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Rotaxanes

A Photoswitchable Macrocycle Controls Anion-Templated
Pseudorotaxane Formation and Axle Relocalization

Jorn de Jong, Maxime A. Siegler, and Sander J. Wezenberg*

Abstract: Important biological processes, such as signal-
ing and transport, are regulated by dynamic binding
events. The development of artificial supramolecular
systems in which binding between different components
is controlled could help emulate such processes. Herein,
we describe stiff-stilbene-containing macrocycles that
can be switched between (Z)- and (E)-isomers by light,
as demonstrated by UV/Vis and 1H NMR spectroscopy.
The (Z)-isomers can be effectively threaded by pyridi-
nium halide axles to give pseudorotaxane complexes, as
confirmed by 1H NMR titration studies and single-
crystal X-ray crystallography. The overall stability of
these complexes can be tuned by varying the templating
counteranion. However, upon light-induced isomeriza-
tion to the (E)-isomer, the threading capability is
drastically reduced. The axle component, in addition,
can form a heterodimeric complex with a secondary
isophthalamide host. Therefore, when all components
are combined, light irradiation triggers axle exchange
between the macrocycle and this secondary host, which
has been monitored by 1H NMR spectroscopy and
simulated computationally.

Introduction

In biological systems, external stimulus-controlled associa-
tion and dissociation between (sub)components is pivotal to
many processes, including signal transduction,[1] and molec-
ular motion and transport.[2] These processes have sparked
interest in the development of artificial host–guest com-
plexes in which binding properties can be modulated.[3] In
this respect, the use of light as the stimulus is advantageous
as it does not produce any waste products. Further, the
incorporation of molecular photoswitches into macrocyclic

hosts has proven to be a particularly promising approach to
achieve this goal, owing to the large shape changes that are
induced upon photochemical isomerization.[4]

The threading of macrocyclic hosts onto axle-like
molecules has culminated into interpenetrated (pseudoro-
taxane) and interlocked (rotaxane, catenane) structures,
which are particularly interesting for creating artificial
molecular machines and pumps.[5,6] Despite the large
changes in binding affinity reported for photoswitchable
macrocycles, assembly of pseudorotaxanes is usually con-
trolled through incorporation of a light-responsive moiety
into the axle rather than the macrocyclic ring.[7,8] An
exception was reported by the group of Hirose, who
demonstrated control of the (de)threading process of a
pseudorotaxane formed from a bis(anthracene) crown ether
and a dibenzylammonium axle.[9] This process was, however,
not yet very effective, given the small (3-fold) change in
stability constant upon photodimerization of anthracene.
Improved control—toward more complex functions—is thus
highly desired, not only with respect to photoswitching of
the macrocyclic ring, but also in terms of additional means
to fine-tune the binding strength.

To address these issues, we became interested in using
anion-templated pseudorotaxane structures, which were
extensively developed by the group of Beer.[10,11] In one of
their earliest designs, an isophthalamide-containing macro-
cycle was threaded by a pyridinium bis-amide axle, with its
halide counteranion hydrogen-bonded in between the
components.[11a,b] As such, the overall stability of the
pseudorotaxane structure can be tuned by varying this
counteranion. We envisioned that incorporation of a stiff-
stilbene photoswitch[12,13] into the macrocycle would enable
effective control of the threading process by light. So far, to
our best knowledge, control by light over anion-templated
assembly of pseudorotaxane structures has not been demon-
strated.

Herein, we describe anion-templated pseudorotaxane
formation with stiff-stilbene based macrocycles 1 and 2
(Scheme 1), which contract and expand in response to a light
stimulus. Where the (Z)-isomers are threaded by pyridinium
halide axles 3·X (X=Cl, Br, I), photoisomerization to the
respective (E)-isomers triggers dissociation of this axle
component. As an additional feature, the axle can then be
taken up by a secondary isophthalamide host to form an
anion-bound heterodimeric complex. This light-controlled
guest exchange between host molecules opens opportunities
for communicating chemical systems,[14,15] to enable process-
ing of signals and information. Further, this control of the
(de)threading process by geometrical changes in the macro-
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cycle could be used to move it directionally along a
nonsymmetric axle.[5,6]

Results and Discussion

Macrocycles 1 and 2 were prepared as their (Z)-isomers
following the synthetic route outlined in Scheme 2.[16]

Starting from previously reported 2-(4-
hydroxyphenoxy)acetonitrile,[17] alkylation with an excess of
either 1,2-dibromoethane or bis(2-bromoethyl) ether under
basic conditions afforded alkyl bromides 5 and 6, respec-
tively. These products were then coupled with (Z)-stiff-

stilbene-6,6’ diol, which was synthesized according to a
procedure from the group of Boulatov,[18] to obtain bis-
nitriles (Z)-7 and (Z)-8. Subsequent reduction of the nitrile
groups using lithium aluminium hydride resulted in forma-
tion of bis-amines (Z)-9 and (Z)-10, which were cyclized
with isophthaloyl chloride via an amidation reaction to give
the desired macrocycles. This cyclization was templated by
pyridinium chloride axle 3·Cl following a protocol developed
by the group of Beer.[11e]

The photoswitching behavior was initially investigated
by UV/Vis spectroscopy in dichloromethane (Figure 1A,B).
Absorption maxima were found around λ=350 and 360 nm
for both (Z)-1 and (Z)-2. In either case, irradiation with
385 nm light resulted in an absorption increase and a slight
hypsochromic shift of the maxima and the longer wave-
length absorption, which is characteristic for Z!E isomer-
ization of stiff-stilbene.[12,13] When the same sample was
subsequently irradiated with 340 nm light, these spectral
changes partially reversed, illustrative of isomerization back
to the (Z)-isomer. The samples were irradiated until the
photostationary states (PSS) had been reached and, at both
irradiation wavelengths, clear isosbestic points were ob-
served, indicating a unimolecular process (Figures S17–S20
in the Supporting Information). Importantly, 385/340 nm
irradiation could be repeated multiple times without signifi-
cant signs of fatigue (Figure 1C,D).

Next, the photoisomerization process was monitored by
1H NMR spectroscopy allowing determination of the PSS
ratios (Figures S21–S22 in the Supporting Information).
When solutions of (Z)-1 and (Z)-2 in dichloromethane-d2

were exposed to 385 nm light, new signals appeared that
could be ascribed to the corresponding (E)-isomers. Again,
subsequent 340 nm irradiation led to the reverse spectral
changes showing recovery of the (Z)-isomer. By 1H NMR
signal integration it was determined that the PSS385 mixtures

Scheme 1. Representation of light-promoted (de)threading of stiff-
stilbene-based macrocycles (Z)-1 and (Z)-2 by pyridinium halide axles
(X=Cl, Br, I).

Scheme 2. Synthesis of stiff-stilbene-based macrocycles (Z)-1 and (Z)-2.

Figure 1. UV/Vis spectral changes of (Z)-1 (A) and (Z)-2 (B) upon
consecutive irradiation with 385 nm and 340 nm light (c=2.0×10� 5 M
in dichloromethane) and change in absorption at 340 nm during
385/340 nm irradiation cycles (C,D).
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contained >95% of the (E)-isomer, whereas the PSS340 (E/
Z) ratios were 55 :45 and 48 :52 for 1 and 2, respectively.

After having established that the macrocycles can be
isomerized by light, their threading with pyridinium axle 3
having different halide counteranions (i.e., Cl� , Br� , I� ) was
studied by 1H NMR spectroscopy in water-saturated chloro-
form-d.[19] In all cases, stepwise addition of the axle to the
(Z)-isomers led to major changes in the 1H NMR spectrum,
which were indicative of the formation of a pseudorotaxane
structure (Figure 2 and Figures S23–S28 and S37–S42 in the
Supporting Information).[11] For example, when 3·Cl was
added to (Z)-1, the aromatic singlet (Hg) and NH signal (Hf)
of the isophthalamide part of the macrocycle experienced a
pronounced downfield shift as a result of their hydrogen-
bonding interaction with the chloride anion (from δ=7.97 to
9.08 ppm and from δ=6.87 to 8.51 ppm, respectively).
Furthermore, the hydroquinone signals (Hd,e), which ap-
peared as singlet (δ=6.77 ppm) for (Z)-1 alone, shifted
upfield and split into two signals (δ=6.41 and 6.19 ppm). At
the same time, the amide (Hj) and aromatic protons (Hk,l) of
the axle became more shielded as a result of sharing the
counteranion with (Z)-1 (the chemical shift of Hl, Hj and Hk

changed from δ=10.71, 9.63 and 9.24 ppm to δ=10.68, 9.60
and 9.19 ppm, respectively).

Similar chemical shift changes upon combining this
pyridinium halide axle with structurally related (non-switch-
able) macrocycles were described by Beer and co-
workers,[11a–c] thus supporting the formation of an inter-
penetrated pseudorotaxane structure. 1H NMR dilution
experiments performed with the pyridinium halide axles did
not show any noteworthy chemical shift changes, on which

basis ion-pair dissociation was assumed to be negligible
(Figures S53–S55 in the Supporting Information). Hence,
the titration data was fitted to a 1 :1 binding model using
HypNMR software,[20] considering the pyridinium halide
axles as single species. The calculated stability constants are
given in Table 1 and are the highest for threading of (Z)-1
and (Z)-2 by 3·Cl. Overall, the constants become lower with
decreasing basicity and increasing size of the counteranion
in the order: Cl� >Br� > I� . Presumably the anion-binding
pocket formed by the four amide-substituents in the
pseudorotaxane structure is able to accommodate the small-
er chloride better than the larger bromide and iodide.
Expansion of the binding site for the larger anions will likely
increase steric interaction between the macrocycle and the
axle.[11a]

In contrast, 1H NMR titration studies using the (E)-
isomers, which were obtained by 385 nm irradiation of the
corresponding (Z)-isomers, resulted in only minor 1H NMR
spectral changes (Figures S29–S34 and S43–S48 in the
Supporting Information). Fitting of the data revealed that in
particular macrocycle (E)-1, but also (E)-2, had remarkably
lower affinity for all the pyridinium halide axles as
compared to their respective (Z)-isomers (see Table 1). The
difference in affinity between isomers was the largest (55-
fold) for the combination of 1 and 3·Cl. The most plausible
explanation for the lower threading capability of the (E)-
isomer with respect to the (Z)-isomer is that the pyridinium
ring of the axle is less well accommodated by the former
isomer due to steric repulsion by the stiff-stilbene unit. This
is reflected in the overall higher stability constants observed
for the larger (E)-2 as compared to (E)-1. Interestingly,
while enlargement of the macrocycle thus leads to overall
stronger complexation, it makes that photochemical isomer-
ization has a smaller effect on the threading and dethreading
process, that is, the Ka,Z/Ka,E ratios are smaller for 2 than for
1. Importantly, when tetrabutylammonium chloride was
titrated to (E)-1 and (E)-2 (Figures S35–S36 and S49–S50 in
the Supporting Information) association constants of
~30 M� 1 were determined, which is around half of the Ka

value obtained for the titration of (E)-1 with 3·Cl. This small
difference indicates that the macrocycle and axle compo-
nents do not significantly interact and hence, that no
threading occurs. On the other hand, for (E)-2 the associa-
tion constant determined for 3·Cl is almost eight times
higher than that of tetrabutylammonium chloride, indicating
that here the macrocycle can still be threaded to a certain
extent.

To confirm that (de)threading can be controlled in situ
by light, photoswitching of the smallest macrocycle (Z)-1
was carried out in the presence of the strongest binding
pyridinium chloride axle 3·Cl. The irradiation process was
monitored by 1H NMR spectroscopy in dichloromethane-d2

(Figures 3 and S56 in the Supporting Information). Starting
with the threaded (Z)-isomer, 385 nm irradiation led to
appearance of the 1H NMR signals characteristic for the
(E)-isomer, where subsequent irradiation at 340 nm led to
partial recovery of the signals of the original threaded
species. The PSS385 and PSS340 (E/Z) ratios were determined
as 90 :10 and 31 :69, respectively. Interestingly, in particular

Figure 2. 1H NMR spectra of (Z)-1 (1.0 mM, top), 3·Cl (5.0 mM,
bottom), and a mixture of both components (middle) in chloroform-d
saturated with water; see Scheme 1 for the lettering assignments.

Table 1: Association constants (Ka) of macrocycles 1 and 2 with
pyridinium halide axles 3*X in chloroform-d/sat. H2O.[a]

Axle (Z)-1
[M� 1]

(E)-1
[M� 1]

Ka,Z/
Ka,E

(Z)-2
[M� 1]

(E)-2
[M� 1]

Ka,Z/
Ka,E

3*Cl 3.1×103 56 55 8.3×103 2.3×102 36
3*Br 1.1×103 53 21 2.1×103 2.4×102 9
3*I 5.1×102 77 7 4.3×102 1.3×102 3

[a] As determined by 1H NMR spectroscopic titrations and analysis of
the data using HypNMR software;[20] errors are estimated to be no
more than �15%.
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for the latter case, this ratio is thus significantly more biased
towards the (Z)-isomer than when the macrocycle is
irradiated alone (PSS340 =55 :45, see above).

Unequivocal evidence of pseudorotaxane formation
came from single-crystal X-ray crystallography analysis.
Suitable single crystals of (Z)-1 V3·Cl were grown by slow
diffusion of diethyl ether into an equimolar mixture of the
components in dichloromethane. The solid-state structure
shows threading of the macrocycle by the pyridinium axle,
where the chloride counteranion is involved in four N-
(H)···Cl and two C(H)···Cl hydrogen bonding interactions
(distances between 3.256–3.523 Å, see Figure 4 and the
Supporting Information for details).[21] Furthermore, the
axle’s electron-poor pyridinium ring is positioned in between
the two electron-rich hydroquinone moieties of the macro-
cycle, indicating a contribution of π–π stacking to the overall
stability of the pseudorotaxane complex. In addition, the
pyridinium methyl group is directed towards the stiff-
stilbene ethylene glycol substituents, having electrostatic
and possibly also hydrogen-bonding interactions with the
oxygen atoms.[11a] In this structure, the relative orientation

of the amide-residues around the chloride ion deflects from
perfectly tetrahedral, which is most likely due to packing
effects (see Figure S63 in the Supporting Information).

Inspired by the role of messenger molecules in biological
signaling processes,[1] several efforts have been made to
control the transfer of ions and guest molecules between
molecular hosts in fully artificial multicomponent
supramolecular systems.[14,15] Since photoisomerization of
the macrocycle in our case led to effective (de)threading, we
envisioned light-controlled exchange of the axle subunit
between the macrocycle and an appropriate secondary host.
To achieve successful axle exchange, the secondary host
should ideally have an affinity constant in between that of
the (E)- and (Z)-isomer of the macrocycle.[15e] We selected
an aromatically substituted isophthalamide derivative since
this type of molecule is known to form a heterodimer with
3·Cl (Scheme 3).[11a] By a 1H NMR titration experiment in
chloroform-d saturated with water, a binding constant for
1 :1 complexation of 3·Cl with N,N’-bis(4-(trifluorometh-
yl)phenyl)isophthalamide (4) of 1.4×103 M� 1 was determined
(Figures S51–S52 in the Supporting Information). This kind
of isophthalamide derivative is known to predominantly
exist in a syn-anti and anti-anti conformation in solution,[22]

which we validated for 4 by DFT energy minimizations on
the B3LYP/6–31+ +G(d,p) level of theory using an
IEFPCM dichloromethane solvation model (Tables S3–S6 in
the Supporting Information). While the anti-anti conforma-
tion was found to be lowest in energy, both isomers coexist
in solution, which was confirmed by a 1D NOESY experi-
ment (Figure S57 in the Supporting Information). In con-
trast, complex formation with axle 3·Cl is only possible in
the syn-syn conformation, meaning that a net conforma-
tional change occurs when forming the heterodimer.[22] In
the case of light-stimulated pseudorotaxane dethreading and
recombination of the axle with isophthalamide 4, this syn-
anti conformational change is then coupled in a remote way
to macrocycle E/Z isomerization.

The stability constant of the 4 V3·Cl heterodimer lies
perfectly in between those determined for complex forma-
tion of 3·Cl with the (E)- and (Z)-isomer of 1. As,
furthermore, for this macrocycle the largest difference in
affinity was obtained, it was selected in combination with
secondary host 4 to demonstrate axle exchange. Importantly,

Figure 3. 1H NMR spectra of a mixture of (Z)-1 and 3·Cl (1.0 mM and
2.5 mM in dichloromethane-d2, respectively; top), sequentially irradi-
ated with light of 385 nm (middle) and 340 nm (bottom).

Figure 4. Front view and side view of pseudorotaxane (Z)-1 V3·Cl as
found in the crystal structure, shown in stick representation. Co-
crystallized diethyl ether and dichloromethane, as well as disorder in
the hexyl side chains of the axle component have been omitted for
clarity.

Scheme 3. Heterodimer formation between pyridinium chloride axle
3·Cl and N,N’-bis(4-(trifluoromethyl)phenyl)isophthalamide (4).
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mixing of either (Z)-1 or (E)-1 with 4 did not show
significant 1H NMR chemical shift changes, as compared to
the individual species, corroborating that they do not
interact with each other (Figure S58 in the Supporting
Information).

When 1 equivalent of axle 3·Cl was added to isophthala-
mide 4 in dichloromethane-d2,

[23] the NH (Hm) and aromatic
singlet (Hn) signals of the latter experienced a large down-
field shift, indicating dimerization (from δ=8.13 to 8.91 ppm
and from δ=8.45 to 8.61 ppm, respectively, see Figure 5 and
Figures S59–61 in the Supporting Information). These
signals, in addition to two signals belonging to the axle (i.e.,
Hj and Hk at δ=9.42 and 9.10 ppm, respectively), were
therefore used to track the exchange process. When 5
equivalents of (Z)-1 were added to this mixture, the
characteristic signals of pseudorotaxane (Z)-1 V3·Cl ap-
peared, and thus part of the initially formed 4 V3·Cl complex
had dissociated (Figure 5). Break-up of this heterodimer was
corroborated by the upfield shifting of aforementioned NH
(Hm) and aromatic singlet (Hn) signals of 4 (from δ=8.91 to
8.73 ppm and from δ=8.61 to 8.56 ppm, respectively), as
well as of NH (Hj) and aromatic proton (Hk) signals of 3·Cl
(from δ=9.42 to 9.08 ppm and from δ=9.10 to 8.96 ppm,
respectively). After irradiation with 385 nm light to trigger
conversion from (Z)-1 to (E)-1 (>95%), a downfield shift
of all these proton signals was noted to chemical shift values
that closely resemble those observed for 4 V3·Cl before the
addition of (Z)-1 (i.e., Hm, Hn, Hj and Hk shifted to δ=8.91,
8.60, 9.34 and 9.04 ppm, respectively). These spectral
changes thus indicate almost quantitative dethreading of the
axle from the macrocycle upon Z!E isomerization and
concomitant reassembly into the heterodimer, which was
expected based on the large difference in stability constant
between (E)-1 V3·Cl and 4 V3·Cl (Ka,4/Ka,(E)-1=25). When the

mixture was subsequently irradiated with 340 nm light to
give a mixture with an (E)-1/(Z)-1 ratio of approximately
50 :50, the regenerated (Z)-isomer of the macrocycle
recombined with 3·Cl to form the pseudorotaxane structure,
as illustrated by the upfield shifting of the tracked proton
signals of the axle (Hj and Hk, from δ=9.34 and 9.04 ppm to
δ=9.12 and 8.97 ppm, respectively), as well as of the
secondary host (Hm and Hn, from δ=8.91 and 8.60 ppm to
δ=8.77 and 8.57 ppm, respectively). This 385/340 nm irradi-
ation cycle could be repeated without significant signs of
degradation.

To estimate the concentrations of all species present in
solution under the experimental conditions used, this four-
component system was modeled using HySS software (see
Table S1 in the Supporting Information).[24,25] Initially, in the
equimolar mixture of 4 and 3·Cl, approximately 30%
dimerizes into 4 V3·Cl. The addition of (Z)-1 increases the
total amount of associated axle to 85%, of which the
majority is complexed with the macrocycle [(Z)-1 V3·Cl/
4 V3·Cl ratio 10 :1]. At the PSS385, the total amount of bound
axle is reduced to 40%, where 4 V3·Cl now becomes the
dominant complex [(Z)-1 V3·Cl/4 V3·Cl=1 :2.5]. Finally, in
the PSS340 mixture, containing (E)-1 and (Z)-1 in a 1 :1 ratio,
an estimated amount of 75% of the axle is bound, primarily
by the macrocycle [(Z)-1 V3·Cl/4 V3·Cl 5 :1]. This simulation
confirms that, upon each step, part of axle 3·Cl is transferred
between macrocycle (Z)-1 and isophthalamide 4.

Conclusion

In summary, we have developed photoswitchable stiff-
stilbene based macrocycles, of which the (Z)-isomer can
assemble into stable pseudorotaxane structures with pyridi-
nium halide axles. As the counteranion functions as
template, the overall stability of the complex can be tuned
(from high to low in the order Cl� >Br� > I� ). Photo-
isomerization to the (E)-isomer results in remarkably
reduced affinity (up to 55-fold) for the axle and hence,
dethreading. In addition, when a secondary isophthalamide
host is present in the mixture, the axle component is
effectively transferred between the macrocycle and this
secondary host upon 385/340 nm irradiation. Axle exchange
and dual complex formation are thus successfully controlled
by light in a multicomponent system. The approach
presented here offers new opportunities for biasing the
threading direction using nonsymmetric axles (towards
molecular pumping).[5,6] Further, our results could stimulate
the development of future, more complex supramolecular
systems that involve signaling, communication, and informa-
tion processing.[14,15]

Supporting Information

The authors have cited additional references within the
Supporting Information.[26–30]Figure 5. 1H NMR spectral changes in the aromatic region of 4, 1, and

3·Cl upon mixing the three components in dichloromethane-d2 and
sequential irradiation with 385/340 nm light.
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J. de Jong, M. A. Siegler,
S. J. Wezenberg* e202316628

A Photoswitchable Macrocycle Controls
Anion-Templated Pseudorotaxane Forma-
tion and Axle Relocalization

Anion-templated pseudorotaxane forma-
tion is effectively controlled by macro-
cycles that expand and contract in
response to a light stimulus. Upon light-
induced threading and dethreading, the
axle component can dynamically relocate

between the macrocycle and a secondary
isophthalamide host. This work is a
stepping stone towards signal process-
ing in multicomponent supramolecular
systems.
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