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Abstract: A number of nanometer-scale
molecular assemblies, based on rotaxane-
type structures, have been synthesized by
means of a template-directed strategy
from simple building blocks that, on ac-
count of the molecular recognition arising
from the noncovalent interactions be-
tween them, are able to self-assemble into
potential molecular abacuses. In all the
cases investigated, the n-electron-deficient
tetracationic cyclophane cyclobis(para-
quat-p-phenylene) is constrained mechan-
ically around a dumbbell-shaped compo-

which the tetracationic cyclophane is able
to shuttle back and forth with respect to
the dumbbell-shaped component, begins
with the self-assembly of a [2]rotaxane
consisting of two hydroquinone rings
symmetrically positioned within a poly-
ether chain terminated by triisopropylsilyl
ether blocking groups. In this first so-
called molecular shuttle, the tetracationic
cyclophane oscillates in a degenerate fash-
ion between the two m-electron-rich hy-
droquinone rings. Replacement of one of
the hydroquinone rings—or the insertion

of another n-electron-rich ring system be-
tween the two hydroquinine rings—intro-
duces the possibility of translational iso-
merism, a phenomenon that arises
because of the different relative positions
and populations of the tetracationic cy-
clophane with respect to the r-donor sites
on the dumbbell-shaped component. In
two subsequent [2]rotaxanes, one of the
hydroquinone rings in the dumbbell-
shaped component is replaced, first by a
p-xylyl and then by an indole unit. Final-
ly, a tetrathiafulvalene (TTF) unit is posi-

nent consisting of a linear polyether chain
intercepted by at least two, if not three,
n-electron-rich units and terminated at
each end by blocking groups or stoppers.
The development of an approach toward
constructing these molecular abacuses, in

rotaxanes

Introduction

The nanometer scale has been highlighted as the size regime in
which functioning molecular devices are most likely to oper-
ate.'' Two approaches to the construction of such devices have
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tioned between two hydroquinone rings in
the dumbbell-shaped component. Spec-
troscopic and electrochemical investiga-
tions carried out on these first-generation
molecular shuttles show that they could
be developed as molecular switches.

nanostructures -
+ transla-

been identified. One is the so-called “top-down” approach,
in which bulk atomic or molecular arrays are dismantled
down to the nanometer scale: it has been employed for
many years as a means of miniaturizing electronic components.
The other may be termed a “bottom-up” approach to the
construction of devices that function at the molecular level:
it exploits the natural processes of self-assembly!?! and self-
organization,!> wherein relatively simple and abundant molecu-
lar subunits come together as a result of favorable nonco-
valent bonding interactions, to form supramolecular arrays
and molecular assemblies, some of which display novel func-
tions.[4~7

In pursuing the ““bottom-up” approach, it occurred to us that
mechanically bonded molecules, in which one molecular com-
ponent is able to move relative to another, may provide a means
of effecting reversible and controlled switching between two
states'™® at the molecular level. Specifically, we have chosen
mechanically interlocked molecules®® ~!%) in the shape of the
so-called catenanes and rotaxanes (Figure 1) and shown that
they can be constructed using self-assembly processes based on
the mutual recognition and interaction of m-electron-rich
aromatic units, z-electron-deficient bipyridinium units, and
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polyether chains. Of Results and Discussion
QZE:<> these two types of
molecule, [2]rota- Preamble and Synthetic Strategy: The rotaxane-like orienta-
B xanes!'*! are more tions observed in the solid state!>®! for the numerous 1:1 com-
2]Catenane [2]Rotaxane

amenable to the de-
velopment of a
molecular switch. In
chemical terms, this
type of molecule contains a linear (axle) component encircled by
a macrocyclic (wheel) component. To prevent the wheel from
readily leaving the axle, the linear component must be terminat-
ed at both ends by large blocking groups or stoppers. The intro-
duction of a variety of different recognition sites within the
dumbbell-shaped component raises the possibility of multi-site
occupancy by the macrocyclic component. Such a scenario
could become the basis of a switching action if the preferred site
of occupation—in a dissymmetric two-site system, for ex-
ample—could be rendered responsive to an electronic, a pho-
tonic, or protonic stimulus. We describe here the synthesis, self-
assembly, and physical properties of a range of [2jrotaxanes:
1-4PF,,2-4PF,, 3-4PF,, and 4-4 PF,, and their precursors and
components (Figure 2). Some of the results discussed in this
paper have been reported in preliminary form! >~ '8 and in a
review['?]

Figure 1. Schematic representations of a
[2)catenane and a {2]rotaxane.
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Figure 2. The molecular shuttles 1-4PF, to 4-4 PF,.
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plexes formed between the tetracationic cyclophane!?!1 [BBIPY-
BIXYCY]** and a range of different substrates led to the
self-assembly of the first rotaxanes! !} in which two molecular
components were mechanically linked by utilizing the two pro-
tocols (namely threading and clipping) already employed in the
self-assembly of pseudorotaxanes.l??] When 5 was treated with
triisopropylsilyltriflate in MeCN (Scheme 1) containing the cy-
clophane [BBIPYBIXYCY][PF,], and lutidine (with a thread-
ing protocol) the corresponding [2]rotaxane 6-4 PF, was isolat-
ed in 22% yield, following counterion exchange. The same
[2Jrotaxane 6-4PF, (Scheme 1) can also be formed (from 7,
[BBIPYXYT][PF,],, and 1,4-bis(bromomethyljxylene BBB} in
14% yield by employing the clipping protocol.''} This first
generation of [2]rotaxanes lacked the dynamic behavior of their
[2]catenane counterparts.l*!- 23} We soon recognized, therefore,
that one way to impart to [2]rotaxanes a similar type of mechan-
ical motion to that observed in those [2]catenanes was to intro-
duce two recognition sites into the dumbbell-shaped compo-
nent.

A. The  First Molecular
Shuttle: Our first approach to
the design of a molecular
shuttle (Scheme 2) involved
the synthesis of a dumbbeli-
shaped compound containing
two hydroquinone rings with-
in a polyether chain terminat-
ed by two triisopropylsilyl
ether blocking groups.l'*! In
essence, this dumbbell-shaped
compound can be regarded as
being formed by central scis-

chains of BPP34C10 fol-
lowed by the addition of the
blocking groups (e.g., triiso-
propylsilyl ethers) to the pri-
mary hydroxyl group thus
created (Figure 3). Hence, the
design of this first prototype
of a molecular shuttle can be
related to {[2]{BPP34C10j-
[BBIPYBIXYCY]catenane}-
{PF¢}4. The dynamic proper-
ties of the [2]catenane (Fig-
ure 3) anticipate the shuttling
process.[* !

N
¢ O -
et /@\ sion of one of the polyether

3.4PFg

Synthesis: The dumbbell-
shaped component was syn-
thesized in two steps from the
@ readily available diphenol
8,0241 which was bisalkylated
(K,CO4/DMF) with 9 to af-
ford the diol 10 (54 %), which

0947-6539/97/0307-1114 § 17.50 + .50/0 Chem. Eur. J 1997, 3. No. 7



Molecular Shuttles

1113-1135

and AgPF, (2.5molequiv)?% in

2PFy MeCN at room temperature gave the
o desired [2]rotaxane 1-4 PF, as a deep
[O O >Z4< orange-colored product in 32 % yield
e Co A Y ' (Scheme 2). This remarkably high
4PFg 1.0 0 O OH C () () [O Sener ' ema vy g
? [O yield is probably a consequence of
O 5 D o ® 0 the template-directing action of the
+ + + + N N [o two hydroquinone rings present in
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Scheme 1. Synthesis of [2]rotaxane 6-4PF.
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Scheme 2. Synthesis of [2]rotaxane 1-4PF,.
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was then converted by reaction (imidazole/CH,Cl,) with triiso-
propylsilyl triflate into the dumbbell-shaped compound 11
(78%). Under template-directing conditions, the reaction of
[BBIPYXY][PF(, with BBB in the presence of 11 (3 molequiv)

Chem. Eur. J. 1997, 3, No. 7

[BBIPYXY][PF¢lo

1. AgPFg/MeCN
2. NH,PFg/ H,0

Clipping
Protocol
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the dumbbell-shaped component
during the cyclization of the trica-
tionic intermediate that is pre-
sumably formed en route to the te-
tracationic cyclophane component
of 1-4PF,. Fast atom bombardment
(FAB) mass spectrometry?® and dy-
namic 'HNMR spectroscopy were
used to characterize this {2]rotaxane.

-O-
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-0 O O O

22%

i
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NMR Spectroscopy: Both the 'H
and *C NMR specira of the
[2}rotaxane 1-4PF, show tempera-
ture-dependent behavior in a range of deuterated solvents. In
the 'H NMR spectrum, we might expect to observe two sets of
signals for the hydroquinone rings—one, possibly broad, set for
the protons on the encircled hydroquinone ring, and a sharper
AB-like system arising from the protons on the free hy-
droquinone ring. However, at room ftemperature in
CD,COCD, solution, a different situation is observed (Fig-
ure 4). The usually sharp signals corresponding to the OCH,
protons are broad, while those for the hydroquinone ring pro-
tons are merged into the baseline between § = 3.5 and 6.5.127
Clearly, at this temperature, the [2]rotaxane is experiencing a
number of slow exchange processes on the "HNMR timescale.
The position of the tetracationic cyclophane and hence its rate
of shuttling between the two hydroquinone rings in the dumb-
bell-shaped component can be controlled by varying the tem-
perature. Cooling the CD,COCD, solution of 1-4 PF, down to
223K allowed a four-proton AA’BB’ system centered at
d = 6.38 to be identified as arising from the free hydroquinone
ring. Saturation transfer experiments under conditions of slow
site exchange allowed us to identify a signal atca. 6 = 3.8 for the
protons belonging to the encircled hydroguinone ring, resonat-
ing under the signals for the OCH, protons. The distinction
between encircled and free recognition sites implies that shut-
tling is slow at this temperature on the 'H NMR timescale, a fact
substantiated by the separation of signals for the triisopropyl
groups on the silylated stoppers and for the o- and §-bipyridini-
um protons associated with the tetracationic cyclophane. The
coalescence of the signals associated with these different
'"HNMR probes (Table 1) in both the dumbbell-shaped and
tetracationic cyclophane components afforded the activation
energy barrier (AGY) for the shuttling of the tetracationic cy-
clophane in 1-4PF; of ca. 13 kcalmol ™. This value of AG[ is
somewhat less than that for the corresponding circumrotation
of BPP34C10 through the cavity of the tetracationic cy-
clophane in the [2]catenane shown in Figure 3.1'') When the
same sample is warmed up to 413 K in CD,SOCD,, an eight-
proton AA'BB’ system centered at § = 5.16 can be identified as
arising from the hydroquinone protons. At this temperature,
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Y b N NF . . N nt site exchange process in this case is de-
! 3 P~ ® ® Circumrotation ® ® generate. Following these encouraging
T~ i@ ) : . . .
L@ ® — ® i@l ) i - — @ HI. I i ) investigations of the shuttling properties
Q o 0 +N N Ny +N N of the degenerate [2]rotaxane 1-4PF,, it
LI NV Ve N4 < > (71~ 6
BPP3CT0 o «' was obvious that we should proceed
SARRYP LRRRAR next to reduce the symmetry of the
. molecular shuttle.
{[21{BBIPYBIXYCY][BPP34C10]Catenane}*
7 B. The Second Molecular Shuttle: Next,
+'\'_<.}r|‘+ we argued that replacement of one of the
- .J @ two degenerate hydroquinone rings in
\%Si(_ FavVeaN (@) 15 Y o- }Omomojsi % 1-4PF, by a unit of lower n-donating
[/OH "oy S () @ - PS ability should result™® in a [2]rotaxane
'[“0 01} +'L(QJ‘ + in which the preferential population of
o ?” one translational isomer at low tempera-
‘;@J @ Shuttling ‘ [ @ ture is a possibility. One such suitable
T / ) 5‘“ candidate!®® for the second station is
C_RALARLP N P [/i L the p-xylyl residue, the oxidation poten-
\,}j‘\"o 6 o{gyo o 0 o '%@?’)}O. o O“j’\ tial of which (+1.8V) is somewhat
Ny higher than that (+1.3V) of a hy-

Figure 3. The analogy between the circumrotation of the tetracationic cyclophane component around the crown
ether component in a [2]catenane and the possibility of a shuttling process in a [2]rotaxane that direcled our

attention toward the synthesis of a molecular shuttle.

(©

I JU\l I

8 9.0 80 7.0 6.0 5.0 4.0 3.6 1.0 0.0

Figure 4. The variable-temperature '"HNMR spectra of the [2]rotaxane 1-4PF;
recorded a) at 413 K in CD3SOCD;; b) at 298 K in CD,COCD;; and ¢) at223 K
in CD,COCD;.

exchange of the cyclophane between the two hydroquinone
rings is fast, rendering them equivalent on the 'HNMR
timescale. '*C NMR spectroscopy was shown in this instance to
complement the '"H NMR experiments. In particular, the sig-
nals for the hydroquinone ring carbons are not evident in the
spectrum recorded in CD,COCD, at room temperature. How-
ever, at +75°C in CD,CN, shuttling is ““fast”” and they resonate
at d =153.1, 152.8 (C), and 115.3 (CH), whereas at —40°C in
CD,COCD; shuttling is “slow” and signals are observed at

1116 ——
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droquinone ring, making it a consider-
ably poorer n-electron donor. Any pos-
sibility of exercizing control in such a
[2]rotaxane would result from the tetra-
cationic cyclophane preferentially encir-
cling the more n-electron-rich hydroquinone ring. Electrochem-
ical control would then, in principle, be possible by oxidation of
the hydroquinone ring to its radical cation, which should, in
turn, lcad to the preferential encircling of the less n-electron-do-
nating p-xylyl ring in the dumbbell-shaped component by the
tetracationic cyclophane.

Synthesis: Our synthetic target became the [2]rotaxane 2-4PF,
(Scheme 3). We envisaged this {2Jrotaxane being synthesized
by a self-assembly process from the dumbbell-shaped com-

Table 1. Spectroscopic, kinetic, and thermodynamic data [a] associated with pro-
cesses 1 and 2 in the [2]rotaxanes 1-4PF,, 3-4PF,, and 4-4PF,. as determined by
'H NMR spectroscopy.

[2]Rotaxanc Probe Solvent Av k.la] T, AGF Pro-
protons (Hz) (Y (K) (kcalmol™!) cess
[b.c]
1-44PE, a a CD,CN 70 16 253 133 -
c ¢ CD,CN 7.6 17 237 124
e e CD,CN 1060 2360 307 132 -
34PF,  j, iy CD,CN 16 35253 127 1
iy i, CD,CN 24 53263 130 1
44PF, ¢, ¢, [D,JDMF kY3 71 278 139 1
b, b, [D,JDMF 20 44 268 136 1
i al  [DJJDMF 875 1945 373 164 2
¢, ¢ CD,SOCD, 44 98 338 16.8 1
b, b, CD,SOCD, 36 80 333 167 1
¢, ¢ CDyCN 76 169 265 127 1
b, b, CD,CN 52 115 259 126 1
¢, ¢ CD,COCD, 8 187 274 131 1
b, b, CD,COCD, 36 80 263 130 1

[a] All values of AGF were obtained by the coalescence method. Values for k, were
obtained [I. O. Sutherland, Ann. Rep. NMR Spectrosc. 1971, 4, 71] from the approx-
imate expression k. = 1 — {A»)/(2)/2. [b] The Eyring equation was used to calcu-
late AGJ values at T,. [c] Several approximations are involved in this semiquantita-
tive treatment, so AG. should be viewed as containing 10% error margins.
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Scheme 3. Synthesis of [2]rotaxane 2-4PF,.

pound 12, [BBIPYXY]?", and BBB. Our approach (Scheme 3)
to the synthesis of the asymmetrical compound 12 required the
synthesis of two polyether chains within which are located two
different recognition sites. Stoppers would then be added to one
end of each of the polyether chains. For the stoppers, we chose
4-tritylphenol groups in preference to the triisopropylsilyl ether
blocking groups because of the greater stability of tetraaryl-
methane units under the range of synthetic conditions necessary
in the subsequent synthesis. The two polycther precursors 13
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Scheme 4. Synthesis of 13 and 17.
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and 14, after appropriate modification,
would then be joined together to yield the
dumbbeli-shaped compound 12.
The polyether precursor 13 was synthe-
@ sized in three steps from the known diol §
(Scheme 4) .I'Y) Monoprotection of the di-
ol (TBDMS/imidazole/DMF) afforded
the alcohol 15 (389% yield). Tosylation
(TsCl/Et;N/CH,Cl,) of 15 (84 %), alkyla-
tion of the resulting tosylate 16 with 4-
tritylphenol (K,CO,/DMF), and subse-
deprotection  (Bu,NF/THF)
yielded the desired alcohol 13 (44%). The
tosylate 17 can be prepared?®! from the
diol 18 in four steps (Scheme 4). Monopro-
tection (41%), tosylation (62%), and
alkylation, followed by deprotection, lead
to the alcohol 14 (56 %). The synthesis of
17 is completed by tosylation (TsCl/Et,N/
CH,Cl,) of 14 in 62% yield. Compound
12 is then obtained by reaction of the two
fragments 13 and 17 under strongly basic
conditions (NaH/THF/reflux, Scheme 3).
The self-assembly of the [2Jrotaxane 2-4 PF, from compound 12
and the components BBB and [BBIPYXY][PF,], can be
achieved by stirring them in MeCN under nitrogen for 7 d in the
presence of AgPF, (Scheme 3). After workup and purification
by chromatography, the [2]rotaxane 2-4PF is isolated as or-
ange crystals in 8% yield. The relatively low yield obtained in
this particular self-assembly process is probably a reflection of
the reduced molecular recognition between the dumbbell-
shaped component 12 and the tetracationic cyclophane compo-
nent formed, possibly as a result of the p-xylyl residue contribut-
ing very little to the template effect. The low yield, however, is
not dissimilar to those reported previously'* ' 24! for related
template-directed syntheses.

NMR Spectroscopy: The '"HNMR spectrum of the [2]rotaxane
2-4PF, in CD;CN varies with temperature and the slow site
exchange limit was established below 240 K for selected probe
protons. In the discussion that follows, the protons are labeled
according to the notation adopted in Figure 5, which depicts the
translational isomers 1 and 2. Primes have been used to differen-
tiate nonequivalent sides of the same aromatic rings within the
cyclophane. The subscripts 1 and 2 refer to the two translational
isomers as depicted in Figure 5. The superscripts h and x refer to
protons on the phenolic rings of the terminal tritylphenyl groups
of the polyether component depending on whether they are
adjacent to the hydroquinone ring or the p-xylyl unit, respective-
ly. Since dispersive interactions between the tetracationic cy-
clophane and the m-electron-rich site account for a sizable frac-
tion of the binding energies involved, we predicted that the
cyclophane should encircle preferentially the hydroquinone
ring.

The 'HNMR spectra recorded at 243 and 343 K for the
[2]rotaxane 2-4 PF, are shown in Figure 6. The protons labelled
a—11in Figure 5 were assigned to d values as a result of a COSY
experiment and variable temperature "HNMR spectroscopy.
These experiments revealed the presence of two different trans-
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Figure 5. The translational isomers 1 and 2 and the labeling of the protons of the [2]rotaxane 2-4PF,.
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Figure 6. Variable-temperature 'H NMR spectra of the [2]rotaxane 2-4 PF, recorded in CD,CN at a) 343 K and

b) 243 K.

lational isomers, which can be inferred from cyclophane proton
signals and from signals arising from protons associated with
the terminal blocking groups. Since the chemical shifts for the
protons d"/e" and d3/e¥ are different and relate, respectively, to
the presence of the cyclophane on either an adjacent hy-
droquinone ring or on a p-xylyl unit, it is possible—from inte-
gration of these two pairs of signals—-to deduce that there is
70 % of one translational isomer and 30 % of the other. Integra-
tion of the benzylic methylene signals for the protons ¢, on the
unoccupied p-xylyl nucleus (not J-coupled with any other sig-
nal, according to the COSY spectrum) indicates that transla-
tional isomer 1, in which the tetracationic cyclophane occupies
a position around the hydroquinone ring, is the major species
present at equilibrium at 243 K. The signals pertaining to pro-
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tons on the three terminal

phenyl rings of the tritylphenyl

@ blocking groups were not well
@ resolved and provided no addi-
tional information about trans-

lational  isomerism  within
2-4PF,. The proton signals of
the tetracationic cyclophane
component provide informa-
tion about its location on the
dumbbell-shaped component.
In particular, at 343 K, the o
bipyridinium protons appear as
one broad signal, either because
of fast shuttling of the cy-
@ clophane or rapid spinning of
the bipyridinium units within

the cyclophane on the 'TH NMR
timescale (Figure 7). However,

at 243 K, the «-bipyridinium
signals appear as four separate
signals, which consist of two pairs of
doublets present in the integrated ratio
of 70:30 for the protons g,/g,. and g,/
g, , respectively. Each translational
isomer gives rise to a pair of doublets
for the a-bipyridinium protons g since
each side of the cyclophane cxperi-
ences a distinct environment when it is
positioned around the unsymmetrical-
ly located hydroquinone ring or p-xy-
Iyl nucleus in the dumbbell-shaped
component. Protons g, and g,., as well
as g, and g,., are related by site ex-
change processes in which the bipyri-
dinium units rotate around their long
axes (Figure 7). A similar process has
also been observed!®®! in the other
molecular shuttles discussed in this pa-
per. Analysis of the signals for the p-
bipyridinium protons (f) was compli-
cated by coincidence of the signals for
the phenylene protons (i, and i,).B1 A
COSY experiment established the cou-
pling of the a-bipyridinium protons (g)
with the B-bipyridinium protons (f) within this region of the
spectrum. The cyclophane methylene protons (h) appear as two
signals, h, and h, at 243 K, the relative integrals of which reflect
the distribution of the cyclophane between the hydroquinonc
ring and p-xylyl unit. A COSY experiment identified the hy-
droquinone protons (a, and a,), since a, gives rise to the only
isolated signal in the 6 = 3.0-4.0 region that is not coupled to
another signal and, similarly, a, gives rise to the only uncoupled
signal in the 6 = 6.5-7.0 region. The chemical shift of the signal
attributed to a, at § = 3.36 is typical''! for the protons on a
hydroquinone ring that is included within the cavity of the tetra-
cationic cyclophane. The corresponding signal arising from the
aromatic protons (b,) for the p-xylyl nucleus should also be
present at § = 3.0—4.0 but this signal could not be identified

2.4PFg

e
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Figure 7. Diagram showing exchange processes 1 and 2 (shuttling and rotation
processes, respectively) that constitute the site exchange processes detectable by
H NMR spectroscopy. The o-bipyridinium protons are labeled.

from amongst the signals associated with the OCH, protons.
The signal for the aromatic protons b, was assumed to lie under-
neath the multiplet arising from protons in the trityl groups.

The dynamic properties of this molecular shuttle were investi-
gated by variable-temperature 'H NMR spectroscopy. The fast
exchange limit for all the protons was reached at 343 K (Fig-
ure 6). Two dynamic processes (Figure 7) can operate within
this [2]rotaxane: 1) shuttling of the cyclophane between the
hydroquinone ring and the p-xylyl unit (process 1 in Figure 7),
and 2) rotation of the bipyridinium units of the cyclophane
about their long axes leading to exchange of the primed and
unprimed protons (the rotation process 2 shown in Figure 7).
Both of these site exchange processes could be operating simul-
taneously in the coalesence of the two pairs of doublets associat-
ed with the o-bipyridinium protons (g) to one broad doublet
observed at 343 K for 2-4PF,. Consequently, it was not pos-
sible to ascertain the energy barrier associated with processes 1
and 2 by consideration of the variable temperature 'H NMR
spectra of the a-bipyridinium signals (g).">%!

Reflections and an Improved Strategy: So far, we have demon-
strated that the location within the dumbbell-shaped compo-
nent of a new mn-electron donor, the affinity of which for the
tetracationic cyclophane is less than that of a hydroquinone
ring, leads to the predominance of one translational isomer over
the other. This predominance is in favor of the recognition site
with the lower oxidation potential, that is, in the case of 2- 4 PF,,
the more n-electron-donating hydroquinone ring. The problems
in pursuing this strategy are twofold: the use of a less effective
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recognition unit than the hydroquinone ring suggests that, in
order to improve upon the relative translational isomer ratio of
70:30, we run the risk of lowering the overall yicld obtained in
a template-directed synthesis; furthermore, the sensitivity of the
hydroquinone radical cation detracts from its use as an electro-
chemically addressable species. An improved strategy for the
construction of an electrochemically addressable molecular
shuttle is outlined in Figure 8. Site A (the non-hydroquinone

Shuttling + ’h R
| ;N‘

&)

— ’\; .+
(o]
ol
s N
Shuttling

Figure 8. A schematic representation of a strategy in which a better n-electron
donor (site A) than a4 hydroquinone ring will be occupied preferentially by the
tetracationic cyclophane until it is oxidized. The cyclophane, which is subjected to
a charge—charge repulsion as well as to the loss of any stabilizing donor—acceptor
interactions, prefers to shuttle to the hydroquinone ring site until such time as site A
is reduced back to its neutral state.

site) should satisfy two criteria: it should have a larger binding
constant with the tetracationic cyclophane than the hy-
droquinone ring (HQ) and it should have a lower oxidation
potential than HQ. The benefits of altering the design logic in
this manner include 1) a potentially higher yield during the
self-assembly of the [2]rotaxane as a result of enhanced templat-
ing interactions and 2) the incorporation of more electrochem-
ically robust units into the dumbbell-shaped component. Oxida-
tion of site A should cause the cyclophane to move to the
hydroquinone ring. In summary, the n-electron donor chosen
for site A must fulfil the following criteria: 1) be easily oxidiz-
able; 2) form a stable radical cation; 3) have a small steric size
that permits it to enter inside the rigid tetracationic cyclophane;
and 4) have an oxidation potential different from that of the
hydroquinone ring (at least 0.3 V less positive). The remainder
of this discussion relates the progress we have made in realizing
such an electrochemically controllable molecular shuttle.

C. The Third Molecular Shuttle: A 2,3,5-trisubstituted indolc
residue was identified®* as satisfying most of the criteria listed
at the end of Section B. Since the tetracationic cyclophane is
known to form a strong complex with tryptophan,i**! we decid-
ed to investigate the incorporation of an indole unit into an
asymmetric [2Jrotaxane.t' 7! Initially, we examined the complex-
ation of the model indole by cyclobis(paraquat-p-phenylene)
(Scheme 5). When a molar equivalent of 24 is added to a solu-

0947-6539/97/0307-1119 § 17.50+ .50/0 1119



FULL PAPER J. F. Stoddart et al.
(@]
MeO MOH e f i
23 MeOMOH
.HCI — N\ h
4% HCI c N Me
NHNHz 1,0/ EtoH b Ha
22 24

(BBIPYBIXYCY][PFql, [24.BBIPYBIXYCY][PF¢],

Scheme 5. Complexation of the model indole by cyclobis(paraquat-p-phenylene).

tion of the tetracationic cyclophane in CD,CN, a deep purple
color results. 'H NMR spectroscopic data suggests that the in-
dole ring is threaded through the macrocycle in a rotaxane-like
manner (Table 2).

Table 2. 'HNMR spectroscopic evidence for complex formation between the in-
dole derivative 24 and cyclobis(paraquat-p-phenylene)  tetrakis(hexafluoro-
phosphate) in CD,CN.

Proton o Free J Complex Ao

a 8.77 8.22 —0.55
b 713 6.33 —0.80
c 6.65 6.33 —0.32
d 6.94 5.99 —0.95
¢ 3.77 3.67 —0.10
f 2.82 270 —~0.12
g 362 3.58 —0.04
h 2.58 2.81 +0.23
i 2.3 2.30 —0.01

X-Ray Crystallography of 1.1 Complex formed between Cyclo-
bis( paraquat-p-phenylene) and 2-Methylindole: Crystals suit-
able for X-ray analysis were grown by vapor diffusion of iPr,O
into an MeCN solution containing an equimolar mixture of
[BBIPYBIXYCY][PF,], and 2-methylindole (2 MIN). An inter-
esting feature about the 1:1 complex is its distinctive purple
color. The solid-state structure of [BBIPYBIXYCY-
2MIN][PF,], shows the 2 MIN molecule to be inserted through
the center of the tetracationic cyclophane with its long axis
steeply inclined (66°) to the mean plane of the cyclophane (Fig-
ure 9a). There is a crystaliographically imposed symmetry cen-
ter upon the 1:1 complex, requiring the 2 MIN molecule to be
disordered. In addition to this C, disorder, it is not possible to
rule out secondary C, rotational disorder of the 2 MIN molecule
about its long axis (this was allowed for in the structure refine-
ment process). The overall dimensions of the tetracationic cy-
clophane are unchanged from those observed for the related
TTF complex, vide infra. The twist and bow angles for the
bipyridinium units are 8 and 23°, respectively. The disorder of
the included indole molecule prevents a detailed analysis of any
[C-H:---n] or [N-H---x] interactions to the p-xylyl rings,

1120
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Figure 9. a} Ball-and-stick representation of the solid-state structure of [BBIPY-
BIXYCY-2MINJ**. b} Side-on and ¢} end-on views of the stepped stack-like
superstructure of the 1:1 complex in one of the crystallographic directions.

though these are almost certainly present at ca. 2.7 A ([H - - - «])
as a consequence of the tilt of this unit within the cyclophane.
Although the geometry of this 1:1 complex is very similar to
that of the TTF analogue, the supramolecular structure is differ-
ent. The TTF complex crystallizes in the triclinic space group
P1, whereas the 2 MIN complex has monoclinic crystal symme-
try with space group P2,/n and is, at the crystallographic level,
isomorphous with a range of simple complexes involving the
tetracationic cyclophane.'?! In this latter structural arrange-
ment, the tetracationic cyclophanes are stacked in the crystallo-
graphic a direction and have the encapsulated 2 MIN molecules
co-aligned (Figures 9b and c). The approximate distance be-
tween the methyl group on the five-membered ring and the
center of the nearest facing indole C—C bond within the stack is
47 A compared with 4.9 A in the TTF analogue. The p-xylyl
units of adjacent stacks are in a stepped and sheared arrange-
ment with an interplanar separation of 3.2 A and a centroid -
centroid separation of 4.9 A. Pairs of methylene hydrogen
atoms in one stack are directed into the n-system of the p-xylyl
ring of an adjacent stack and vice versa ([H---n] distance,
3.0 A). There is no stacking relationship between the bipyridini-
um units.
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Synthetic Strategy: We argued that the tetracationic cyclophane
should preferentially occupy the indole unit within the dumb-
bell-shaped component of a [2]rotaxane comprising an indole
unit and hydroquinone ring. Oxidation of the indole unit to its
radical cation should result in the transfer of the tetracationic
cyclophane to the hydroquinone ring. Thus, our synthetic target
was identified as the [2]rotaxane 3-4PF, containing one indole
unit and one hydroquinone ring incorporated within a polyether
chain terminated by tetraphenylmethane stoppers (Scheme 6).
We envisaged that this [2]rotaxane might be self-assembled from
the dumbbell-shaped compound 25, BBB, and [BBIPYXY]-
{PF,], using template direction. It was anticipated that 25 would
be constructed by a Fischer-indole procedure®®! from the Boc-
protected hydrazine 26 and the ketal 27 in which the two pro-
tecting groups are removed in situ prior to the two fragments
combining to form the indole system in one step.

Synthesis: The synthesis of the fragment 26 was achieved in four
steps from the commercially available 4-benzyloxyaniline 28
(Schemes 7 and 8). Diazotization (NaNO,/HCI) of 28 followed
by reduction (SnCl,) gave the corresponding hydrazine 29 as the
hydrochloride salt in 75% yield overall. Protection ({(tBoc),0/
MeOH, 45 %) of the hydrazine, followed by removal (H,/Pd/C/
MeOH/CHCI, 1:1, 91 %), of the benzyl ether protecting group
from 30 gave the phenol 31. Reaction (K,CO,/DMF) of this
phenol with the tosylate 33 (derived from 4-tritylphenol follow-
ing its base-promoted (K,CO,;/MeCN) reaction with chloro-
ethoxyethanol 9 to give 32, which was subsequently tosylated
(TsCl/ NEt,/CH,Cl,)) gave 26 in 46 % yield. The ketal 27 was

M
O Oeeeomy
@ 26 NHNH(t-Boc)

S o4
eM 0

1113-1135
PhCH,0 PhCH,0
i, NaNO, / HCI
ii, SnClg
NH, 76% NHNH>
28 29
(+BuOCQ),0 459
MeOH
HO H,/PdonC PhCH,O
CHCI3 / MeOH
91%
NHNH(t-Boc) NHNH(+Boac)
31 30

Scheme 7. Preparation of 31.

obtained in a single step (51 % yield) by the reaction of 13 and
S-chloro-2-pentanone ethylene ketal 34 under strongly basic
conditions (NaH/THEF, Scheme 9). The synthesis of 25 was
completed in 51 % yield by coupling the ketal 27 and hydrazine
derivative 26 under mild conditions (1% HCl/ag. EtOH;
Scheme 6).

The [2]rotaxane 3-4PF, was self-assembled (Scheme 6) from
the dumbbell-shaped compound 25, BBB, and [BBIPYXY]-
[PF¢], in MeCN solution under template-directing conditions in
9% yield. FABMS of 3-4PF, showed the presence of a peak at
m/z = 2271 consistent with the loss of one hexafluorophosphate
counterion from the [2]rotaxane.

@
5 8 0{O)O)
27 @

1% HCI | H,O/EtOH
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Scheme 6. Synthesis of the [2]rotaxane 3-4PF containing one indole unit and one hydroquinone ring incorporated within a polyether

chain terminated by tetraphenylmethane stoppers.
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Figure 10. The translational isomers 1 and 2 and the labeling of the protons in the [2]rotaxane

Scheme 8. Synthesis of the fragment 26. 3-4PF,.
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Scheme 9. Synthesis of ketal 27.

'HNMR Spectroscopy: The assignment of the proton reso-
nances in 3-4 PF, was made in CD,CN. The *H NMR spectrum
recorded in this solvent varies with temperature and the slow site
exchange limit was established below 230 K for all protons. In
the discussion that follows, the protons are labeled according to
the notation in Figure 10. Primes have been used to differentiate
constitutionally identical protons on opposite sides of the tetra-
cationic cyclophane. The subscripts i and h refer to protons on
the phenolic rings of the terminal tritylphenyl groups of the
dumbbell-shaped component, depending on whether they are
adjacent to the indole nucleus or hydroquinone ring, respec-
tively.

The complete '"HNMR spectrum recorded at 233 K for
3-4PF, is shown in Figure 11. The protons labeled a—1in Fig-
ure 10 were assigned by a COSY experiment, which revealed the
presence of only one translational isomer at low temperature.
Examination of the COSY spectrum indicates an uncoupled
signal resonating at § = 3.38 (labeled a in Figure 10), which is
characteristic of a hydroquinone ring included within the cavity
of the tetracationic cyclophane. This observation, in combina-
tion with the essentially unchanged chemical shifts—compared
with those in the dumbbell-shaped compound 25—for signals

1122

{a)

Tt w

Trityl Protons

€ VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

QCH, Protons b
I —_———
®) |
irire
| )
10.0 90 80 70 60 5.0 40 30 20

Figure 11. Variable-temperature 'H NMR spectra of the [2]rotaxane 3-4PF,
recorded in CD,CN at a) 343 K and b) 233 K.

arising from the protons on the indole nucleus, indicates that the
tetracationic cyclophane encircles the hydroquinone ring almost
exclusively at low temperature. The protons on the phenolic
rings of the tritylphenyl blocking groups appear as only two
AB-like systems, again reflecting the close to exclusive occupa-
tion of only one of the two possible donor sites within the
dumbbell-shaped component of 3-4PF,. The signals for the
other aromatic protons on the tritylphenyl blocking groups
were not so well resolved and provided no additional informa-
tion about the positioning of the cyclophane component within
the [2]rotaxane.

The location of the cyclophane component in 3-4PF, is also
indicated by the signals for the «- and S-bipyridinium protons (]
and i, respectively) on the tetracationic cyclophane (Figure 11).
At 343 K, protons j and i resonate as single doublets at 6 = 9.11
and 7.47, respectively, on account of rapid rotation of the
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bipyridinium units within the cyclophane component on the
"H NMR timescale (Process 2, Figure 7). At the slow exchange
limit at 233 K, two separate doublets of equal intensity are ob-
served for both bipyridinium protons as a consequence of the
nonequivalence of the two edges of the cyclophane when it
encircles the unsymmetrically located hydroquinone ring within
the dumbbell-shaped component. The methylene protons (k)
and phenylene protons (1) in the cyclophane both appear as one
signal at 243 K; this again reflects the fact that only onc transla-
tional isomer i1s populated in 3-4PF, at this temperature. The
calculated free energy barriers for process 2 are listed in Table 1.
The average AG ¥ value of 12.9 kcalmol ™! is identical with that
observed for the same process in the TTF shuttle 4-4PF in
CD,CN. It should be stressed that the temperature dependence
of the "H NMR spectrum of 3-4PF, can only be interpreted in
terms of the operation of process 2 since only one translational
isomer is populated at low temperature.B®”

Reflections and Conclusion: Thus, although the indole unit is the
more n-electron-rich site, it is also the more sterically demand-
ing and so the hydroquinone ring is included preferentially with-
in the cyclophane. The low yield observed in the self-assembly of
3-4PF, most probably reflects not ounly the nonideal nature of
the central polyether chain but also the steric hindrance encoun-
tered by the developing tetracationic cyclophane. Obviously, the
decisive preference for this rotaxane to yield the “unwanted”
translational isomer meant that this system was not suited to
electrochemical control.

D. The Fourth Molecular Shuttle: An initial study of the bind-
ing of a range of different substrates with the tetracationic cy-
clophane receptor allowed us to identify other potential binding
sites in [2]rotaxanes from a broad range of n-electron-rich sub-
strates. One such substrate, which was found to have a high
affinity for the tetracationic cyclophane!®®) and which also dis-
plays highly reversible redox behavior at low potentials,®®! is
tetrathiafulvalene (TTF). Mixing equimolar mistures of
[BBIPYBIXYCY][PF,l, and TTF in MeCN produces an emer-
ald-green solution as a result of the charge-transfer interactions
between the m-electron-rich TTF unit and the n-electron-defi-
cient tetracationic cyclophane. Two methods were used to calcu-
late the value of K, for the equilibrium shown in Scheme 10.1**!
A spectrophotometric titration™®! performed at 854 nm in
MeCN yielded a value for K, of 8030 +535mM™" for the 1:1
complex (Scheme 10) formed between [BBIPYBIXYCY][PF,],
and TTF, while a dilution method'*" based on 'H NMR chem-
ical shift data gave a value for K, of 7190 +£970m ! for the same
equilibrium in MeCN.

4PFg 4PEg
<:> S_S Q
+N Nt ES>:<S] + N NF
o (J TTF o s s (]
S (e
o ® coeNn (@ o
N N N7,

L@

[BBIPYBIXYCY][PFgl4
Scheme 10. Equilibrium between [BBIPYBIXYCY][PF], and TTF in MeCN.

+ +N C

[TTF.BBIPYBIXYCY][PFg],
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X-Ray Crystallography of a 1 : 1 Complex formed between Cyclo-
bis(paraquat-p-phenylene ) and Tetrathiafulvalene: Crystals suit-
able for X-ray structural analysis were grown by vapor diffusion
of iPr,0 into solutions containing an equimolar mixture
of [BBIPYBIXYCY][PFs, and TTF in MeCN. The
[BBIPYBIXYCY -TTF][PF,], complex is green both in solu-
tion and in the solid state. The X-ray structural analysis of
[BBIPYBIXYCY - TTF][PF,], revcals the TTF molecule to be
inserted centrosymmetrically through the tetracationic cy-
clophane with its long axis steeply inclined (66°) to the mean
plane of the cyclophane, which has overall dimensions of 6.9
and 10.3 A (Figure 12a,b). There are characteristic twisting and
bowing distortions within the tetracationic cyclophane, that is,
97 twists between the pyridinium rings and a 25° inclination of
the two N-CH, bonds. Within the 1:1 complex, the distance
from each of a diametrically opposite pair of TTF sulfur atoms
and their proximal p-xylyl ring centroids is 3.31 A. The 1:1
complexes pack to form stacks (Figure 12¢) that extend in all

Figure 12. a) Ball-and-stick representation of the solid-state structure of [BBIPY-
BIXYCY -TTF]**.b) Side-on and ¢) end-on views of the stepped stack-like super-
structure of the 1:1 complex in one of the crystallographic directions.
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three crystallographic directions. In the ¢ direction, continuous
channels are present within the long axes of the TTF molecules
and are co-aligned, the shortest inter-TTF [CH, - - CH,] dis-
tance being 4.9 A. In the b direction, the bipyridinium units
within adjacent tetracations are arranged to form a stepped
stack with a mean interplanar separation of 3.2 A and a cen-
troid —centroid separation of 5.5 A. In the ¢ direction, a similar
stepped stacked arrangement is formed between adjacent p-xy-
lyl units in neighboring complexes. The interplanar separation
between the p-xylyl units is 3.2 A and their centroid-centroid
separation is 5.1 A. Accompanying this latter sheared arrange-
ment, one of the methylene hydrogen atoms of one cyclophane
is directed toward the p-xylyl face of another and vice versa. The
[H - - n] distance, however, is somewhat

long at 3.0A and can only represent

a very weak but cooperative pair of

[C-H - n] interactions.!*?!

Synthetic Strategy: The rotaxane-like H BN
orientation of TTF when it is included o)

within the cavity of the tetracationic cy-
clophane (Figures 12a,b) makes the in-
troduction of a TTF unit into the dumb-
bell-shaped component of a [2]rotaxane
attractive. We selected a  bis(2-
oxypropylenedithio)TTF derivative for
this purpose;'** the hydroquinone ring
was chosen as the less m-clectron-rich
unit. An efficient synthesis of a dumb-
bell-shaped compound containing the
TTF and hydroquinone unit was from fragment 35, which self-
couples in the presence of triethyl phosphite to yield the dumb-
bell-shaped compound 36, in which a hydroquinone ring is
located on each side of the TTF nucleus. The outlined approach
(Scheme 11) is convenient in that it involves the coupling

Ph PhMe / H,0
37 37%

® S e as rhih ®
010 $18o-0- 8160 Citro o) S 1810-0 ST¥Tp 010

58% ’ P(OEt)3/ 110 °C

© s s~ /h
OO of{“oto@oﬂ\ot "CSIEF-QIS}JT oi\o@orfoto @)
o . * 5

1. Br/—@w\sr . .
BBB

( ) L)

DMF / 9 kbar / RT / 4 days N N

Scheme 11. Synthesis of [2]rotaxane 4-4 PF,.
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0\(0 NaOH / EtyN Br

of identical fragments and, in addition, may favor occupation of
the central TTF unit by the tetracationic cyclophane in the
[2Jrotaxane 4-4PF; since the optimum n-stacking interactions
are possible between n-donors and r-acceptors in this transla-
tional isomer. We envisaged self-assembling the [2]rotaxane
4-4PF, using template direction in a similar procedure to
that already employed for the synthesis of the [2]rotaxanes
1-3-4PF;.

Synthesis: The fragment 35 may be prepared (Schemes 12 and
13) in eight steps starting from the mixture of diastereoisomers
of the 1,3-benzylidene acetal 37.44 2-Phenyl-5-hydroxy-1,3-
dioxane 37 was alkylated (Scheme 12) with ¢t-butylbromoacetate

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997
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Scheme 12. Synthesis of 40a,b.

under phase transfer conditions (NaOH/Et,NBr/PhMe/H,0)

to yield (37%) two diastereoisomeric esters of 2-phenyl-5-[2-
(tert-butoxy)-2-oxoethoxy]-1,3-dioxane (38 a,b), which could be
separated by column chromatography (SiO,: EtOAc/light
petroleum, 1:4). Although both diastereoisomers 38a and 38b
are equally suitable for use in sub-
sequent syntheses, we chose to
proceed only with the trans-iso-
mer 38 a, reducing it to the corre-
sponding alcohol 39a (LiAlH,/
THF, 80%), which was then
converted (TsCl/Et,N/CH,Cl,)
to its tosylate 40a in 89 % yield.
This tosylate becomes the link be-
tween the alcohol 13 and the 2-
oxypropylene-4,5-dithio-2-one-1,
3-dithione unit. Reaction (NaH/
THF) of 40a with 13 afforded
the intermediate 41 in 97%
yield (Scheme 13). The benzyli-
8% dene protecting group was then
removed  (H,SO,/EtOH/H,0,
71%) from 41, giving the corre-
sponding diol 42, which was
converted (TsCl/Et;N/CH,Cl,,
94 %) into its ditosylate 43. Reac-
tion of 43 with the dithiolate di-
anion, derived from the saponifi-
cation (NaOMe/MeOH/PhH) of

©
©

2. NH4PFg / HO
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Scheme 13. Synthesis of 35.

dibenzoyl-4,5-dithio-1,3-dithiol-2-thione™**! afforded the 2-
oxypropylene-4,5-dithio-1,3-dithiol-2-thione derivative 44 in
81 % yield. Conversion (Hg(OAc),/AcOH/CHCI,) of 44 into its
keto analogue provided the desired fragment 35. Coupling of 35
(Scheme 11) in neat triethyl phosphite at 110°C afforded the
required TTF-containing dumbbell-shaped compound 36 as an
orange oil in 58 % yield. "H NMR spectroscopy reveals that this
product exists as 4 mixture of two diastereoisomers, which we
were unable to separate by
column chromatography.

The corresponding ([2]Jrota-

+V_@T\1

processes are occurring on the 'H NMR timescale. In CD,CN,
[D,J]DMF, CD,NO,, and CD,COCDj, all the resonances arc
broad at ambient temperature as a consequence of these ex-
change processes. At ambient temperature in CD,;SOCD;,
however, a well-resolved spectrum is observed as a result of siow
exchange. Presumably, the activation energies of the various
exchange processes are larger in CD,SOCD,, compared with
those observed in the other solvents investigated as a conse-
quence of the much higher viscosity of CD,SOCD;. A detailed
discussion of the ‘HNMR spectroscopic behavior of 4-4PF,
will be confined to studies carried out in [D;]JDMF, since the
wide temperature range (223-410 K) afforded by this solvent
enabled a complete analysis of all the different exchange pro-
cesses. In the discussion that follows, the aromatic protons have
been labeled with letters according to the notation described in
Figure 13. Primes have been used to differentiate nonequivalent
sides of the same aromatic rings within the cyclophane. The
numerical subscripts 1 and 2 refer to the two translational iso-
mers as depicted in Figure 13. The superscripts x and y refer to
hydroquinone ring protons within translational isomer 1 that
are and are not encircled by the tetracationic cyclophane, re-
spectively. The signals for the SCH,, OCH and OCH, groups
were broad and complicated and so provided little information
about the behavior of the tetracationic cyclophane within the
[2]rotaxane.

The full '"H NMR spectra of 4-4PF, in [D,]DMF recorded at
223,298, and 338 K are shown in Figure 14. The signals associ-
ated with protons a—e were assigned by means of a COSY
experiment, which revealed that the tetracationic cyclophane
exists in two different environments. For example, the
methylene protons (e} of the cyclophane resonate (Figure 14) as
two singlets of unequal intensity at ¢ = 6.02 and 6.17. Integra-
tion of these two signals affords the relative populations of the
major and minor translational isomers. Examination of the sig-
nals for the bipyridinium protons provides a means of determin-
ing which of the two translational isomers 1 or 2 predominates.
The a- and B-bipyridinium protons, labeled b and ¢, both res-
onate as three signals at 223 K. In each case, two of these three

xane 4-4PF, was self-assem- @ Q
bled (Scheme 11) by subjecting /TT\ @ T\ < /T\/T\ @ T\T
0| 0|0 e} o}
the dumbbell-shaped com- @ @ 30 I = I } @ @
pound 36, BBB, and @ C o ° B
[BBIPYXY][PF,], to a pressure bi /N L b 4PFg Translational Isomer 1
of 9 kbar in DMF at room tem- : e

perature for 96 h. After workup
and counterion exchange, the
[2]rotaxane 4-4PF, was isolat-
ed as small orange crystals in
8% yield.[*4!

NMR  Spectroscopy:  Th
"H NMR spectrum of 4-4PF is @

both solvent- and temperature- 4PFg
dependent. Examination of
spectra in different solvents re-
veals that a number of exchange

o
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Figure 13. The translational isomers 1 and 2 and the labeling of the protons of the [2]rotaxane 4-4 PF,.
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Figure 14. Variable-temperature 'H NMR spectra of the [2Jrotaxane 4-4PF,
recorded in [D,]DMF at a) 223 K, b) 298 K, and ¢) 338 K.

signals are of equal intensity and one is of lesser intensity. The
larger pair of signals corresponds to translational isomer 1 and
arises as a result of the nonequivalence of the two edges of the
cyclophane in this translational isomer. Rotation of the bipyri-
dinium units around their long (N - - - N) axes allows the pair of
bipyridinium protons in both the a and b positions to exchange
environments. A COSY spectrum at 223 K established an AB-
like coupling pattern for the ¢- and p-bipyridinium proton sig-
nals in the two translational isomers. By warming the sample, it
is possible (Figure 14) to observe coalescence of signals b, and
b,. and of signals ¢, and c,.. The activation energy for this site
exchange process is considerably less than that for the shuttling
of the cyclophane between hydroquinone ring sites as discussed
subsequently. Consequently, the lower energy exchange process
was assigned to rotation of the bipyridinium units around their
long (N - - - N) axes, which can only be observed in or around the
energy minimum associated with translational isomer 1. Inte-
gration of the signals for protons b and ¢ indicates (Figure 14)
that the ratio of translational isomers 1:2 is 71:29 in [D,]DMF
at 300 K.

The temperature-dependent behavior of the proton reso-
nances a—e also provides useful information about the kinetics
of the shuttling process. At 223 K, the hydroquinone ring pro-
tons aj and a} resonate as two singlets at ¢ = 6.89 and 3.65,
respectively. A NOESY spectrum shows that these protons are
related by a site exchange process. In translational isomer 2, the
hydroquinone ring protons a, resonate at 5 = 6.89. The chemi-
cal shifts of the protons a—e of 4-4PF, in a variety of deuterated
solvents at the slow exchange limit are listed in Table 3. In the
other deuterated solvents investigated, the slow exchange limit
was observed at the following temperatures: at 243 K in

1126 ——

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Table 3. Chemical shifts of selected protons in the [2]rotaxane 4-4PF, in various
deuterated solvents.

Proton CD,SOCDh, CD,CN {D,]DMF CD,COCD,
(300 K) (243 K) (223 K) (233 K)

a} 3.29 3.46 3.65 3.62

al, a, 6.82 6.75 6.89 6.77

b, 9.52 8.75 9.58 9.31

b, 9.61 8.88 9.63 9.40

b, 9.25 8.98 5.87 -

[ 8.49 7.54 8.53 8.08

¢y 8.60 7.73 8.61 8.29

c, §.22 7.99 8.94 -

d; 7.81 7.73 8.1 8.03

d, 7.88 7.73 8.02 8.03

e, 5.75 5.55 6.00 6.00

e, 5.75 5.55 6.15 6.00

CD,CN, at 233K in CD,COCD,, and at 300K in

CD;SOCD,. In CD;NO,, the slow exchange limit could not be
attained before the freezing point (ca. 248 K) of the solvent was
reached. The "H NMR spectra obtained in these solvents at the
indicated temperatures were similar to that recorded in
[D,]IDMF at 223 K, except for some changes introduced by the
different relative populations of translational isomers 1 and 2 as
determined by integration of the signals for the bipyridinium
protons b and c. The relative populations of these isomers in the
range of solvents at room temperature are listed in Table 4.

Table 4. Relationship between solvent and population of translational isomers |
and 2 at 300 K.

Solvent Isomer 1 Isomer 2
CD;SOCD, 67 33
{D,]DMF 7 29
CD,CN 88 12
CD,NO, 93 7
CD,COCD, 100 0

The dynamic properties of this molecular shuttle were investi-
gated by variable-temperature '"H NMR spectroscopy in all the
deuterated solvents already mentioned. The fast exchange limit
for all the signals capable of undergoing exchange could be
obtained in [D,]DMF. In order to calculate an activation energy
barrier for process 2, the signals for protons a} and aj were
employed as probes. It was not possible to employ the line-
broadening method™7 to calculate activation energies for pro-
cess 2 on account of the coincidence of the signals associated
with the triylphenyl groups with those for protons a} and also
the signals for protons a’} with those for OCH, protons. In order
to achieve coalescence of the signals arising from protons a% and
a’, a field of 270 MHz was used. All other coalescence tempera-
tures (7.) were obtained with a spectrometer operating at
400 MHz. They are listed in Table 1 along with the limiting
chemical shift differences (Av), the rate constants (k) at T, and
the derived activation energy for processes 1 and 2.

The activation energy for process 1 is relatively low in all
solvents except CD,SOCD, considering the steric constraints
imposed on such a process by the threaded polyether chain of
the dumbbell-shaped component. The shuttling process 2 is as-
sociated with a higher activation energy than was observed in
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the simple molecular shuttles, for example, 1-4PF. This obser-
vation is not unreasonable, given the steric constraints to shut-
tling imposed by the TTF moiety. It is important to note that it
is only because of the significant difference in the activation
energies between these two processes that they can be measured
independently and identified. Although the lower activation en-
ergy process 1 was also investigated in other deuterated solvents
(Table 1), coalescence of signals associated with a’ and af, cor-
responding to process 2, was not possible on a high field spec-
trometer in these solvents as a consequence of their lower boil-
ing points, relative to that of [D,]JDMF. In CD,SOCD,, the
activation energy for process 1 was found to be much larger
than those observed in the other solvents; this may result from
the much higher viscosity of CD,SOCD,. Presumably, pro-
cess 2 has a similarly elevated activation energy in CD,SOCD,
relative to that observed in [D,]DMF. No activation energies for
the shuttling process were measured in CD,NO, since the slow
exchange limit could not be reached before this solvent froze at
—25°C.

UV |Visible Spectroscopy: The complex [TTFE:
BBIPYBIXYCY][PF,], is green with a charge-transfer band po-
sitioned at 854 nm.[?°! This band is well separated from the
intrinsic absorbances of the TTF nucleus, which “‘tail” into the
visible region. When considering the molecular shuttle 4-4PF,,

the relative population

0.80 of the TTF-occupied
0.64 translational  isomer,
0.48 that is, isomer 2, can be
b a2 derived from the ab-

sorbance of the charge-
transfer band at
0.00 1 ~750 nm (Figure 15).

400 480 560 640 720 80D For equimolar solu-
tions of 4-4 PF, in a va-
riety of solvents, how-
ever, comparison of
absorbances at this
wavelength cannot be

Wavelength (nm)
Figure 15. Partial UV/Vis spectrum of the
[2Jrotaxane 4-4PF, in Me,SO, showing the
charge-transfer (CT) band at ca. 750 nm.

0.20 CD3$OCD3/ ] -
e relied upon as a direct
0.15 .
fbs I DMF-d8 méasurement of theArel-
010y op.c00D, ative TTF occupation,
0.05{ & /{'/C DaCN since the extinction co-
' " CD3NO, .
g efficient of the charge-
0.00 e
0 10 20 30 40 transfer band may well
% Occupation of TTF Recognition Site vary with solvent.
Figure 16. The relationship between ab- However, integration

sorbance (Abs) of the CT band at 750 nm and
the percentage occupation of the translational
1somers of the [2Jrotaxane 4-4 PF, determined
by integration of the 'H NMR spectra record-
ed in different solvents at room temprature.

of the '"H NMR spectra
in these solvents pro-
vides an absolute mea-
sure of the TTF occu-
pation by the c¢y-
clophane. Figure 16 shows the relationship between the
'HNMR measurement (see Table 1) and the absorbances of
equimolar solutions (0.15mm) of 4-4PF, in these solvents. A
reasonable correlation is observed, which implies that the ex-
tinction coefficient of the charge-transfer band does not vary
significantly in these solvents. In view of this result, the ab-
sorbance of 4-4PF, in the 600—700 nm region was measured in
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other solvents that are not commonly available in deutcrated
forms. These absorbances for equimolar solutions (0.15mm)
have been plotted (Figure 17) against the Kamlet—Taft n-scale
of solvent polarisability.[*]

V.25
Me
0.18
0.13 Ke ol
Abs

fo h :

0.07 g.'.'l
be td i

0.01 e Ce

Solvent Polarisability

Figure 17. The relationship between absorbance (Abs) of the CT band at 750 nm of
the [2]rotaxane 4-4PF, and solvent polarizability as determined by the Kamlett—
Taft n scale; a = THF; b= hepta-3,5-dione; ¢ = butan-2-one; d = Me,CO;
¢ =nBuCN; = MeCN; g=12-dichioroethane; h = tetramethylurea; i=
MeNQ,; ] = y-butyrolactone; k = DMF: | = 1-methyl-2-pyrrolidinone: m =
Me,SO.

Conclusion and Reflections: The general conclusion from this
investigation is that enhanced occupation of the TTF site in
4-4PF, is favored in more polar solvents, which may be due to
the relative contributions of dispersive and clectrostatic forces
to the binding of the tetracationic cyclophane with the TTF unit
and hydroquinone rings. Previous binding studies!?? 2% be-
tween the cyclophane and various hydroquinone derivatives
have shown that the presence of polyether chains in the sub-
strate is a major factor in determining the magnitude of associ-
ation constants in these systems. This trend reflects the ability of
these polyether chains to interact with the quaternary nitrogen
centers on the cyclophane, giving rise to sizable electrostatic
contributions, including [C—H - -- O] hydrogen bonding, to the
binding energy. However, in substrates which have a longer
aromatic core, such as 4,4"-biphenyl derivatives, the presence of
polycther chains has a negligible effect on the binding properties
with the tetracationic cyclophane. Presumably, this outcome is
a resuit of the inability of the polyether chains to interact with
the bipyridinium rings of the cyclophane in these systems on
account of steric factors. Consequently, it is reasonable to as-
sume that electrostatic interactions are not a major contributor
to the overall interaction of the cyclophane with the TTF unit.
In general, polar solvents will reduce this electrostatic contribu-
tion to binding energies by competing more effectively for the
solvation of the bipyridinium units. Polar solvents will therefore
favor TTF over hydroquinone occupation by reducing the non-
covalent bonding interactions in the case of the hydroquinone
rings, whilst not particularly affecting the interactions with the
TTF unit.

E.Toward Controlling the Shuttling: All three rotaxanes 2-4 PF,
3-4PF,, and 4-4PF, display rich electrochemistry on account of
the redox active character of the n-donor residues in the dumb-
bell-shaped components and the 4,4’-bipyridinium groups in the
cyclophane component. All the studies described in this paper
were carried out in MeCN at room temperature with tetrabutyl-
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ammonium hexafluorophosphate (0.1 M) as supporting elec-
trolyte. Measurements were made by means of a glassy carbon
working clectrode, a platinum counter clectrode and Ag/AgCl
reference electrode. In the discussion, redox couples are quoted
vs SCE.

Anodic Window: Analysis of the anodic electrochemical behav-
ior of each rotaxane is aided by comparison with the corre-
sponding polyether species from which the rotaxanes are
derived. In the case of rotaxanes 2-4PF,, 3-4PF,, aund 4 4PF,,
the available anodic window is limited to potentials below 1.5 V
vs. SCE due to the irreversible oxidation at ca. 1.6 V of the
terminal tritylphenyl residues. The dumbbell-shaped compound
12, from which 2-4PF, is derived, displays a reversible oxida-
tion wave (£, ,, 1310 mV vs. SCE), whilst 2-4 PF, itself displays
an analogous redox couple at 1355 mV under the same condi-
tions. In both compounds, the process corresponds to oxidation
of a hydroquinone ring. The anodic shift of 45 mV observed for
2-4PF, relative to 12 reflects the presence of the positively
charged cyclophane in the former species, which discourages the
introduction of further positive charges into the assembly. The
anodic window of the indole-based [2]rotaxane 3-4 PF, and the
dumbbell-shaped compound 25 from which it is derived show
an trreversible oxidation (ca. 1100 mV vs SCE), corresponding
to the indole nucleus.

The dumbbell-shaped compound 36 from which the TTF-
based [2]rotaxane 4-4PF, is derived displays three oxidation
waves (Figure 18) corresponding to two successive one-electron

0.0 Potential (V vs Ag/AgCl) 1.5

Figure 18. A comparison between the anodic cyclic voltammogram of the dumb-
bell-shaped compound 36 and the [2]rotaxane 4-4PF .

oxidations of the TTF nucleus and a two-electron oxidation of
the hydroquinone rings. This description is supported by the
comparative current levels for each oxidation wave with the
most anodic wave being roughly twice that of the other waves.
Comparison of 36 with 4-4PF, (Table 5 and Figure 18) indi-
cates that, in the [2rotaxane, the first oxidation wave of the
TTF nucleus is shifted to a more positive potential by 35 mV
whilst the second one is shifted by only 5 mV. This observation
suggests that the shuttling movement of the cyclophane is ham-
pered by oxidation of the TTF nucleus. Hence, the first TTF-
centered oxidation results in an increased energy barrier to the
passage of the cyclophane along the thread and thus causes the
cyclophanc to be effectively tethered at a hydroquinone site.
Consequently, the second oxidation wave of the TTF nucleus in
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Table 5. Anodic values vs. SCE of the [2]rotaxane 4-4PF, and the dumbbell-shaped
compound 36.

Species E, (mV) E, (mV) E, (mV)
4-4PF, 605 900 1330
36 570 895 1323

4-4PF is perturbed to a lesser extent than the first, relative to
the analogous processes observed in 36. A similar obscrvation
has been made in a chemically and electrochemically control-
lable molecular shuttle that contains benzidine- and biphenol-
derived species as the n-donor residues in the polyether compo-
nent.[**! Interestingly, in contrast to 36 the third oxidation wave
of 4-4PF, exhibits less than twice the current level of either of
the preceding oxidation waves—an observation which indicates
that, in the [2]rotaxane, the cyclophane is forced to occupy a
hydroquinone ring after oxidation of the TTF nucleus. It has
been shown previously that a hydroquinone ring that is included
within the cavity of the cyclophane is oxidized at considerably
more positive potentials (>1.5 V) than the free species. Thus,
the cyclic voltammogram of 4-4PF, provides information
about the average position of the cyclophane within the assem-
bly, before, during and after oxidation of the TTF nucleus. The
present observation provides a further example, based on the
oxidation of a different redox active species, of electrochemical-
ly induced control of the shuttling processes in rotaxanes.

Cathodic Window: The cathodic electrochemistry of the rotax-
anes is dominated by the reduction of the two bipyridinium
units in the macrocyclic tetracationic cyclophane. The parent
macrocycle undergoes two consecutive two-electron reductions
in MeCN, with E,, values of —0.296 and —0.734 V vs SCE.
The first potential corresponds to the uptake of one electron by
each bipyridinium unit in the cyclophane (cyclophane*™/cy-
clophane®™ redox couple), whilst the second potential corre-
sponds to the cyclophane?™* /cyclophane couple.

The reduction processes of the cyclophane components of
[2Jrotaxanes 2-4PF,, 3-4PF,, and 4-4PF, are more complicat-
ed than those described for the parent cyclophane in that, in
most cases, both the first and second two-electron reduction
waves are resolved into discrete single electron processes, having
AE,,, values of <70 mV. It has been shown by Nicholson and
Shain* that it is possible to determine the half-wave potential
for overlapping voltammetric waves in multistep charge-trans-
fer reactions. By using cyclic voltammetry to obtain the peak
half-width and the working curves of Myers and Shain,5!!
which were later extended by Richardson and Taube,’?! we
determined the potential differences between the individual mo-
noelectron reductions of the bisparaquat derivatives. These re-
sults are shown in Tables 6 and 7.

The cathodic voltammetric responses of 2-4PF., 3-4PF,,
and 4-4PF, are shown in Figure 19. The resolution of the simul-
tancous two-electron processes of the parent cyclophane into
overlapping single-electron waves in the [2]rotaxanes may re-
flect an enhanced degree of communication between the two
bipyridinium units of the tetracationic cyclophane as a result of
an included n-donor residue within the cyclophane cavity. Alter-
natively, the observation of single electron waves could conceiv-
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Table 6. First reduction waves vs. SCE of the [2Jrotaxanes 2-4PF, . 3-4PF,, and
4-4PF,.

[2]Rotaxane AE, [a] E, - E,, Ej(cath) E,/mV E, (mV)
(mV) (mV) (mV)

2-4PF, 154 132 —429 - 300 —410

3-4PF, 101 90 —285 —200 —~270

4-4PF, 70 - - —330 -

[a] AE, = peak-to-peak separation of overlapping waves; £, — E,,, = half-width
of two step voltammetric wave; E (cath) = most cathodic peak.

Table 7. Second reduction waves vs. SCE of the [2Jrotaxanes 2-4 PF,, 3-4PF,, and
4-4PF,.

[2]Rotaxane AE, E,-E,, E (cath) E, E,
(mV) (mV) (mv) (mV) (mV)
2-4PF, 81 76 —835 —70 ~825
3-4PE, 101 86 —~712 —630 —700
4-4PF, 143 129 —858 -735 ~ 840
(@ ably reflect the pres-
(1o ence of different cy-
clophane populations
within the rotaxane as-
sembly. This explana-
tion may seem reason-
(b)

able since two different
" n-donor  sites  are
present in the dumb-
bell-shaped component
of each rotaxane. How-
ever, a similar resolu-
© tion of the first two-
electron reduction
1uA wave of the cyclophane
has been observed in
simple rotaxanes that
contain benzidine and
p-phenylenediamine n-
donor groups respec-
0.0 tively,>31 but which are
unable to display trans-
lational isomerism.

-
- Potential (V vs Ag/AgCI)

Figure 19. Cathodic cyclic voltammograms
of the [2Jrotaxanes a) 2-4PF,, b) 3-4PF,,
and ¢) 4-4PF, illustrating the effects of the The observation of re-
Qumbbell—shaped cqmp'onents on the. reduc- solved redox couples in
tion of the tetracationic cyclophane in each

case. a host—guest system

consisting of a fer-
rocene-based cryptand, whose redox behavior is responsive to
alkali metal ion binding, can be accounted for without invoking
kinetic effects.”*! However, this behavior is dependent on a very
large binding constant (~2x 10°M™') between the host and
guest species, whilst the association constants between the tetra-
cationic cyclophane and the various n-donor species present in
the dumbbell-shaped components of rotaxanes 2-4PF,,
3-4PF, and 4-4PF, are no greater than 10*M~'. The precise
qualities of the included n-donor species that result in enhanced
communication between the bipyridinium units in the tetraca-
tionic cyclophane are as yet unclear. An explanation has not
been found for the significant anodic shifts of the reduction
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waves associated with 3-4 PF, relative to the other rotaxanes
reported here and, indeed, other rotaxanes described in previous
studies.[11]

Conclusions

We have synthesized, by template-directing methods in the final
step, and evaluated, by a range of spectroscopic and electro-
chemical methods, four molecular shuttles in the form of
[2]rotaxanes. Variable temperaturc 'HNMR spectroscopic
studies in {D,]DMF of the [2]rotaxane 4-PF, (wherein cyclobis-
(paraquat-p-phenylenc) is the cyclic component and the
polyether chain containing two hydroquinone rings positioned
around a tetrathiafulvalene residue and terminated by tetraaryl-
methane stoppers constitutes the dumbbell component) have
established unequivocally the existence of two dynamic process-
es in this particular system: namely 1) shuttling of the tetraca-
tionic cyclophane along the dumbbell-shaped component and
2) rotation of the bipyridinium units of the cyclophane around
their long N—N axes. The relative site occupancy of the tetraca-
tionic cyclophane on the dumbbell-shaped component of this
molecular shuttle shows considerable solvent dependence as re-
vealed by "H NMR and visible absorption spectroscopy. More-
over, electrochemical control of the shuttling process in the
[2]rotaxane has been demonstrated in MeCN at room tempera-
ture. Our research on controllable molecular shuttles continues.

Experimental Section

General Methods: Chemicals were purchased [rom Aldrich and used as re-
ceived. Solvents and reagents were purified by literature methods where
necessary.©®) DMF was distilled from calcium hydride under reduced pres-
sure, MeCN and CH,Cl, were distilled from calcium hydride while tetrahy-
drofuran (THF) was heated and collected under reflux over Na/benzophe-
none under nitrogen. NaH was used as a 50 % dispersion in mineral oil, which
was washed with light petroleum before use. 2-Phenyl-5-hydroxy-1,3-diox-
ane®®® and [BBIPYXY][PF,]," !} were preparcd according to published pro-
cedures. Reactions requiring ultra-high pressure were carried out in Teflon
vessels in a custom-built ultra-high pressure reaction vessel, manufactured by
PSIKA Pressure Systems Limited (Glossop, UK). Thin-layer chromatogra-
phy (TLC) was carried out on aluminum or plastic plates, coated with Mer-
ck 5735 Kieselgel 60F. Developed plates were dried and scrutinized under a
UV lamp. Column chromatography was performed on Kieselgel 60 (0.040—
0.063 mm, Merck 9385). Melting points were determined with an Elec-
trothermal 9200 melting point apparatus and are uncorrected. Mass spectra
(MS) were recorded on a Kratos Profile spectrometer (EIMS and CIMS) or
on a Kratos MS 80 RF spectrometer (FABMS), the latter being equipped with
a saddle-field source (Ion Tech) operating at 8 keV with a krypton or xenon
primary atom beam in conjunction with a 3-nitrobenzy) alcohol matrix. FAB
Mass spectra were recorded in the positive-ion mode at a scan speed of 30's
per decade. Liquid secondary ion mass spectometry (LSIMS) was carried out
ona VG-Zab Spec mass spectrometer (accelerating voltage, 8 kV: resolution,
2000). Spectra were recorded in the positive ion mode at a scan speed of 5's
per decade. High resolution mass spectra (LSIMS) were obtained from a VG
Zab Spec triple focusing mass spectrometer operating at a resolution of 5000
and voltage scanning with CsI as a reference. 'H NMR spectra were recorded
on a Bruker AC 300 (300 MHz) or Bruker AMX 400 (400 MHz) spectrometer
(with deuterated solvent as lock and residual solvent or tetramethylsilane as
internal reference). '3C NMR spectra were recorded on a Bruker AC300
(75.5 MHz) or AMX 400 (100 MHz) spectrometer with the JMOD pulse
sequence in most cases. Microanalyses were performed by the University of
Sheffield Microanalytical Services. The cyclic voltammetry experiments were
performed under a purified nitrogen atmosphere, Nitrogen gas was also used
to purge all solutions before use. Routinely, a constant concentration of
1 x 107%™ of electroactive species was used. The supporting electrolyte was
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0.1M TBAPF,. Mcasurements were performed with a small (1 mL), single-
compartment cell obtained from Cypress Systems (Lawrence, KS). A disk
glassy carbon electrode (0.0079 cm?) and a platinum wire were used as work-
ing and counter electrodes, respectively. All potentials (£ ,,) were determined
as the average of the corresponding anodic and cathodic peak potentials.

1,11-Bis{4-{2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy)phenoxy}-3,6,9-
trioxaundecane (10): A solution of 1,11-bis{4-hydroxyphenoxy}-3,6,9-triox-
aundecane 8 (2.04 g, 5.4 mmol) in dry DMF (10 mL) was added over 15 min
to a suspension of K ,CO4 (5.96 g, 43.2 mmol) in DMF (10 mL). The mixture
was stirred for 2 h before a solution of 9 (3.64 g, 21.6 mmol) in DMF (10 mL)
was added over 15 min. The reaction mixture was stirred at 86°C for 6 d.
After cooling to room temperature, the reaction mixture was filtered, and the
solid residue washed with DMF (10 mL). The combined organic extracts
were evaporated in vacuo, and the residue was dissolved in CH,Cl, (20 mL),
washed with dilute HCI (2N, 15 mL), and finally with H,O (2 x 1S mL). The
organic phase was dried (MgSQ,) and the solvent was evaporated in vacuo.
Purification of the residue by column chromatography (SiO,, 5% MeOH -
EtOAc) gave 10 as a white solid (1.87 g, 54%): m.p. 58- 61°C; FABMS:
mjz 642 (M 7); "THNMR (CDCly): 6 = 2.83 (brs. 2H), 3.55-3.60 (m, 4H),
3.62-3.75 (m, 20H), 3.76-3.83 (m, §H), 4.00-4.10 (m, 8H), 6.80 (s, 4H),
6.81 (s, 4H); *C NMR (CDCl;): 8 = 61.9, 62.0, 68.8, 70.4, 71.1, 71.3, 71.4,
116.3, 154.0, 154.1; HRMS caled for C,,H,,0,; (M) ': 642.3245; found
642.3251.

1,11-Bis{4-]2-(2-(2-(2-triisopropylsilyloxyethoxy)ethoxy)ethoxy)ethoxy)-
phenoxy}-3,6,9-trioxaundecane (11): A solution of triisopropylsilyl triflate
(2.33 g, 7.29 mmol) in dry CH,Cl, (10 mL) was added over 10 min to a
solution of 10 (1.56 g, 2.43 mmol) and imidazole (558 mg, 8.20 mmol) in
CH,Cl, (15 mL) cooled to 0-5°C. The reaction mixture was stirred at room
temperature for 2 h and then washed with H,O (2x5mL). After drying
(MgS0,), the solvent was removed in vacuo and the residue was purified by
column chromatography (SiO,, light petroleum then 40% EtOAc-light
petroleum) to yield 11 (1.82 g, 78%) as a colorless oil: FABMS: m/z 956
(M*); 'THNMR (CDCl,): 6§ =1.00-1.07 (m, 42H), 3.51 (t, 4H, J = 5.0 Hz),
3.55-3.62 (m, 16 H), 3.72-3.80 (m, 12H), 3.99-4.02 (m, 8 H}, 6.82 (s, 8H);
BC NMR (CDCly): 8 =12.0, 14.2, 60.3, 63.0, 68.1, 69.8, 70.7, 70.8, 70.9,
72.8, 115.6, 153.1, 171.0; anal. calcd for C;Hy,0,,5i,: C 62.86, H 9.49;
found: C 62.55, H 9.78.

{12]-11,11-Bis{4-[2-(2-(2-(2-triisopropylsilyloxyethoxy)ethoxy)ethoxy)ethoxy)-
phenoxy}-3,6,9-trioxaundecanelis,12,19,26-tetraazonia[1.0.1.0]paracyclo-
phane|rotaxane}tetrakis(hexafluorophosphate)  ({{2}-{11}-{BBIPYBIXYCY}-
rotaxane}|PF|,, 1-4PF,): A solution of [BBIPYXY]PF;], (187 mg,
0.26 mmol), 1.4-bis(bromomethylybenzene (70 mg, 0.26 mmol), 11 (760 mg,
0.79 mmol), and AgPF, (164 mg, 0.65 mmol) in dry MeCN (10 mL) was
stirred at room temperature in the dark for 7 d. The mixture was centrifuged
to remove the precipitate (AgBr), and after decantation the solvent was
evaporated and the residue suspended in CH,Cl, (3 x 10 mL), being cen-
trifuged each time. The organic extracts were evaporated in vacuo and the
residue washed several times with Et,O. The residue was then purified by
column chromatography [SiO,, MeOH/2N NH,Cl/MeNO, (7:2:1)]. The
rotaxane-containing fractions were combined and evaporated in vacuo with-
out heating. The residue was partitioned between MeNO, (10 mL) and H,O
(5mL), and saturated aqueous NH,PF, (5mL) was added. The organic
phase was washed with saturated aqueous NH PF, (2x 5mL). The solvent
was removed in vacuo without heating, and the residue was suspended in
H,0 (2x5mL), then MeOH (2 x 5 mL), and finally dried to yield 1-4PF, as
a red solid (172 mg, 32%); m.p.>280°C; FABMS: m/z 1910 (M — PF)",
1765 (M — 2PF,)" ; 'HNMR (CD,CN) at 293 K: § =1.00-1.05 (m, 42H),
3.58-3.65 (m, 8H). 3.68-3.88 (m, 32H), 569 (s, 8H), 7.75 (d, 8H,
J=7.0Hz).7.77 (s. $H}, 8.90 (d, 8H, J = 7.0 Hz); '*C NMR (CD,COCD,):
0=12.6,18.3,63.8,65.6, 68.1, 70.6, 71.2, 71.4, 71.6, 73.4, 126.8, 131.8, 137.7,
1457, 147.4; HRMS caled for CyH,,,N,0,5F Si,Py (M — PF)*:
1909.7472;  found 1909.7497; caled for CgeH,,,N,O ,F,Si,P,
(M — 2PF,)": 1764.7831; found 1764.7936.

1-{2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy}-4-{2-(2-(2-tert-butyldimethylsil-

oxyethoxy)ethoxy)ethoxy)}benzene (15): A solution of rers-butyldimethylsilyt
chloride (0.5 g. 3.34 mmol) in DMF (10 mL) was added over 10 min to a
solution of 5 (1.0 g. 2.67 mmol) and imidazole (0.45 g, 6.7 mmol) in DMF
(10 mL) cooled to 0-5°C. The reaction mixture was stirred at room temper-
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aturc for 3 h and the DMF then removed in vacuo at 90 °C. The residue was
extracted into CH,CL, (20 mL) and washed with H,0 (3 x5mL). After
drying (MgSO,), the solvent was removed, and the residue washed with cold
light petroleum (4 x SmL). Further purification was achieved by column
chromatography (S10,, 50% EtOAc/CH,Cl,) to yield 15 (0.5 g, 38%) as a
colorless oil; FABMS: m/z 488 (M *); 'HNMR (CDCl,): & = 0.07 (s, 6H),
0.89 (s, 9H), 2.50 (brs, 1H), 3.54-3.79 (m, 16H), 3.81-3.87 (m, 4H).
4.05-4.12 (in, 4H), 6.84 (s, 4H); '*C NMR (CDCl,): § = ~ 5.3, 18.3, 25.9,
61.6,62.7,68.0, 69.8, 70.3, 70.7, 70.8, 72.6, 115.6, 153.0, 153.2; anal. calcd for
C,,H,04S1: C, 58.50; H, 9.82; found: C, 58.68; H, 9.22.

1-{2-(2-(2-fert-Butyldimethylsilox yethoxy)ethoxy)ethoxy }-4-{2-(2-(2-
(toluene-p-sulphonyloxy)ethoxy)ethoxy)ethoxy}benzene (16): A solution of to-
syl chloride (4.0 g, 21 mmol) in CH,Cl, (30 mL) was added over 15 min to a
stirred solution at 0°C of 15 (8.1 g, 16.6 mmol). Et;N (5.0 g, 49.8 mmol)
and DMAP (50 mg, 0.04 mmol) in CH,Cl, (80 mL). After standing at 4°C
for 15 h, the reaction mixture was poured onto ice and then extracted with
dilute aqueous HCH (3N, 2 x 10 mL) and H,0 (2 x 10 mL). The organic phase
was dried (MgSO,) and the solvent removed. Column chromatography
(Si0,, 50% light petroleum/CHCI,, then CHCl,) afforded 16 as a colorless
oil (8.95g, 84%); FABMS: m/z 642 (M™*); 'HNMR (CDCl,): 6 = 0.06
(s, 6H), 0.91 (s, 9H), 2.43 (s, 3H), 3.55-3.86 (m, 18H)., 3.97-4.04
(m, 4H}, 4.08-4.12 (m, 2H), 6.84 (s, 4H), 7.34 (d, 2H, J = 8.0 Hz), 7.81 (d,
2H, J = 8.0 Hz); 3C NMR (CDCl,): 6 = — 5.2,18.4,21.6,25.9, 62.7, 68.1.
68.8,69.3,69.9, 70.7, 70.8, 73.0, 115.6, 128.0, 129.8, 133.1, 144.8, 153.1, anal.
caled for Cy H ,0,,SSi: C 57.92, H 7.84, S 4.99; found: C 57.61, H 7.72,
S 5.10.

1-{2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy}-4-{2-(2-(2-hydroxy-
ethoxy)ethoxy)ethoxy}benzene (13): A solution of 16 (10.8 g, 17.5 mmol) in
DMF (30 mL) was added to a vigorously stirred mixture of tritylphenol
(5.0 g, 149 mmol) and anhydrous K,CO, (5.1 g, 36.9 mmol) in DMF
(40 mL) at 70 °C. The reaction mixture was stirred at 70 °C for 96 h before
being filtered and reduced in vacuo. The residue was extracted into CH,Cl,
(50 mL) and washed with a saturated aqueous NaCl solution (3 x 20 mL),
followed by H,O (2x20 mL). The organic phase was then dried (MgSO,)
and the solvent removed in vacuo. The residue was taken up into NBu,F in
THF (1M, 20 mL) and the solution stirred for 3 h. The solvent was then
removed in vacuo and the residue taken up into CH,Cl, (30 mL) and washed
with H,O (3 x 15mL). After drying (MgSO,), the solvent was removed in
vacuo, and the crude oil purified by column chromatography (Si0,, EtOAc)
to yield 13 as a white solid (5.12 g, 44%); m.p. 88--89°C; FABMS: nijz 692
(M*); '"HNMR (CDCl,): 8 = 2.43 (brs, 1 H), 3.65-3.78 (m, 12H). 3.80
391 (m, 6H)},4.03-4.16 (m,6H),6.79(d,2H,J = 9.0 Hz), 6.83 (5,4 H). 7.10
(d, 2H, J=9.0 Hz), 7.14-7.24 (m, 15H); '*C NMR (CDCl,): é = 61.8,
64.3, 67.3, 68.1, 69.8, 69.9, 70.4, 70.8, 72.5, 113.4, 115.6, 1259, 1274, 131.1,
1322, 139.2, 147.1, 153.1, 153.2, 156.8, anal. caled for C,;H,,O4: C 74.54,
H 6.98; found: C 74.27, H 7.07.

1,4-Bis{1-(2-(2-hydroxyethoxy)ethoxy)ethoxy}methyl}benzene (18): Sodium
metal (2.54 g, 110.2 mmol) was dissolved in triethylene glycol (150 mL) at
40°C. 1,4-Bis(bromomethyl)benzene (14.5 g, 55.1 mmol) was then added as a
solid and the mixture stirred and heated at 40°C for 30 h before H,O
(150 mL) was added. This mixture was extracted with CH,Cl, (4 x 100 mL),
the combined organic extracts dried (MgSO,), and the solvent removed in
vacuo. The residue was purified by column chromatography (SiO,, 50%
Me,CO/CH,CL,) to yield 18 as a colorless oil (13.5 g, 60%); FABMS: m/z
402 (M *); '"HNMR (CDCl,): é = 3.00 (t, 2H, J = 6.5 Hz), 3.50~3.70 (m.
24H), 448 (s, 4H), 7.28 (s, 4H); '*C NMR (CDCL,): 6 = 61.4, 69.3, 70.2,
70.4, 70.5, 72.6, 72.9, 127.8, 137.4; HRMS calcd for C,yH;,04 (M + H)™:
403.2349; found 403.2331.

1-{1-(2-(2~(2-Hydroxyethoxy)ethoxy)ethoxy)methyl}-4-{1-(2-(2-(2-tert-
butyldimethylsiloxyethoxy)ethoxy)ethoxy)methyl}benzene (19): The monosi-
1yl ether 19 was prepared in 41% yield from 18, employing a procedure
similar to that described for 15. White solid; m.p. 56-58°C; MS: m/z 516
(M*); '"HNMR (CDCI,): 6 = 0.07 (s, 6H), 0.89 (s, 9H), 2.60 (brt. 1 H),
3.54-3.80 (m, 24H), 4.55 (s, 4H), 7.31 (s, 4H); *C NMR (CDCl,):
6= —53,183,259,61.6,62.7, 69.3, 69.4, 70.3, 70.6, 70.7, 72.6, 72.7, 73.0.
127.8. 137.5, 137.7; anal caled for C, H,,0,Si: C 58.50, H 9.82; found: C
58.68, H 9.22; HRMS caled for C,oH,,04Si (M + H)*: 517.3197; found
517.3194.
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1-{1-(2-(2~(2~(Toluene-p-sulphonylexy)ethoxy)ethoxy)ethoxy)methyl}-4-{1-2-
(2-(2-tert-butyldimethylsiloxyethoxy)ethoxy)ethoxy)methyl }benzene (20): The
tosylate 20 was prepared in 62 % yield from 19, employing a procedure similar
to that described for 16. Colorless oil; MS: m/z 670 (M *); *HNMR (CD-
Cly): 6 =0.07 (s, 6H),0.89 (5, 9H), 2.44 (s, 3H), 3.53 3.71 (m, 20H), 3.77
(t,2H,J = 4.5 Hz), 4.15 (1, 2H, J = 4.5 Hz), 4.54 (s, 2H), 4.56 (s, 2 H), 7.31
(s, 4H), 7.33 (d, 2H, J=8.0Hz), 7.80 (d, 2H, J = 8.0 Hz); '3C NMR
(CDCly): 6 = — 5.2, 18.4, 21.6, 26.0, 62.7, 68.7, 69.3, 69.4, 70.6, 70.7, 72.7,
73.0, 127.8, 128.0, 129.8, 130.3, 133.1, 137.6, 137.7, 144.8.

1-{1-(2-(2-(2-Hydrexyethoxy)ethoxy)ethoxy)methyl}-4-{1-(2-(2-(2-(4-trityl-
phenoxy)ethoxy)ethoxy)ethoxy)methyl}benzene (14): The alcohol 14 was pre-
pared in 56 % yield from 20, employing a procedure similar to that described
for 13. White solid; m.p. 38-39°C; FABMS: mjz 720 (M *); '"HNMR
(CDCly): 8 =2.51 (1H, bt, J = 5.0 Hz), 3.60-3.77 (m, 20H), 3.85 (t, 2H,
J=350Hz),410(t,2H,J =50 Hz), 4.46 (s, 4H), 6.79(d, 2H, J = 8.5 Hz},
7.09 (d, 2H, F=8.5Hz), 7.19-7.25 (m, 15H), 7.31 (s, 4H); 1*C NMR
(CDCly): =617, 64.3, 67.3, 694, 69.5. 69.8, 70.4, 70.6, 70.7, 70.8,
72.6, 73.0, 113.4, 115.36, 125.9, 1274, 1279, 125.9, 131.2, 1322, 1375,
137.8, 139.2, 147.1, 156.8; HRMS caled for C,;H;,0, (M)™: 720.3662;
found 720.3668; anal. caled C, H,,04: C 74.97, H 7.27; found: C 74.52,
H 7.22.

1-{1-(2-(2-(2-(Toluene-p-sulphonyloxy)ethoxy)ethoxy)ethoxy)methyl}-4-{1-(2-
{2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)methyl}benzene (17). The tosy-
late 17 was prepared in 74 % yield from 14, employing a procedure similar to
that described for 16, chromatography (CHC),/EtOAc; 9:1). White solid;
FABMS: m/z 874 (M *); "HNMR (CDCl,): = 2.43 (s, 3H), 3.59-3.79 (m,
18H), 3.84 (t, 2H, J=6.0Hz), 4.15 (t, 2H, J = 6.0 Hz), 4.09 (t, 2H,
J=60Hz),4.53(s,2H),4.56(s,2H),6.79 (d,2H, J = 8.5 Hz), 7.09(d, 2 H,
J =8.5Hz), 7.14-7.34 (m, 21 H), 7.79 (d, 2H, J = 8.0 Hz); 13C NMR (CD-
Cly): 6 =21.6, 53.4, 64.3, 67.3, 68.7, 69.2, 69.4, 69.5, 69.8, 70.6, 70.7, 70.8,
70.9, 73.0, 113.4, 125.8, 127.4, 127.8, 128.0, 129.8, 131.1, 132.2, 133.1, 137.6,
137.7, 139.1, 144.7, 147.0, 156.8; anal. caled for C;,H;,0,,S: C 71.37, H
6.68; found: C 71.08, H 6.78.

1-{4-]1-(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-17-
{4-{(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)methyllphenylmethoxy}-
3,6,9,12,15-pentaoxaheptadecane (12): A solution of 13 (0.53 g, 0.76 mmol) in
dry THF (5 mL) was added dropwise to a stirred suspension of NaH (54 mg,
50 % in mineral oil, washed previously with light petroleum, 1.13 mmol) in
refluxing dry THF (5 mL) under nitrogen. The mixture was refluxed for 2 h
before a solution of 17 (0.67 g, 0.76 mmol) in dry THF (5 mL) was added
dropwise. The mixture was heated under reflux for a further 16 h before being
cooled to room temperature. Excess of NaH was quenched by addition of a
few drops of H,O, and the solvent then removed in vacuo and the residue
partitioned between CH,Cl, (20 mL) and H,0 (10 mL}. The organic phase
was washed with dilute HC] (2N, 10 mL) and H,O (10 mL), dried (MgSO,),
and then concentrated in vacuo. The residue was washed with hot EtOH
(3 x10 mL) and then recrystallised from Et,0 to afford 12 as a white solid
(0.84 g, 78%); m.p. 62-63°C; FABMS: mjz 1395 (M*); 'HNMR
{CD,COCD,): 6 = 3.55-3.66 (m, 32H), 3.74-3.81 (m, 8H), 4.00-4.05 {m,
4H),4.07-4.11 (m, 4H), 4.49 (s, 2H), 4.50 (s, 2H), 6.82 -6.87 (m, 8 H), 7.08
(d, 4H, J = 8.0 Hz), 7.16~7.28 (m, 30 H), 7.30 (s, 4H); '*C NMR (CDCl,):
) = 64.4,67.4, 68.1, 69.3, 69.5, 69.8, 70.0, 70.5, 70.7, 70.9, 73.0, 113.5, 115.7,
125.9,127.5,127.9, 131.2,132.2,137.7, 137.8, 139.2, 147.1, 153.2, 156.8; anal.
caled for CyHy 0,50 C 75.72, H 7.08; found: C 75.60, H 7.04.

{I2]-{1-{4-}1-(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-17-
{4 (2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)methylphenylmethoxy}-
3,6,9,12,15-pentaoxaheptadecane}[5,12,19,26-tetraazonia[1.0.1.0}paracyclo-
phane|rotaxane} tetrakis(hexafluorophosphate) ({{2}-[12]{BBIPYBIXYCY]-
rotaxane}[PFgl,, 2:4PF;): A solution of [BBIPYXY][PF.], (0.59¢g,
0.84 mmol), 1,4-bis(bromomethyl)benzene (0.22 g, 0.84 mmol), the dumb-
bell-shaped component 12 (2.50 ¢, 1.79mmol), and AgPF, (0.53g,
2.09 mmol) in dry MeCN (20 mL) was stirred at room temperature in the
dark for 7d. The orange solution was filtered to remove the precipitate
(AgBr) and the solvent was then removed in vacuo. The residue was dissolved
in THF (30 mL) and insoluble material removed by centrifugation. After
decantation, the solvent was removed in vacuo. The residue was dissolved in
EtOAc (30 mL) to which Et,O (10 mL) was then added. On standing
overnight a red solid precipitated, which was removed by filtration. The
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filtered material was dissolved in Me,CO (1 mL) and purified by column
chromatography (SiO,, MeOH/MeNQ, /sat. aq. NH,P¥, (32:7:1). The ro-
taxane-containing fractions were combined and evaporated in vacuo without
heating. The residue was partitioned between EtOAc (10 mL) and H,O
(5 mL). The organic phase was washed with H,O (2 x 5 mL) and Et,0 added
dropwise until the onset of turbidity. On standing overnight a red precipitate
was formed, which was separated by centrifugation and dried under vacuum
(0.5 mbar, 70°C, 15 h) to afford 2-4PF, as an orange solid (162 mg, 8%);
m.p.>280°C; FABMS: m/z 2350 (M — PF)*, 2205 (M — 2PF,)", 2060
(M — 3PF)*; "HNMR (CD,CN, at 233 K: § = 2.82-4.11 (m, 52H). 445
(d, 2.8H), 5.50-5.75 (m, 8H), 6.08-6.29 (2d, 2H), 6.63-7.11 (m, 7.2H),
7.11-8.37 (m, 34H), 8.38-8.83 (m, 16 H), 8.50-8.76 (2d, 4H), 8.83-8.94
(2d, 4H); °C NMR (CD,CN): 8§ = 52.2, 55.3, 65.7, 68.3, 70.2, 70.6, 70.8,
71.2, 71.3, 71.6, 114.2, 114.3, 126.9, 127.2, 128.7, 131.6, 131.7, 132.8, 137.8,
145.6, 1473, 1482, 1483; HRMS caled for C,, H ;oN,OF (P,
{81 — PF)*: 2349.8458; found 2349.8543; caled for C,,,H,,,N,O0,F,P,
(M —2PF,)": 2204.8816; found 2204.8851; anal. caled for
ClaH 30N, O 5P, F, 0 C 59.66, H 525, N 2.24; found: C 59.36, H 5.02,
N 2.19.

4-Benzyloxy-(/V-tert-butoxycarbonyljphenylhydrazine (308): To a solution of
4-benzyloxyphenylhydrazine®®™ 29 (2.75¢, 11.0 mmol) and Et,N (2.22 ¢,
22.0 mmol) in MeOH (30 mL) was added di-(sert-butyl)dicarbonate (2.6 g,
12 mmo}). The mixture was heated under reflux for 1 h and cooled to room
temperature. The solid materials were removed by filtration and the filtrate
reduced. The residue was washed with light petroleum (3 x 15 mL) and H,0
(3x15mL), then dried (MgSO,). The solid was then recrystallized from
hexane to atford 30 as a white sohd {1.55 g, 45%); m.p. 97-99°C; MS: mjz
314 (M *); 'THNMR (CDCl,): 8 =1.47 (s, 9H), 5.02 (s, 2H), 6.80 (d. 2 H, J,
9.5 Hz), 6.91 (d, 2H, J,5 9.5 Hz), 7.30-7.42 (m, 5H); **C NMR (CDCl,):
6 =283, 70.6, 81.1, 114.6, 115.8, 127.5, 127.8, 127.9, 128.6, 137.4, 142 5,
153.5, 156.4, anal. caled for C, H,,N,0,: C 68.77, H 7.05, N 8.91; found:
C 68.64, H 6.81, N 8.51.

4-Hydroxy-N-(tert-butoxycarbonyl)phenylhydrazine (31): A solution of 30
{1.50 g, 47 mmol} in EtOH (200 mL) was subjected to hydrogenolysis
(10% Pd/C, 500mg) at room temperature for 4h. After filtration
(Celite), the filtrate was concentrated to leave a solid residue, which was
washed with Et,0 (3 x 10 mL) to yield 31 as a white solid (0.92 g. 91%); m.p.
167-168°C (decomp.); MS: mfz 224 (M ™). "HNMR (CDCl,): § =1.51
(brs, 9H), 6.39 (brs, 1H), 6.76 (d, 2H), 7.18 (d. 2H); '*C NMR (CDCl,):
0 = 28.3, 70.6, 81.1, 114.6, 115.8, 127.5, 127.8, 128.5, 128.6, 137.4, 142.5,
153.5, 156.4; HRMS caled for C,,H ([N,0; (M)*: 224.1161; found
224.1162.

2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethanol (32): A mixture of 4-trityl-
phenol (30 g, 89 mmol). chloroethoxyethoxyethanol (9, 30 g, 178 mmol), and
anhydrous K,CO; (30 g, 217 mmol) in DMF (250 mL) was stirred at 70°C
for 48 h. The reaction mixture was cooled to room temperature and filtered,
and the solvent removed in vacuo. The residue was partitioned between
CH,Cl, (200 mL) and H,0 (200 mL). The organic phase was separated and
washed with dilute HCI (2N, 2 x 100 mL), H,0 (2 x 100 mL), dried (MgSO,).
and then the solvent removed. The residue was recrystallized from CH,Cl,/
light petroleum to afford 32 as a white solid (37 g, 89%); m.p. 116-118°C;
THNMR (CDCL,): 4 = 2.00 (brs, 1H), 3.59--3.63 (m, 2H), 3.66-3.75 (m.
6H), 3.83-3.87 (m, 2H), 4.08-4.13 (m, 2H), 6.79 (d. 2H, J,, = 8.5 Hz).
7.09 (d, 2H, J,p = 8.5Hz), 7.14-7.28 (m, 15H); *C NMR (CDCl,):
& =618, 64.4, 67.3, 69.8, 70.4, 70.8, 72.6, 113.4, 1259, 127.5, 131.2, 132.2,
139.3, 147.1, 156.7; HRMS caled for C4,H,,0, (M)*: 468.2301; found
468.2323.

2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethyl 4-Methylbenzenesulfonate (33):
The tosylate 33 was prepared in 66% yield from 32, employing a procedure
similar to that described for 16. White solid; m.p. 86-88°C; MS: m/z 622
(M *); THNMR (CDCl,): 6 = 2.37 (s, 3H), 3.55-3.71 {m, 6H), 3.76-3.83
(m, 2H), 4.03-4.09 (m, 2H), 4.10-4.17 (m, 2H), 6.75 (d, 2H, J, = 8.5 Hz),
7.08(d, 2H, J,; = 8.0 Hz), 7.13-7.25 (m, 15H), 7.29 ¢d. 2 H, J,, = 8.0 Hz).
7.78 (d, 2H, J,5 = 8.5 Hz); *C NMR (CDCl,): § = 21.6, 64.4, 67.3, 68.8,
69.3, 69.8, 70.8, 113.4, 125.9, 127.4, 128.0, 129.8, 131.1, 132.2, 1331, 139.3,
144.8, 1470, 156.7, anal. caled for CyH;,0.S: C 73.29. H 6.15: found: C
73.18, H 6.17.
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4-{2-(2~(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy}-(V-tert-butoxycarbonyl)-

phenylhydrazine (26): To a vigorously stirred mixture of 31 (0.80 g, 3.6 mmol)
and K,CO, (1.00 g, 7.2 mmol) in dry DMF (15 mL) was added 33 (2.22 g,
3.6 mmol) in dry DMF (10 mL) and the mixture heated at 60 °C for 60 h. The
reaction mixture was cooled to room temperature and filtered. The solvent
was removed in vacuo and the residue was partitioned between CH,Cl,
(50 mL) and H,0 (50 mL). The organic phase was washed with 5% aqueous
K,CO4 (2 x25mL) and H,0O (3 x 25 mL), dried (MgSO,), and then concen-
trated. The residue was purified by column chromatography (Si0,, EtOAc/
light petroleum) to afford 26 as a white solid (1.11 g, 46%); m.p. 87--90°C;
FABMS: m/z 674 (M *); '"HNMR (CDCl,): § =1.45(brs, 9H), 3.74 (s, 4 H),
3.80-3.88 (m, 4H}, 4.04-4.12 (m, 4H), 6.74-6.84 (m, 6H), 7.09 (d, 2H,
J = 8.5 Hz), 7.14-7.28 (m, 15H); '3C NMR (CDCl,): 6 = 28.3. 64.3, 67.3,
68.0, 69.8, 69.9, 70.8, 81.1, 113.4, 114.5, 115.6, 125.8, 127.4, 131.1, 132.2,
139.1,142.4, 147.0.153.5, 156.3, 156.7; anal. caled for C,,H,,N,0,: C74.75,
H 6.87, N 4.15; found: C 74.63, H 6.60, N 4.12.

14-{4-(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-6,9,12-triox-
atetradecan-2-one ethylene acetal (27): The acetal 27 was prepared in 51%
yield from 13 (3.12 g, 4.5 mmol), S-chloro-2-pentanone ethylenc acetal 34
(3.0 g, 18 mmol) and NaH (0.33 g, 50% in mineral oil, washed previously
with light petroleum, 6.75 mmol), employing a procedure similar to that
described for 12. White solid; m.p. 63-66°C; FABMS: mjz 820 (M ™):
'HNMR (CDCl,): 6 =1.31(s,3H), 1.66-1.72 (m, 4H), 3.45-3.49 (m, 2H),
3.56-3.75 (m, 12H), 3.79-3.87 (m, 6 H), 3.89-3.94 (m, 4H), 4.04—4.12 (m,
6H), 6.78 (4, 2H., J = 8.5 Hz), 7.09 (d, 2H, J = 8.5 Hz), 6.83 (s, 4H), 7.14-
7.27(m, 15H); '3C NMR (CDC,): 6 = 23.9,24.3,35.6,64.3,64.6,67.3,68.1,
69.8.69.9, 70.1,70.7,70.9, 71.4, 110.0, 113.4, 115.6, 125.8, 127.4, 131.1,132.2,
139.2, 147.0, 153.1, 156.7; HRMS caled for C,oH¢,0,,: 843.4084; found
843.4080; anal. caled for CygH Oy oNa (M + Na)*: C 73.15, H 7.37; found:
C 7295, H 6.97.

1-{2-Methyl-5-[2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy|-3-indenyl}-11-
{4-(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-3,6,9-trioxa-un-
decane (25): To a suspension of 26 (750 mg, 1.13 mmol) in a mixture of
EtOH/H,O (1:1. 40 mL) was added dilute HCI (2N, 11 mL) and the resultant
solution then heated under reflux for 1 h under nitrogen. A solution of 27
(930 mg, 1.13 mmol), warmed to 85°C in EtOH (40 mL), was added drop-
wise and the reaction mixture refluxed for 18 h. Upon cooling the reaction
mixture, a brown oil separated and solidified on standing. The solid was
filtered and purified by column chromatography (S10,. EtOAc/light
petroleum) to afford 25 as an off-white solid (0.75 g, 51%); m.p. 79-81°C;
FABMS: m/z 1316 (M *); "HNMR (CDCl,): = 2.37 (s, 3H), 2.97 (t, 2 H,
J =7.0Hz), 3.55-3.90 {m, 26 H). 4.01 -4.19 (m, 12H), 6.74-6.84 (m, 10H),
6.97(d, 1H,J = 8.5Hz),7.04 711 (m, 6H), 7.14-7.28 (m, 28 H), 7.69 (brs,
1H); '*C NMR (CDCly): 6 =119, 25.0, 29.8, 644, 674, 68.2, 68.6,
69.9, 70.0, 70.2, 70.4, 70.7, 70.8, 70.9, 71.5, 102.1, 108.1, 110.9, 111.2,
113.5, 1157, 126.0, 127.5, 129.3, 130.6, 131.3, 1323, 1329, 1392,
147.1, 153.2, 156.8.

{12}-1-{2-Methyl-5-{2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy]-3-in-
denyl}-11-{4-(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-3,6,9-
trioxaundecane}{5,12,19,26-tetraazonia-{1.0.1.0}-paracyclophane|rotaxane}
tetrakis(hexafluorophosphate) ({[2]-{25][BBIPYBIXY]rotaxane}[PF|, .
3-4PF;): A solution of [BBIPYXY][PF,], (0.37 g, 0.53 mmol), BBB (0.14 g,
(.53 mmol), the dumbbecll-shaped component 25 (0.70 g, 0.53 mmol), and
AgPF, (0.33 g, 1.33 mmol) in dry McCN (7 mL) was stirred at room temper-
ature in the dark for 7 d. The [2}rotaxane 3-4 PF, was purified by a procedure
similar to that described for 2-4PF; to yield a purple solid (115 mg, 9%);
m.p.>280°C; FABMS: m/z 2271 (M —PF)"; 'HNMR (CD,CN) at
298 K:d =2.13 (s, 3H), 2.45 (t, 2H), 3.37 (brt, 2H), 3.43 (brs, 4H), 3.51-
3.57 (m, 6H), 3.58- 3.78 {m, 10H), 3.81- 3.98 (m, 12H), 4.01 -4.08 (m, 8H),
5.53 -5.62(m, 8H). 6.46 (d, 2H), 6.51 (brm, 1H), 6.75 (d, 2H), 6.88 (d. 1 H),
6.99 (d, 2H), 7.09 (d, 2H), 7.14--7.28 (m, 31 H), 7.60 (d, 8H), 7.73 (s, 8H),
8.59 (brs. 1H), 8.76 (4, 8H); HRMS calcd for C,, H,,,N,O,F P,
(M —PE)": 22707937, found  2270.7840; anal. caled for
C,,;H,,,NsO,,P,F,,-2H,0: C 59.23, H 493, N 2.85; found: C 59.20, H
481 N 2.76.

2-Phenyl-5-[2-(tert-butoxy)-2-oxoethoxy]-1,3-dioxane (38 a,b): 2-Phenyl-5-hy-
droxy-1,3-dioxane 37ab (5 g, as a mixture of diastereoisomers, 27.7 mmol),
NaOH (10 g), +-butylbromoacetate (12.6 g, 69 mmol), and Et,NBr (5.8 g,
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27.7 mmol) were partitioned between H,O (20 mL) and PhMe (20 mL) and
the mixture stirred very vigorously for 12 h at room temperature. The reac-
tion mixture was then diluted with H,O (40 mL) and PhMe (20 mL) and the
organic phase subsequently washed with H,O (3 x40 mL) and dried (Mg-
S0O,). and the solvent removed in vacuo. The residue was purified by column
chromatography (Si0,, EtOAc/light petroleum; 1:2) in order to separate the
two diastereoisomers of 2-phenyl-5-ters-butylacetyloxy-1,3-dioxane (38a,b).
Both compounds were obtained as crystalline solids to give a combined yield
of (3.91 g, 48%). The irans-isomer 38a was employed in all subsequent
reactions; m.p. 64—65°C; MS: m/z 294 (M *); '"HNMR (CDCl,): § =1.48
(s, 9H), 3.61--3.78 (m, 3H), 4.05 (s, 2H), 4.41-4.49 (m, 2H), 5.41 (s, 1 H),
7.33-7.40 (m, 3H), 7.45-7.52 (m, 2H); **C NMR (CDCl,): § = 28.1, 67.7,
69.6, 69.9, 82.1, 101.3, 126.1, 128.3, 129.0, 137.6, 169.3; anal. calced for
C;H,,05: C 65.29, H 7.53; found: C 65.39, H 7.64.

trans-2-Phenyl-5-(2-hydroxyethoxy)-1,3-dioxane (39a): A solution of LiAIH
(70 mg, 1.84 mmol) in dry THF (10 mL) was added dropwise to a stirred
solution of frans-2-phenyl-5-[2-(teri-butoxy)-2-oxoethoxyl-1,3-dioxane 38a
(1.0 g, 3.3 mmol) in dry THF (10 mL} at room temperature. under nitrogen,
and the mixture then heated under reflux for 4 h Thereafter, the reaction
mixture was cooled to room temperature and quenched by the addition of
EtOAc (1 mL) followed by H,O (1 mL). The resulting precipitate was re-
moved by filtration and the filtrate concentrated in vacuo to leave a residue
which was dissolved in CH,Cl, (20 mL), washed with H,0 (2 x 10 mL), dried
(MgSO,), and the solvent removed to afford trans-2-phenyl-5-(2-hydrox-
yethoxy)-1,3-dioxane 39a as a white crystalline solid (0.61 g, 80%); m.p.
45-46°C; MS: mjz 224 (M *); 'HNMR (CDCl,): 6 =1.96 (brs, 1 H), 3.57 -
3.80 (m, 7H), 4.35-4.46 (m, 2H), 5.41 (s, 1H), 7.30-7.41 (m, 3H), 7.43~
7.51 (m, 2H); *3C NMR (CDCl,): 6 = 61.8, 68.8, 70.0, 70.9, 101.3, 126.2,
128.3, 129.0, 137.7; anal. caled for C,,H,,0,: C 64.27, H 7.19; found: C
64.39, H 7.23.

trans-2-Phenyl-5-[2-(4-methylbenzenesulfonyloxy)|-1,3-dioxane (40a): The io-
sylate  rrans-2-phenyl-5-[2-(4-methylbenzenesulfonyloxy)l-1,3-dioxane  40a
was prepared in 89% yield from trans-2-phenyl-5-(2-hydroxyethoxy)-1,3-
dioxane 392 by a procedure similar to that described for 16. White crystalline
solid; m.p. 92.5°C; MS: m/z 378 (M *); '"HNMR (CDCl,): é = 2.46 (s, 3H).
3.41-3.78 (m, SH), 4.07-4.19 (m, 2H), 4.21-4.35 (m, 2H). 5.38 (s. 1H),
7.27-7.51 (m, TH), 7.80(d, 2H, J = 8.5 Hz); "*C NMR (CDCl,): 6 = 21.7,
67.2, 69.0, 69.1, 69.8, 101.3, 126.1, 128.0, 128.3, 129.1, 129.9, 133.0, 137.5,
145.0, anal. caled for C,,H,,0,S: C 60.30, H 5.86; found: C 60.32, H 5.73.

trans-2-Phenyl-5-{2-(2-(2-(4-(2~(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)-
ethoxy)phenoxy)ethoxy)ethoxy)ethoxy)ethoxy}-1,3-dioxane (41): Compound
41 was prepared as a white solid (750 mg, 97%) from 13 (600 mg,
0.86 mmol), trans-2-phenyl-5-[2-(4-methylbenzenesulfonyloxy)]-1,3-dioxane
(40 a, 330 mg, 0.86 mmol), and NaH (48 mg, 50 % suspension in oil, previous-
ly washed with light petroleum, 0.95 mmol) by a procedure similar to that
described for 12; m.p. 81 -82°C; FABMS: mjz 898 (M '), 'HNMR
(CDCly): 6 = 3.59 -3.75 (m, 19H), 3.79-3.87 (m, 6 H), 3.93-4.12 (m, 6 H),
4.35-4.43 (m, 2H), 5.38 (s, 1 H), 6.78 (d, 2, J = 9.0 Hz), 6.82 (s, 4 H). 7.08
(m, 2H), 7.14-7.25 (m, 15H), 7.31-7.39 (m, 3H), 7.43-7.49 (m, 2H); 13C
NMR (CDCl,): 6 = 67.3, 68.1, 69.0, 69.3, 69.8, 69.9, 70.2, 70.7. 70.8, 70.9,
101.3, 1134, 115.6, 1259, 126.1, 127.5, 128.3, 129.0, 131.2, 132.2, 13728,
139.2, 147.1, 153.2, 156.8. Anal. caled for C;sH,,0,,: C 73.47, H 6.95;
found: C 73.59, H 6.85.

2-Hydroxymethyl-14-{4-(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)-
phenoxy}-3,6,9,12-tetraoxatetradecanol (42): A solution of 41 (700 mg,
0.78 mmol) and concentrated sulfuric acid (2 mL) in EtOH (100 mL) was
refluxed for 2 h. The reaction mixture was then cooled, neutralized by the
addition of a saturated aqueous sodium hydrogencarbonate solution, and the
solvent removed in vacuo. The residue was taken up into CH,Cl, (40 mL)
and washed with H,0 (3 x40 mL), dried (MgSO,), and concentrated in
vacuo 1o afford 42 as a colorless oil, which solidified on standing (450 mg,
71%); m.p. 58-60°C; FABMS: m/z 810 (M *); 'THNMR (CDCl,): 6 =1.96
(brs, 2H), 3.48-3.54 (m, 1H), 3.58-3.77 (m. 18H), 3.78-3.89 (m, 8H).
3.93-4.13 (m, 6H), 6.78 (4, 2H, J = 8.5 Hz), 6.83 (s. 4H), 7.09 (d, 2H.
J=8.5Hz), 7.14 -7.25 (m, 15H); '3C NMR (CDCl,): § = 62.5. 67.3, 68.1,
69.4, 69.8, 69.9, 70.5, 70.6, 70.8, 70.9, 81.3, 113.4, 115.6, 125.9, 127.4, 131.1,
132.2,139.2, 147.1, 153.2,156.7; anal. caled for C,;H,O,,: C 71.09, H 7.21;
found: C 70.96, H 7.36.
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2-(4-Methylbenzenesulfonyloxy)methyl-14-{4-(2-(2-(2-(4-tritylphenoxy)-
ethoxy)ethoxy)ethoxy)phenoxy}-3,6,9,12-tetraoxatetradecyl 4-methylbenzene-
sulfonate (43): The ditosylate 43 was preparcd in 94 % yield from 42, employ-
ing a procedure similar to that described for 16. White solid; m.p. 45--47°C;
FABMS: m/z 1118 (M *); 'HNMR (CDCl,): 6 = 2.44 (s, 6H), 3.47 3.74
(m, 16H), 3.77-3.87 (m, 7H), 4.00-4.13 (m, 10H), 6.78 (d,2H, J = 9.0 Hz),
6.82 (s, 4H), 7.09 (d, 2H, J= 9.0 Hz), 7.14-7.25 (m, 15H), 7.34 (d, 4H,
J=80Hz), 7.74 (d, 4H, J = 8.0 Hz); '*C NMR (CDCl,): § = 62.5, 64.3,
67.3, 68.1, 69.4, 69.8, 69.9, 70.5, 70.6, 70.8, 70.9, 81.3, 113.4, 115.6, 125.9,
127.4,131.1. 132.2, 139.2, 147.0, 153.2, 156.7; anal. caled for Cy,H,,0,,S,:
C 66.53, H 6.30, S 5.73; found: C 66.63, H 6.49, S 5.6.

Thione precursor 44: A solution of NaOMe (made by dissolving sodium metal
(138 mg, 6 mmol) in dry 50% C,H,/MeOH (10 mL) was added dropwise to
a stirred solution of dibenzoyl-4,5-dithio-1,3-dithiole-2-thione (1.11 g,
2.73 mmol) in dry 50% C.H,/MeOH (10 mL), and the mixture stirred for
30 min. A solution of 43 (3.06 g, 2.73 mmol) in a dry 50% C.H,/MeOH
mixture (15 mL) was then added dropwise, and the mixture heated under
reflux for 3 h. After cooling, the reaction mixture was concentrated in vacuo
to leave a residue, which was purified by column chromatography (SiO,,
EtOAc/light petroleum). The desired thione 44 was obtained as a bright
yellow oil (2.10 g, 81%); FABMS: m/jz 972 (M "), '"HNMR (CDCl,):
d=252-2.65(m, 2H), 3.05(d, 1 H, J =2.5Hz), 3.11 (d, 1 H, J = 2.5 Hz),
3.60-3.75 {m, 16 H), 3.79-3.87 (m, 6H), 3.94 (brm, 1H), 4.04-4.12 (m,
6H), 6.78 (d,2H, J = 9.0 Hz), 6.82 (s, 4H), 7.09 (d, 2H, J = 9.0 Hz), 7.13~
7.25(m, 15H); '3C NMR (CDCLy): § = 36.7, 67.3, 68.1,69.3, 69.8, 69.9, 70.7,
70.9,113.4, 115.6, 125.9, 127.4, 131.2, 132.2, 139.2, 147.1, 156.2, 156.7; anal.
caled for Cg Hg 0,851 C 6293, H 5.80, S 16.47; found: C 62.98, H 5.64,
S 16.70.

Ketone 35: A solution of mercury(u) acetate (1.75 g, 5.4 mmol) in glacial
acetic acid (70 mL) was added to a solution of 44 (2.1 g, 21.5 mmol) in CHCl,
(50 mL) and the mixture stirred for 30 min at room temperatare. The result-
ing precipitate (HgS) was separated by centrifugation and the supernatant
then diluted with CHCl; (80 mL), before being washed with saturated
aqueous NaHCO; (2 x 100 mL) and H,0 (100 mL). The organic phase was
dried (MgSO,) and the solvent removed to afford the ketone 35 as a pale
yellow oil (1.85g, 89%); FABMS: m/z 956 (M*); '"HNMR (CDCl,):
6 =12.51-2.67(m, 2H), 3.02 (d, 1H, J = 2.5 Hz), 3.08 (d, 1H, J = 2.5 Hz),
3.60-3.75 (m, 16H), 3.87-3.79 (m, 6H), 3.92 (brm, 1H), 4.03-4.13 (m,
6H), 6.78 (d, 2H, J=8.5Hz), 6.82 (s, 4H), 7.09 (d, 2H, J=8.5Hz),
7.14-7.25 (m, 15H); '*C NMR (CDCL,): § = 36.7, 64.3, 67.3, 69.2, 69.8,
69.9, 70.7, 70.9, 113.4, 115.6, 125.9, 127.4, 131.4, 132.2, 139.2, 147.1, 152.2,
156.8; anal. caled for C5 H 0 ,,S,: C63.99, H 5.90, S 13.40; found: C 64.17,
H 5.96, S 13.30.

Dumbbell-shaped compound 36: A solution of 35(1.80 g, 1.88 mmol) in freshly
distilled Et;P (15 mL) was heated at 115°C for 2 h under nitrogen. The
reaction mixture was cooled to room temperature and diluted with light
petroleum (20 mL). On standing overnight, an orange oil separated and was
isolated by decanting the solvent layer. The oil was washed with hot Et,0
(3 x20 mL) and hot EtOH (3 x 20 mL) and dried in vacuo to afford compo-
nent 36 as an orange oil (1.02 g, 58%); FABMS: m/z 1881 (M "); 'HNMR
(CDCl,): 6 = 2.32-2.65 (m, 4H), 2.85-3.00 (m, 4H), 3.56-3.78 (m, 32H),
3.80--3.90 (m, 14H), 4.02-4.14 (m, 12H), 6.78 (d, 4H, J = 8.5 Hz), 6.82 (s,
8H), 7.08 (d, 4H, J = 8.5 Hz), 7.14-7.25 (m, 30H); '*C NMR (CDCL,):
0=136.7, 64.3, 67.3, 68.1, 69.0, 69.8, 69.9, 70.7. 70.9, 1134, 1156,
1259, 127.4, 131.1, 1322, 139.2, 147.1, 153.1, 156.8; anal. calcd for
Cio2H,1,0,45¢: C 65.08, H 6.00, S 13.63; found: C 64.82, H 5.85, S 13.80.

{12}-136}]5,12,19,26-Tetraazonia-{1.0.1.0]paracyclophanelrotaxane}  tetrakis-
(hexafluorophosphate) ({{2I-[36]IBBIPYBIXYCYlrotaxane}[PFl,, 4-4PF):
A solution of the dumbbell-shaped component 36 (327 mg, 0.174 mmol),
[BBIPYXY}PF,}, (122 mg, 0.174 mmol), and 1,4-bis(bromomethyl)benzene
(45 mg, 0.174 mmol) in dry DMF (8 mL) was transferred to a Teflon tube and
compressed (9 kbar) at room temperature for 96 h. The solvent was then
removed in vacuo at 60°C and the residue suspended in EtOAc (10 mL).
Insoluble rotaxane-containing materials were removed by filtration and then
dissolved in DMF containing 5% saturated aqueous NH,PF, (4 mL). Addi-
tion of H,O (4 mL) precipitated the hexafluorophosphate salts, which were
removed by filtration, washed with MeOH (10 mL) and then extracted with
EtOAc (10 mL). Upon standing, the rotaxane 4-4 PF, crystallized from the
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EtOAc solution as small orange crystals (43 mg, 8%); m.p. >280°C;
FABMS: m/z 2836 (M — PF )", 2690 (M — 2PF,)*, 2545 (M — 3PF)";
'HNMR (CD,COCD,) at 298 K: § = 2.61-2.38 (brm, 4H). 2.90 (d. 2H),
3.06 (d, 2H), 4.03-3.48 (m, 58 H), 4.09 (1, 2H), 4.18 (m, 2H), 6.05 (s, 8 H).
6.57 (d, 2H), 6.85-6.82 (m, 6H). 6.95 (d. 2H), 7.07 (d, 2H), 7.28-7.12 (m,
30H), 8.06 (s, 8H), 8.23 (d, 8H), 9.35 (d, 8H); **C NMR {(CD,),NCDOJ:
J = 64.9,68.1, 68.6, 70.1, 70.2, 70.6, 70.9, 71.1, 71.3, 71.5, 113.6, 113.9, 114.1,
116.1, 118.1, 126.6, 125.7, 127.4, 128.3, 131.2, 131.4, 131.6, 132.5, 137.8.
145.8, 146.4, 147.7, 153.8; HRMS caled for C,; H,,,N,O F P,S,
(M — PF,)*: 2835.7167; found 2835.7214.

X-ray crystal structure data for |[BBIPYBIXYCY -2MIN|[PF|,: C,,H, N
4PF,-2CH,CN, M =1301.81, monoclinic, a=10.940(2), b =19.846(4),
c=14.0003) A, f=110.46(3)°, V =2847.9(10) A3, space group P2,/n,
Z =2, WCuy,) =2320mm" ", p, =1.518 gem 3, F(000) =1320. 3842 inde-
pendent reflections (26 <114°), 2527 observed reflections |F,| >4 |F,|. The
data were collected on a Siemens P4PC diffractometer with Cu,, radiation
and o scans. The structure was solved by direct methods; full-matrix least-
squares refinement with all non-hydrogen atoms anisotropic gave
R, = 0.1082 and wR, = 0.2444. The 2-methylindole molecule is disordered
about a center of symmetry with additional rotational disorder. Because the
position of the indole nitrogen cannot be uniquely identified, the C,-related
nitrogen and carbon atoms were refined as partial occupancies for C and N
superimposed species. One of the PF, anions is also disordered and was split
into two orientations with an occupancy of 0.5. Hydrogen atoms were as-
signed idealised positions with fixed isotropic U and were allowed to ride on
their parent atoms. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
100195. Copies of the data can be obtained free of charge on application to
The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: Int.
code +(1223)336-033; e-mail: depositchemerys.cam.ac.uk). For data for
[BBIPYBIXYCY  TTF][PF], see ref. {39].
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