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Kinetic and Thermodynamic Effects in the Self-Assembly of [3]Catenanes in
the Solution and Solid States™*

David B. Amabilino, Peter R. Ashton, J. Fraser Stoddart,*
A. J. P. White, and David J. Williams*

Abstract: A change in the constitution
of the tetracationic cyclophane compo-
nents (comprised of two paraquat resi-
dues bridged by either m- or p-phenyl-
ene rings) in [2]catenanes, where the
other macrocyclic components are poly-
ethers (incorporating two m-electron-
rich rings, such as 1,4-dioxybenzene or
1,5-dioxynaphthalene, located symmet-

compounds. The self-assembly of two
new [2]catenanes—composed of cyclo-
(paraquat-p-phenylene — paraquat-m-

phenylene) and either 1,5-dinaphtho-
38-crown-10 (1/5DN38C10) or 1,5-
naphtho-p-phenylene-36-crown-10  (1/
SNPP36C10)—is accompanied by the
formation, in each case, of a [3]catenane
incorporating a dimer of the tetracation-

ic cyclophane and one or other of the
two macrocyclic polyethers. A mecha-
nistic rationale, based on thermodynam-
ic and kinetic considerations, is present-
ed to explain the formation of the
dimeric octacationic products. The X-
ray crystal structures of the two [3]cat-
enanes reveal the dominance of m—m
stacking interactions both within the

rically within a crown-10 structure) not
only affects the efficiencies but also the
selectivities associated with the self-
assembly processes that lead to the

. . actions -
formation of interlocked molecular

Introduction

The assistance of the noncovalent bond in controlling
molecular synthesis!!! becomes highly significant when me-
chanically interlocked molecular compounds,? such as cate-
nanes,®! become the focus of attention of synthetic chemists.
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molecules and beyond them where high-
ly distinctive brick-like and parquet-like

crystal engi-
. 2 packing motifs are observed.

The mutual molecular recognition that exists*! between -
electron-rich entities (e.g. dioxybenzene rings®! and dioxy-
naphthalene ring systems®l) and m-electron-deficient ones
(e.g. bipyridinium units” and bipyridinium ethylene moiet-
ies®!) has formed the basis of a very efficient approach to self-
assembling catenanes”) under conditions of kinetic con-
trol.% '] The interactions which assist the formation of these
exotic molecules are often revealed upon elucidation of their
self-organized solid-state structures.['!

Over the years since we first described the kinetically
controlled self-assembly of a [2]catenane,® composed of
the macrocyclic polyether bis-p-phenylene-34-crown-10
(BPP34C10) interlocked with the tetracationic cyclophane
cyclobis(paraquat-p-phenylene), in a remarkably high yield of
70 %, we have carried out many chemical modifications® to
the constitutions of this catenane and asked ourselves: what
are the consequences for i) the efficiency of the self-assembly
process as well as for ii) the kinetics and thermodynamics of
the motions and relationships between the two rings?!l One
constitutional change we carried out that led to an interesting
development was the replacement of one of the two p-
phenylene spacers in the tetracationic cyclophane component
of the [2]catenane with a m-phenylene spacer.') Not only did
we obtain the expected [2]catenane 1-4PF,, but we also
isolated small quantities (~0.5%) of a dimeric compound,'’]
namely, the [3]catenane 2-8PF;. Clearly, when m-xylylene
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in Scheme 1) and the p-xylylene dibromide (6) both in the
presence of 1,5-dinaphtho-38-crown-10 (1/5DN38C10)['"! and
ii) between 5-2PF, and 6 in the presence of 1,5-naphtho-p-
phenylene-36-crown-10 (1/5NPP36C10),* '®1 in addition to
the formation of the [2]catenanes 7-4PF¢ and 9-4PF,,
respectively, the dimeric [3]catenanes 8-8PF, and 10 - 8 PF,
respectively, are produced in low yields (Schemes 1 and 2). In
the latter case, small quantities of the [4]catenane 11-8PF;
were also isolated. We describe here the characterization by
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rophosphate (3:2PF; in Scheme 1) and the

9.4PF

o™ . _
4PFE ?° 9.0 ] gJ' 8PF @g f\,/cﬁ©_\% 8PFs
@ % : Qb
N +R N \'O\,O*"? (®) q\‘ +
?@ oo daopo |* o Y
Lo
()
N4 0 /\@é
g d]g d o
N

dibromide, the propensity to form the catenated | 46%|

[6.9% ]

tetracationic cyclophane containing one m- and
one p-phenylene spacer is considerably im-
paired. Indeed, we have established! that the
templated formation of the tetracationic cyclo-
phane present in 1+ is a much slower process kinetically than
the one which results in the formation['®! of cyclobis(paraquat-
p-phenylene) in the “original” [2]catenane.['’]

Here, we present evidence that when the template-directed
reactions are carried out between i) either 3-2PF, and the m-
xylylene dibromide (4) or 1,1'-[1,3-phenylenebis(methylene) |-
bis(4,4 -pyridylpyridinium) bishexafluorophosphate (5-2PF;
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Scheme 2. The self-assembly of the [2]-, [3]-, and [4]catenanes 9 -4 PF, 10-8PF, and 11-
8 PF, in one pot.

mass spectrometry, 'H NMR spectroscopy, and X-ray crys-
tallography of the new [3]catenanes incorporating the large
octacationic cyclophane ring systems. We also discuss the
significance of the formation of these products in terms of the
kinetic control operating during these template-directed
syntheses.

Results and Discussion

Synthesis: The template-directed syntheses of
the [2]-, [3]-, and [4]catenanes are summarized
in Schemes 1 and 2. Reaction of 3-2PF, with 4
R in MeCN in the presence of 1/5SDN38C10
afforded, after column chromatography and
counterion exchange, the [2]catenane 7-4PF,
in 48 % yield, together with its cyclic dimer, the
[3]catenane 8-8PF, in 3.6% yield. When 5-
2PF¢ (which incorporates a m-xylyl spacer
between the pyridylpyridinium units) was treat-
ed with 6 under the same conditions, the yields
of the [2]- and [3]catenanes rose very slightly to

Scheme 1. The two routes to the one-step self-assembly of the [2]catenane 7-4PF, and its

dimer, the [3]catenane 8- 8PF;.
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52% and 4.7 %, respectively. The higher yields
associated with ring closures at the p-xylyl ends
of the tetracationic and octacationic cyclo-
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phanes reflect a similar effect that operates even more
dramatically when the poorer template BPP34C10 is used in
the reaction.' When 1/5NPP36C10 was employed as the
template for catenations with 5-2PF, and 6 under the same
conditions, the yields of the [2]catenane 9-4PF, and the
[3]catenane 10-8PF, were 46 % and 6.9 %, respectively. In
addition, the [4]catenane 11 - 8 PF,, in which three macrocyclic
polyethers are threaded around the octacationic cyclo-
phane,["”! was isolated in 2.7 % yield; thus, the total isolated
yield of catenated products was approximately 56 %.

The formation of the [3]catenanes in these template-
directed reactions can be rationalized by considering the
noncovalent and covalent bond forming steps in Scheme 3,
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Scheme 3. The self-assembly processes leading to the [2]- and [3]catenanes
7-4PF; and 8- 8 PF,.

which illustrates the situation that pertains when the template
is 1/SDN38C10. The first step is a Menschutkin reaction
between 4 and 3-2PF, which does not itself form a complex
with the macrocyclic polyether under the reaction condi-
tions.'®] Tt generates the tricationic intermediate 123" which
incorporates one 4,4'-bipyridinium unit that is capable of
binding strongly with the macrocyclic polyether, thus forming
the complex 13**. Its subsequent ring closure results in the
creation of the [2]catenane 7-4PF,. Alternatively, the inter-
mediate 12** may react intermolecularly with itself to form
the higher homologue 147+ If the ring closure of 12%* to give
the tetracationic cyclophane is a relatively fast process
compared with the intermolecular covalent bond formation,
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a good yield of [2]catenane

will be obtained. Indeed, ’_\_\ﬁ;\

when the corresponding - 0 Qlo oo \+
electron-deficient component @ E’q E’q PFE
incorporates two p-phenylene 0) ()
spacers, an 83 % yield of the Q.0 9la 0 N+

[2]catenane 16-4PF is ob-
tained and none of the dimeric
[3]catenane is formed. How-
ever, when the smaller tetra-
cationic cyclophane with one
m- and one p-phenylene
spacer is targeted in the template-directed synthesis, the
kinetics of the ring closure of 13°* are relatively slow.['"]
Therefore, intermediates such as 14’F, which contains three
bipyridinium recognition sites and is, in principle, capable of
binding at least three macrocyclic polyethers, will be gener-
ated. In the case where either 1/5SDN38C10 or 1/SNPP36C10 is
the reacting template, ring closure of intermediates of the type
157+ to form the [3]catenanes incorporating two macrocyclic
polyethers and one octacationic cyclophane provides an
alternative pathway to that which leads to the formation of
the [2]catenanes. When 1/SNPP36C10 is the template, all the
bipyridinium recognition sites of 14’+ would have to be
encircled by macrocyclic polyether molecules prior to cycli-
zation in order to account for the formation of the resulting
[4]catenane. However, the very low yield of this catenane
suggests that this cyclization is not a highly competitive one.
Indeed, the corresponding [4]catenane, incorporating 1/5
DN38C10, has not been isolated. The ring closure to form
[3]catenanes of the type 8-8PF is possibly stabilized as a
result of some alongside interactions involving the bound
macrocycles with the free bipyridinium units and is illustrated
in the conveniently drawn form of the intermediate 15+
illustrated in Scheme 3. Indeed, the resulting [3]catenanes
do exhibit such alongside interactions in the solid state (vide
infra).

16.4PFg

X-Ray crystallography: The X-ray analysis of 8-8PF, shows
(Figure 1) that the octacationic cyclophane (some 70 atoms in

Figure 1. The [3]catenane molecule 8 -8 PF in the solid state.

circumference) has an extended geometry, the two p-xylyl
rings being separated by about 23 A. The cyclophane has C;
symmetry and has two 1/5DN38C10 macrocycles encircling
two of the four bipyridinium units. The two parallel-aligned
m-xylyl rings in the octacation are directed inwards toward
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the symmetry center, the centroids of their rings being
separated by 5.9 A. The inside and alongside bipyridinium
units have markedly different twist angles between their
pyridinium rings, the value for the inside unit being 12° and
that for the alongside unit 26°. The mean interplanar
separations between the inside bipyridinium units and the
alongside and inside 1,5-dioxynaphthalene ring systems are
3.50 and 3.49 A, respectively, while the distance between the
inside naphthalene ring and the alongside (twisted) bipyrid-
inium unit is somewhat larger at 3.63 A. In addition to the
- stacking interactions associated with these face-to-face
separations (ca. 3.5 A), there are edge-to-face [C—H -]
interactions between one of the peri hydrogen atoms of each
inside 1,5-dioxynaphthalene ring system and their adjacent p-
xylyl units ([H---n] 2.85 A, [C—H---xt] 147°). These n—n
interactions are supplemented by [C-H:--O] hydrogen
bonds involving i) a-bipyridinium hydrogen atoms and the
central oxygen atoms of each outwardly facing polyether
linkage ([C--- O], [H--- O] distances 3.16,2.39 A, [C—H --- O]
angle 137°) and ii) m-xylyl methylene hydrogen atoms and the
central oxygen atoms of each inwardly facing polyether
linkage ([C--- O], [H--- O] distances 3.27,2.34 A, [C-H - O]
angle 163°).

The [3]catenane molecules pack to form a brick-like
mosaic?’ (Figure 2) that is cemented in one direction by

Figure 2. The brick-like packing pattern of the [3]catenane 88 PF; in the
crystal.

extended donor-acceptor m—m interactions with the intermo-
lecular stacking separation between the alongside 1,5-dioxy-
naphthalene ring system of one molecule and the alongside
(twisted) bipyridinium unit of another being 3.35 A (shorter
than the intramolecular stacking distance of this unit). In the
other direction, there is partial overlap between the C;-related
p-xylyl units of adjacent molecules with interplanar separa-
tions and ring centroid to ring centroid distances of 3.23 and
4.63 A, respectively.

The X-ray analysis of the [3]catenane 10 - 8 PF (comprised
of one octacationic cyclophane and two 1/SNPP36C10 macro-

Chem. Eur. J. 1998, 4, No. 3
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cyclic polyethers incorporating both hydroquinone and 1,5-
dioxynaphthalene m-donor units) shows a C;-symmetric solid-
state structure (Figure 3) that is dramatically different
from that of 8-8PF,; where both m-donors in the neutral

Figure 3. The [3]catenane molecule 10 - 8 PF, in the solid state.

component are 1,5-dioxynaphthalenes. The macrocyclic poly-
ethers once again encircle diametrically opposite bipyridini-
um units of the cyclophane, the 1,5-dioxynaphthalene ring
systems being positioned outside and the hydroquinone rings
inside. The interplanar separations between the inside bipyr-
idinium units and the outside 1,5-dioxynaphthalene ring
systems and the inside hydroquinone rings are 3.43 and
3.48 A, respectively. The other bipyridinium units have a very
large twist angle between their pyridinium rings of 48° (cf. 4°
for the corresponding encircled units) and are folded signifi-
cantly away from a parallel alignment with the inside hydro-
quinone rings. The pyridinium ring attached to the m-xylyl
unit is inclined by 21° to the hydroquinone ring plane. There
are no [C—H---x] interactions. However, there are pairs of
[C—H:-- O] hydrogen bonds to the central oxygen atoms on
each outwardly facing polyether linkage. One of these is from
an a-bipyridinium hydrogen atom of the inside bipyridinium
unit ([C++- O], [H--- O] distances 3.30, 2.45 A, [C-H - O]
angle 147°), while the other emanates from one of the
methylene hydrogen atoms with distances and angles of 3.18,
2.24 A, and 164°, respectively. The major difference between
the structure of 10-8PF,; and that of 8-8PF, is in the
conformation of the octacationic cyclophane. In 8 - 8 PF, pairs
of bipyridinium units linked through p-xylyl spacers are
arranged in a U-shape around the m-electron-rich 1,5-dioxy-
naphthalene ring systems, whereas in 10 - 8 PF it is the m-xylyl
spacers that have taken on this role in the arrangment of the
bipyridinium units in a U-shape around the m-electron-rich
hydroquinone rings. Despite this major difference in geom-
etry, the overall length of the octacationic cyclophane, as
defined by the distance between the centers of the two m-xylyl
units, is still about 23 A.

The pattern of m-donor/m-acceptor stabilization within 10 -
8PF, extends to include symmetry-related molecules in the
crystal (Figure 4). The molecules pack to form an elegant
parquet-like sheet mosaic, with the outside 1,5-dioxynaph-
thalene ring systems of one molecule positioned approxi-
mately parallel to and overlapping with one of the pyridinium
rings of the bipyridinium unit of another, with a mean ring—
ring interplanar separation of 3.48 A.
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Figure 4. The parquet-like packing pattern of the [3]catenane 10 -8 PF in
the crystal.

Mass spectrometry of catenated structures: All the catenanes
reported in this paper were characterized by fast atom
bombardment (FAB) mass spectrometry. The spectra ob-
tained were typical of this family of interlocked compounds.["”]
The [2]catenanes gave signals corresponding to the singly
positively charged ions, resulting from the loss of one, two,
and three hexafluorophosphate ions, from the macrocyclic
polyether components, and from fragments of the component
tetracationic cyclophanes. The spectra obtained for the [3]-
and [4]catenanes also gave signals for the successive loss of
hexafluorophosphate ions, as well as fragments corresponding
to the loss of one and then two macrocyclic polyether rings
from the parent species. The [3]- and [4]catenanes 10- 8 PF,
and 11 - 8 PF, have peaks corresponding to the [M " — PF¢] ions
at m/z 3227 and 3814, respectively. As an example, the FAB
mass spectrum of the 10 -8 PF; is illustrated in Figure 5.

1H NMR spectroscopy of catenated structures: The five new
catenanes all exhibit temperature dependencies in their NMR
spectra as a result of dynamic processes taking place between
the component positively charged cyclophanes and macro-

[M-1/5NPP36C10-PFgl*

cyclic polyethers in their interlocked structures. At least two
main dynamic processes take place in the [2]catenanes:
Process I, the higher energy process, involves the equilibra-
tion of the inside and alongside m-electron rich units with
respect to the cavity of the tetracationic cyclophane, while
Process 11, the lower energy process, involves the equilibra-
tion of the inside and alongside m-electron-deficient bipyr-
idinium units.

The 'H NMR spectrum of the [2]catenane 7-4PF, at
—30°C in CD;CN is extremely complex, and it is clear that
both Processes I and II are slow on the 'H NMR timescale at
this temperature. The dissymmetric nature of the tetracationic
cyclophane and the imposed local C, symmetry of the
included 1,5-dioxynaphthalene unit result in single resonances
for all the a-CH hydrogen atoms of the m-electron deficient
bipyridinium units in the tetracationic component. In addi-
tion, all the hydrogen atoms attached to the inside 1,5-
dioxynaphthalene ring system give separate resonances in the
low-temperature spectrum of the compound. The values of
the chemical shifts of these resonances are given in Figure 6,

~

H7 <]

m-Phenylene spacer

Bipyridinium unit
Py 5 4.42

5 587 Hg LHe <— & 4.21
R
|
o
o
|
R

3602 —» Hy Hy —— 5204
3 5.80

H;
p-Phenylene spacer —

Figure 6. A schematic view of the orientation of the 1,5-dioxynaphthalene
residue inside the cavity of the tetracationic cyclophane component of 7-
8PF, and the associated chemical shifts of the resonances arising from its
hydrogen atoms in the '"H NMR spectrum at low temperature.

which shows a plausible geometry for the m-electron-rich unit
located within the m-electron-deficient tetracationic cyclo-
phane. It was not possible to calculate the free energies of
activation for the dynamic proc-
esses taking place in this [2]cat-

Yo N [M-1/5SNPP36C10-2PFgl* ‘ [M-PFgl* enane at higher temperatures,
+g ) ) + 2640 3227 owing to the extreme complexity
% % 10 i 2495 of the 'H NMR spectrum. How-
1@ %{ | ever, it is clear that at 50°C
QARAARLP 80 i Process II is rapid on the 'H
8PF [M-2PFg]* NMR timescale since only four
6 60
b i 3081 resonances are observed for the
0o O|d o o . g .
+ N O] 0 - a-CH bipyridinium protons in
% % J [M-3PFg]* " the tetracationic component;
® ® ] 2937 [W+Na) this fact also indicates that
+ o olo a0 20 3394 . .
LA RS | Process I is not occurring.
oA In contrast to the [2]catenane
10.8PFg 2400 2600 2800 3000 3200 3400 7-4PFg, the [3]catenane 8- 8 PF
m/z has an extremely simple 'H

Figure 5. The FAB-MS spectrum of the [3]catenane 10 - 8 PF,.
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NMR spectrum at room temper-
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ature, principally as a result of rapid equilibration of all the
possible relative dispositions of the component rings on the
'"H NMR timescale. A comparison (Figure 7) of the 'H NMR
spectra 7-4PF, and 8-8PF, in CD;CN at 50°C emphasizes
this point. When a CD;CN/CD;COCD; solution of the
[3]catenane 8-8PF, was cooled down to —70°C, broadening
and separation of the peaks (without subsequent sharpening
of them) was observed. The ease of relative movement of the
components of this [3]catenane undoubtedly reflect the size
and flexibility of the central octacationic cyclophane.

Bipyridinium Bipyridinium CHoN* Polyether
o—CH B—CH
S

"

8.8PF6§

o

|nS|de i

7.4PFg |

TN/ \/\ /—\/—\/—/—\

O NYO O+NO (¢}

peL=b

\_/\J\_/\_/ O+N

+

A B
A:B
[ CD3COCD3 : CD5CN
CD3COCD3 CD;CN
60 : 40 40: 60
p-Phenylene 70:30 60 : 40 55:45 -
m-Phenylene (9.4PFg) 92:8 86: 14 - 80: 20

1 1 1 1 1
6 8 7 6 5 4

Figure 7. The partial 'H NMR spectra of the [2]catenane 7 - 4 PF, (bottom)
and the [3]catenane 8- 8 PF (top), both in CD;CN at 50°C.

The 'H NMR spectrum of the [2]catenane 9-4PF; at
—40°Cin CD;CN is also extremely complex, not only because
of the dissymmetry present in the molecule, but also because
two translational isomers?'?? (Scheme 4) exist as one in which
the hydroquinone ring occupies the cavity of the tetracationic
cyclophane (A), and the other in which the 1,5-dioxynaph-
thalene ring system occupies this cavity (B). At —40°C, both
dynamic processes (I and II) are slow on the 'H NMR
timescale. However, warming up the sample to room temper-
ature results in Process II becoming fast on the 'H NMR
timescale, giving a simpler spectrum from which it was
possible to deduce the relative proportions of the two
translational isomers. When compared with the closely related
[2]catenanel®®! in which both spacers in the tetracationic
cyclophane are p-phenylene rings (Scheme 4), the cavity of
the somewhat smaller cyclophane in 9-4PF, shows an even
greater preference for occupancy by the hydroquinone ring of
the macrocyclic polyether component.

The free energy of activation for Process II associated with
the major isomer A of 9-4PF was calculated®! from the

Chem. Eur. J. 1998, 4, No. 3
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Scheme 4. The two main dynamic processes taking place in the [2]cate-
nanes in solution.

coalescence temperature (7,=-—22.4°C) of the alongside
naphthalene H, g hydrogen atom resonances (limiting chem-
ical shift difference A7=50Hz) with an exchange rate
constant, k, =111 s71, in the Eyring equation. The AG_* value
was found to be 12.2 kcalmol~! in comparison with those of
12.2 and 12.7 kcalmol~! for the [2]catenanes incorporating
cyclobis(paraquat-p-phenylene) and BPP34C10P4 or 1/5
DN38C10,! respectively. The AG* value for Process I
(B—A) of the [2]catenane 9-4PF, was estimated from the
line broadening®®! of the alongside hydroquinone signal (7=
44°C, k=22 s7!) to be 16.6 kcal mol !, which compares with a
value of 17.2 kcalmol™!' for the [2]catenane incorporating
cyclobis(paraquat-p-phenylene) and 1/5SDN38C10.

Both 10-8PF, and the 11-8PF; display time-averaged 'H
NMR spectra similar to that of 8-8PF,. In contrast to the
situation that exists in the solid-state structures of these
[3]catenanes, the central octacationic cyclophane is not prone
to adopt a well-ordered structure in solution at room temper-
ature. It is interesting to note that the time-averaged
resonance (0=5.68) arising from the protons attached to
the hydroquinone ring in 10 - 8 PF, appears at lower field than
that for 11- 8 PF, (0 =5.57), while the reverse situation is true
for the resonances for the protons on the 2- and 6-positions of
the 1,5-dioxynaphthalene ring systems (6=6.25 and 6.47,
respectively). This observation indicates that the smaller
hydroquinone rings occupy the center of the octacationic
cyclophane to a greater extent in the [4]- than in the
[3]catenane, presumably as a result of steric interactions
between inside 1,5-dioxynaphthalene ring systems. In addi-
tion, the chemical shift of the resonance (6 =6.08) arising
from the protons attached to the alongside hydroquinone ring
in the [2]catenane 9-4PF, (isomer B) occurs at much lower
field than those for the time-averaged resonances of the
analogous protons in either 10 -8 PF; or 11 -8 PF,, indicating
that the translational isomer of the [3]catenane 10-8PF;,
observed in the solid state, is significantly populated in
solution. The chemical shift differences for the comparable
resonances arising from the 1,5-dioxynaphthalene ring system
protons in 9-4PF and 10-8PF, are also consistent with this
hypothesis.
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Conclusions and Reflections

The dramatic effect that changing the constitutions of the
components has upon the three fundamental properties of
catenanes includes the following features:

e The self-assembly processes leading to the [2]catenanes 7 -
4PF; and 9 -4 PF,, which can also be redirected toward the
generation of higher order catenanes, such as 88 PF; and
10 - 8PF.

@ The positions of equilibria between translational isomers,
for example, in the case of 9-4PF,.

o The packing, which is dominated by mt—z stacking inter-
actions, in the solid state of the [3]catenanes 88 PF4 and
10 - 8 PF;.

These observations demonstrate how:

e Template-directed reactions can be steered in directions
which are intuitively unlikely, with selectivities that are
governed by both kinetic (covalent bond-forming) and
thermodynamic (noncovalent bonding) factors—note that
both the [3]catenane 10-8PF; and the [4]|catenane 11-
8 PF¢ are formed with 1/SNPP36C10 as the template, while
only the [3]catenane is formed with 1/5NP38C10. Mean-
while, the [2]catenane 16-4PF; can be self-assembled
under template control without any higher catenanes being
formed.

e The positions of equilibria between translational isomers
can be influenced dramatically by simply replacing a p-
xylyl spacer in the tetracationic cyclophane by a m-xylyl
unit—a feature which may be of considerable value in the
design of molecular switches based on these catenated
molecules.

e The intra- and intermolecular arrangements of the very
large [3]catenane molecules in the solid state can be
modified quite drastically by changing one of the units in
the macrocyclic polyether components.

Experimental Section

Materials and methods: Solvents were purified where necessary according
to literature methods. In particular, dimethylformamide (DMF) was
distilled from CaH, under reduced pressure, and MeCN was distilled from
P,O5 under N,. 13-Bis(bromomethyl)benzene (4) and 1,4-bis(bromo-
methyl)benzene (6) were purchased from Aldrich and were used without
further purification. The dications 3-2PF,?! and 5-2PF," and the
macrocyclic polyethers 1/5DN38C102% and 1/5NPP36C10U'! were prepared
according to published procedures. Thin-layer chromatography (TLC) was
performed on aluminum plates (10 x5cm) coated with Merck 5735
Kieselgel 60F. Developed plates were air-dried, scrutinized under a UV
lamp, and stained in an iodine vapor tank where necessary. Kieselgel 60
(0.040-0.063 mm mesh, Merck 9385) was used to perform column
chromatography. Melting points were determined on an Electrother-
mal 9200 melting point apparatus and are uncorrected. Mass spectra (MS)
were obtained from either Kratos Profile or MS80RF instruments, the
latter being equipped with a fast atom bombardment (FAB) facility (with a
krypton primary atom beam in conjunction with a 3-nitrobenzyl alcohol
matrix). FAB-MS spectra were recorded in the positive-ion mode at a scan
speed of 30 s per decade. '"H NMR spectra were recorded on Bruker AC300
(300 MHz) or AMX400 (400 MHz) spectrometers (with the deuterated
solvent as lock and residual solvent or tetramethylsilane as internal
reference). *C NMR spectra were recorded on a Bruker AC300 (75 MHz)
or AMX400 (100 MHz) spectrometers with a JMOD pulse sequence
(assuming 'Jy = 143 Hz). Microanalyses were performed by the University
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of Birmingham Microanalytical Service. X-Ray crystallography was carried
out as described in the appropriate compound characterization section.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication number CCDC-1220-
53. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge, CB121EZ, UK (Fax: (+44)1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk).

Self-assembly of the [2]catenane 7-4PF; and [3]catenane 8-8 PF,.

Method A: The dication 3-2PF (82.1 mg, 0.12 mmol), 1,3-bis(bromo-
methyl)benzene (4, 32.9 mg, 0.13 mmol) and 1/5DN38C10 (125.5 mg,
0.20 mmol) were combined as solids, dry MeCN (8 mL) was added, and
the resulting mixture was stirred for 14 days at ambient temperature and
pressure. The solvent was then removed in vacuo, and the residue was
dissolved in MeOH/2M NH,CI (aq)/MeNO, (7:2:1) and subjected to silica
gel column chromatography. The column was eluted with the same solvent
mixture to afford the [2]catenane 7-4 PF, before the polarity of the eluant
was increased with DMF/2m NH,Cl(aq) (1:1) (2:1 ratio of the two solvent
mixtures) in order to elute the [3]catenane 8 - 8 PF,. Concentration in vacuo
of the eluant containing each product, followed by solubilization in H,O
and precipitation by the addition of NH,PF;, gave the crude products as
their hexafluorophosphate salts. The [2]catenane 7-4PF was purified by
crystallization: vapor diffusion of /Pr,0 into an MeCN solution of the
product afforded dark purple needle-like crystals (96.6 mg, 48 %, m.p. >
300°C) which were unsuitable for X-ray diffraction studies. FAB-MS: m/
z=1591 [M*—PF4], 1446 [M*—2PF(], 1302 [M*—3PF]; 'H NMR
(CD;CN, 400 MHz, —30°C): 0=2.04 (d, J=8Hz, 1H, H4 of naphth.
inside), 3.46-4.46 (m, 33H, CH,0, H6,7 of naphth. inside), 4.53-4.63 (m,
1H, CH,0), 5.55-5.60 (m, 2H, CH,N"), 5.64—-6.03 (m, 8H, CH,N*, H3,8
of naphth. inside), 6.13 (d, /=8 Hz, 1 H, H2 of naphth. inside), 6.25-6.50
(m, 5H, H2,6 of naphth. alongside, 5-CH), 6.71 (d, /=6 Hz, 1H, -CH),
7.00-7.24 (m, 6H, H3,7 and H4,8 of naphth. alongside, 5-CH), 7.28 (d, J =
6 Hz, 1H, g-CH), 737 (d, J=6 Hz, 1H, -CH), 7.73-797 (m, 5H, xylyl),
8.02-8.16 (m, 4H, xylyl and a-CH), 8.23 (d, /=6 Hz, 1H, a-CH), 8.42 (d,
J=6Hz,1H, a-CH), 8.57 (d,/ =6 Hz, 1H, a-CH), 8.63 (d,/ =6 Hz, 1 H, a-
CH), 8.73 (d, /=6 Hz, 1H, a-CH), 8.84 (d, J=6 Hz, 1H, a-CH), 9.09 (d,
J=6Hz, 1H, a-CH); BC NMR (CD;CN, 101 MHz, 20°C): 6 =65.7 (2 C’s),
66.2 (2 C's), 68.7, 68.8, 69.0, 69.2, 70.5, 70.8, 70.9, 71.0, 71.3, 71.6, 71.7, 71.9,
72.0,72.1,72.3 (2 C's), 104.6, 105.3, 106.4, 106.8, 109.6, 111.0, 114.9, 124.3,
124.9 (b), 125.1, 126.3 (b), 126.5 (b), 126.6, 126.8, 127.7, 129.6, 132.2, 132.6,
134.1,134.5,135.2, 137.6, 144.5, 145.2 (b), 145.3 (b), 146.0 (b), 151.4, 152.0,
154.5, 154.5; C;,H7N,O,0P,F,, - 2H,O (1773.30): caled C 48.77, H 4.55, N
3.16; found C 48.58, H 4.42, N 3.13. The [3]catenane was purified by
crystallization: vapor diffusion of EtOAc into an MeCN/Me,CO solution of
the product afforded dark purple crystals of 88 PF, (7.3 mg, 3.6 %, m.p. >
300°C) which were suitable for single-crystal X-ray analysis. FAB-MS: m/
7=3328 [M* —PF,], 3183 [M*—2PF,], 3037 [M*+—3PF], 2892 [M+—
4PF¢], 2691 [M*—PF, —1/5-DN38C10], 2546 [M*—2PF,—1/5-
DN38C10], 1910 [M* —PF,—21/5-DN38C10], 1765 [M*—2PF,—21/5-
DN38C10]; '"H NMR (CD;CN, 400 MHz, 50°C): 6 =3.70-4.00 (m, 64H,
OCH,), 5.81 (s, 16H, N*CH,), 5.98 (d, /=8 Hz, 8 H, H4,8 of naphth.), 6.36
(d, J=8 Hz, 8H, H2,6 of naphth.), 6.53 (t, /=8 Hz, 8H, H3,7 of naphth.),
711 (d,J=7Hz,8H, p-CH), 717 (d,J =7 Hz, 8H, 8-CH), 7.68 (d, /= 6 Hz,
4H, H4,6 of m-xylyl), 7.79 (t,J = 6 Hz, 2H, HS of m-xylyl), 7.94 (s, 10H, H2
of m-xylyl and p-xylyl), 8.62 (d, /=7 Hz, 8H, a-CH), 8.74 (d,/=7 Hz, 8H,
a-CH); BC NMR (CD;CN, 101 MHz, 20°C): 6 =65.0, 65.7, 69.0, 70.9, 71.9,
72.0,106.3, 113.4, 126.0, 126.1, 126.4, 127.0, 131.9, 132.2, 132.5, 133.0, 134.8,
137.1, 145.4, 145.7, 153.9. Crystal data for 8-8PF: C,,,H;5,N3O,, - 8 PF-
10MeCN, M =3885.0, monoclinic, space group P2,/n (no. 14), a=
18.174(5), b=26.497(7), c=21.878(4) A, f=90.01(2)°, V=10536(4) A3,
Z =2 (the molecule has crystallographic C; symmetry), peueq = 1.225 gem ™=,
u(Cuyg,) =1.500 mm~!, F(000)=4008. A red block of dimensions 0.70 x
0.67 x 0.50 mm was used. 13248 independent reflections were measured on
a Siemens P4/PC diffractometer with Cuy, radiation (graphite monocho-
mator) with w-scans. The structure was solved by direct methods, and
though the [3]catenane was found to be ordered, on account of a lack of
observed data (caused by poor crystal quality) only the nitrogen and
oxygen atoms were refined anisotropically. The aromatic rings were
optimized and refined as rigid bodies. Two of the four unique PF{ anions
were found to be disordered with two partial occupancy orientations being
identified in each case. Throughout the PFg anions only the major
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occupancy atoms were refined anisotropically. The five unique solvent
molecules were found to be disordered over nine sites of varying occupancy
and were refined isotropically. The C—H hydrogen atoms were placed in
calculated positions, assigned isotropic thermal parameters, U(H)=
1.2U.((C) [UMH) =15 U.(C-Me)], and allowed to ride on their parent
atoms. Refinement was by full-matrix least-squares based on F? to give
R, =0.199, wR,=0.521 for 5951 independent observed reflections [ | F, |>
40(|F,|), 26 < 110°] and 704 parameters.

Method B: The same procedure described under Method A was employed,
but with the dication 5-2PF; (77.9 mg, 0.11 mmol) and 1,4-bis(bromo-
methyl)benzene (6, 29.0 mg, 0.11 mmol) in the presence of 1/5DN38C10
(129.5 mg, 020 mmol) in dry MeCN (8 mL). The same purification
procedure gave the [2]catenane 7-4PF, (98.9 mg, 52%) and the [3]cate-
nane 8-8PF, (8.9 mg, 4.7%).

Self-assembly of the [2]catenane 9-4PF;, [3]catenane 10-8PF,, and
[4]catenane 11-8PF: The dication 5-2PF¢ (127.8 mg, 0.18 mmol) was
treated with 6 (49.0 mg, 0.19 mmol) in the presence of 1/5SNPP36C10
(207.0 mg, 0.35mmol) in dry MeCN (7mL) by means of the same
procedure described above for 7-4PF¢ and 8-8PF¢ under Method A.
After work-up, column chromatography, and counterion exchange, the
following compounds were obtained in order of elution from the column.
The [2]catenane 9-4PF; was purified by crystallization: vapor diffusion of
iPr,O into an MeCN solution of the product afforded dark purple-red
needle-like crystals (141 mg, 46 %, m.p.>300°C). FAB-MS: m/z=1542
[M* —PFg], 1397 [M*—2PF,], 1252 [M*—3PF,]; 'H NMR (CD,CN,
400 MHz, 23°C; Note that because of the fractional occupancy of the two
different translational isomers, integrals have noninteger values. In CD;CN
at room temperature the major (maj. hydroquinone (HQ) inside tetra-
cationic cyclophane):minor (min. 1,5-dioxynaphthalene (NP) inside tetra-
cationic cyclophane) ratio is 81:19): 6 =2.27 (d, /=8 Hz, 0.19H, min. NP
inside), 3.26 (brd, 1.62H, maj. Hq inside), 3.43-3.57 (m, 4H, CH,0), 3.64 -
4.23 (m, 28 H, CH,0), 4.35 (brd, 1.62H, maj. HQ inside), 4.40 (d, /=8 Hz,
0.19H, min. NP inside), 5.66 (s, 3.24H, maj. CH,N*), 5.73 (s, 3.24H, maj.
CH,N"), 5.77-5.80 (brm, 0.38H, min. CH,N*), 5.83 (d, /=8 Hz, 0.19H,
min. NP inside), 5.91 (t, /=8 Hz, 0.19 H, min. NP inside), 5.95-5.97 (brm,
0.19H, min. NP inside), 5.98-6.02 (brm, 0.38H, min. CH,N*), 6.08 (s,
0.76 H, min. HQ alongside), 6.23 (d, J=8 Hz, 0.19H, min. NP inside), 6.41
(d,J=8 Hz, 1.62H, maj. NP alongside), 6.99 (brd, 0.38 H, min. 5-CH), 7.12
(brd, 0.38H, min. 5-CH), 7.22 (t, /=8 Hz, 1.62H, maj. NP alongside), 7.30
(d, /=8 Hz, 1.62H, maj. NP alongside), 7.31-7.60 (m, 724 H, maj., min. -
CH), 7.63 (s, 0.81 H, maj. H2 of m-xylyl), 7.77 (s, 3.24 H, maj. p-xylyl), 7.82 (t,
J=9 Hz, 0.81 H, maj. HS of m-xylyl), 7.87 (brs, 0.19 H, min. H2 of m-xylyl),
7.93 (brs, 0.38 H, min. pxylyl), 7.97 (d, J =9 Hz, 2.00 H, maj. H-4,6 of m-xylyl
and min. H5 of m-xylyl), 8.03 (brs, 0.38 H, min. p-xylyl), 8.06 (d, J=9 Hz,
0.38H, min. H4,6 of m-xylyl), 8.36 (brd, 0.38H, min. a-CH), 8.57 (brd,
0.38H, min. a-CH), 8.58-8.78 (m, 6.48H, maj. a-CH), 8.82 (brd, 0.38H,
min. a-CH), 8.88 (brd, 0.38 H, min. ¢-CH); *C NMR (CD;CN:CD;COCD;
2:1,101 MHz, 20°C, peaks given for major isomer only): 6 = 65.1, 65.6, 67.0,
68.5,70.2, 70.4, 70.8, 70.9, 71.4, 71.5, 72.0, 106.4, 114.8, 125.6, 125.8, 126.6,
126.7,131.8, 133.0, 134.7, 134.8, 137.5, 145.0, 151.0, 154.3; C4xH,yN,O (P, F,, -
H,0 (1705.22): caled C 47.90, H 4.49, N 3.29; found C 47.75, H 4.56, N 3.36.
The [4]catenane 11 - 8 PF, was purified by crystallization: vapor diffusion of
iPr,O into an MeCN solution of the product afforded dark purple-red
crystals (9.8 mg, 2.7 %, m.p.>300°C). FAB-MS: m/z=3814 [M* — PF],
3669 [M* —2PF,], 3524 [M* — 3PF,]; '"H NMR (CD;CN, 400 MHz, 50°C):
0=3.35-3.40 (m, 12H, OCH,), 3.53-3.59 (m, 12H, OCH,), 3.61 -3.65 (m,
12H, OCH,), 3.66-3.71 (m, 12H, OCH,), 3.73-3.78 (m, 12H, OCH,),
3.79-3.83 (m, 12H, OCH,), 3.84-3.90 (m, 12H, OCH,), 3.94-4.01 (m,
12H, OCH,), 5.57 (s, 12H, HQ), 5.87 (s, 16 H, CH,N"), 6.47 (dd, 6 H, /=2,
8 Hz, H4,8 of NP), 6.68—6.73 (m, 12H, H3,7 and H2,6 of NP), 747 (d, /=
7Hz, 8H, f-CH), 7.51 (d,J=7 Hz, 8 H, f-CH), 7.58 - 7.63 (m, 6 H, m-xylyl),
7.78 (s, 2H, H2 of m-xylyl), 7.83 (s, 8H, p-xylyl), 8.73 (d, /=7 Hz, 8H, a-
CH), 8.81 (d, /=7 Hz, 8H, a-CH). The [3]catenane 10 - 8 PF, was purified
by crystallization: vapor diffusion of /Pr,O into an MeCN solution of the
product afforded dark purple-red crystals (21.2 mg, 6.9 %, m.p. >300°C)
suitable for X-ray diffraction studies. FAB-MS: m/z=3227 [M* —PF,],
3081 [M* —2PF4]; "H NMR (CD;CN, 400 MHz, 50°C): 6 =3.40-3.45 (m,
8H, OCH,), 3.57-3.62 (m, 8H, OCH,), 3.67-3.73 (m, 8H, OCH,), 3.74 -
3.78 (m,8H, OCH,), 3.79-3.83 (m, 8H, OCH,), 3.84-3.89 (m, 8H, OCH,),
3.90-3.94 (m, 8H, OCH,), 3.99-4.03 (m, 8H, OCH,), 5.68 (s, 8H, HQ),
5.82 (s, 8H, CH,N"), 5.83 (s, 8H, CH,N"), 6.25 (d, /=8 Hz, 4H, H4,8 of
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NP), 6.42 (d, /=8 Hz, 4H, H2,6 of NP), 6.57 (t, /=8 Hz, 4H, H5,7 of NP),
7.54 (d, J=7Hz, 8H, -CH), 7.56 (d, /=7 Hz, 8H, -CH), 7.64-7.70 (m,
6H, m-xylyl), 7.80 (s, 2H, H2 of m-xylyl), 7.82 (s, 8H, p-xylyl), 8.77 (d, J =
7 Hz, 8H, a-CH), 8.82 (d, /=7 Hz, 8H, a-CH). Crystal data for 10 -8 PF:
Ci36H4sNgOy - 8PF4 - 4MeCN, M =3538.6, monoclinic, space group C2/c
(no. 15), a=27.030(10), b =27.181(9), c =27.969(11) A,  =113.89(3)°, V=
18788(12) A3, Z=4 (the molecule has crystallographic C; symmetry),
Peatca=1.251 gem =3, u(Cug,) =1.621 mm~!, F(000) =7280. A red rhomb of
dimensions 0.60 x 0.40 x 0.37 mm was used. 11874 Independent reflections
were measured on a Siemens P4/RA diffractometer with Cug, radiation
(graphite monochromator) with w-scans. The structure was solved by direct
methods, and though the [3]catenane was found to be ordered, on account
of a lack of observed data (caused by poor crystal quality) only the nitrogen
and oxygen atoms were refined anisotropically. Similarly the aromatic rings
were optimized and refined as rigid bodies. The four unique PF4 anions
were distributed over five sites, two of which having reduced occupancy
because of crystallographic site symmetry requirements. Four of these five
molecules were found to be disordered with, in each case, two partial
occupancy orientations being identified. Throughout the PF anions only
the major occupancy atoms were refined anisotropically. The two unique
solvent molecules were found to be disordered over four sites of varying
occupancy and were refined isotropically. The C—H hydrogen atoms were
placed in calculated positions, assigned isotropic thermal parameters,
U(H)=12U.(C) [UH) =15 U.(C-Me)], and allowed to ride on their
parent atoms. Refinement was by full-matrix least-squares based on F? to
give R;=0.198, wR;=0.501 for 5502 independent observed reflections
[|F,|>40(|F,|),26 < 111°] and 728 parameters.

Self-assembly of the [2]catenane 16-4PF,: The dication 3-2PF, (59.2 mg,
848 umol), 6 (24.2 mg, 92 umol) and 1/5DN38C10 (110 mg, 173 pmol) were
combined as solids. Dry MeCN (5mL) was added, and the resulting
mixture was stirred together for 14 days at ambient temperature and
pressure. After work-up and purification as described above for 7-4PFy,
Method A, the product (121 mg, 83 %) was isolated as a purple solid which
had identical analytical data to that described previously.?]
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