19 15 È 10.37 6.55 È È È È È È È È È
17 É 4PF6p 17 27 26 49 10.13 7.02 5.07 2.79 165 3.60 6.77 3.35 164 3.36 2.42

3.42 3.42
19 É 4PF6p È È 24 48 10.13 6.86 5.07 2.79 162 3.42 6.76 3.44 133 3.03 2.29

25 3.44 3.32 163 3.31 2.38

a Average of the moduli of the four [CÈCÈCÈC] torsional angles about the [CÈC] bond linking the pyridinium rings. b Angle between the axes of the two [CH2ÈN`]
bonds of the bipyridinium unit. c Angle between the axes of the two bonds of the diazapyrenium unit. d Angle between the [OaÉ É ÉOa] and [N`É É ÉN`][CH2ÈN`]
axes. e Separation between the centroids of the p-phenylene units of the tetracationic cyclophane. f Separation between the centroids of the dicationic units of the
tetracationic cyclophane. g Separation between the centroid of one the p-phenylene units of the tetracationic cyclophane and the centroid of the “ inside Ï dioxyarene
unit. h Shortest separation between the centroid of one the p-phenylene units and one of the hydrogen atoms of the “ inside Ï dioxyarene unit. i Angle associated with
the [CÈHÉ É Ép] interaction. j Separation between the centroid of one the dicationic units of the tetracationic cyclophane and the centroid of the “ inside Ï dioxyarene
unit. k Interplanar separation between the dioxyarene units. l Interplanar separation between the diazapyrenium and one of the dioxyarene units. m Angles (u and u@)
associated with the [CÈHÉ É ÉO] hydrogen bonds. n [CÉ É ÉO] distance associated with the [CÈHÉ É ÉO] hydrogen bonds. o [HÉ É ÉO] distance associated with the
[CÈHÉ É ÉO] hydrogen bonds. p Although there is a small amount of disorder in the polyether chains in these structures, it does not involve the regions associated with
hydrogen bonding, which are clearly resolved.

the benzylic methylene hydrogen atoms in 42` and the central
oxygen atoms of the polyether linkages in the host [Fig. 3(a)
and Table 2]. The phenyl rings of the benzyl groups do not
enter into any signiÐcant intracomplex [CÈHÉ É Ép] inter-
actions with the 1,4-dioxybenzene rings. In contrast with

in this [2]pseudorotaxane there is no formation[3 É 9] É 2PF6 ,
of any continuous stack. The conformation of 42` in the
complex is very little changed compared with the conforma-
tion in its uncomplexed state. In the complex, the mean tor-
sional twists about the and the bonds[CH2ÈN`] [CH2ÈPh]
are 74 and 84¡, respectively, cf. values of 79 and 90¡ in
[4 É 9] É 2PF6 .

The [2]pseudorotaxane crystallizes with two[4 É 10] É 2PF6crystallographically independent symmetric complexes inCithe asymmetric unit. Their geometries are, within statistical
signiÐcance, identical. In common with the[4 É 9] É 2PF6 ,
guest is sandwiched symmetrically (Fig. 4) between the pair of
1,5-dioxynaphthalene rings of the host. This [pÉ É Ép] stabiliza-
tion is supplemented by a pair of [CÈHÉ É ÉO] hydrogen bonds
(Table 2) between a hydrogen atom of each of the benzylic
methylene groups on the guest and the central oxygen atoms
of each polyether arm of the host. The benzyl substituents of
the guest are oriented in an open-book conformation with
respect to the diazapyrenium core with and the[CH2ÈN`]

torsion angles of 73 and 87¡, respectively, in one[CH2ÈPh]
independent complex, and 72 and 84¡ in the other. Thus, the
formation of an extended stacked array in the solid state is
inhibited in the same way as it is for adjacent[4 É 9] É 2PF6 ,
complexes being orientated orthogonally with respect to each

other. No signiÐcant intercomplex [pÉ É Ép], [CÈHÉ É Ép], or [CÈ
HÉ É ÉO] interactions were identiÐed.

The solid state structure of the tetracationic cyclophane
reveals [Fig. 5(a)] a conformation that is noticeably14 É 4PF6modiÐed compared (vide infra) to that which is adopted in the

[2]catenane The overall dimensions (6.6] 10.417 É 4PF6 . Ó)
show (Table 2) a small increase in the separation of the cen-
troids of the two p-xylyl rings and a slightly more marked
increase in the separation of the two p-electron deÐcient com-
ponents. The most signiÐcant change in the conformation is a
tilting “ inwardÏ [Fig. 5(b)] of the planes of the diazapyrenium
and bipyridinium units with respect to the mean plane of the
cyclophane (as deÐned by the four methylene carbon atoms),
and a tilting “outwards Ï of the planes of the two p-xylyl rings.
The diazapyrenium unit is inclined by 58¡, the bipyridinium
rings by 64 and 81¡, and the two p-xylyl rings by 66 and 72¡,
respectively. The twisting (h) distortion within the cyclophane
is unchanged from the [2]catenane but the bowings17 É 4PF6 ,
(t and r) of the two di†erent p-electron deÐcient units are
reduced. An analysis of the packing of the cyclophanes does
not reveal any extended [pÉ É Ép] stacking arrangement. The
only proximal relationships are between p-xylyl rings of sym-
metry related molecules for which the [centroidÉ É Écentroid]
separation is 4.10 with the planes of the rings being inclinedÓ,
by 22¡. The tetracations do however, form [Fig. 5(c)] polar
stacks that extend in the crystallographic a direction, forming
restricted channels with one of the hexaÑuorophosphate
anions being held between the “cupped-face Ï of one molecule
and the restricted face of the next one within the stack. The
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Fig. 3 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by [4 É 9]2` in the solid state. The dashed lines indicate intra-
complex [CÈHÉ É ÉO] hydrogen bonds.

Fig. 4 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by [4 É 10]2` in the solid state. The dashed lines indicate
intracomplex [CÈHÉ É ÉO] hydrogen bonds.

Fig. 5 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by 144` in the solid state and (c) one of the polar stacks
formed by 144` and the hexaÑuorophosphate anions in the crystal.

intrastack separation of adjacent hexaÑuorophosphate centers
is 7.70 Ó.

The solid-state structure of the [2]catenane shows17 É 4PF6[Fig. 6(a)] the diazapyrenium unit of the tetracationic cyclo-
phane to be positioned within the cavity of the macrocyclic
polyether, which adopts a conformation with a symmetryC2axis passing through the centers and normal to the planes of
the two 1,4-dioxybenzene rings. The axes of the[OC6H4O]
“inside Ï and “outside Ï 1,4-dioxybenzene rings are [Fig. 6(b)]
inclined with respect to each other (cf. a parallel arrangement
in and In addition to the [pÉ É Ép][3 É 9] É 2PF6 [4 É 9] É 2PF6).stabilization between the p-electron rich 1,4-dioxybenzene
rings and the p-electron deÐcient bipyridinium and diazapyre-
nium components of the tetracationic cyclophane, there are

Fig. 6 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by 174` in the solid state and (c) one of the donor/acceptor
stacks formed by 174` in the crystal. The dashed lines in (a) and (b)
indicate intracatenane [CÈHÉ É ÉO] and [CÈHÉ É Ép] interactions.
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Fig. 7 Ball-and-stick representations [(a) and (b)] of the geometry
adopted by 194` in the solid state and (c) one of the donor/acceptor
stacks formed by 194` in the crystal. The dashed lines in (a) and (b)
indicate intracatenane [CÈHÉ É ÉO] and [CÈHÉ É Ép] interactions.

(Table 2) [CÈHÉ É ÉO] hydrogen bonds between a-
diazapyrenium hydrogen atoms and the central oxygen atoms
of each polyether linkage. There are also [CÈHÉ É Ép] inter-
actions between a diametrically opposite pair of inside 1,4-
dioxybenzene hydrogen atoms and the p-xylyl spacers in the
tetracationic cyclophane. A notable feature of the crystal
structure is the existence of disorder (lateral slippage) in the
positioning of the outside 1,4-dioxybenzene ring and its
associated polyether linkages. Despite this disorder, there is
still a retention of an interplanar separation between this dis-
ordered ring and the inside diazapyrenium unit of 3.35 Ó,
compatible with the maintenance of [pÉ É Ép] stabilization.
Inspection of the packing of the [2]catenane molecules in the
solid state reveals [Fig. 6(c)] a familiar polar stacking motif
with the outside 1,4-dioxybenzene rings of one complex posi-
tioned in a [pÉ É Ép] stacking arrangement with respect to the
outside bipyridinium unit of the next (interplanar separation
3.52 Ó).

The single crystal structural analysis of the [2]catenane
reveals [Fig. 7(a)] an arrangement that is very19 É 4PF6

Fig. 8 The dynamic processes IÈIII associated with the [2]catenanes
in solution.17 É 4PF6È20 É 4PF6

similar to that observed for the closely related One17 É 4PF6 .
of the p-electron rich 1,4-dioxybenzene rings is sandwiched
between the two p-electron deÐcient diazapyrenium units with
[centroidÉ É Écentroid] separations that are virtually unchanged
from those in The complex is further stabilized17 É 4PF6 .
(Table 2) by (i) [CÈHÉ É Ép] interactions between hydrogen
atoms on the ortho positions of the 1,4-dioxybenzene ring and
the p-xylyl rings of the tetracationic cyclophane, and (ii) [CÈ
HÉ É ÉO] hydrogen bonds between the a-diazapyrenium hydro-
gen atoms and the central oxygen atoms of the polyether link-
ages within the macrocyclic polyether. In common with

there is disorder in the positioning of the outside17 É 4PF6 ,
1,4-dioxybenzene ring with respect to the crystallographically
imposed molecular axis, the 1,4-dioxybenzene ring beingC2slid laterally [Fig. 7(b)] but parallel to the plane of the dia-
zapyrenium unit. As in there is [Fig. 7(c)] forma-17 É 4PF6 ,
tion of polar donor/acceptor stacks, the only signiÐcant
di†erence being that, in the lattice of the “outside Ï19 É 4PF6 ,
1,4-dioxybenzene ring is sandwiched between two diazapyre-
nium units as opposed to one diazapyrenium and one bipyri-
dinium unit. The interstack donor/acceptor separation is

Table 3 Kinetic parameters for the dynamic processes associated with the [2]catenanes and with the [2]rotaxanes17 É 4PF6È20 É 4PF6 27 É 4PF6and in solution28 É 4PF6
Compound Probe protons Solvent *l/Hz k/s~1 T /K *G”/kcal mol~1 Process

17 É 4PF6 “Outside Ï [OC6H4O] CD3CN 10 40 355 18.5 Ia
“ Inside Ï [OC6H4O] CD3CN 10 40 355 18.5 Ia
[CH2N`] (CD3)2CO 50 110 212 10.3 IIIb,c

18 É 4PF6 a-Bipyridinium CD3CN 6 10 355 19.1 Ib
b-Bipyridinium CD3CN 6 10 355 19.1 Ia

19 É 4PF6 “Outside Ï [OC6H4O] CD3CN 1 3 369 20.8 Ia
a-Diazapyrenium CD3CN 12 30 280 14.5 IIb
“ Inside Ï a-diazapyrenium (CD3)2CO 151 340 219 10.2 IIIb
“Outside Ï a-diazapyrenium (CD3)2CO 64 140 205 9.8 IIIb

20 É 4PF6 a-Diazapyrenium CD3CN 10 20 296 15.5 IVb
a-Diazapyrenium CD3CN 162 360 322 15.2 IVb

27 É 4PF6 a-Diazapyrenium CD3CN 15 30 350 18.1 Vb
a-Diazapyrenium CD3CN 192 430 210 9.6 IIIb

28 É 4PF6 a-Bipyridinium CD3CN 86 190 274 13.1 Vb

a The exchange method was employed to determine the kinetic parameters (error for k ^ 5 s~1, error for *G” ^ 0.2 kcal mol~1). b The
coalescence method was employed to determine the kinetic parameters. c Determined for the major translational isomer.

New J. Chem., 1999, 23, 587È602 593



Fig. 9 The dynamic process IV associated with the [2]catenanes
and in solution and the dynamic process V associ-18 É 4PF6 20 É 4PF6ated with the [2]rotaxanes and in solution.27 É 4PF6 28 É 4PF6

noticeably reduced from 3.52 in to 3.37 inÓ 17 É 4PF6 Ó
reÑecting the stronger interaction of the diazapyre-19 É 4PF6 ,

nium unit over the bipyridinium unit.

1H NMR spectroscopy

In the [2]catenanes the dynamic pro-17 É 4PF6È20 É 4PF6 ,
cesses IÈIV can occur (Table 3 and Fig. 8 and 9) in solution.
Process I corresponds to the circumrotation of the macro-
cyclic polyether through the cavity of the tetracationic cyclo-
phane. Process II involves the circumrotation of the
tetracationic cyclophane through the cavity of the macrocyclic
polyether. Process III corresponds to the “rockingÏ of the
[OÉ É ÉO] axis of the “ inside Ï 1,4-dioxybenzene unit with
respect to the mean plane of the tetracationic cyclophane.
Process IV involves (i) dislodgment of the 1,5-
dioxynaphthalene unit from the cavity of the tetracationic
cyclophane, (ii) its 180¡ rotation around the [OÉ É ÉO] axis, and
(iii) its reinsertion inside the cavity of the tetracationic cyclo-
phane. In the [2]rotaxanes and the27 É 4PF6 28 É 4PF6 ,
dynamic processes III and V can occur in solution. Process V
corresponds to the “shuttling Ï of the tetracationic cyclophane
from one 1,4-dioxybenzene unit to the other.

In process I is slow on the 1H NMR timescale at17 É 4PF6 ,
300 K in As a result, the protons attached to the 1,4-CD3CN.
dioxybenzene units located inside and outside the cavity of the
tetracationic cyclophane component give rise to two sets of

Fig. 10 Partial 1H NMR (400 MHz) spectra of the [2]catenane (a) in at 333 K and (b) in at 253 K.18 É 4PF6 CD3CN (CD3)2CO
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signals at d 2.63 and 5.16, respectively. Upon warming the
solution, broadening of these signals is observed as process I
becomes faster. Saturation transfer experiments, performed by
irradiating either the “ inside Ï or the “outside Ï 1,4-dioxybenzene
protons, indicated that the two sets of protons are in
exchange. Line broadening analysis9 revealed a free energy
barrier of 18.5 kcal mol~1 at 355 K for process I. At 193 K in

process II is slow and the signals of two trans-(CD3)2CO,
lational isomers can be distinguished in a ratio of 96 : 4. In the
major isomer, the diazapyrenium unit resides inside the cavity
of the macrocyclic polyether while it is positioned “outside Ï in
the minor isomer. At this temperature, process III is also slow
and, as a result, the “ inside Ï and “outside Ï protons[CH2N`]
of each isomer give rise to two AB systems. On warming the
solution, coalescence of the two AB systems into two singlets
is observed. By employing the approximate coalescence treat-
ment,10 a free energy barrier of 10.3 kcal mol~1 at a
coalescence temperature of 212 K was determined for process
III in the case of the major isomer.

In the 1H NMR spectrum of a solution ofCD3CN
recorded at 333 K, the resonances associated with18 É 4PF6the “ inside Ï and “outside Ï 1,5-dioxynaphthelene units can be

distinguished [Fig. 10(a)] indicating that process I is slow on
the 1H NMR timescale. Furthermore, two sets of signals are
observed for the a-diazapyrenium, as well as for the a-
bipyridinium, protons as a result of the local symmetryC2imposed by the “ inside Ï 1,5-dioxynaphthalene unit. On
warming the solution to 355 K, broadening of these signals is
observed, as process I becomes faster. Saturation transfer
experiments, performed by irradiating either the “ inside Ï or the
“outside Ï 1,5-dioxynaphthalene protons, indicated that these
protons are in exchange. Line broadening analysis9 revealed a
free energy barrier of 19.1 kcal mol~1 at 355 K for process I.
On cooling a solution of to 253 K,(CD3)2CO 18 É 4PF6process II becomes slow on the 1H NMR timescale and the
signals of two translational isomers can be distinguished [Fig.
10(b)] in a ratio of 82 : 18. In the major isomer, the diazapyre-
nium unit resides inside the cavity of the macrocyclic poly-
ether, while it is positioned outside in the minor isomer.

In process I is slow on the 1H NMR timescale at19 É 4PF6 ,
300 K in As a result, the “ inside Ï and “outside Ï 1,4-CD3CN.
dioxybenzene protons give rise to two sets of signals at d 1.90
and 5.19, respectively. Upon warming the solution, broaden-
ing of these signals is observed, as process I becomes faster.
Saturation transfer experiments, performed by irradiating
either the “ inside Ï or the “outside Ï 1,4-dioxybenzene protons,
indicated that the two sets of protons are in exchange. Line
broadening analysis9 revealed a free energy barrier of 20.8
kcal mol~1 at 369 K for process I. At 300 K, process II is fast
on the 1H NMR timescale in and only one singlet(CD3)2CO
is observed [Fig. 11(a)] for the a-diazapyrenium protons. On
cooling the solution, this singlet broadens [Fig. 11(b) and
11(c)] and separates [Fig. 11(d)] into two singlets at 273 K, as
process II becomes slow. By employing the coalescence treat-
ment,10 a free energy barrier of 14.5 kcal mol~1 at a
coalescence temperature of 280 K was determined for process
II. On further cooling, the two singlets associated with the
“ inside Ï and “outside Ï a-diazapyrenium protons separate into
four singlets as process III becomes slow. By employing the
coalescence treatment,10 free energy barriers of 10.2 and 9.8
kcal mol~1 at coalescence temperatures of 219 and 205 K,
respectively, were determined for process III.

In the 1H NMR spectrum of a solution ofCD3CN
recorded at 333 K, the resonances associated with20 É 4PF6the “ inside Ï and “outside Ï 1,5-dioxynaphthelene units can be

distinguished indicating that process I is slow on the 1H
NMR timescale. Furthermore, two singlets are observed for
the a-diazapyrenium protons as a result of the local sym-C2metry imposed by the “ inside Ï 1,5-dioxynaphthalene unit. On
warming the solution to 355 K, these two singlets coalesce

Fig. 11 Partial 1H NMR (400 MHz) spectra of the [2]catenane
in at (a) 300, (b) 293, (c) 283 and (d) 273 K.19 É 4PF6 (CD3)2CO

into only one, as process IV becomes faster. By employing the
coalescence treatment,10 free energy barriers of 15.5 and 15.2
kcal mol~1 at coalescence temperatures of 296 and 322 K,
respectively, were determined for process IV.

In process V is slow on the 1H NMR timescale at27 É 4PF6 ,
300 K in and the a-diazapyrenium protons give riseCD3CN
[Fig. 12(b)] to two singlets. On warming the solution,
coalescence of the two singlets into only one occurs [Fig.

Fig. 12 Partial 1H NMR (400 MHz) spectra of the [2]rotaxane
in at (a) 333, and (b) 300 K.27 É 4PF6 CD3CN
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Fig. 13 Partial 1H NMR (400 MHz) spectra of the [2]rotaxane
in at (a) 300, and (b) 243 K.28 É 4PF6 (CD3)2CO

12(a)], as process V becomes faster. By employing the
coalescence treatment,10 a free energy barrier of 18.1 kcal
mol~1 at a coalescence temperature of 350 K was determined
for process V. At 193 K in the a-diazapyrenium(CD3)2CO,
protons give rise to four singlets, as process III is slow. On
warming the solution, coalescence of these four singlets into
two occurs, as process III becomes faster. By employing the
coalescence treatment,10 a free energy barrier of 9.6 kcal
mol~1 at a coalescence temperature of 210 K was determined
for process III.

In process V is slow on the 1H NMR timescale at28 É 4PF6 ,
243 K in and the a-bipyridinium protons give rise(CD3)2CO
[Fig. 13(b)] to two sets of signals. On warming the solution,
coalescence of the two sets of signals into only one occurs
[Fig. 13(a)], as process V becomes faster. By employing the
coalescence treatment,10 a free energy barrier of 13.2 kcal
mol~1 at a coalescence temperature of 274 K was determined
for process V.

Previous studies have demonstrated11 that the passage of
the macrocyclic polyether 9 over 4-[bis(4-tert-butylphenyl)-4-
methylphenylmethyl]phenyl-based stoppers can occur at ele-
vated temperatures. Indeed, the [2]rotaxane disso-30 É 2PF6ciates into its separate dumbbell-shaped and macrocyclic
components when heated at 100 ¡C in The process(CD3)2SO.
can be monitored by 1H NMR spectroscopy following the
changes in the intensities of the resonances associated with the
diazapyrenium protons of the [2]rotaxane relative to those of
the “ free Ï dumbbell-shaped compound. However, since signals
associated with products of the degradation of the dumbbell-
shaped component appear after ca. 100 min, the dissociation
process could not be followed clearly to completion.

Conclusions
Diazapyrenium-containing guests are bound by dioxyarene-
based polyether hosts as a result of [CÈHÉ É ÉO] hydrogen
bonds and [pÉ É Ép] stacking interactions. The corresponding

[2]pseudorotaxanes are signiÐcantly more stable than the
bipyridinium-based analogs. This recognition motif has been
exploited to synthesize [2]catenanes and [2]rotaxanes incorp-
orating one or two diazapyrenium recognition sites in one of
their two mechanically interlocked components. In the case of
two [2]catenanes, a tetracationic cyclophane incorporating
one diazapyrenium and one bipyridinium recognition site was
mechanically interlocked with either 1,4-dioxybenzene- or 1,5-
dioxynaphthalene-based macrocyclic polyethers. Both
[2]catenanes exist as mixtures of two translational isomers in
solution. In both instances, the major isomer is the one which
incorporates the diazapyrenium recognition site inside the
cavity of the macrocyclic polyether component and the bipyri-
dinium one “outside Ï. Consistently, the major isomer detected
in solution is observed exclusively in the solid state. These
results reÑect the ability of dioxyarene recognition sites to
sustain non-covalent bonding interactions with diazapyre-
nium recognition sites which are signiÐcantly stronger than
those achieved with bipyridinium ones. As a result, in the
[2]catenanes, the free energy barriers associated with the cir-
cumrotation of one macrocyclic component through the
cavity of the other and vice versa increase signiÐcantly on
replacing bipyridinium with diazapyrenium recognition sites
in the tetracationic cyclophane component.

Experimental

General methods

Chemicals were purchased from Aldrich and used as received.
Solvents were puriÐed according to literature procedures.12
The compounds 9,13 10,5[8 Æ 9] É 2PF6 ,5 [8 Æ 10] É 2PF6 ,6

13,13 15,14 21,13 24,11 and 2911 were12 É 2PF6 ,11 26 É 2PF6 ,13
prepared following literature procedures. Reactions under
high pressure conditions were carried out in TeÑon vessels
using a custom-built high pressure apparatus manufactured
by PSIKA Pressure Systems Limited of Glossop, UK. Thin-
layer chromatography (TLC) was carried out using aluminium
or plastic plates, coated with Merck 5735 Kieselgel 60F. The
developed plates were dried and scrutinized under a UV lamp.
Column chromatography was performed using Kieselgel 60
(0.040È0.063 mm mesh, Merck 9385). Melting points were
determined with an Electrothermal 9200 melting point appar-
atus and are uncorrected. Liquid secondary ion mass spectra
(LSIMS) were recorded in the positive-ion mode at a scan
speed of 5 s per decade on a VGÈZab Spec mass spectrometer
(accelerating voltage, 8 keV; resolution, 2000). High resolution
liquid secondary ion mass spectra (HRLSIMS) were obtained
from a VGÈZab Spec triple-focusing mass spectrometer oper-
ating at a resolution of 5000 and using voltage scanning with
CsI as a reference. 1H NMR spectra were recorded on a
Bruker AC300 (300 MHz) or Bruker AMX400 (400 MHz)
spectrometer using the deuterated solvent as lock and residual
solvent or tetramethylsilane as internal reference. 13C NMR
spectra were recorded on a Bruker AC300 (75.5 MHz) or
AMX400 (100 MHz) spectrometer using the JMOD pulse
sequence in most cases.

2,7-Diazapyrene (2)

A mixture of 1 (6.35 g, 24 mmol) and aqueous MeNH2(40%, 60 mL) was stirred for 5 min at ambient temperature
and the solvent was removed under reduced pressure. PhNO2(50 mL) was added to the solid residue and the mixture was
heated until a color change was observed. After cooling to
ambient temperature, the mixture was Ðltered o†, washed with

(1 ] 20 mL), and with (1] 50 mL). TheH2O Me2CO
resulting 1,4,5,8-naphthalenediimide was isolated (6.70 g, 96%)
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as a pink powder (mp[ 300 ¡C; LSIMS: m/z 294 [M]`).
Reduction of this diimide (9.5 g, 72%) and aromatization of
the resulting 1,3,6,8-tetrahydro-2,7-diazapyrene were per-
formed as described in the literature4 to give 2 (2.90 g, 67%) as
yellow needles, after crystallization from benzene. mp\ 283È
285 ¡C; EIMS: m/z 204 [M]` ; 1H NMR d 8.21 (4H,(CDCl3) :s), 9.51 (4H, s).

2,7-Dimethyldiazapyrenium bis(hexaÑuorophosphate)
(3 Æ 2PF

6
)

A mixture of 2 (225 mg, 1.10 mmol) and MeI (390 mg, 2.75
mmol) in (25 mL) was stirred for 1 h at 60 ¡C underMe2SO
an atmosphere of An orange precipitate appeared afterN2 .
the addition of more MeI (600 mg, 4.23 mmol). The solid was
Ðltered o† and dissolved in (1 : 1, 20 mL). Addi-H2OÈMe2CO
tion of (1.5 g), followed by the evaporation ofNH4PF6caused the appearance of a precipitate which was Ðl-Me2CO,
tered o† and crystallized from to giveMeCNÈPr2i O 3 É 2PF6(528 mg, 92%) as a yellow powder. mp[ 300 ¡C; LSIMS:
m/z\ 379 234 1H NMR[M[ PF6]` , [M[ 2PF6]` ;

d 4.85 (6H, s), 8.82 (4H, s), 9.81 (4H, s).(CD3CN) :

2,7-Dibenzyldiazapyrenium bis(hexaÑuorophosphate) (4 Æ 2PF
6
)

A mixture of 2 (225 mg, 1.10 mmol) and (2 mL) inPhCH2Br
(10 mL) was stirred for 12 h at 60 ¡C under an atmo-Me2SO

sphere of The resulting precipitate was Ðltered o† andN2 .
dissolved in (1 :1, 20 mL). Addition ofH2OÈMe2CO NH4PF6(1.5 g), followed by the evaporation of caused theMe2CO,
appearance of a precipitate which was Ðltered o† and crys-
tallized from to give (232 mg, 95%) as aMeCNÈPr2i O 4 É 2PF6yellow solid. mp\ 282 ¡C (decomp.) ; LSIMS: m/z 531 [M

386 1H NMR d 6.25[ PF6]`, [M[ 2PF6]` ; (CD3CN) :
(4H, s), 7.51È7.55 (6H, m), 7.62È7.67 (4H, m), 8.81 (4H, s), 9.93
(4H, s).

General method for the preparation of the [2 ]pseudorotaxanes

Equimolar amounts (ca. 5 mM) of the host and guest com-
ponents were dissolved in and a color change wasCD3CN
observed immediately. LSIMS: m/z 915 [M[3 É 9] É 2PF6 :

HRLSIMS: m/z calc. for[ PF6]` ; [M [ PF6]`found : 915.3388 ; 1H NMR(C44H54F6N2O10P) : 915.3420,
d 3.62 (16H, m), 3.79 (8H, m), 3.86 (8H, m), 4.91(CD3CN) :

(6H, s), 5.61 (8H, s), 8.56 (4H, s), 9.75 (4H, s) ; 13C NMR
d 51.0, 68.6, 70.6, 71.5, 71.6, 114.6, 129.5, 130.7,(CD3CN) :

143.1, 152.2. Crystals of suitable for X-ray struc-[3 É 9] É 2PF6 ,
tural analysis, were grown by vapor di†usion of into aPr2i O1 : 1 solution of and 9 in MeCN.3 É 2PF6 [3 É 10] É 2PF6 :
LSIMS: m/z 1015 870 [M[M [ PF6]`,

HRLSIMS: m/z calc. for[ 2PF6]` ; [M [ PF6]`1015.3733, found : 1015.3718 ; 1H NMR(C52H58F6N2O10P) :
d 3.75 (8H, m), 3.84 (8H, m), 3.90 (8H, m), 3.97(CD3CN) :

(8H, m), 4.87 (6H, s), 6.07 (4H, m), 6.55 (8H, m), 8.56 (4H, s),
9.75 (4H, s) ; 13C NMR d 50.9, 68.7, 70.5, 71.8, 71.8,(CD3CN) :
105.3, 113.5, 124.9, 125.5, 128.8, 130.0, 141.9, 153.5. Crystals of

suitable for X-ray structural analysis, were[3 É 10] É 2PF6 ,
grown by vapor di†usion of into a 1 : 1 solution ofPr2i Oand 10 in MeCN. LSIMS: m/z 10673 É 2PF6 [4 É 9] É 2PF6 :

HRLSIMS: m/z calc. for[M[ PF6]` ; [M [ PF6]`1067.4046, found : 1067.4081 ; 1H NMR(C56H62F6N2O10P)
d 3.26È3.33 (8H, m), 3.58È3.64 (8H, m), 3.74È3.79(CD3CN) :

(8H, m), 3.80È3.85 (8H, m), 5.45 (8H, s), 6.36 (4H, s), 7.50È7.62
(6H, m), 7.78È7.85 (4H, m), 8.53 (4H, s), 9.85 (4H, s) ; 13C NMR

d 67.4, 68.4, 70.6, 71.3, 71.5, 114.5, 130.2, 130.6,(CD3CN) :
131.0, 131.2, 134.5, 142.2, 152.0. Crystals of suit-[4 É 9] É 2PF6 ,
able for X-ray structural analysis, were grown by vapor di†u-

sion of into a 1 : 1 solution of and 9 in MeCN.Pr2i O 4 É 2PF6LSIMS: m/z 1167 1022 [M[4 É 10] É 2PF6 : [M [ PF6]`,
HRLSIMS: m/z calc. for[ 2PF6]` ; [M [ PF6]`1167.4359, found : 1167.4315 ; 1H NMR(C64H66F6N2O10P) :

d 3.75È3.81 (8H, m), 3.82È3.88 (8H, m), 3.93È4.08(CD3CN) :
(16H, m), 5.90È6.00 (6H, m), 6.15 (4H, t, J \ 8.0 Hz), 6.23 (4H,
m), 7.50È7.70 (6H, m), 7.88 (4H, d, J \ 8.0 Hz), 8.15 (4H, s),
9.71 (4H, s) ; 13C NMR d 67.4, 68.6, 70.6, 71.9, 71.9,(CD3CN) :
105.3, 112.8, 117.8, 124.5, 125.0, 125.2, 129.8, 130.6, 130.7,
131.3, 142.0, 153.4. Crystals of suitable for[4 É 10] É 2PF6 ,
X-ray structural analysis, were grown by vapor di†usion of

into a 1 : 1 solution of and 10 in MeCN.Pr2i O 4 É 2PF6

2,7-Bis(4-bromomethylbenzyl)diazapyrenium
bis(hexaÑuorophosphate) (6 Æ 2PF

6
)

A solution of 2 (0.5 g, 2.45 mmol) in MeCN (20 mL) was
added dropwise to a solution of 5 (7.0 g, 26.6 mmol) in MeCN
(200 mL) and the resulting mixture was heated under reÑux
for 12 h. After cooling to ambient temperature, the mixture
was Ðltered and the solid residue was washed with andEt2Odissolved in Addition of (5 g) caused the for-H2O. NH4PF6mation of a precipitate, which was Ðltered o† to a†ord

(1.92 g, 91%) as a bright yellow solid. mp\ 248 ¡C6 É 2PF6(decomp.) ; LSIMS: m/z 717 1H NMR[M[ PF6]` ;
d 4.60 (4H, s), 6.25 (4H, s), 7.57 (4H, d, J \ 9.5 Hz),(CD3CN) :

7.62 (4H, d, J \ 9.5 Hz), 8.82 (4H, s), 9.95 (4H, s).

1,4-Bis(2,7-diazapyreniummethylene)benzene
bis(hexaÑuorophosphate) (7 Æ 2PF

6
)

A solution of 2 (350 mg, 1.70 mmol) and 5 (225
mg, 0.85 mmol) in MeCN (50 mL) was heated under reÑux for
4 h. After cooling to ambient temperature, the mixture was
Ðltered and the solid residue was washed with and dis-Et2Osolved in (25 mL). Addition of (5 g)H2OÈMe2CO NH4PF6and evaporation of caused the formation of a precipi-Me2CO
tate, which was Ðltered o† to a†ord (802 mg, 59%) as7 É 2PF6a yellow solid. mp [ 280 ¡C; LSIMS: m/z 657 [M[ PF6]` ;
1H NMR d 6.18 (4H, s), 7.67 (4H, s) 8.48 (4H, d,(CD3CN) :
J \ 9.1 Hz), 8.68 (4H, d, J \ 9.1 Hz), 9.64 (4H, s), 9.84 (4H, s).

Cyclophane 14 Æ 4PF
6

Method A. A solution of (150 mg, 0.17 mmol), 116 É 2PF6(30 mg, 0.19 mmol), and 13 (233 mg, 0.87 mmol) in DMF (10
mL) was stirred for 14 d at room temperature. The addition of

(50 mL) caused the formation of an orange precipitate,Et2Owhich was Ðltered o† and dissolved in (20 mL). TheH2Oresulting solution was subjected to liquid/liquid extraction
for 5 d. Addition of (1 g) caused the forma-(CH2Cl2) NH4PF6tion of a precipitate which was Ðltered o† to give (5914 É 4PF6mg, 30%) as a yellow powder. mp [ 290 ¡C (decomp.) ;

LSIMS: m/z 1003 858[M[ PF6]`, [M [ 2PF6]` ;
HRLSIMS: m/z calc. for [M [ PF6]` (C40H32F18N4P3) :1003.1552, found : 1003.1525 ; 1H NMR d 5.68 (4H,(CD3CN) :
s), 6.21 (4H, s), 7.57 (4H, d, J \ 8.0 Hz), 7.79 (4H, d, J \ 8.0
Hz), 7.86 (4H, d, J \ 7.0 Hz), 8.64 (4H, s), 8.74 (4H, d, J \ 7.0
Hz), 9.90 (4H, s) ; 13C NMR d 65.6, 67.8, 127.9,(CD3CN) :
130.9, 131.1, 131.4, 137.3, 137.6, 141.4, 145.8, 149.2. Crystals,
suitable for X-ray analysis, were grown by vapor di†usion of

into an MeCN solution ofPr2i O 14 É 4PF6 .

Method B. A solution of 2 (34 mg, 0.17 mmol), 12 É 2PF6(136 mg, 0.16 mmol), and 13 (140 mg, 0.52 mmol) in DMF (10
mL) was subjected to a pressure of 12 kbar for 2 d at 20 ¡C.
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The mixture was treated as described in Method A to give
(80 mg, 42%) as a yellow powder.14 É 4PF6

Cyclophane 16 Æ 4PF
6

A solution of 2 (34 mg, 0.11 mmol), (100 mg, 0.106 É 2PF6mmol), and 15 (233 mg, 0.69 mmol) in DMF (25 mL) was
stirred for 14 d at room temperature. The addition of Et2O(50 mL) caused the formation of an orange precipitate which
was Ðltered o† and dissolved in (20 mL). The resultingH2Osolution was subjected to liquid/liquid extraction for(CH2Cl2)5 d. Addition of (1 g), caused the formation of aNH4PF6precipitate, which was Ðltered o† to give (63.0 mg,16 É 4PF651%) as a yellow solid. mp[ 280 ¡C (decomp.) ; LSIMS: m/z
1051 906 HRLSIMS: m/z calc.[M[ PF6]` , [M [ 2PF6]` ;
for 906.1897, found :[M[ 2PF6]` (C44H32F12N4P2) :906.1911 ; 1H NMR d 6.15 (8H, s), 7.53 (8H, s), 8.56(CD3CN) :
(8H, s), 9.69 (8H, s) ; 13C NMR d 67.6, 128.6, 130.8,(CD3CN) :
130.9, 131.5, 137.4, 141.5.

[2 ]Catenane 17 Æ 4PF
6

Method A. A solution of 2 (27 mg, 0.13 mmol), (10012 É 2PF6mg, 0.12 mmol), and 9 (164 mg, 0.31 mmol) in MeCN (10 mL)
was stirred for 14 d at room temperature. The addition of

(50 mL) caused the formation of a red precipitate, whichEt2Owas Ðltered o† and dissolved in (1 : 1, 25 mL).H2OÈMe2CO
Addition of (1 g), followed by the evaporation ofNH4PF6caused the formation of a precipitate, which was Ðl-Me2CO,
tered o† and washed with (10 mL) and (1] 10CH2Cl2 Et2OmL). The resulting solid was dissolved in MeCN and precipi-
tated by adding After four reprecipitations,Et2O. 17 É 4PF6(107 mg, 52%) was isolated as a red solid. mp[ 300 ¡C;
LSIMS: m/z 1539 1394 1249 [M[M [ PF6]`, [M [ 2PF6]`,

HRLSIMS: m/z calc. for[ 3PF6]` ; [M [ PF6]`1539.4171, found : 1539.4174 ; 1H(C68H72F18N4O10P3) :NMR 300 K) : d 2.63 (4H, br s), 3.10È3.14 (4H, m),(CD3CN,
3.20È3.24 (4H, m), 3.57È3.61 (4H, m), 3.80È3.88 (8H, m), 4.01È
4.15 (12H, m), 5.42 (4H, br s), 5.61 (4H, s), 6.18 (4H, s), 7.57
(4H, d, J \ 7.0 Hz), 7.71 (4H, d, J \ 8.0 Hz), 8.00 (4H, d,
J \ 8.0 Hz), 8.40 (4H, s), 8.71 (4H, d, J \ 7.0 Hz), 9.83 (4H, s) ;
13C NMR 304 K) : d 65.7, 66.9, 67.7, 68.5, 70.3, 70.6,(CD3CN,
71.0, 71.3, 72.0, 72.2, 112.0, 114.4, 126.1, 126.7, 128.6, 129.9,
130.8, 130.9, 131.6, 132.2, 137.5, 138.1, 141.4, 145.2, 147.1,
149.3, 151.8. Crystals, suitable for X-ray analysis, were grown
by vapor di†usion of into an MeCN solution ofPr2i O17 É 4PF6 .

Method B. A solution of 11 (30 mg, 0.19 mmol), 6 É 2PF6(150 mg, 0.17 mmol), and 14 (200 mg, 0.37 mmol) in MeCN
(10 mL) was stirred for 14 d at room temperature. The
mixture was treated as described in Method A to a†ord

(109 mg, 37%) as a red solid.17 É 4PF6

[2 ]Catenane 18 Æ 4PF
6

A solution of 2 (27 mg, 0.13 mmol), (100 mg, 0.1212 É 2PF6mmol), and 10 (195 mg, 0.31 mmol) in DMF (4 mL) was
stirred for 14 d at room temperature. The addition of Et2O(50 mL) caused the formation of a red precipitate, which was
Ðltered o† and dissolved in (25 mL). AdditionH2OÈMe2CO
of (1 g), followed by the evaporation ofNH4PF6 Me2CO,
caused the formation of a precipitate, which was Ðltered o†
and puriÐed by column chromatography (SiO2 : DMFÈ2M

1 : 1) to a†ord (122 mg, 56%) as a purpleNH4Cl, 18 É 4PF6solid. mp [ 300 ¡C; LSIMS: m/z 1639 1495 [M[M [ PF6]`,

1349 1H NMR 333 K) :[ 2PF6]`, [M [ 3PF6]` ; (CD3CN,
d 1.79 (2H, d, J \ 11.0 Hz), 3.50È3.58 (2H, m), 3.65È3.83 (6H,
m), 3.85È3.90 (4H, m), 3.93È4.17 (14H, m), 4.20È4.37 (6H, m),
5.53 (2H, t, J \ 8.0 Hz), 5.62 and 5.70 (4H, ABq, JAB \ 13.0
Hz), 5.75 (2H, d, J \ 8.0 Hz), 6.09 (2H, d, J \ 7.0 Hz), 6.04
and 6.38 (4H, ABq, Hz), 6.71 (2H, t, J \ 8.0 Hz),JAB\ 13.0
6.75 (2H, t, J \ 8.0 Hz), 6.84 (2H, m), 6.98 (2H, m), 7.88 and
8.06 (4H, ABq, Hz), 7.95 and 8.20 (4H, ABq,JAB \ 8.0 JAB \

Hz), 8.03 (2H, s), 8.05 (2H, s), 8.44 (2H, d, J \ 6.5 Hz), 8.608.0
(2H, d, J \ 6.5 Hz), 9.21 (2H, s), 9.87 (2H, s) ; 13C NMR

304 K) : d 66.0, 67.9, 68.7, 69.0, 70.7, 70.8, 71.3, 72.1,(CD3CN,
72.6, 72.8, 105.0, 106.0, 107.4, 114.7, 123.3, 125.5, 126.1, 126.7,
127.9, 129.3, 129.7, 131.0, 132.1, 132.2, 132.6, 137.5, 137.6,
139.9, 141.5, 144.0, 145.7, 151.1, 153.8.

[2 ]Catenane 19 Æ 4PF
6

Method A. A solution of 2 (39 mg, 0.19 mmol), (1506 É 2PF6mg, 0.17 mmol), and 9 (195 mg, 0.36 mmol) in DMF (10 mL)
was stirred for 14 d at room temperature. The addition of

(100 mL) caused the formation of a red precipitate,Et2Owhich was Ðltered o† and dissolved in (1 : 1, 40H2OÈMe2CO
mL). Addition of (1 g), followed by the evaporationNH4PF6of caused the formation of a precipitate which wasMe2CO,
Ðltered o† and washed with (10 mL) and (1] 10CH2Cl2 Et2OmL). The resulting solid was dissolved in MeCN and precipi-
tated by adding After three reprecipitations, the solidEt2O.
was crystallized from to a†ord (221MeCNÈPr2i O 19 É 4PF6mg, 73%) as a red solid. mp[ 300 ¡C; LSIMS: m/z 1587 [M

1442 1397 1H NMR[ PF6]`, [M [ 2PF6]`, [M [ 3PF6]` ;
313 K) : d 1.85 (4H, br s), 2.90È2.93 (4H, m), 3.04È(CD3CN,

3.07 (4H, m), 3.54È3.57 (4H, m), 3.80È3.86 (8H, m), 4.00È4.11
(12H, m), 5.32 (4H, s), 6.10 (8H, s), 7.91 (8H, br s), 8.29 (8H, br
s), 9.71 (8H, s) ; 13C NMR 304 K) : d 66.7, 66.8, 67.7,(CD3CN,
68.3, 68.4, 70.2, 70.6, 70.9, 71.1, 71.3, 71.5, 71.9, 72.2, 110.4,
114.2, 130.1, 130.7, 130.9, 131.4, 131.9, 138.0, 138.7, 140.9,
142.3, 147.9, 151.6. Crystals, suitable for X-ray analysis, were
grown by vapor di†usion of into a solution ofPr2i O MeNO219 É 4PF6 .

Method B. A solution of 5 (33 mg, 0.13 mmol), (1016 É 2PF6mg, 0.13 mmol), and 9 (140 mg, 0.26 mmol) in DMF (10 mL)
was subjected to a pressure of 12 kbar for 3 d at 20 ¡C. The
mixture was treated as described in Method A to a†ord

(118 mg, 54%) as a red solid.19 É 4PF6

[2 ]Catenane 20 Æ 4PF
6

A solution of 2 (22 mg, 0.11 mmol), (100 mg, 0.106 É 2PF6mmol), and 10 (100 mg, 0.16 mmol) in DMF (10 mL) was
stirred for 14 d at room temperature. The addition of Et2O(100 mL) caused the formation of a red precipitate which was
Ðltered o† and dissolved in (1 : 1, 40 mL). Addi-H2OÈMe2CO
tion of (1 g) followed by the evaporation ofNH4PF6 Me2CO
caused the formation of a precipitate which was Ðltered o†
and washed with (10 mL) and (1] 10 mL).CH2Cl2 Et2OPuriÐcation of the residue by column chromatography

1 : 1) a†orded (91 mg,(SiO2 : DMFÈ2M NH4Cl, 20 É 4PF648%) as a purple solid. mp[ 300 ¡C; LSIMS: m/z 1832 [M]`,
1687 1542 1397[M[ PF6]`, [M[ 2PF6]`, [M [ 3PF6]` ;
HRLSIMS: m/z calc. for [M [ PF6]` (C80H76F18N4O10P3) :1687.4468, found : 1687.4487 ; 1H NMR 273 K) : d(CD3CN,
1.09 (2H, d, J \ 8.0 Hz), 3.20È4.15 (28H, m), 4.16È4.50 (4H,
m), 5.17 (2H, t, J \ 8.0 Hz), 5.26 (2H, d, J \ 8.0 Hz), 5.90È5.96
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(4H, m), 6.05 (6H, s), 6.29 (2H, m), 6.46 (2H, d, J \ 8.0 Hz),
6.58 (2H, t, J \ 8.0 Hz), 7.76 (2H, d, J \ 9.0 Hz), 7.86 (2H, d,
J \ 8.0 Hz), 7.90È8.10 (10H, m), 9.02 (2H, s), 9.43 (2H, s), 9.64
(2H, s), 9.68 (2H, s) ; 13C NMR 304 K) : d 67.9, 68.7,(CD3CN,
69.0, 70.7, 70.7, 70.8, 71.3, 72.0, 72.5, 72.9, 105.5, 105.8, 105.9,
114.6, 114.7, 125.9, 126.2, 129.4, 131.9, 132.0, 132.6.

1,8-Bis{4-(2-{2- [2-(2-hydroxyethoxy)ethoxy ]ethoxy}ethoxy)-
phenoxy}-3,6-dioxaoctane 22

A mixture of 21 (0.45 g, 1.32 mmol), 2-[2-(2-chloroethoxy)-
ethoxy]ethanol (0.65 g, 3.86 mmol), and (1 g, 5.26K2CO3mmol) in MeCN (100 mL) was heated for 4 d under reÑux and
an atmosphere of After cooling to room temperature, theN2.mixture was Ðltered and the residue was dissolved in CH2Cl2(100 mL), washed with (2] 50 mL), and driedH2O (MgSO4).The solvent was removed under reduced pressure and the
residue was puriÐed by column chromatography

9 : 1) to a†ord 22 (561 mg, 71%) as a(SiO2 : CHCl3ÈMe2CO,
white solid. mp \ 77È78 ¡C; LSIMS 598 : m/z [M]` ; 1H
NMR d 2.54 (2H, br s), 3.56È3.65 (4H, m), 3.67È3.74(CDCl3) :(16H, m), 3.80È3.85 (8H, m), 4.04È4.10 (8H, m), 6.83 (8H, s) ;
13C NMR d 61.8, 68.0, 68.1, 69.9, 70.4, 70.8, 70.9,(CDCl3) :72.5, 115.6, 115.7, 153.1, 153.2.

1,8-Bis{4-(2-{2- [2-(2-tosyloxyethoxy)ethoxy ]ethoxy}ethoxy)-
phenoxy}-3,6-dioxaoctane 23

A solution of p-toluenesulfonyl chloride (0.96 g, 5.02 mmol) in
(100 mL) was added dropwise to a solution of 22 (1.0CH2Cl2g, 1.67 mmol), (1.52 g, 15.05 mmol), and DMAP (20 mg)Et3Nin (200 mL) mantained at 0 ¡C under an atmosphereCH2Cl2of The mixture was maintained at 0 ¡C for a further 12 hN2.and washed with dilute HCl (50 mL) and (2] 100 mL),H2Oand dried The solvent was removed under reduced(MgSO4).pressure and the residue was puriÐed by column chromatog-

raphy 99 : 1) to a†ord 23 (0.76 g,(SiO2 : CH2Cl2ÈMeOH,
50%) as a white solid. LSIMS: m/z 906 [M]` ; 1H NMR

d 2.40 (6H, s), 3.55È3.90 (24H, m), 4.02È4.10 (12H,(CDCl3) :m), 6.82 (8H, s), 7.32 (4H, d, J \ 9.0 Hz), 7.8 (4H, d, J \ 9.0
Hz) ; 13C NMR d 21.6, 68.0, 68.1, 68.7, 69.3, 69.9,(CDCl3) :70.7, 70.8, 70.9, 115.6, 115.7, 127.9, 129.8, 133.1, 144.8, 153.1,
153.2.

1,8-Bis{4-(2-{2- [2-{2-(4-tritylphenoxy)ethoxy}ethoxy ]ethoxy}-
ethoxy)phenoxy}-3,6-dioxaoctane 25

A mixture of 23 (0.54, 0.60 mmol), 24 (0.42 g, 1.25 mmol), and
(1 g, 5.26 mmol) in MeCN (50 mL) was heated underK2CO3reÑux for 4 d. After cooling to room temperature, the mixture

was Ðltered and the residue was washed with (30 mL).CH2Cl2The solvent was removed under reduced pressure and the
residue was dissolved in (100 mL), washed withCH2Cl2 H2O(2] 50 mL), and dried The solvent was removed(MgSO4).under reduced pressure and the residue was puriÐed by
column chromatography 9 : 1) to give(SiO2 : CHCl3ÈMe2CO,
25 (561 mg, 71%) as a white solid. LSIMS: m/z\ 1235 [M]` ;
1H NMR d 3.74 (12H, s), 3.80È3.87 (12H, m), 4.03È(CDCl3) :4.12 (12H, m), 6.79 (4H, d, J \ 8.5 Hz), 6.82 (8H, s), 7.08 (4H,
d, J \ 8.5 Hz), 7.14È7.29 (30H, m) ; 13C NMR d 64.3,(CDCl3) :67.3, 68.1, 69.8, 69.9, 70.9, 77.2, 113.4, 115.6, 125.9, 127.4, 131.1,
132.2, 139.2, 147.1, 153.1, 156.8.

[2 ]Rotaxane 27 Æ 4PF
6

A solution of 5 (21 mg, 0.08 mmol), (64 mg, 0.087 É 4PF6mmol), 25 (197 mg, 0.16 mmol), and (40 mg, 0.16AgPF6

mmol) in MeCN (10 mL) was stirred for 14 d at ambient tem-
perature. The addition of (50 mL) caused the formationEt2Oof a red precipitate which was dissolved in MeCN (6 mL) and
reprecipitated by adding After four reprecipitations, theEt2O.
solid was crystallized from to give (83MeCNÈPr2i O 27 É 4PF6mg, 43%) as an orange solid. mp [ 190 ¡C (decomp.) ; LSIMS:
m/z 2287 2142 HRLSIMS: m/z[M [ PF6]`, [M[ 2PF6]` ;
calc. for 2285.7359,[M[ PF6]` (C124H114F18N4O12P3) :found : 2285.7514 ; 1H NMR 300 K) : d 1.98È2.02(CD3CN,
(4H, br s), 2.88È2.92 (2H, m), 2.98È3.02 (2H, m), 3.50È4.17
(32H, m), 5.94 (2H, d, J \ 8.5 Hz), 6.01 (8H, s), 6.06 (2H, d,
J \ 8.5 Hz), 6.09 (2H, d, J \ 8.5 Hz), 6.70 (2H, d, J \ 8.5 Hz),
6.76 (2H, d, J \ 8.5 Hz), 6.98È7.02 (4H, m), 7.09 (2H, d,
J \ 8.5 Hz), 7.14È7.28 (26H, m), 7.86 (8H, s), 8.34 (4H, s), 8.35
(4H, s), 9.70 (4H, s), 9.74 (4H, s) ; 13C NMR 300 K) :(CD3CN,
d 64.9, 65.1, 66.9, 67.8, 67.9, 68.1, 68.3, 68.5, 68.8, 70.2,
70.3, 70.5, 71.0, 71.1, 71.2, 71.3, 71.4, 71.9, 72.0, 110.8, 113.6,
114.3, 115.0, 115.7, 116.1, 117.6, 126.2, 126.8, 128.3, 130.1,
130.8, 131.1, 131.5, 131.8, 132.0, 132.7, 132.9, 137.9, 139.8,
140.0, 141.3, 141.4, 147.7, 147.8, 148.0, 152.4, 153.6, 156.9,
157.9.

[2 ]Rotaxane 28 Æ 4PF
6

A solution of 5 (18 mg, 0.07 mmol), 25 (172 mg, 0.14 mmol),
(46 mg, 0.07 mmol), and (35 mg, 0.14 mmol)26 É 4PF6 AgPF6in MeCN (10 mL) was stirred for 14 d at ambient tem-

perature. The addition of (100 mL) caused the formationEt2Oof a red precipitate which was Ðltered o† and puriÐed by
column chromatography (MeOHÈ2M NH4ClÈMeNO2 ,
7 : 2 : 1) to give (37 mg, 23%) as a red solid.28 É 4PF6mp [ 190 ¡C (decomp) ; LSIMS: m/z 2191 2046[M[ PF6]`,

1900 HRLSIMS: m/z calc. for[M[ 2PF6]`, [M [ 3PF6]` ;
2189.7359, found :[M[ PF6]` (C116H114F18N4O12P3) :2189.7300 ; 1H NMR 243 K]: d 3.55È4.20 (40H,[(CD3)2CO,

m), 5.93 (8H, s), 6.33 (2H, d, J \ 9.0 Hz), 6.46 (2H, d, J \ 9.0
Hz), 6.53 (2H, d, J \ 9.0 Hz), 6.83 (2H, d, J \ 9.0 Hz), 6.89
(2H, d, J \ 9.0 Hz), 7.04 (2H, d, J \ 9.0 Hz), 7.12È7.32 (30H,
m), 7.99 (8H, s), 8.02 (4H, d, J \ 5.0 Hz), 8.24 (4H, d, J \ 5.0
Hz), 9.28 (4H, d, J \ 6.3 Hz), 9.32 (4H, d, J \ 6.3 Hz) ; 13C
NMR 243 K]: d 64.5, 64.9, 66.6, 66.8, 67.3, 67.4,[(CD3)2CO,
67.6, 69.8, 69.9, 70.4, 70.6, 70.6, 70.8, 71.1, 71.3, 71.6, 113.2,
113.3, 113.4, 113.6, 114.6, 115.2, 118.2, 126.1, 126.3, 126.6,
128.2, 128.4, 131.1, 131.3, 132.4, 132.5, 137.5, 139.2, 139.6,
145.3, 145.4, 145.4, 147.1, 147.5, 150.3, 150.5, 152.0, 153.3,
156.3, 157.3.

[2 ]Rotaxane 30 Æ 4PF
6

A solution of 2 (17 mg, 0.08 mmol), 9 (150 mg, 0.28 mmol),
and 29 (134 mg, 0.20 mmol) in DMF (6 mL) was subjected to
a pressure of 12 kbar for 3 d at 20 ¡C. The mixture was poured
onto (60 mL) and a saturated aqueous solutionH2O NH4PF6was added and the resulting suspension was extracted with

(2 ] 25 mL). The organic layer was washed withMeNO2(2 ] 10 mL) and dried The solvent wasH2O (MgSO4).removed under reduced pressure and the residue was puriÐed
by column chromatography (SiO2 : MeOHÈMeNO2È6 : 1 : 1) to a†ord (77 mg, 40%) as a deepCH2Cl2 , 30 É 4PF6orange solid. mp 195È198 ¡C; LSIMS : m/z 2018 [M

HRLSIMS: m/z calc. for[ 2PF6]` ; [M[ 2PF6]`found : 2019.0945 ; 1H NMR(C132H150N2O16) : 2019.0985,
d 1.26 (36H, s), 2.26 (6H, s), 3.10È3.15 (8H, m), 3.57È(CD3CN) :

3.62 (8H, m), 3.65È3.90 (24H, m), 3.98È4.03 (4H, m), 4.13È4.18
(4H, m), 5.20 (8H, s), 6.28 (4H, s), 6.72 (4H, d, J \ 8.5 Hz),
7.02È7.14 (24H, m), 7.26 (8H, d, J \ 8.5 Hz), 7.77 (8H, d,
J \ 8.5 Hz), 8.49 (4H, s), 9.81 (4H, s) ; 13C NMR d(CD3CN) :
20.9, 31.6, 34.9, 64.1, 67.1, 68.3, 68.8, 70.3, 70.5, 70.6,
71.4, 71.6, 114.1, 114.3, 116.4, 118.3, 118.5, 125.4, 129.2,
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Table 4 Crystal data, data collection, and reÐnement parameters for the [2]pseudorotaxanes and[3 É 9] É 2PF6 , [3 É 10] É 2PF6 , [4 É 9] É 2PF6 ,
[4 É 10] É 2PF6a

Data [3 É 9] É 2PF6 [3 É 10] É 2PF6 [4 É 9] É 2PF6 [4 É 10] É 2PF6
Formula [C44H54N2O10][PF6]2 Æ [C52H58N2O10][PF6]2 Æ [C56H62N2O10][PF6]2 [C64H66N2O10][PF6]22MeCN MeCN ÉEtOAc
Formula weight 1142.9 1290.1 1213.0 1313.1
Colour, habit OrangeÈred blocks Red blocks Yellow plates Red blocks
Crystal size/mm 0.31 ] 0.19] 0.12 0.66 ] 0.33] 0.23 0.30] 0.27] 0.07 0.25] 0.17] 0.17
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group P16 (no. 2) P21/n (no. 14) P21/c (no. 14) P16 (no. 2)
T /K 293 293 293 293
Cell dimensions

a/Ó 11.222(2) 15.655(3) 15.474(5) 13.799(3)
b/Ó 11.277(3) 23.613(2) 13.197(4) 14.407(4)
c/Ó 12.033(3) 17.177(2) 14.431(3) 16.336(5)
a/¡ 106.20(2) È È 110.09(2)
b/¡ 99.94(2) 102.04(2) 109.50(2) 90.33(2)
c/¡ 107.20(2) È È 91.12(2)

V /Ó3 1342.0(5) 6210(2) 2778(1) 3049(1)
Z 1b 4 2b 2c
Dc/g cm~3 1.414 1.380 1.450 1.430
F(000) 594 2688 1260 1364
k/mm~1 1.63 1.49 1.60 1.50
h range/¡ 4.0È60.0 1.5È55.0 1.5È60.0 2.9È60.0
No. of unique reÑections

measured 3979 7791 4124 9056
observed, 2850 5226 1803 4034

oFo o[ 4p( oFo o )
No. of variables 374 740 344 847
R1d 0.068e 0.082f 0.106f 0.114e
wR2g 0.181 0.089h 0.102h 0.297
Weighting factors a, bi 0.099, 1.673 0.0005j 0.0005j 0.185, 2.264
Largest di†. peak, 0.38, [0.32 0.52, [0.47 0.66, [0.65 0.42, [0.39

hole/e Ó~3

a Details in common: graphite monochromated Cu-Ka radiation, u-scans, Siemens P4 di†ractometer. b The molecule has crystallographic Cisymmetry. c There are two crystallographically independent symmetric molecules in the asymmetric unit.Ci d R1\& o o Fo o[ oFc o o/& oFo o.e ReÐnement based on F2. f ReÐnement based on F. h The value quoted is forg wR2\ [&w(Fo2[ Fc2)2/&w(Fo2)2]1@2. R
w

. i w~1 \p2(Fo2)] (aP)2
] bP. j The value given is for g in w~1\ p2(F)] gF2.

129.7, 130.8, 131.3, 131.5, 132.7, 132.8, 136.3, 140.7, 145.5, 149.5,
151.6.

Association constants

Method A. A 1 : 1 solution of host and guest wasCD3CN
diluted [concentration (c)\ 5 ] 10~3È1 ] 10~4 M] in twenty
consecutive steps. At each step, the chemical shift changes (*d)
of appropriate protons were determined by 1H NMR spec-
troscopy. Non-linear curve-Ðtting7 of the plot of *d vs. c gave
the association constant (Ka).

Method B. Twenty solutions of host and guestCD3CN
were prepared by varying the concentration of the host (cH)
while maintaining that of the guest constant. For each solu-
tion, the absorbance (A) of the charge-transfer band associated
with the complex was determined by UV-VIS spectroscopy.
Non-linear curve-Ðtting7 of the plot of A against gavecH Ka.

X-Ray crystallography

Tables 4 and 5 summarize the crystal data, data collection,
and reÐnement parameters for the dicationic compound

the [2]pseudorotaxanes4 É 2PF6 , [3 É 9] É 2PF6 ,
and the tetra-[3 É 10] É 2PF6 , [4 É 9] É 2PF6 , [4 É 10] É 2PF6 ,

cationic cyclophane and the [2]catenanes14 É 4PF6 , 17 É 4PF6and The data were collected on Siemens P4 di†rac-19 É 4PF6.

tometers (with a rotating anode source for 14 É 4PF6 ,
and and the structures were solved by17 É 4PF6 19 É 4PF6),direct methods and reÐned by full matrix least-squares, based

on F2 for 4 É 2PF6 , [3 É 9] É 2PF6 , [4 É 10] É 2PF6 , 14 É 4PF6 ,
and based on F for19 É 4PF6 , [3 É 10] É 2PF6 , [4 É 9] É 2PF6 ,
and Disorder was found in the macrocyclic poly-17 É 4PF6 .
ether components of and and in each case17 É 4PF6 19 É 4PF6two 50% occupancy orientations were identiÐed. In 17 É 4PF6 ,
all of these partial occupancy atoms were reÐned isotropically.
In they were reÐned anisotropically. Disorder was19 É 4PF6 ,
found in some of the hexaÑuorophosphate anions of 4 É 2PF6 ,

and[3 É 9] É 2PF6 , [4 É 10] É 2PF6 , 14 É 4PF6 , 17 É 4PF6 ,
In each case, this disorder was resolved into two19 É 4PF6 ,

partial occupancy orientations with only the major occupancy
atoms being reÐned anisotropically. The included solvent mol-
ecules in were4 É 2PF6 , [3 É 9] É 2PF6 , 17 É 4PF6 , 19 É 4PF6 ,
found to be distributed over multiple full and partial occu-
pancy sites. In and only the major4 É 2PF6 [3 É 9] É 2PF6 ,
occupancy non-hydrogen atoms were reÐned anisotropically.
In they were all reÐned isotropically and in17 É 4PF6 ,

only the full occupancy non-hydrogen atoms were19 É 4PF6reÐned anisotropically. In each structure the [CÈH] hydrogen
atoms were placed in calculated positions, assigned isotropic
thermal parameters, and allowed to ride on their parent
atoms. The polarity of could not be unambiguously14 É 4PF6determined. The slightly higher Ðnal values of R in 17 É 4PF6and are a consequence of the high solvation and19 É 4PF6disorder in both the solvent and anious. The accuraciesPF6~of the derived parameters vary by a factor of ca. 1.6 between
the “best Ï and “worst Ï (super)structures. Computations were
carried out using the SHELXTL PC program system.15
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Table 5 Crystal data, data collection, and reÐnement parameters for the dicationic compound the tetracationic cyclophane4 É 2PF6 , 14 É 4PF6 ,
and the [2]catenanes and17 É 4PF6 19 É 4PF6a

Data 4 É 2PF6 14 É 4PF6 17 É 4PF6 19 É 4PF6
Formula [C28H22N2][PF6]2 Æ [C40H32N4][PF6]4 [C68H72N4O10][PF6]4 Æ [C72H72N4O10][PF6]4 Æ

1.5MeCN 4.5MeCN 6MeNO2Formula weight 738.0 1148.6 1869.9 2099.5
Colour, habit Yellow blocks Yellow octahedra Red blocks Red blocks
Crystal size/mm 0.40 ] 0.33] 0.33 0.33] 0.23] 0.20 0.57] 0.50] 0.40 0.60] 0.33] 0.25
Crystal system Rhombohedral Orthorhomic Monoclinic Monoclinic
Space group R36 (no. 148) Pna21 (no. 33) C2/c (no. 15) C2/c (no. 15)
T /K 293 193 291 193
Cell dimensions

a/Ó 27.842(6) 15.109(2) 30.29(3) 28.925(3)
b/Ó È 24.224(2) 13.885(7) 13.581(1)
c/Ó 12.445(4) 12.518(1) 26.88(2) 24.872(1)
a/¡ È È È È
b/¡ È È 122.79(2) 107.10(1)
c/¡ È È È È

V /Ó3 8355(4) 4581.3(8) 9506(11) 9339(1)
Z 9b 4 4c 4c
Dc/g cm~3 1.320 1.665 1.307 1.493
F(000) 3375 2304 3852 4320
k/mm~1 1.85 2.78 1.64 1.84
h range/¡ 4.0È62.5 3.7È60.0 1.5È55.0 3.2È60.0
No. unique reÑections

measured 2960 3557 5983 6857
observed, 2463 2769 3825 4292

oFo o[ 4p( oFo o )No. of variables 268 661 555 724
R1d 0.075e 0.073e 0.140f 0.127e
wR2g 0.215 0.184 0.151h 0.338
Weighting factors a, bi 0.143, 18.326 0.124, 7.217 0.0005j 0.249, 47.796
Largest di†. peak, 0.48, [0.41 0.58, [0.43 0.97, [0.47 0.79, [0.77

hole/e Ó~3

a Details in common: graphite monochromated Cu-Ka radiation, u-scans, Siemens P4 di†ractometer. b The molecule has crystallographic Cisymmetry. c The molecule has crystallographic symmetry. e ReÐnement based on F2. f ReÐnement based on F.C2 d R1\& o o Fo o [ oFc o o/& oFo o.
h The value quoted is for j The value given is for g in w~1\ p2(F) ] gF2.g wR2\ [&w(Fo2[ Fc2)2/&w(Fo2)2]1@2. R

w
. i w~1 \p2(Fo2)] (aP)2] bP.

CCDC reference number 440/100. See http ://www.rsc.org/
suppdata/nj/1999/587/ for crystallographic Ðles in .cif format.

Notes and references
1 For accounts, books and reviews on mechanically interlocked
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