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Anion-Induced Shuttling of a Naphthalimide Triazolium Rotaxane
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Abstract: The anion-templated synthe-
sis of a rotaxane structure, incorporat-
ing the new naphthalimide triazolium
motif, is described and the interlocked
host shown to exhibit selective, uni-di-
rectional, anion-induced shuttling. Ini-
tial pseudorotaxane investigations dem-
onstrate the ability of a naphthalimide
triazolium threading component to
form interpenetrated assemblies with

shuttling behaviour of the analogous
rotaxane host system is controlled by
selective anion binding and by the
nature of the solvent conditions. Com-
plete macrocycle translocation only
occurs upon the recognition of the
smaller halide anions (chloride and

Keywords: anions - molecular mo-
tion - molecular recognition - rotax-

bromide). The rotaxane solid-state
crystal structure in the presence of
chloride is in agreement with the solu-
tion-phase co-conformation. The sensi-
tivity of the axle naphthalimide absorb-
ance band to the position of the macro-
cycle component within the interlocked
structure enabled the molecular motion
to be observed by UV/Vis spectrosco-
py, and the chloride-induced shuttling

counter-anion-dependent co-conforma-
tions. 'H NMR studies reveal that the

Introduction

The ability of mechanically interlocked molecules to under-
go controlled, reversible molecular motion through changes
in the relative positions of their constituent parts is receiving
an ever increasing amount of interest due to the promise of
potential nano-technological applications as molecular
switches and machines.! However, despite the recent ad-
vances in anion supramolecular chemistry,””! there are still
relatively few examples of such interlocked systems being
mediated by anions as an external stimulus;®* and of these,
only a small number have been shown to display selectivity
between different coordinating anions.*?!

A key development in molecular machine-like devices is
the ability to detect molecular motion through optical or
electrochemical signalling. Of those systems induced by the
addition of coordinating anions, only Smith’s chloride-selec-
tive squaraine rotaxane display an associated signalling re-
sponse,l! whereby an increase in fluorescence emission is
observed upon macrocycle translocation from the central
station to one of two triazole groups of the axle. In other,
more general types of anion-induced molecular motion, UV/
Vis spectroscopy has also been effectively employed as a sig-
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of the rotaxane was reversed upon
silver hexafluorophosphate addition.

nalling method.*”! In these systems, co-conformational
changes were driven either by a change in the non-coordi-
nating counter anion,” or by the photo-induced creation of
a radical naphthalimide anion within the rotaxane struc-
ture.”)

We report herein the synthesis of a rotaxane capable of
controlled, reversible shuttling induced by the addition of
coordinating anions (Figure 1). The interlocked structure
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Figure 1. Schematic representation of the anion-induced shuttling behav-
iour exhibited by a naphthalimide triazolium rotaxane.

contains the new naphthalimide triazolium motif within the
axle component, and was constructed by using an anion-
templation synthetic strategy.™*! Molecular motion is driven
by binding of an anion in the rotaxane-host cavity, as evi-
denced by '"HNMR spectroscopy. Importantly, selectivity
both in anion binding and the extent of uni-directional mac-
rocycle translocation was observed. In addition, the co-con-
formational changes exhibited by the rotaxane were found
to perturb the absorbance band of the naphthlamide triazo-
lium axle sufficiently for the shuttling process to be signalled
and monitored by changes in the rotaxane’s UV/Vis spec-
trum.

Results and Discussion

Pseudorotaxane investigations: To probe the potential of
the naphthalimide triazolium motif to form interpenetrative
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and interlocked assemblies capable of anion-induced, con-
trolled molecular motion, pseudorotaxane studies were car-
ried out initially with thread 1-BF, (prepared as detailed in
the Supporting Information) and macrocycle 2!'! (Figure 2).
The naphthalimide motif is intrinsically electron-deficient
and further polarized in 1-BF, by the direct attachment of
a positively charged triazolium group, which can bind anions
through C—H hydrogen bonding.”! Macrocycle 2 contains an
isophthalamide anion binding cleft, containing C—H and N—
H hydrogen-bond donors, and electron-rich hydroquinone
groups.

Figure 2. Naphthalimide thread 1-X and isophthalamide macrocycle 2
used in pseudorotaxane investigations.

These components were designed to undergo interpene-
trative assembly due to strong m-donor—m-acceptor interac-
tions between the electron-deficient naphthalimide thread
and electron-rich hydroquinone groups of the macrocycle,
with cooperative hydrogen bonding to an anion also possible
through both the triazolium thread and macrocycle iso-
phthalamide binding motifs. Thus pseudorotaxane co-con-
formational changes between thread 1-BF, and macrocycle 2
may be controlled by the presence, or absence, of a coordi-
nating anion.

The addition of one equivalent of 1-BF, to macrocycle 2
in CDCl; was monitored by 'HNMR spectroscopy

CDCl;
1BF, + 2

1-2-BF,

Dt Europe

(Scheme 1 and Figure 3a and b). Pseudorotaxane formation
was indicated by a significant upfield shift of macrocycle hy-
droquinone protons g and h (Ad=-0.51 ppm), due to the
highly favourable m-donor-m-acceptor interactions with the
electron-deficient naphthalimide thread. In addition, hydro-
gen-bonding interactions between the imide carbonyl groups
of 1-BF, and the macrocycle amide groups resulted in down-
field shifts in macrocycle protons ¢ and d. These comple-
mentary donor—acceptor and hydrogen-bonding interactions
indicate that macrocycle 2 resides directly over the naphtha-
limide group of thread 1-BF, in the pseudorotaxane assem-
bly, as shown in Scheme 1.

Subsequent addition of one equivalent of tetrabutylam-
monium (TBA) chloride to 1-2-BF, resulted in a significant
change in pseudorotaxane co-conformation, with the macro-
cycle moving over to the triazolium component of the
thread (Scheme 1). Cooperative hydrogen bonding to the
halide anion by the macrocycle isophthalamide cleft and
thread triazolium group is indicated by downfield shifts in
triazolium proton 8 and macrocycle protons ¢ and d (Fig-
ure 3¢). The hydroquinone protons shift downfield from
their position in 1-2-BF, (Ad=0.16 ppm), due to the reduced
shielding effect of the triazolium group in this co-conforma-
tion, compared with the larger naphthalimide group, and are
split in the presence of the halide anion.

The respective interpenetrated co-conformational nature
of assemblies 1-2-BF, and 12-Cl was confirmed by 2D
'"HNMR ROESY spectroscopy. A large number of cou-
plings between protons of the macrocycle and the thread
are observed for both pseudorotaxane co-conformations,
with the spectra and couplings shown in the Supporting In-
formation (Figure S4-S5).

To quantify the stabilities of these two assemblies,
'"HNMR pseudorotaxane titrations were carried out in
CDCl;. Both 1-BF, and 1:Cl (prepared by anion exchange
detailed in Scheme S1 in the Supporting Information), were
titrated into solutions of macrocycle 2 and the signals corre-
sponding to the hydroquinone protons g and h monitored
throughout each titration (see Supporting Information, Fig-
ure S8).  Stability  constants  were  obtained by
WinEQNMR2!M! analysis, which gave values of 829(30) M~

1-2:Cl

Scheme 1. Formation of pseudorotaxane 1-2-BF, and anion-induced change in co-conformation.
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Figure 3. Partial '"HNMR spectra (500 MHz) in CDCl; at 293K of

a) macrocycle 2, b) 2 plus 1.0 equivalent of thread 1-BF, and c) 1-2-BF,
plus 1.0 equivalent of TBACI.

for 1-2-BF, and 804(20) m~" for 1:2-Cl. Thus, the two pseu-
dorotaxane assemblies exhibit similar thermodynamic stabil-
ities compared with the respective threading components,
1-BF, and 1-Cl. However, any comparison is complicated by
the fact that strictly the latter value is an apparent 1:1 stabil-
ity constant for a ternary complex. The pseudorotaxane sta-
bility constant for 1-2-BF,, with the non-coordinating tetra-
fluoroborate anion, reflects the strength of intercomponent
naphthalimide-hydroquinone donor-acceptor and imide—
amide hydrogen-bonding interactions present in this assem-
bly. In contrast, the apparent 1:1 stability constant for 1-2-Cl
represents only the intercomponent triazolium-hydroqui-
none donor-acceptor and macrocycle-halide hydrogen-
bonding contributions, and does not take into account the
electrostatic and hydrogen-bonding interactions between the
triazolium thread and the chloride anion, also present in
1-Cl. However, the triazolium-halide interaction is highly fa-
vourable in this non-competitive solvent mixture, both in
1-Cl and 1-2-Cl, and thus can be said to drive the anion-in-
duced co-conformational change exhibited by 1-2-BF, upon
the addition of TBACI in CDCl; (Scheme 1 and Figure 3).
Attempts were made to study both the formation and co-
conformations of the pseudorotaxane assemblies with UV/
Vis spectroscopy in CHCl;. These titration experiments
were undertaken at the same concentration as the 'H NMR
experiments (1x107>m) to avoid the need for large excesses
of either component, both of which are UV active. Upon ad-
dition of macrocycle 2 to thread 1-BF,, the appearance and
increase in macrocycle absorbance (290 nm, see the Sup-
porting Information, Figure S14) was accompanied by a de-
crease in absorption and a slight bathochromic shift in the
naphthalimide triazolium band (Figure 4). The donor-ac-
ceptor interactions between the macrocycle hydroquinone
groups and the naphthalimide triazolium thread are respon-
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Figure 4. UV/Vis spectra in CHCl, at 293 K of thread 1-BF, (1.0x107>m)
upon addition of 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 equivalents of macrocycle 2.

sible for the pseudorotaxane assembly and result in signifi-
cant perturbations in the UV/Vis spectra.

To investigate whether changes in the pseudorotaxane co-
conformation could also be observed by UV/Vis spectrosco-
py, the effect of chloride addition to solutions of 1-BF, and 2
was studied. However, no changes in absorbance were ob-
served (see the Supporting Information, Figure S15).

In summary, the naphthalimide triazolium threading
motifs 1-BF, and 1-Cl were observed to form pseudorotax-
ane assemblies with macrocycle 2 of different co-conforma-
tions in the presence and absence of a coordinating halide
anion. Pseudorotaxane formation was signalled by signifi-
cant changes in the absorbance band of the naphthalimide
triazolium thread, whilst changes in the anion-dependent co-
conformation of the interpenetrative assembly were not de-
tectable by UV/Vis spectroscopy.

Rotaxane synthesis: The construction of an interlocked ro-
taxane structure, incorporating the naphthalimide triazolium
motif, was undertaken with the expectation that this system
would be capable of undergoing anion-induced molecular
motion.

Asymmetric axle component 3-X (Figure 5) was prepared
as detailed in the Supporting Information (Scheme S2), and
a “clipping” method was employed for rotaxane formation
by using Grubbs’-catalysed ring-closing metathesis (RCM)
of bis vinyl-appended macrocycle precursor 4.2 Anion tem-
plation required the presence of a coordinating anion, and
reaction of 3-Cl with 1.5 equivalents of 4 in dry CH,Cl, with
Grubbs’ second-generation RCM catalyst afforded the
target rotaxane 5-PF, (Scheme 2), isolated in 47 % yield, fol-
lowing anion exchange to the non-coordinating hexafluoro-
phosphate salt and purification by preparative silica gel
thin-layer chromatography.

The '"H NMR spectrum of rotaxane 5-PF,, along with the
spectra of axle 3-BF, and macrocycle precursor 4, is shown
in Figure 6. Upon rotaxane formation, the signals associated
with the hydroquinone environments f and g move signifi-
cantly upfield (Ad=—0.92 ppm) due to the expected donor—
acceptor interactions. This shift is consistent with the pro-
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Figure 5. Axle component 3-X and macrocycle precursor 4 used in rotax-
ane formation.

a
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posed co-conformation of 5-PF,, based on that observed for
pseudorotaxane 1-2-BF,. In addition, macrocycle protons
b and c shifted downfield, presumably due to hydrogen-
bonding interactions with the axle imide group, along with
axle triazolium proton 14.

Further characterisation of rotaxane 5-PF, was provided
by high-resolution mass spectrometry and 2D 'H NMR
ROESY spectroscopy, with the proposed co-conformation
supported by the observed intercomponent ROESY cou-
plings. The spectrum and couplings are shown in the Sup-
porting Information (Figure S6).

Importantly, rotaxane formation was also attempted in
the absence of the coordinating halide counter anion by
using axle 3-BF,, however no rotaxane product was ob-
served in the reaction mixture. This may be rationalised
when taking into account that the formation of the analo-
gous pseudorotaxane assembly, 1-2-BF,, is driven by the
donor-acceptor interactions between the macrocycle hydro-
quinone and axle naphthalimide groups. The pre-organisa-
tion of the hydroquinone groups necessary for this associa-

1. Grubbs' Il (10% wt)
CHCla, Ny |

+O-

3.Cl + 4

2. NH4PFg

47%

h 2-5,17-20

Scheme 2. Synthesis of naphthalimide triazolium rotaxane 5-PF.
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Figure 6. '"H NMR spectra (300 MHz) in CDCl, at 293 K of a) axle 3-BF,,
b) rotaxane 5-PF, and c) macrocycle precursor 4.

tion to occur does not exist in macrocycle precursor 4 and is
only created in the RCM reaction. Therefore, the synthesis
of rotaxane 5-PF; requires the presence of a chloride anion,
which successfully templates the association of the two com-
ponents prior to macrocycle formation. The templation
occurs by virtue of halide anion binding interactions with
the triazolium and isophthalamide motifs of the axle and
macrocycle precursor.

Rotaxane NMR studies—shuttling: '"H NMR spectroscopy
was used to investigate the chloride-anion-induced co-con-
formational behaviour of rotaxane 5-PF, (Scheme 3).

The 'HNMR spectrum of rotaxane 5-PF; in CDCl; is
shown in Figure 7a, along with the spectrum observed after
addition of one equivalent of TBACI (Figure 7b). Downfield
shifts in protons 14, b, c, f and g were observed, as well as
a significant upfield shift in the signal corresponding to axle
protons 16. The downfield shifts in protons 14, b and c indi-
cate cooperative hydrogen bonding to the chloride anion by
the macrocycle isophthalamide and axle triazolium binding

I3 o o 7
A he
N N
[e) o
NO,
5.PFg
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5.PFq

Scheme 3. Anion-induced molecular shuttling exhibited by rotaxane 5-PF;.

motifs. The creation of a unique anion-binding cavity within
the rotaxane requires macrocycle translocation (Scheme 3),
and the different extents of shielding associated with the
two rotaxane co-conformations are reflected in the shifts ob-
served for protons f, g and 16. The macrocycle hydroqui-
none protons experience a greater shielding effect when
they reside over the naphthalimide group of the axle in the
starting co-conformation (5-PF,), compared with over the
triazolium group in 5-Cl. This reduction in shielding results
in a downfield shift of macrocycle hydroquinone protons f
and g after the addition of TBACI (Figure 7b), and is similar
to that observed between pseudorotaxane co-conformations
1-2-BF, and 1-2-Cl (Figure 3). Moreover, when the macrocy-
cle resides over the triazolium group, axle CH, protons 16
become partially shielded by the hydroquinone groups. This

CHCl,
2-4,18-20

a) ‘

111391012 c r ’
I

+ TBACI

FULL PAPER

O o
{ )
i'“ o]

NO,
5.Cl

shielding effect is not present in 5-PF,, thus an upfield shift
in the signal corresponding to protons 16 is observed upon
halide anion addition."”

Crystals suitable for single-crystal X-ray diffraction struc-
tural determination of rotaxane 5-Cl were analysed by using
synchrotron radiation at Diamond Light Source beamline
119.1 The co-conformation of the interlocked structure in
the solid state is in agreement with that proposed for the so-
lution phase, namely, with the macrocycle hydroquinone
groups residing over the axle triazolium group (Figure 8).
Importantly, the chloride anion is bound within the rotax-
ane-host cavity by hydrogen-bonding interactions to protons
b, ¢, 14 and 16 (C—H"-Cl~ distance 3.348(9) A, N—H*-CI"
3.218(8) A, N—H®--CI~ 3.297(8) A, C—H'"--Cl~ 3.309(6) A
and C—H'"--Cl~ 3.391(6) A). Further examination of the
crystalline network reveals that
the naphthalimide group of the
axle component is involved in
n-donor—m-acceptor interac-
tions with a hydroquinone
group of an adjacent rotaxane
molecule (centroid-to-centroid

CHCl,

16 distance 3.471(4) A, ring dihe-
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Figure 7. Partial '"H NMR spectra (500 MHz) at 293 K of a) rotaxane 5-PF in CDCl,, b) rotaxane 5-PF; plus
1.0 equivalent of TBACI in CDCl; and c) rotaxane 5-PF;+ 1.0 equivalent of TBACI in 1:1 CDCly/CD;0D.
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dral angle 8.3(3)°; see the Sup-

l + TBACI porting  Information,  Fig-

°© ure S19). This illustrates the po-

Y tential for this interaction, with

" = the analogous intercomponent

donor-acceptor interactions re-

| sponsible for the proposed solu-

tion-phase co-conformation of
5-PF,.

On account of the change in
rotaxane co-conformation being
driven by the hydrogen-bonding
interactions between the
phthalamide and triazolium
groups of 5-PF; and the coordi-
nated chloride anion, increasing
the competitive nature of the
solvent through protic-solvent
addition should weaken these
interactions and eventually re-
the
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Figure 8. Crystal structure of rotaxane 5-Cl. Protons and lower-occupancy positions of disorder are omitted for

clarity.

shuttling process. Upon addition of increasing amounts of
CD;0D to a CDCI, solution of 5-Cl, "H NMR shifts were
observed to indicate that macrocycle translocation back to
the initial co-conformation was indeed occurring; the spec-
trum for 1:1 CDCl;/CD;OD is shown in Figure 7c. The loss
of the halide anion from the rotaxane binding cavity is re-
flected in an upfield shift in isophthalamide proton b (the
signals corresponding to triazolium proton 14 and amide
protons ¢ were not observed after CD;OD addition due to
deuterium exchange). The return to the starting co-confor-
mation, and the associated changes in the shielding effects,
are shown by an upfield shift in hydroquinone protons f and
g and a downfield shift in axle protons 16—the reverse of
the shifts observed upon chloride anion addition to 5-PF; in
CD(l; (Figure 7b).

The change in rotaxane co-conformation can be moni-
tored by following the relative positions of the macrocycle
hydroquinone and alkene proton signals throughout the
halide and CD;OD NMR titration experiments (Figure 9).
The gradual changes in the relative positions of these peaks
indicate that the molecular motion exhibited by rotaxane
5-PF; is a dynamic process, which is fast on the NMR time-
scale. The shuttling behaviour is reversible and, importantly,
can be controlled by dual stimulus, namely, halide anion ad-
dition followed by an increase in the competitive nature of
the solvent.

The anion-induced co-conformational change exhibited by
naphthalimide triazolium rotaxane was further supported by
2D '"H NMR ROESY spectroscopy, with the proposed solu-
tion-phase co-conformation of 5-Cl confirmed by the ob-
served intercomponent couplings (see the Supporting Infor-
mation, Figure S7).

Rotaxane NMR studies—anion binding: The anion-binding
properties of rotaxane 5-PF,; with a range of TBA anion
salts, that is, chloride, bromide, iodide, dihydrogen phos-
phate and acetate, were investigated by '"H NMR titration
experiments. Binding was too strong for accurate associa-
tion-constant values to be determined in CDCl;, so the
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more competitive 4:1 CDCly/
CD;OD solvent mixture was
used.™™

Downfield shifts for the axle
triazolium and macrocycle iso-
phthalamide C—H protons (14
and b) and macrocycle amide
N-H protons (c) of the rotax-
ane were observed upon addi-
tion of TBACI to 5-PF; in these
solvent conditions (Figure 10).
It was not possible to follow the
triazolium and amide protons
(14 and c) throughout the titra-
tion due to deuterium ex-
change. Additional shifts oc-

4 (ppm)
X0

0.0 0.5 1.0
Equivalents of TBACI
b)6.40 -

o]
6.20 o

6.00{ ©
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580 %X X %8 %
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5.40 T T
0 20 40 60

Percentage of CD,OD

Figure 9. Changes in the chemical shift of alkene protons k (x) and hy-
droquinone protons f and g (o) in rotaxane 5-PF¢ in CDCl; at 293 K
upon a) addition of TBACI, and b) subsequent addition of CD;0D.

curred for the signals corresponding to protons 16, f, g and
k, due to the same shielding effects discussed above and
seen in Figure 7.

During the titration experiments for the other anions
(bromide, iodide, acetate and dihydrogen phosphate), down-
field shifts in isophthalamide and amide anion binding pro-
tons b and ¢ were observed as expected, however, triazolium
proton 14 exhibited anion-dependent differential behaviour.
Before deuterium exchange, this proton signal shifted down-
field upon addition of chloride and dihydrogen phosphate,
and slightly upfield with iodide addition, whereas no signifi-
cant shifts were observed upon bromide and acetate addi-
tion (Figure S10 in the Supporting Information). These con-
trasting observations are thought to be the consequence of
the combination of downfield and upfield perturbations, re-
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TBACI and c) rotaxane 5-PF, plus 5.0 equivalents of TBACL
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sulting from hydrogen-bonding interactions with the anion
and increased shielding from the hydroquinone groups upon
macrocycle translocation. The relative magnitudes of these
effects are likely to be dependent on the nature of the
anion, relating to the basicity of the anion and any differen-
ces in the exact co-conformation of the rotaxane-host struc-
ture.

By using WinEQNMR2," 1:1 stoichiometric association
constants were determined from the titration data by moni-
toring macrocycle isophthalamide proton b of the rotaxane
host (Table 1). This proton is directly involved in anion

Table 1. Association constants, K [M '], of rotaxane 5-PF with anions in
4:1 CDCIy/CD;OD at 293 K. Obtained by monitoring proton b. Errors
are given in brackets.

Anion Cl- Br- I H,PO,~ OAc™
KM 527 (47) 673 (7) 173 (17) 83 (6) 59 (1)

binding and could be accurately monitored throughout all ti-
tration experiments.

Table 1 shows that the smaller halide anions, that is, chlo-
ride and bromide, are bound considerably more strongly
than the larger iodide and more basic oxoanions, dihydrogen
phosphate and acetate. This is due to the three-dimensional
anion-binding cavity created within the interlocked structure
upon co-conformational change, which is of complementary
size and shape for the smaller halide guest species, with bro-
mide bound slightly more strongly than chloride.

The possibility of a different binding mode, external to
the rotaxane cavity, for the larger anions (iodide, dihydrogen
phosphate and acetate) is supported by differential shifts ob-
served for axle CH, protons 16 during the titration experi-

Chem. Eur. J. 2012, 00, 0-0
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ments (see the Supporting Information, Figure S11). These
protons shifted significantly upfield upon addition of chlo-
ride and bromide (Ad=-0.19 and —0.16 ppm, respectively,
after 10.0 equivalents), assigned to increased shielding from
hydroquinone groups upon macrocycle translocation. In
contrast, very slight downfield shifts of 0.02-0.05 ppm oc-
curred with the larger anions, indicating that any alteration
in the relative position of the macrocycle upon addition of
iodide and the oxoanions is not sufficient to perturb these
protons.

Some change in the co-conformation of the rotaxane-host
5-PF; is necessary for all of the anions to interact with both
axle and macrocycle C-H and amide N-H hydrogen bond
donor anion binding motifs, however these '"H NMR shifts
indicate that complete macrocycle translocation from the
naphthalimide group of the axle to the triazolium group (as
seen in the solid state, Figure 8) only occurs with the strong-
ly bound chloride and bromide anions. The larger anions are
not able to bind within the rotaxane-host cavity, resulting in
weaker external binding and a reduction in the extent of
macrocycle translocation, presumably to retain some of the
favourable naphthalimide-hydroquinone donor-acceptor in-
teractions. This potential selectivity is also supported by the
behaviour of hydroquinone and alkene protons (f, g and k)
during the titrations (see the Supporting Information, Fig-
ure S12 and Table S1). Considerably smaller perturbations
were observed with iodide, dihydrogen phosphate and ace-
tate than with chloride and bromide, again indicating that
the extent of co-conformational change is much less with
the weaker-bound anions.

Rotaxane UV/Vis studies: Having quantified the selectivity
in the anion-induced shuttling of rotaxane S5-PF¢ with
'"H NMR titration experiments, we then investigated wheth-
er the change in the interlocked co-conformation could be
detected by UV/Vis spectroscopy. The magnitude of any
such response to different anions and the reversibility of the
molecular motion were studied in the less-competitive sol-
vent CHCI,, to ensure saturation in binding, and the associ-
ated co-conformational changes, but after the addition of
only several equivalents of anion.

Naphthalimide triazolium axle 3-BF, did not display any
perturbations in its UV/Vis spectrum upon addition of
anions in CHCI; (see the Supporting Information, Fig-
ure S16). However, the addition of TBACI to rotaxane 5-PF,
yielded a slight hypsochromic shift of the naphthalimide ab-
sorbance band, along with an enhancement in absorption
(Figure 11a). These gradual changes were observed upon
addition of up to two equivalents of chloride, after which
the UV/Vis spectra remained unchanged. Hence, the rela-
tive position of the macrocycle within the rotaxane-host
structure does indeed affect the naphthalimide absorbance
band, presumably due to changes in the donor-acceptor in-
teractions present in the two co-conformations. It is thought
that macrocycle translocation is signalled effectively, in con-
trast to the pseudorotaxane assemblies, due to the inter-
locked nature of rotaxane 5-PF,.
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Figure 11. UV/Vis spectra of a) rotaxane 5-PF; upon addition of 0.0, 0.5,
1.0, 2.0 and 5.0 equivalents of TBACI; b) i) rotaxane 5-PF, ii) after addi-
tion of 5.0 equivalents of TBACI and iii) after subsequent addition of
AgPF, and filtration. All spectra were recorded in CHCI; at 293 K, c=
1.0x107 M.

Similar perturbations were also observed upon addition of
bromide, iodide and dihydrogen phosphate to rotaxane
5-PF, (see the Supporting Information, Figure $17).1¥ With
chloride and bromide, increases in absorbance at 340 nm of
15 and 16 % were observed after saturation, whilst dihydro-
gen phosphate addition resulted in a considerably smaller
change of 6%. This indicates that the reduced extent of
macrocycle translocation with the larger oxoanion is reflect-
ed directly in the UV/Vis response to dihydrogen phosphate.
However, complete macrocycle translocation was not ob-
served for iodide either in the '"H NMR studies, but this was
not evident in the UV/Vis investigations (14 % increase in
absorbance).

To investigate whether the reversibility of this shuttling
behaviour could be demonstrated, a large excess of AgPF,
was added to a solution of rotaxane 5-PF in the presence of
five equivalents of TBACIL Importantly, the naphthalimide
absorbance band shifted back to its initial position (Fig-
ure 11b), indicating a return to the original co-conforma-
tion.

In summary, perturbations of the naphthalimide axle ab-
sorbance band—due to co-conformational-dependent -
donor—m-acceptor interactions with the macrocycle hydro-
quinone groups—enabled the reversible, anion-induced
shuttling exhibited by rotaxane-host-structure 5-PF¢ to be
signalled and monitored by UV/Vis spectroscopy.”
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Conclusion

By exploiting the naphthalimide triazolium motif, a novel
rotaxane host system was prepared by using chloride-anion
templation and demonstrated to exhibit selective, uni-direc-
tional, anion-induced shuttling as evidenced by 'H NMR
and UV/Vis spectroscopy.

Initial '"H NMR pseudorotaxane investigations between
tetrafluoroborate and chloride thread salts and an isophtha-
lamide-containing macrocycle revealed the ability of the
naphthalimide triazolium motif to form interpenetrated as-
semblies with counter-anion-dependent co-conformations.

The uni-directional shuttling behaviour of the analogous
rotaxane was driven by anion binding and controlled by the
dual stimulus of anion addition and by increasing the com-
petitive nature of the solvent. "H NMR titration experiments
revealed selectivity in rotaxane-host binding, and the extent
of macrocycle translocation was observed to be anion de-
pendent. Complete macrocycle translocation only occurred
upon the recognition of the strongly bound smaller halide
anions, namely, chloride and bromide. The three-dimension-
al anion-binding cavity of the rotaxane, which results upon
co-conformational change, is responsible for this selectivity.
The solid-state crystal structure of the rotaxane in the pres-
ence of chloride supports the proposed solution-phase co-
conformational behaviour.

Changes in the co-conformation of the rotaxane upon
anion addition were detected by UV/Vis spectroscopy due
to the sensitivity of the axle naphthalimide absorbance band
to the position of the macrocycle component within the in-
terlocked structure. The chloride-induced shuttling behav-
iour of the rotaxane was demonstrated to be reversible
upon addition of silver hexafluorophosphate.

Experimental Section

General considerations: Commercially available solvents and chemicals
were used without further purification, unless otherwise stated. Dry sol-
vents were obtained by purging with nitrogen and then passing through
an MBraun MPSP-800 column. Water was de-ionised and micro-filtered
with a Milli-Q ® Millipore machine. All tetrabutylammonium salts and
Grubbs’ second-generation catalyst were stored in a vacuum desiccator
prior to use.

NMR spectra were recorded on Varian Mercury 300, Varian Unity Plus
500 and Bruker AVII 500 (with "C Cryoprobe) spectrometers. Mass
spectrometry was carried out on a Bruker micrOTOF spectrometer.
Melting points were recorded on a Gallenkamp capillary melting point
apparatus and are uncorrected.

Literature procedures were used in the preparations of 2! and 4. The
syntheses of 1:-BF,, 1-Cl, 3-BF, and 3-Cl are given in the Supporting Infor-
mation.

Rotaxane 5-PF: Axle 3-Cl (40 mg, 0.029 mmol) and macrocycle precur-
sor 4 (28 mg, 0.044 mmol) were dissolved in dry CH,Cl, (10 mL) and
stirred for 30 min. Grubbs’ second-generation catalyst (10% by weight,
2.8 mg) was then added and the reaction mixture was left to stir at room
temperature for 15 h under N,. The solvent was removed in vacuo and
macrocyclic byproducts removed by preparative silica gel thin-layer chro-
matography (6:4 CH,Cl,/CH;CN). The crude product and unreacted 3-Cl
were dissolved in CH,Cl, (20 mL) and washed with 0.1m NH,PF; (aq)
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(10x10 mL) and water (4x10 mL). The organic fraction was dried over
MgSO, and in vacuo, and the residue purified by preparative silica gel
thin-layer chromatography (4% CH;OH/CH,Cl,) to yield 5-PF¢ as
a yellow solid (29 mg, 0.014 mmol, 47%). M.p.: 179-181°C; 'H NMR
(500 MHz, CDCL): 6=9.30 (s, 1H, H;,), 9.26 (apps, 1H, H,), 9.06 (d,
*J=1.3Hz, 1H, H,), 8.52 (d, ’J=7.3 Hz, 1H, Hy,), 828 (d, */=8.5Hz,
1H, Hy3), 8.18 (d, /=79 Hz, 1H, H,), 7.99 (d, */=7.9 Hz, 1H, H,,), 7.93
(dd, *J=8.5Hz, /=73 Hz, 1H, Hy,), 7.58 (brs, 2H, c), 7.22-7.27 (m,
12H, H, and Hyy), 7.05-7.12 (m, 16 H, H, H,, Hys and H,,), 6.98 (d, /=
8.8 Hz, 2H, Hy,), 6.61 (d, /=88 Hz, 2H, Hs), 5.92-5.98 (m, 2H, H,),
5.80-5.91 (m, 8H, H; and H,), 5.47 (s, 2H, Hy), 4.58 (s, 3H, H;s), 4.21-
427 (m, *J=7.0 Hz, 2H, Hy), 3.95 (brs, 4H, H;), 3.86-3.89 (m, 2H, Hy),
3.59-3.85 (m, 16H, H,, H,, H; and H)), 2.16-2.23 ( m, 2H,H;), 1.32 (s,
27H, H, or Hy), 1.31 ppm (s, 27H, H, or H,); "FNMR (282.5 MHz,
CDClL): 6=-734ppm (d, 'Y=712Hz, PFs); “CNMR (125 MHz,
CDCl;): 6=165.8, 164.9, 162.6, 156.3, 154.7, 152.0, 151.6, 149.2, 148.6,
148.3, 144.1, 143.7, 142.4, 140.4, 140.2, 136.0, 133.9, 132.9, 132.8, 132.3,
131.3, 130.8, 130.7, 130.6, 129.6, 129.5, 129.4, 128.8, 127.5, 126.7, 125.6,
125.2, 1242, 124.1, 122.2, 114.2, 113.9, 113.1, 112.9, 70.7, 69.5, 67.1, 66.9,
65.4, 63.1, 63.0, 58.3, 40.9, 39.2, 38.8, 34.3, 34.3, 31.4, 31.4, 28.0 ppm;
HRMS (ESI): m/z: caled for Cy,sH3sN;,Oy,: 1962.0329 [M—PF(]*; found:
1962.0347 .
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exhibit selective, uni-directional,
anion-induced shuttling behaviour (see
scheme), as evidenced by '"H NMR and
UV spectroscopy.
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