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A light-responsive self-complementary crown ether/ammonium
conjugate bearing an arylazopyrazole photoswitch as a spacer
can be switched between a [c2]daisy chain (E-isomer) and a lasso-
type pseudol[l]rotaxane (Z-isomer) by light.

Molecular daisy chains' and supramolecular polymers made by
them® represent a special class in mechanically interlocked
molecules (MIMs). [¢2]Daisy chains have gained much atten-
tion due to their potential as molecular muscles.>* The self-
complementary building blocks of [c2]daisy chains consist of a
wheel and an axle as the binding units, and several examples
have been reported using crown ethers,”® cyclodextrins,®*°
pillararenes"'? and cucurbiturils*® as the wheels together with
the corresponding axles. The introduction of stimuli-responsive
units in the molecular design provides access to [c2]daisy
chains that can be stimulated by pH,”'*"* light>'° and redox
reactions.'® Recently, these stimuli-responsive motifs have
been coupled to polymers, so that the shuttling of the macro-
cycle and thus the expansion/contraction can be observed at a
macroscopic level. %413

Pseudo[1]rotaxanes stand for another interesting category of
MIMs. Similar to the precursors of [c2]daisy chains, they com-
prise a macrocycle and a threaded axle, in which the compo-
nents are linked covalently. Though they exist in nature, i.e. as
lasso peptides,'”'® synthetic pseudo[1]rotaxanes have been less
frequently investigated compared to [c2]daisy chains."®™>" Syn-
thetic chemists have engineered the molecular design to control
the self-inclusion behaviour and the mechanical motion by
external stimuli, such as pH,*"** light>* and redox.**>°

Usually, the molecular design of a self-complementary mono-
mer is different for making a [c2]daisy chain and a lasso-type
pseudo[1]rotaxane. The “spacer” between the axle site and the
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wheel part should be short and rigid for making a [c2]daisy
chain;® whereas it is often longer and more flexible in the case of
a lasso-type pseudo[1]rotaxane in order to allow for the back-
folding of the axle into the wheel.> Since Shinkai and coworkers
presented a photoresponsive “tail-biting”, but non-threading
crown ether by taking advantage of the configurational differ-
ence between E- and Z-isomers of azobenzene in 1985,%” further
studies aiming at photoresponsive pseudo[1]rotaxane are rare.
Using azobenzene, a light-driven molecular pump®® and gated
photochromism® have been reported.

Herein, we demonstrate the possibility of forming both a
[c2]daisy chain and a lasso-type pseudo[1]rotaxane from the
same building block in a controlled way. In our design, we
synthesise a heteroditopic monomer 1 that bears an arylazo-
pyrazole (AAP) to bridge a threadable macrocycle, benzo-21-
crown-7, and a secondary ammonium ion (Fig. 1a). AAP is a
photoswitch that isomerises reversely under UV and green light
irradiation with almost quantitative photoswitching and can be
easily modified to tune its photophysical properties.>** In this
work, the rigid AAP plays an essential role in the molecular
design. Firstly, the E-AAP provides sufficient distance between
the crown ether and the ammonium station, so that the self-
inclusion conformation is unfavourable in this state. Instead, a
dimeric daisy chain (E,E-DC) is likely more preferred due to its
thermodynamic stability.>® Secondly, the metastable Z-AAP
brings the two recognition sites closer, thus a self-included
lasso-type pseudo[1]rotaxane (Z-L) is expected. The formation of
E,E-DC and Z-L and the light-controlled transformation are
investigated by NMR, UV/vis and tandem mass spectrometry.

Heteroditopic monomer 1 was synthesised from the alde-
hyde precursor containing the AAP unit attached to benzo-21-
crown-7, and n-butylamine via reductive amination, followed by
protonation with HCl and counterion exchange with NH,PF,
(for synthetic procedures and characterisation data, see ESIT).
NMR and UV/vis experiments were carried out to determine the
photoswitching properties of 1.

In the UV/vis spectra (Fig. 2a), the characteristic absorption
bands of AAP appear, namely a n-n* transition at ca. 350 nm
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Fig.1 (a) Molecular structure and light-responsiveness of 1 and the
corresponding [c2]daisy chain E.E-DC and pseudoll]lrotaxane Z-L.
(b) Molecular structure of control compound 2.
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Fig. 2 (a) UV/vis spectra of 1 upon irradiation of UV and green light.
(b) PSSs (at 365 and 530 nm) of 1 determined by *H NMR (400 MHz,
0.5 mM, DMSO-d).

and an n-n* transition at ca. 450 nm.***! When irradiating at

365 nm for 15 min, the n-n* band diminished and blue-shifted,
and the n-n* band increased and red-shifted, suggesting effec-
tive E- to Z-isomerisation of 1. After 15 min of green light
irradiation, not only the original spectrum was retrieved, but
the absorbance at ca. 350 nm was further increased, implying
the coexistence of the E- with some Z-isomer in the as-prepared
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sample. This feature is also observed in the "H NMR experi-
ments. The aromatic protons of AAP and the methylene protons
between the AAP and the benzo-21-crown-7 moieties can be
integrated to determine the photostationary state (PSS) at
different wavelength (Fig. 2b). In the as-prepared sample, the
ratio between E- and Z-isomer is approximately 7:3, which
resonates with the UV/vis experiments. Irradiation of 1 at
365 nm for 15 min led to almost quantitative photoswitching
(>98%) to the Z-isomer. Excitation of the n-rn* transition of 1
led to a PSS containing >95% of E-isomer. These results
indicate that 1 possesses excellent photoswitching properties
comparable to literature-known AAP derivatives.**™>*
Formation of E,E-DC from E-1 is investigated by "H NMR
spectroscopy. In competitive DMSO, 1 exists as an E-monomer
(Fig. 3a). In CD;CN, the equilibrium between monomer and
dimer shifts almost completely towards E,E-DC, as indicated by
the much more complex spectrum revealing a diastereotopic
splitting of the crown ether CH, groups and of proton H.
(Fig. 3b) which is indicative of threading. In addition, aromatic
protons at the phenyl ring of the AAP (H. and Hg) shift upfield,
and the adjacent methylene protons to the ammonium group
H, and Hj, downfield. These observations can be easily under-
stood: firstly, due to the self-complementary threading of E,E-
DC, the phenyl group of the AAP is positioned atop the pyrazole
group of the other and thus experiences its aromatic ring
current. Secondly, the deshielding of the N-CH, protons is
due to the hydrogen bonding to the crown ether’s oxygen
atoms. The assignment of protons in E,E-DC is further con-
firmed by "H-"H COSY NMR spectroscopy (Fig. S1, ESI{) as well
as concentration scanning (Fig. S2, ESIf) and a variable tem-
perature NMR experiment (Fig. S3, ESIT). The ratios between
non-threaded E-1 and E,E-DC in CD;CN range from ca. 4:6
(1 mM) up to 8:2 (20 mM). At elevated temperatures, E,E-DC
dissociates to a non-threaded E-1 due to a favourable entropy.
Irradiating E-1 with UV light at a concentration of 5 mM in
CD;CN resulted in a mixture of Z-1 and Z-L (Fig. 4b). Unfortu-
nately, the concentration cannot go beyond 5 mM, otherwise
E-1 as well as E,E-DC were detected (Fig. S4, ESIt). We attribute
this finding to an acid-mediated Z- to E-isomerisation of AAP,
which has been discussed earlier in the literature®*® and will
be discussed below. Similar to E,E-DC, the CH, signals of Z-L
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Fig. 3 Partial 'H NMR spectra of £-1in (a) DMSO-dg (700 MHz, 298 K) and
(b) CD3CN (700 MHz, 20 mM, 298 K).
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Fig. 4 Partial 'H NMR spectra of Z-1 in (a) DMSO-dg (700 MHz, 298 K)
and (b) CDsCN (700 MHz, 5 mM, 298 K).

reveal diastereotopic splitting as particular nicely observed for
H.. Also consistent with a threaded structure, upfield shifting
of the aromatic protons H, and Hq and downfield shifting of
the N-CH, protons H, and H}, were observed in Z-L. 'H-'H
COSY NMR spectrum of Z-1 supports our assignment of Z-L in
CD;CN (Fig. S5, ESI¥).

The light-mediated transformations between E,E-DC and Z-L
was investigated in gas phase by tandem and ion-mobility mass
spectrometry (IMS). IMS allows the separation of ions based on
their size which makes it an especially powerful tool to analyse
photoisomers with their typically identical elemental composi-
tions and thus identical m/z values.”’*° IMS has been used to
analyse the topology of intertwined molecules*® and recently
both MS and IMS utilised to identify pseudorotaxanes.>” E,E-DC
and Z-L have the same m/z, however their isotope patterns
differ as E,E-DC is doubly charged (peak spacing of 0.5) while
Z-L is singly charged (peak spacing of 1.0). Prior to UV irradia-
tion there is one clear peak at 8.6 ms in the arrival time
distribution (ATD). The corresponding mass spectrum has the
peak spacing of 0.5 expected for a doubly charged ion showing
E,E-DC (Fig. 5a) to be the major product. When irradiating with
UV light for 5 min, the characteristic dimer peak decreases in
the spectrum (Fig. 5b) whilst the ATD becomes more complex
with two new major peaks at 8.4 ms and 10.9 ms. The
corresponding mass spectra reveal the peak at 8.4 ms to
correspond to doubly charged and that at 10.9 ms to singly
charged ions, suggesting the formation of E,Z-DC and Z-L upon
irradiation, respectively. It is noteworthy that there is also a
trace amount of a doubly charged ion at 7.2 ms, which could
potentially be Z,Z-DC. After 20 min of UV irradiation, the major
product is Z-L with only trace amount of E,E- and E,Z-DC left as
identified by the IMS and MS results (Fig. 5¢).

E,E-DC and E,Z-DC were assigned based on energy resolved IMS
measurements and further irradiation experiments utilising green
light. Energy resolved IMS measurements of a sample containing all
species (i.e. after 5 min UV irradiation) resulted in a decrease in the
shoulder peak with a corresponding increase in the monomer peak
whilst the initial peak is relatively unchanged (Fig. S6, ESIT). As
E,Z-DC has a twisted conformation and is potentially less stable, it
will more easily dissociate upon increasing collision voltage com-
pared to E,E-DC. The same state was then also irradiated with green
light (530 nm). Not only did the monomer species diminish, but the
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Fig. 5 Normalised arrival time distributions (ATD) in the IMS experiments
and the corresponding mass spectra after (a) O min, (b) 5 min and
(c) 20 min of UV irradiation at 365 nm.

shoulder at lower drift time (8.4 ms) also gradually decreased
(Fig. S7, ESIt). After irradiating at 530 nm for 10 min, an ATD
similar to Fig. 5a is obtained. Z- to E-isomerisation of both Z-1, and
E,Z-DC would be expected to form E,E-DC, which fits the experi-
mental results. Notably, neither the shoulder peak nor the peak at
7 ms were increased under green light irradiation. Irradiation of the
Z1 would result in the formation of E-1 thus the only dimer
expected to form would be the E,E-DC which was indeed observed.
These findings support our hypothesis of photo-controlled transfor-
mations from E,E-DC to E,ZDC and finally to ZL under UV
irradiation. The Z-isomer can reliably be switched back with green
light to the E-isomer, which subsequently reassembles into the daisy
chain. In addition, the Z-L shows a good thermal stability with a
half-ife in the range of several hours (Fig. S8, ESIt). Semi-empirical
calculations and theoretical CCS values are in very good agreement
with the experimental data and, for example, reflect the somewhat
smaller size of the E,Z-DC as compared to that of the E,E-DC (ESL+
Section S5).

As observed in the NMR experiments (see above), the half-
life of the thermal back isomerisation of Z-1 significantly
decreases with increasing concentration from 16 days at
38 uM to 1.5 hours at 1 mM in acetonitrile (Fig. S16, ESIT).
We hypothesise that the ammonium ion can act as an acid in
organic solvents and the acid-mediated thermal back relaxation
of Z-azo compounds is known both in solution®**® and in the
gas phase.’® This effect is potentially not only concentration
dependent, but also solvent dependent. To further investigate
the solvent effect for the Z-E switching, 2 and Boc-protected 2
were tested. Three UV/vis spectra of each sample were recorded
in each solvent (Fig. S17, ESIt). Boc-protected 2 showed a great
thermal stability in all tested solvents after irradiating at
365 nm for 10 min, whereas 2 exhibited a clear solvent
dependence of the back-isomerisation rate. In polar solvents,
such as CH3;CN and DMSO, a good stability of Z-2 is observed
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due to the well-solvated secondary ammonium ion. In the case
of non-polar solvents like CH,Cl,, CHCl; and DCE, a fast Z-E
switching is detected. The back isomerisation is more promi-
nent because the lack of hydrogen bond acceptors in these
solvent molecules makes the ammonium ion acidic enough to
cause the acid-mediated Z-E isomerisation.*"**> When looking
at the dielectric constant of THF, it should fit in the category of
non-polar solvent. However, Z-2 showed a good stability in THF.
We attribute this observation to the stabilised secondary
ammonium ion by the oxygen of THF, so that the
protonation-assisted Z-E switching is inhibited.

In the gas phase, the atom which is protonated plays an
essential role in the ion’s behaviour. It has been reported that a
secondary amine can accommodate a proton better than azo
groups, so that the E- and Z-isomers of the azobenzene can be
generated and monitored by IMS.*”*° In our study, the ATD of 2
shifted towards shorter drift time upon UV irradiation (Fig. S9,
ESIT). These two photoisomers can be resolved because the
proton is situated at the secondary amine, thus the protonation-
assisted Z- to E-isomerisation is inhibited. On the contrary, the
Boc-protected 2 did not show a distinct difference in size upon
UV irradiation (Fig. S10, ESIt). In Boc-protected 2, the preferred
protonation site is the azo nitrogen adjacent to the phenyl ring,
which possesses a mesomeric stabilisation through the pyrazole
ring,**?® so that a fast Z-E switching is occurring.

In conclusion, we demonstrated a proof of principle that the
[c2]daisy chain made by 1 can be reversibly converted to the
lasso-type pseudo[1]rotaxane under light irradiation. In our
design, we employ an AAP to photo-control the distance
between the crown ether and the secondary ammonium station
in the thread, so that E-1 forms a self-complementary E-DC,
while Z-1 self-includes to a Z-L. These observations are not only
presented in solution as demonstrated by NMR and UV/vis
experiments, but also investigated in gas phase by MS and IMS.
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