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Benzylation of 4,4’-azopyridine, followed by counterion ex-
change, yields the bis(hexafluorophosphate) salt of the
dibenzyl-4,4'-azopyridinium dication, which is bound by bis-
p-phenylene-34-crown-10 (BPP34C10) and by 1,5-dioxy-
naphtho-38-crown-10 (1/5DN38C10) with K, values of 90 and
880 M, respectively, in acetonitrile. When a 4,4’-azopyridin-
ium unit is introduced along with a bipyridinium unit into a
tetracationic cyclophane — either in its free or catenated
forms — spontaneous reduction to the 4,4'-hydrazopyridin-
ium unit occurs. The X-ray structural analysis of a [2]ca-
tenane, incorporating this tetracationic cyclophane and
BPP34C10, shows that the 4,4’-hydrazopyridinium unit is loc-
ated alongside the cavity of the macrocyclic polyether while
the other dicationic unit of the tetracationic cyclophane —
namely the 4,4'-bipyridinium unit — is located inside. Vari-

able temperature 'H NMR spectroscopy demonstrated that
the 4,4'-hydrazopyridinium unit rotates in solution around
the [N---N] axis defined by its two pyridinium nitrogen atoms.
The energy barrier for this dynamic process is ca. 14 kcal
mol™ in both the free tetracationic cyclophane and in the
[2]catenane incorporating BPP34C10. However, the energy
barrier for this dynamic process is only 11.7 kcal mol™ in a
[2]catenane incorporating the same tetracationic cyclophane
and 1/5DN38C10. In this latter [2]catenane, the 4,4'-bipyridi-
nium unit and the inside 1,5-dioxynaphthalene ring system
rotate (AG¥ 14.0 kcal mol™) in solution about their [N---N]
and [O---O] axes, respectively. In the former [2]catenane, in-
corporating BPP34C10, the macrocyclic polyether circumrot-
ates through the cavity of the tetracationic cyclophane
against an energy barrier of 11.7 kcal mol™.

Introduction

The relative movements of the interlocked components
of rotaxanes!!! and catenanes!'! can be exploited to perform
switching operations at the molecular level.’l The shut-
tling!® of the macrocyclic component of a [2]rotaxane along
the linear portion of its dumbbell-shaped component, and
the circumrotation of one of the macrocyclic components
of a [2]catenane through the cavity of the other, can be con-
trolled™>! chemically, electrochemically, and/or photochem-
ically by introducing appropriate units into one of the two
interlocked components. We have developed® a template-
directed synthetic strategy to construct [2]catenanes incorp-
orating dioxyarene-based macrocyclic polyethers inter-
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locked with cyclobis(paraquat-p-phenylene). This tetracat-
ionic cyclophane incorporates two 4,4’-bipyridinium units
bridged by p-phenylene spacers. In its catenated form, one
of the 4,4'-bipyridinium units is encircled by the macro-
cyclic polyether component while the other resides along-
side it. In solution, the circumrotation of the tetracationic
cyclophane through the cavity of the macrocyclic polyether
exchanges the two 4,4’-bipyridinium units. By replacing one
of the two 4,4'-bipyridinium units with an electrochemically
and/or photochemically active unit, it should be possible to
control this dynamic process reversibly by means of electro-
chemical and/or photochemical stimuli. Intrigued by this
opportunity, we envisaged the possibility of replacing one
of these 4,4'-bipyridinium units by a 4,4'-azopyridinium
unit, and the incorporation of the resulting tetracationic
cyclophane into [2]catenanes.[”! Here, we report: (i) the pre-
paration of two 4,4’-azopyridinium-containing [2]pseudo-
rotaxanes, (ii) the template-directed synthesis of one 4,4'-
hydrazopyridinium-containing tetracationic cyclophane
and of two [2]catenanes incorporating this tetracationic
cyclophane as one of their interlocked components, (iii) the
X-ray structural analyses of the linear component of the
[2]pseudorotaxanes in its free form and of one [2]catenane,
and (iv) the variable temperature '"H NMR spectroscopic
investigation of the tetracationic cyclophane and of the
[2]catenanes.
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Results and Discussion

Synthesis and Characterization

Treatment of 4-aminopyridine with an aqueous solution
of NaOCI (Scheme 1) afforded 4,4'-azopyridine (1). Al-
kylation of 1 with PhCH,Br, followed by counterion ex-
change, gave the 4.,4'-azopyridinium-based compound
2:2PF; in a yield of 82%. Initially, the liquid secondary ion
mass spectrum (LSIMS) of 2:2PF¢ revealed peaks at mi/z
values of 511 and 367 for [M — PF¢]* and [M — 2PF¢]",
respectively, corresponding to the consecutive losses of the
hexafluorophosphate counterions. It was noticed, however,
that on further exposure to the primary Cs* ion beam there
was a decrease in the intensity of the peak at m/z = 511
and the concomitant growth of a peak at m/z = 513. The
high resolution analyses of the peaks at m/z = 511 and 513
confirmed elemental compositions of C,sH,,F¢N4P and
Co4H,, FgN4P, respectively, suggesting that the 4,4’-azopyri-
dinium unit of 2-2PF; is reduced!® to a 4,4'-hydrazopyridi-

nium unit during the LSIMS analysis.
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Scheme 1. The formation of the [2]pseudorotaxanes [2:3]-4PF,
and [2:4]-4PF,

When the m-electron deficient compound 2-2PF4 was
combined (Scheme 1) with the m-electron rich macrocyclic
polyether 3 (BPP34C10) or 4 (1/5SDN38C10) in CD;CN, the
[2]pseudorotaxanes [2:3]:2PFs or [2:4]-:2PFg, respectively,
formed spontaneously. The LSIMS of the [2]pseudorotax-
anes revealed peaks at m/z values for [M — PF¢]" and [M
— 2PF¢]" corresponding to the consecutive losses of the
hexafluorophosphate counterions. The 'H NMR spectrum
(CD3CN, 25 °C) of an equimolar solution of 2-:2PF¢ and 3
showed a significant chemical shift change (A5 = —0.16)
for the set of signals associated with the B-pyridinium pro-
tons. When the macrocyclic polyether 4 was employed, the
chemical shift change (A8 = —0.39) was even more pro-
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nounced. These observations indicate that the B-pyridinium
protons of [2:3]:2PF¢ and [2:4]-2PF, suffer shielding effects
exerted by the dioxyarene ring systems of the macrocyclic
polyether components. The association constants (K,) of
[2:3]-2PF4 and [2:4]-2PF, (K, = 90 and 880 M !, respect-
ively) were determined® by 'H NMR spectroscopy
(CD3CN, 25 °C) using the dilution method. The K, value
increases by approximately one order of magnitude on re-
placing the two 1,4-dioxybenzene rings present in
BPP34C10 (3) with 1,5-dioxynaphthalene ring systems to
give 1/SDN38CI10 (4). This enhancement of the K, corre-
sponds to an increase of the free energy of association
(—=AG®) from 2.7 to 4.0 kcal mol™1.

The reaction of 4,4'-azopyridine (1) with the bis(hex-
afluorophosphate) salt 5-2PFg, in the presence of the 1,5-
dioxynaphthalene-based template 6, gave!®! the 4,4'-hydra-
zopyridinium-containing tetracationic cyclophane 7-4PF¢ in
a yield of 22%, after counterion exchange (Scheme 2). The
LSIMS of the tetracationic cyclophane revealed peaks at
mlz values of 985, 839, and 694 for [M — PF4]", [M —
2PF¢]", and [M — 3PF¢]*, respectively, corresponding to
the losses of the hexafluorophosphate counterions. The
high resolution analysis of the peak at m/z = 985 indicated
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Scheme 2. The template-directed syntheses of the tetracationic
cyclophane 7-4PF and of the [2]catenanes 8:4PF4 and 9-4PF¢
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an elemental composition of CzgH3FgsNgO;oP3, con-
firming that this tetracationic cyclophane incorporates a
4,4'-hydrazopyridinium rather than a 4,4’-azopyridinium
unit.

Reaction of 4,4'-azopyridine (1) with the bis(hexafluoro-
phosphate) salt 5:2PFy, in the presence of BPP34C10 (3) or
1/5DN38C10 (4), gavel®! the 4.,4'-hydrazopyridinium-con-
taining [2]catenane 8-4PF¢ or 9:4PF in yields of 40 or 68%,
respectively, after counterion exchange (Scheme 2). The
LSIMS of the [2]catenanes revealed peaks at m/z values for
[M — 2PF¢]*, [M — 3PF¢]*, and [M — 4PF¢]* correspond-
ing to the consecutive losses of the hexafluorophosphate
counterions. The high resolution analyses of the peaks for
[M — 2PF4" indicated elemental compositions of
Cg4H73F ,N¢O (P, and C7,H7;F,NO(P, for 8-4PF¢ and
9-4PF, respectively, confirming that the tetracationic cyclo-
phane components of these [2]catenanes incorporate a 4,4’-
hydrazopyridinium rather than a 4,4’-azopyridinium unit.

X-ray Crystallography

The X-ray analysis of the 4,4’-azopyridinium salt 2:2PF
revealed the dication to have crystallographic C, symmetry
about an axis passing through the central N=N double
bond (Figure 1). The two pyridinium rings are almost co-
planar with each other, the torsional twists about the
N(1)-C(2) and N(1A)—C(2A) bonds being only ca. 4°.
There is a small, but significant, rotation about the N=N
double bond, the C(2)—N(1)—N(1A)—C(2A) torsion angle
being 176.6(4)°. The double bond character of the N=N
linkage is pronounced at 1.217(6) A, although there is evid-
ence for some delocalization into the N(1)—C(2) linkage
which is slightly shorter at 1.446(4) A than for a normal
Ar—N single bond. The terminal benzyl groups are steeply
inclined to their adjacent pyridinium ring systems, the tor-
sional twists about the N(5)—C(8) and C(8)—C(14) bonds
being ca. 22 and 87°, respectively. There are no intermolecu-
lar interactions of note.

Crystals of 8-4PF4 were obtained by vapor diffusion of
PhH into a Me,CO solution of the [2]catenane. A single
crystal X-ray structural analysis (Figure 2) showed that only
one of the two possible translational isomers is present in
the solid state; this is the one incorporating the bipyridin-
ium unit inside the cavity of the macrocyclic polyether. The
[2]catenane has crystallographic C, symmetry about an axis
passing through the center of the two 1,4-dioxybenzene
rings and the bond linking the two pyridinium rings of the
bipyridinium unit. Both 1,4-dioxybenzene rings are in-
volved in an essentially symmetric n--* stacking interaction
with the sandwiched bipyridinium unit (the mean planar
separation is ca. 3.52 A in each case). No significant
C—H--O interactions were observed (the shortest H--O
distance is 2.55 A). Furthermore, the increased length of
the 4,4'-hydrazopyridinium unit moves the two p-phenylene
rings apart, weakening any potential C—H-r interaction
between these rings and the 1,4-dioxybenzene hydrogen
atoms (the shortest H---mt distance is 3.24 A). Further evid-
ence for the lack of N=N double bond character in this
compound is provided by the substantial torsional twist
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Figure 1. Ball-and-stick representation of the geometry adopted by
the dication 2*" in the solid state

[127(1)°] about the N—N bond and by the associated bond
length (1.36 A) that is typical of a delocalized bond. Indeed,
this bond is comparable with those between these nitrogen
atoms and the carbon atoms of their adjacent pyridinium
rings (1.36 A). There is an absence of any intercatenane in-
teractions and the packing is influenced by the presence of
included PhH and Me,CO molecules. The PhH molecules
enter into mutual edge-to-face interactions, and one of
them (and its C, symmetric counterpart) n-stacks with the
hydrazopyridinium rings of the tetracation with a mean in-
terplanar separation of 3.55 A.

Figure 2. Ball-and-stick representation of the geometry adopted by
the [2]catenane 8*" in the solid state

Variable Temperature 'H NMR Spectroscopy

The local C,;, symmetry associated with the 4,4'-hydrazo-
pyridinium unit of the tetracationic cyclophane 7-4PF¢ im-
poses two sites (A and B) on the a-pyridinium protons H,
and H',, and two sites (C and D) on the B-pyridinium pro-
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tons Hg and H'g (Figure 3). Exchange of the protons H,
and H',, between the sites A and B, as well as of the protons
Hg and H'g between the sites C and D, occurs as a result
of Process I. This dynamic process involves a 180° rotation
of the pyridinium rings of the 4,4'-hydrazopyridinium unit
around their [N--+C4] axes. At 230 K in (CD3),CO, Process
I is slow on the '"H NMR timescale and the protons H, and
H’, give rise (Figure 4a) to two sets of signals (6 = 8.82
and 8.30). Similarly, two sets of resonances are observed for
the protons Hg and H'g (8 = 7.40 and 7.36), while the two
protons of the hydrazo group give rise to a singlet (5 =
10.08). Upon warming the (CDj3),CO solution of 7-4PFg,
Process I becomes fast and the two sets of signals associated
with the protons H, and H’, coalesce (Figure 4b and 4c)
into one (& = 8.57). Similarly, the two sets of resonances
observed for the protons Hg and H'g also coalesce into one
(6 = 7.38). By employing the coalescence treatment, the
energy barrier (AG!) for Process I was determined!!*]
(Table 1) using the protons Hy/H', and Hg/H'g as probes.

©)

Process |

Figure 3. The 180° rotation (Process I) of the pyridinium rings of
the 4,4'-hydrazopyridinium unit exchanging the protons H, and
H', between the sites A and B and the protons Hg and H'g between
the sites C and D

Comparison of the '"H NMR spectrum of the tetracat-
ionic cyclophane 7-4PF4 with that of the [2]catenane 8-4PF
revealed chemical shift changes of AS = —0.34 and —0.54
for the resonances associated with the a- and B-bipyridin-
ium protons, respectively. These significant differences in-
dicate that the macrocyclic polyether component of the
[2]catenane encircles preferentially the bipyridinium unit, as
observed (Figure 2) in the solid state. At 230K in
(CD;),CO, Process I is also slow on the '"H NMR timescale
and the protons H, and H', give rise to two sets of signals
(0 = 8.77 and 8.13). Similarly, two sets of resonances are
observed for the protons Hg and H'g (8 = 7.19 and 6.60),
while the two protons of the hydrazo group give rise to a
singlet (6 = 10.07). Upon warming the (CD3),CO solution
of 8-4PF, Process I becomes fast and the two sets of signals
associated with the protons H, and H’, coalesce into one
(6 = 8.34). Similarly, the two sets of resonances observed
for the protons Hg and H'g also coalesce into one (& =
6.90). By employing the coalescence treatment, the AGE
value for Process I was determined™® using the protons H,/
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Figure 4. Partial '"H NMR spectra of the tetracationic cyclophane
7-4PF¢ recorded in (CD3),CO at (a) 230, (b) 280, and (¢) 320 K
(the set of signals labeled with the symbol * corresponds to the
B-bipyridinium protons)

Table 1. Kinetic parameters (determined by variable temperature
'"H NMR spectroscopy at 400 MHz) for the dynamic processes as-
sociated with the tetracationic cyclophane 7-4PF¢ and with the
[2]catenanes 8-4PF4 and 9-4PF in (CD3),CO

Compound Probe Av=Rl g [Pl Tl AGE [ Process
Protons (Hz) (s7') (K) (kcal mol™")
7-4PF, H/H', 203 450 304 14.1 I
HyH', 37 83 288 145 I
8-4PF, H,/H', 262 582 304 14.0 I
Hg/H' 246 546 304 14.0 1
Hy/H'ys 648 1440 280 123 1
9-4PF, HyH', 54 119 240 117 I
Hp/H',, 80 177 291 140 IV

[a Limiting frequency separation (error = = 1 Hz). — [®] Rate con-
stant at the coalescence temperature (error = * 5 Hz). — [¢l Coales-
cence temperature (error = = 1 K). — [4] Free energy barrier at the
coalescence temperature (error = = 0.2 kcal mol™").

H', and Hg/H'g as probes (Table 1). Interestingly, no signi-
ficant difference was observed between the AGE value asso-
ciated with the tetracationic cyclophane 7-4PFg and that for
the [2]catenane 8-4PF. The 1,4-dioxybenzene rings located
inside and alongside the cavity of the tetracationic cyclo-
phane component of the [2]catenane 8-4PF, are exchanged
(Figure 5) as a result of Process II. This dynamic process
involves the circumrotation of the macrocyclic polyether
through the cavity of the tetracationic cyclophane. At 230 K
in (CD;),CO, Process 1 is slow on the '"H NMR timescale
and the protons Hy, and H'yy, give rise (Figure 6a) to two
distinct signals (6 = 6.22 and 4.60). Upon warming the
(CD3),CO solution of 8:4PF¢ up, Process I becomes fast
and the two signals associated with the protons Hg, and
H'g4, coalesce (Figure 6b and 6¢) into one (6 = 5.48). By
employing the coalescence treatment, the AG! value for
Process 11 was determined!'%! using the protons Hg,/H' 4y, as
probes (Table 1).

Eur. J. Org. Chem. 2001, 957—965
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Figure 5. The circumrotation (Process II) of the macrocyclic polyether through the cavity of the tetracationic cyclophane component of
the [2]catenane 8-4PF4 exchanging the “inside” and “alongside” 1,4-dioxybenzene protons Hg, and H'gy,
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Figure 6. Partial '"H NMR spectra of the [2]catenane 8-4PF; re-
corded in (CDj3),CO at (a) 230, (b) 260, and (¢) 320 K (the signals
labeled with the symbols and € correspond to the protons of the
methylene groups adjacent to the 4,4'-bipyridinium and 4,4’'-hydra-
zopyridinium units, respectively)

Comparison of the '"H NMR spectrum of the tetracat-
ionic cyclophane 7-4PFg4 with that of the [2]catenane 9-4PF4
revealed chemical shift changes of A5 = —0.63 and —1.49
for the resonances associated with the a- and B-bipyridin-
ium protons, respectively. These significant differences in-
dicate that the macrocyclic polyether component of the
[2]catenane encircles preferentially the bipyridinium unit, as
observed for the [2]catenane 8-4PF4,. At 205K in
(CD3),CO, Process I is also slow and the protons H, and
H’, give rise to two sets of signals (6 = 8.21 and 8.11).
Upon warming the (CD5),CO solution of 9-4PF¢, Process
I becomes fast and these two sets of signals coalesce into
one (8 = 8.16). By employing the coalescence treatment,
the AG! value for Process I was determined!'” using the
protons H,/H', as probes (Table 1). Interestingly, in the
case of the [2]catenane 9-4PF, the AG! value for Process 1
is ca. 2 kcal mol™' lower than those associated with the
tetracationic cyclophane 7-4PF¢ and the [2]catenane 8-4PF.
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The local C5;, symmetry associated with the 1,5-dioxynaph-
thalene ring system located inside the cavity of tetracationic
cyclophane imposes two sites (E and F) on the a-bipyridin-
ium protons Hy, and H'y, (Figure 7). Exchange of these
protons between the sites E and F occurs as a result of
Process IIT and/or Process IV. Process III involves: (i) the
dislodgment of the 1,5-dioxynaphthalene ring system from
the cavity of the tetracationic cyclophane, (ii) its 180° rota-
tion about its [O---O] axis, and (iii) its reinsertion inside the
cavity of the tetracationic cyclophane. Process IV involves:

Process lll Process IV

® ®

Hep, -0 Hyp -0,
+ h + + 7/\ +
ey @ INS(C AW

"o 5 o
by by
O 0
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pr -0 Hlbp o-
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H H

Hyp, (\( __I T:-p -07,\ —|
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Figure 7. The dynamic processes (Process 111 and Process 1V) asso-
ciated with the [2]catenane exchanging the a-bipyridinium protons
Hyp, and H'y,, between the sites E and F
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(1) the dislodgment of the 1,5-dioxynaphthalene ring system
from the cavity of the tetracationic cyclophane, (ii) the 180°
rotation of the 4,4'-bipyridinium unit about its [N-++N] axis,
and (iii) the reinsertion of the 1,5-dioxynaphthalene ring
system inside the cavity of the tetracationic cyclophane. At
230 K in (CDj3),CO, Process III and Process 1V are slow
and the protons Hy,, and H'y,, give rise to two sets of signals
(6 = 9.25 and 8.80) (Figure 8a). Upon warming the
(CD3),CO solution of 9-4PF¢ up, Process III and/or Process
IV become fast and these two sets of signals coalesce (Fig-
ure 8b and Figure 8c) into one (6 = 8.98). By employing
the coalescence treatment, the AG! for Process III or Pro-
cess IV, or a combination of both, was determined!”!
(Table 1) using the protons Hy, and H'y,, as probes.

1
[+ Hop / Hop
]
b pr /H bp
]
Hpp Hup
a
1 1
9.5 9.0 8.5
3 (ppm)

Figure 8. Partial '"H NMR spectra of the [2]catenane 9-4PFg
recorded in (CD;),CO at (a) 230, (b) 290, and (¢) 320 K

Conclusions

In acetonitrile, BPP34C10 and 1/5SDN38C10 bind (with
K, values of 90 and 880 M~ !, respectively) a 4,4’-azopyridi-
nium-containing guest inside their m-electron rich cavities.
When 1,5-dioxynaphthalene ring systems, rather than 1,4-
dioxybenzene rings, are incorporated in the host, a signific-
antly more stable complex is obtained. Upon introduction
of a 4,4'-azopyridinium unit into a tetracationic cyclo-
phane, this unit is reduced unexpectedly to a 4,4'-hydrazo-
pyridinium unit. Even when this tetracationic cyclophane is
interlocked with BPP34C10 or with 1/5DN38C10, reduc-
tion occurs spontaneously. Of the two possible translational
isomers associated with each [2]catenane, only one is ob-
served in solution and in the solid state. In both [2]ca-
tenanes, the 4,4'-hydrazopyridinium unit resides alongside
the cavity of the macrocyclic polyether while the other -
electron deficient unit incorporated within the tetracationic
cyclophane is located inside. In solution, the 4,4'-hydrazop-
yridinium of the free and of the catenated tetracationic
cyclophane rotates about the [N---N] axis defined by its two
pyridinium nitrogen atoms. In the [2]catenane incorporating
1/5DN38C10, the energy barrier associated with this dy-
namic process is ca. 2 kcal mol~! lower than that for the
other [2]catenane and that for the free tetracationic cyclo-
phane. The 4,4’-bipyridinium unit and the inside 1,5-dioxy-
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naphthalene ring systems of the [2]catenane incorporating
1/5DN38C10 also rotate (AGE = 14.0 kcal mol ') around
their [N--*N] and [O-+O] axes, respectively. In the other
[2]catenane, the macrocyclic polyether circumrotates
(AGE = 11.7 keal mol™!) through the cavity of the tetracat-
ionic cyclophane component.

Although we have been thwarted in our bid to self-as-
semble a photochemically switchable [2]catenane by the ap-
parently unavoidable spontaneous reduction of the 4,4'-
azopyridinium unit in the “asymmetric’ tetracationic cyclo-
phane interlocked with either BPP34C10 or 1/5DN38C10,
we recall that, although [2]catenanes!''! in which either
BPP34C10 or 1/5DN38C10 is encircled by a tetracationic
cyclophane containing one bipyridinium and one bis(pyrid-
inium)ethylene unit cannot be switched photochemically,
they can be switched electrochemically. In view of our re-
cent successt!? in being able to incorporate an electrochem-
ically switchable [2]catenane — in which cyclobis(paraquat-
p-phenylene) is encircled by a crown ether containing one
tetrathiafulvalene unit and one 1,5-dioxynaphthalene ring
system — into a solid-state electronically reconfigurable
switching device, we intend to re-examine the switchable
[2]catenanes in which the m-electron accepting groups in the
tetracationic cyclophane are different and can be addressed
electrochemically in such a manner that circumrotation of
the tetracationic cyclophane through the crown ether mac-
rocycle can be redox activated between two mechanically
different states.

Experimental Section

General Methods: Chemicals were purchased from Aldrich and
used as received. Solvents were dried according to literature proced-
ures.['3] The compounds 3,414,151 and 5-2PF [19 were prepared as
described previously in the literature. — Thin layer chromatography
(TLC) was carried out on aluminum sheets coated with silica-gel
60 (Merck 5554). Column chromatography was performed on sil-
ica-gel 60 (Merck 9385, 230—400 mesh). — Melting points were
determined on an Electrothermal 9200 melting point apparatus and
are uncorrected. — Electron impact mass spectra (EIMS) were re-
corded on a Kratos Profile spectrometer. Liquid secondary ion
mass spectra (LSIMS) were recorded on a VG Zabspec spectro-
meter, equipped with a Cs* source, using 3-nitrobenzyl alcohol as
matrix. For high resolution LSIMS (HRLSIMS), the instrument
was operated at a resolution of ca. 6000 by employing narrow range
voltage scanning along with polyethylene glycol or Csl as reference
compounds. Electrospray mass spectra (ESMS) were recorded on
a Micromass LCT spectrometer using MeOH as mobile phase. —
'H and '3C NMR spectra were recorded on a Bruker ARX400 (400
and 100.6 MHz, respectively) spectrometer. — Elemental analyses
were performed by Quantitative Technologies Inc.

4,4'-Azopyridinium (1): An aqueous solution of NaOCl (12—13%,
200 mL) was added dropwise to a solution of 4-aminopyridine (5
g, 53 mmol) in H,O (40 mL). The mixture was heated under reflux
for 2 h. After cooling to ambient temperature, the solution was
extracted with Et,O (3 X 100 mL). The organic phase was concen-
trated under reduced pressure and the residue was purified by col-
umn chromatography (SiO,, MeCO,Et) to afford 1 (0.7 g, 8%) as
a red solid. — M.p. 106—108 °C (ref.'71 108—109 °C). — EIMS:
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milz = 184 [M]*. — 'H NMR (CDCly): & = 8.66 (d, J = 6 Hz, 4
H), 7.53 (d, J = 6Hz, 4 H). — 3C NMR (CDCly): § = 155.9,
151.2, 115.9. — C,;oHgN, (184.202): caled. C 65.22, H 4.35, N
30.43; found C 64.09, H 4.10, N 29.74.

1,1'-Bisbenzyl-4,4'-azopyridinium Bis(hexafluorophosphate)
(2-2PFg): A solution of 1 (50 mg, 0.27 mmol) and PhCH,Br (93
mg, 0.54 mmol) in MeCN (100 mL) was heated to reflux under an
atmosphere of N, for 3 h. After cooling to ambient temperature,
the precipitate was filtered off, washed with MeCN and Et,O, and
dissolved in H,O (10 mL). After the addition of NH4PF,, 3-2PF,
(146 mg, 82%) precipitated out as a red solid. — M.p. >250 °C. —
LSIMS: m/z = 511 [M — PF¢]*, 367 [M — 2PF4]*. — HRLSIMS:
mlz caled. for [M — PFg]* (CoyHpF¢NyP): 511.1486; found
511.1479. — ESMS: m/z = 679 [M + Na]*, 511 [M — PF¢]", 367
[M — 2PF¢]". — 'TH NMR (CDs;CN): § = 9.00 (d, J = 6 Hz, 4 H),
8.34 (d, J = 6 Hz, 4 H), 7.51 (s, 10 H), 5.82 (s, 4 H). — *C NMR
(CD;CN): & = 137.5, 135.4, 134.8, 134.7, 126.6, 122.5, 70.1. —
CyyHooF 5N4P, (656.392): caled. C 43.90, H 3.35, N 8.54; found C
43.69, H 3.25, N 8.36.

Crystal data: [CyyH2oNy][PF¢l,, M = 656.4, monoclinic, space
group C2/c¢ (no. 15), a = 19.359(1), b = 8.204(1), ¢ = 18.932(1)
A, B = 113.32(1)°, V = 2760.8(3) A3, Z = 4 (the molecule has
crystallographic C, symmetry), D, = 1.579 g cm™3, p(Cu-K,) =
24.1 cm™', F(000) = 1328, T = 293 K; orange/red platy rhombs,
0.83 X 0.50 X 0.17 mm, Siemens P4/PC diffractometer, m-scans,
2173 independent reflections. The structure was solved by direct
methods and the non-hydrogen atoms were refined anisotropically
using full matrix least-squares based on F? to give R; = 0.078,
wR> = 0.224 for 1721 independent observed reflections [|F,| >
46(|F,|), 26 = 124°] and 179 parameters.

Crystallographic data (excluding structure factors) for this struc-
ture have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-154037.
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) + 44-1223/336-033; Email: deposit@ccdc.cam.ac.uk].

[2]-[(Bis-p-phenylene-34-crown-10)-(1,1'-Bisbenzyl-4,4'-hydrazo-
pyridinium)|pseudorotaxane Bis(hexafluorophosphate) (]2:3]-2PF)
and [2]-[(1,5-Dinaphtho-38-crown-10)-(1,1’'-Bisbenzyl-4,4’-azopyridi-
nium)|pseudorotaxane Bis(hexafluorophosphate) (|2:4]-2PFg): A so-
lution of 2-2PF¢ (6.6 mg, 0.01 mmol) in CD3;CN (1 mL) was mixed
with a solution of either 3 (5.4 mg, 0.01 mmol) or 4 (6.4 mg,
0.01 mmol) to afford [2:3]:2PF or [2:4]-2PF, respectively.
[2:3]2PF4: K, = 90 M~ !, AG° = —2.7 kcal mol™ !, T = 25 °C. —
LSIMS: m/z = 1050 [M — PFg]*", 904 [M — 2PF¢]". — '"H NMR
(CD3CN): 6 = 9.06 (d, J = 7THz, 4 H), 8.18 (d, J/ = 7Hz, 4 H),
7.55—=7.50 (m, 10 H), 6.45 (s, 8 H), 5.83 (s, 4 H), 3.58—3.71 (m,
32 H).

[2:4]2PF4: K, = 880 M~ !, AG° = —4.0 kcal mol™!, T = 25 °C. —
LSIMS: m/z = 1150 [M — PF¢]*, 1004 [M — 2PF4]*. — 'H NMR
(CD3CN): 6 = 9.00 (d, J = 7THz, 4 H), 795 (d, J = 7Hz, 4 H),
7.59—17.51 (m, 10 H), 7.37 (d, / = 9 Hz), 4 H, 7.05 (pt, / = 9 Hz,
4 H), 6.42 (d, J = 9 Hz, 4 H), 5.84 (s, 4 H), 3.84—3.70 (m, 32 H).

Cyclo(paraquat-p-phenylene-4,4’-hydrazobipyridinium-p-phenylene)
Tetrakis(hexafluorophosphate) (7:4PFg): A solution of 1 (66 mg,
0.36 mmol), 5-2PF¢ (450 mg, 0.54 mmol), and 6 (363 mg,
1.08 mmol) in DMF (5 mL) was stirred for 10 days at ambient
temperature. The solvent was distilled under reduced pressure and
the residue was purified by column chromatography (SiO,, MeOH/
2 M NH4Cl,o/MeNO,, 7:2:1) to afford a product which was dis-
solved in H»O. After the addition of NH4PFg, 7-4PF4 (90 mg, 22%)
precipitated out as a white solid. — M.p. >250 °C. — LSIMS:
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mlz = 985 [M — PFg4]*, 839 [M — 2PF¢]*, 694 [M — 3PF¢]*. —
HRLSIMS: m/z caled. for [M — PFg]" (C36H34F15NgOoP5):
985.1770; found 985.1799. — ESMS: m/z = 839 [M — 2PF]*, 694
[M — 3PF¢]*. — '"H NMR [(CD3),CO, 230 K]: 8 = 10.08 (s, 2 H),
9.60 (d, J = 7Hz, 4H),882(d,J=6Hz,2H),8.77(d, J = 7 Hz,
4 H), 830 (d, J = 7Hz, 2 H), 7.80 (d, / = 8 Hz, 4 H), 7.64 (d,
J =8Hz, 4 H), 740 (d, J = 6 Hz, 2 H), 7.36 (d, / = 6 Hz, 2 H),
6.17 (s, 4 H), 5.70 (d, J = 14 Hz, 2 H), 5.56 (d, J = 14 Hz, 2 H).
— 13C NMR [(CDs3),CO, 300 K]: & = 158.8, 150.3, 146.2, 144.6,
136.5, 136.3, 130.9, 130.5, 128.8, 128.2, 65.2, 61.8.

|2]-{(Bis-p-phenylene-34-crown-10)-|cyclo(paraquat-p-phenylene-
4,4'-hydrazobipyridinium-p-phenylene)|}catenane Tetrakis(hexa-
fluorophosphate) (8:4PF¢) and [2]-{(1,5-Dinaphtho-38-crown-10)-
[cyclo(paraquat-p-phenylene-4,4’-hydrazobipyridinium-p-phenyl-
aene)|}catenane Tetrakis(hexafluorophosphate) (9-4PF¢): A solution
of 1 (51 mg, 0.28 mmol), 5:2PF4 (227 mg, 0.28 mmol), and either
3 (50 mg, 0.09 mmol) or 4 (64 mg, 0.09 mmol) in DMF (5 mL) was
stirred for 10 days at ambient temperature. The solvent was distilled
off under reduced pressure and the residue was purified by column
chromatography (SiO,, MeOH/2 M NH,Cl,/MeNO,, 7:2:1) to af-
ford a product which was dissolved in H,O. After the addition of
NH4PFq, 8:4PF¢ or 9-4PF¢ precipitated out as a red or purple
solid, respectively.

8:4PF; (62 mg, 40%): M.p. > 250 °C. — LSIMS: m/z = 1375 [M
— 2PF(]*, 1230 [M — 3PF¢]", 1085 [M — 4PF¢]*. — HRLSIMS:
mlz caled. for [M — 2PF¢]* (CesH74F12NgO0P5): 1375.4672; found
1375.4701. — ESMS: m/z = 1543 [M — PF¢ + Na]*, 1375 [M —
2PF¢]", 1230 [M — 3PF¢**. — 'H NMR [(CDj3),CO, 230 K]: § =
10.07 (s, 2 H), 9.26 (br s, 4 H), 8.77 (d, / = 7 Hz, 2 H), 8.23 (br s,
4 H), 8.13 (d, J = 7Hz, 2 H), 8.02 (d, J = 8§ Hz, 4 H), 7.83 (d,
J =8Hz, 4 H),7.19 (brs, 2 H), 6.60 (br s, 2 H), 6.22 (s, 4 H), 6.00
(s, 4 H), 5.69 (d, J = 14 Hz, 2 H), 5.53 (d, J = 14 Hz, 2 H), 4.60
(brs, 4 H), 3.93—3.60 (m, 32 H). — 3C NMR [(CD3),CO, 230 K]:
§ = 157.8, 152.5, 151.3, 146.2, 137.2, 136.8, 131.6, 131.3, 125.8,
115.3, 71.0, 70.6, 70.1.

Crystals suitable for X-ray structural analysis were obtained by
vapor diffusion of C¢Hg into a Me,CO solution of the [2]catenane.
Crystal data: [Cg4sH74NgOo][PF¢ls-3PhH-3Me,CO-H,O, M =
2093.8, monoclinic, space group C2/c¢ (no. 15), a = 30.903(13), b =
18.569(4), ¢ = 21.436(11) A, B = 115.20(4)°, VV = 11130(8) A3, Z =
4 (the molecule has crystallographic C, symmetry), D, = 1.249 g
cm 73, w(Cu-K,) = 14.7 em~!, F(000) = 4352, T = 213 K; red
blocks, 0.67 X 0.53 X 0.53 mm, Siemens P4/RA diffractometer, o-
scans, 8076 independent reflections. The structure was solved by
direct methods and the non-hydrogen atoms were refined aniso-
tropically using full matrix least-squares based on F? to give R; =
0.127, wR, = 0.357 for 5052 independent observed reflections [|F,|
> 4o(|F,|), 260 = 120°] and 653 parameters.

Crystallographic data (excluding structure factors) for this struc-
ture have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-154036.
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) + 44-1223/336-033; Email: deposit@ccdc.cam.ac.uk].
9-4PF4 (120 mg, 68%): M.p. 188—190 °C. — LSIMS: m/z = 1476
[M — 2PF*, 1331 [M — 3PF¢]*, 1185 [M — 4PFq*. —
HRLSIMS: m/z caled. for [M — 2PF¢]" (C7oH7gF15NgO oP-):
1475.4985; found 1475.4997. — ESMS: m/z = 1643 [M + Na —
PF]", 1476 [M — 2PF¢]", 1331 [M — 3PF4]", 1186 [M — 4PF4]".
— 'H NMR (CDsCN, 320 K): § = 9.09 (br, s 4 H), 8.94—8.92 (m,
4 H), 7.95 (s, 8 H), 7.30 (br, s, 4 H), 7.20 (d, J = 8 Hz, 2 H), 7.11
(pt, / = 8 Hz, 2 H), 6.84 (br, s, 4 H) 6.35 (d, / = 8 Hz, 2 H), 6.14
(d, J = 8 Hz, 2 H), 5.87—5.84 (m, 6 H), 5.65 (d, J = 8 Hz, 2 H),
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5.50 (pt, J = 8 Hz, 2 H), 4.07—3.69 (m, 32 H), 3.08 (d, J = 8 Hz,
2 H). — 3C NMR [(CD;),CO, 300 K]: § = 155.2, 143.8, 138.4,

136

.2, 131.6, 131.2, 126.3, 71.9, 71.7, 70.8, 68.2, 65.3, 61.6.
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 Aby + 2cK,ABy — YAS,? + 4cK Sy

2¢K, M

A3,

AG°=-RTIn K, )

(101 The rate constant (k.) and the free energy of activation (AG.})

at the coalescence temperature were calculated using equations
(2) and (3), respectively. Av is the limiting frequency separation
and R, k and h are the gas, Boltzmann, and Planck constants,
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