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A Dbistable [2]rotaxane with a conformation-adaptive macrocycle bearing a 9,14-diphenyl-9,14-

dihydrodibenzo[a,c]phenazine (DPAC) unit was synthesized, which could be utilized to optical probe the
molecular shuttling motion of the functionalized rotaxane system. The UV-vis, "H NMR and PL spectro-
scopic data clearly demonstrated that the DPAC ring was interlocked onto the thread and the fluores-
cence intensity of the DPAC unit in the macrocycle was effectively regulated by the location change of
the macrocycle along the thread under acid/base stimulation, which was attributed to the modulation of
the intramolecular photo-induced electron transfer between the DPAC unit and the methyltriazole (MTA)
unit. This bistable rotaxane system containing a conformation-adaptive fluorophore unit in the macrocy-
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cle moiety opens an alternative way to design functional bistable mechanically interlocked molecules.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since the first introduction of supramolecular chemistry [1,2],
macrocyclic molecules [3] as an important branch have gained par-
ticular attention and developed numerous potential applications in
various fields. Macrocycles are often structured with a special ring
motif, such as crown ether [4], in which these cyclic motifs could
be efficiently interacted with guest molecules. The crown ether
ring embellished with fluorophores has been introduced into me-
chanical interlocking molecules (MIMs) [5] to construct smart flu-
orescence systems, which have been widely adopted in photoelec-
tric switches [6,7], molecular recognition [8], fluorescent probes
[9,10], drug delivery [11] and smart materials [12-15]. A typical
MIMs system consists of a macrocyclic host structure, such as a
rotaxane, which a rod-shaped guest axle and two big blocking
groups to prevent the separation of the ring components. Among
the many macrocycle-based MIMs, one of the most common types
is the rotaxane that could produce luminescence upon different
stimulus (acid/base [16,17], ion binding [18,19], light [20,21] or ox-
idation state change [22]). The fluorescent signal was proven to be
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an efficient approach to monitor the ring’s mechanical movement,
taking advantages of the Forster resonance energy transfer (FRET),
photo-induced electron transfer (PET) mechanism. Meanwhile, the
mechanical shuttling motion of the host molecule can also be ef-
fectively monitored and even regulated based on its fluorescence
performance [23]. Nevertheless, more efforts are necessary for de-
veloping new fluorescent macrocyclic systems, in order to widen
the range of the potential application for current supramolecular
macrocycles.

A single-molecule conformation-adaptive fluorophore based
on 9,14-dihydrodibenzo[a,c]phenazine derivatives (DPAC) [24] has
been reported, which has uniquely large Stokes shift and multiple
fluorescence properties and been used for fluorescent probes [25],
bioimaging [26]. Recently, Tian et al. realized geometric changes
and inversions from bending to plane in the exciting process, using
chemical approaches, such as intramolecular cyclization [27] and
substituent effects [28], both which can precisely tune the fluores-
cence properties for the dihydrophenazine molecules. Apart from
these, we also reported a [2]catenane consisting of a DPAC-based
fluorescent macrocycle [29], in which the conformation-adaptive
emission of DPAC ring was precisely controlled in the interlocked
environment. Thus, it is possible to apply the single fluorophore
in fluorescent switches to regulate the multi-color or intensity
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Fig. 1. The synthesis routes of the [2]rotaxanes. Reaction conditions: (i) Cu(CH3CN)4PFg (1.1 equiv.), anhydrous dichloromethane, 25 °C for 4 h; (ii) CHsI (6.0 equiv.), NH4PFg,
methanol, 40°C for 36 h; (iii) EtzN (5.0 equiv.), (Boc),0 (5.0 equiv.), dichloromethane, Ar, 25°C for 12 h.

emission. Therefore, this controllable fluorescence property of the
DPAC-ring would be useful for developing MIMs’ applications.

Herein, we report a unique DPAC-crown ether ring-modified
[2]rotaxane system, a dedicatedly designed optical probe that
could be precisely regulated by the unique dynamic adaptive
mechanism of the fluorescence unit. As shown in Fig. 1, the tar-
get [2]rotaxane 2-H-2PFg contained a DPAC-functional crown ether
macrocyclic component and two large blocking groups at both
ends to prevent the departure of cyclic components. There were
two structured blocking units on the rod-shaped component, that
was dibenzylammonium (DBA) and N-methyltriazolium (MTA), as
the binding sites of the ring. The experimental results suggested
that the DPAC ring could recognize the binding sites based on the
different binding affinity of the stations towards the ring upon
stimuli-response. The conformation freedom of the DPAC ring var-
ied with the recognition sites (i.e., at different recognition sites, di-
verse sized guest molecules could bind to the host ring), result-
ing in the change of the fluorescence (wavelength and intensity).
This supramolecular host macrocyclic structure with vibration-
introduced emission characteristics can optically monitor differ-
ent guest molecules through the conformation freedom of the vi-
bration motion of the DPAC’s aromatic backbone. The phenomena
provide a good strategy for developing advanced supramolecular
system and designing functional bistable mechanically interlocked
molecules.

To synthesize the target [2]rotaxane 2-H-2PFg, we started with
the one-step synthesis of the [2]rotaxane 1-H-PFg from the known
compounds (Fig. 1, Supporting information for details). The com-
pound [2]rotaxane 2-H:2PFg was obtained from the methylation
of the triazole unit of [2]rotaxane 1-H-PFg. This was confirmed by
the characteristic chemical shifts of the methyl hydrogen and Hg
(Fig. 1) on methyltriazole (MTA) according to the 'H NMR. Mean-
time, a significant displacement of the characteristic protons Hg_13
on the ring and H,, Hy on the axle was observed. Two-dimensional
TH NOE signals were found between NH,* and hydrogens (Hy;,
Hyz, Hi3) on the DPAC ring (Figs. S10-S12 in Supporting infor-
mation), which confirmed that: 1) the correlation between the
ring and axle; 2) the DPAC-ring well fit at the dibenzylammo-
nium (DBA) recognition site. Additionally, the high-resolution ESI-
MS spectrum of [2]rotaxane 2-H-2PFg showed an intense peak at
my/z 1317.5280, which was assigned to the [2]rotaxane 2-H-2PFg af-
ter losing one of the PFg counterions.

The DBA salt in [2]rotaxane 2-H-2PFg was deprotonated and
protected with di-tert-butyl dicarbonate ((Boc),0), then a refer-
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Fig. 2. The photophysical properties of [2]rotaxanes. UV-vis absorption spectra
(a) and fluorescence spectra (b) of target [2]rotaxanes in dichloromethane (path-
length =10 mm, c=40pmol/L, Aex =350 nm).

ence [2]rotaxane 4-H:-PFg was therefore obtained. In COZY and
NOESY NMR spectra (Figs. S16-S18 in Supporting information),
there were the appearance of new cross peaks (representing
the three characteristic protons Hg and H;, Hy). It proved that
the DPAC-ring was located on MTA station away from the Boc-
protected DBA recognition site, and the signal of characteristic
hydrogen H¢ upshifted due to the shielding effect of the crown
ether. By using a similar synthesis method of [2]rotaxane 4-H-PFg,
another reference compound [2]rotaxane 3-H was obtained from
[2]rotaxane 1-H-PFg. The structures of these compounds were fur-
ther confirmed by mass spectrometry (Figs. S28-S31 in Supporting
information).

Then the intrinsic optical properties of the [2]rotaxane was par-
ticularly characterized (Fig. 2). A absorption band with a maxi-
mum wavelength (A,,s) at 345nm was observed for [2]rotaxane
2-H-2PFg. Comparing with the free DPAC ring [29], the maxi-
mum absorption of [2]rotaxane 2-H-2PFg exhibited a faintly blue-
shifted, which was similar with that of [2]rotaxane 1-H:PFg in
dichloromethane solution (Fig. 2a). The slight difference between
the free DPAC ring and [2]rotaxane 2-H-2PFg mainly resulted from
the deplanarization of the aromatic backbone and the enhance-
ment of DPAC ring conformation tension after binding the DBA site
in [2]rotaxane 2-H-2PFg. Similar phenomenon in which the macro-
cycles with distinctly shifted optical properties before and after
the host-guest recognition have been reported before [30]. Inter-
estingly, the fluorescence quantum yields of the two [2]rotaxanes
were greatly different and the emission intensity of [2]rotaxane 2-
H-2PFg was 5% less than that of [2]|rotaxane 1-H-PFg. It was be-
lieved that the cation dipole interaction between the crown ether
ring and the positive charge of MTA resulted in the decrease of
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Fig. 3. (a) Partial '"H NMR (400 MHz, CD,Cl,, 298K) spectra of [2]rotaxane 2-
H-2PFg, (b) [2]rotaxane 2-H-2PFg after adding 1.2 equiv. DBU, (c) [2]rotaxane 2-
H-2PFs + 1.2 equiv. DBU after adding 1.2 equiv. TFA.

the fluorescence quantum yield [31]. Meanwhile, it was found that
the DPAC ring could be a good optical monitor when the subtle
chemical environment was changed. In blank experiments, [2]ro-
taxane 3-H (A,,; =362 nm) showed a larger red-shifted absorption
because the conformation of the DPAC ring was free with no recog-
nition sites. And the absorption and emission peak of [2]rotaxane
4-H-PFg was consistent with the [2]rotaxane 2-H-2PFg, the lat-
ter was comparatively larger in the degree of blue-shift. Since the
binding ability of crown ether and MTA was weaker than that of
the crown ether and DBA group, the aromatic skeleton planariza-
tion of the DPAC ring was relatively smaller when the ring was
constrained by surrounded glycol chains. In addition, the lumines-
cence almost quenched owing to the intramolecular photo-induced
electron transfer effect (PET) between the electron-positive DPAC
chromophore and electron-deficient MTA molecule, indicating that
the DPAC ring can be used as a conformational adaptive fluo-
rophore optically detecting the molecular shuttle motion of [2]ro-
taxane.

Subsequently, the reversible shuttling movement of target [2]ro-
taxane 2-H-2PFg and the changes of photophysical properties of
the DPAC-ring were investigated by 'H NMR, UV-vis and PL spec-
troscopy under acid-base stimuli. Upon the addition of 1.2 equiv.
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) to neutralize the DBA
group of [2]rotaxane 2-H-2PFg in dichloromethane, the character-
istic hydrogens for Hg, H, Hy, Hn were shifted upfield significantly
(Adg=0.46, 0.4ppm; AS =0.61, 0.59 ppm; Ads=0.54, 0.98 ppm;
A8 =0.85ppm) (Figs. 3a and b), implying that the shielding effect
of the DPAC ring was forced to slip to the MTA station away from
the DBA recognition site. According to the literature upfield shifts
within different degrees and the disappearance of the NH,™ sig-
nal in 2D NMR spectroscopy (Figs. S12 in Supporting informaiton)
suggested that the formation of hydrogen bonds between the MTA
station and the macrocycle. Furthermore, the deprotonated [2]ro-
taxane 2-PFg was again mixed with 1.2 equiv. of trifluoroacetate
(TFA), the correlation of the [2]rotaxane 2-H-2PFg and with the
DPAC-ring at DBA site was reformed again, leading to the chem-
ical peak returned to its initial position (Fig. 3c). Therefore, the
molecular shuttling motion of [2]|rotaxane 2-H-2PFg can be easily
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Fig. 4. The photophysical characteristics of [2]rotaxane 2-H-2PFg driven by acid-
base in dichloromethane. UV-vis absorption spectra (a) and fluorescence spectra
(c) of [2]rotaxane 2-H-2PFs titrated with 1.2 equiv. DBU. UV-vis absorption spectra
(b) and fluorescence spectra (d) of [2]rotaxane 2-H:2PFg + 1.2 equiv. DBU and then
adding 1.2 equiv. TFA (pathlength =10 mm, ¢=80pumol/L, Aex =350 nm).

realized between the DBA and MTA recognition sites upon acid or
base conditions.

Then, the changes of the optical properties of the shuttling mo-
tion [2]rotaxane 2-H-2PFg was further investigated. Under base
treatment, the absorption of the deprotonated [2]rotaxane 2:PFg
showed a slight red-shift and a maximum peak (A.s=351nm)
(Fig. 4). Interestingly, a fluorescence quenching effect accompa-
nied with a weak blue-shift was observed. The weaker hydrogen
bonds between crown ether and MTA released the conformation
tension of the DPAC, the DPAC ring was prone to planarization
on the excited state, resulting in the fluorescence emission blue-
shift. Since the MTA structure was an electron-deficient acceptor
and easily to generate cation-dipole interaction, when the ring lo-
cated at MTA recognition site, strong intramolecular PET effect oc-
curred, which caused the fluorescence quenching. The similar phe-
nomenon was also observed in the reference compound [2]rotax-
ane 4-H-PFg (A,ps/Aem =350/421nm in dichloromethane), which
further confirm us demonstration, that the DPAC ring had slipped
at toward the triazole MTA from the DBA recognition site, and
the fluorescence quenching was closely related to the triazole MTA
group. After addition of TFA into the deprotonated [2]rotaxane
2:PFg, the NH group of DBA site reprotonated and the macrocyclic
returned to its original location. In the current state, the DPAC
ring adopted a deplanarized conformation due to strong hydrogen
bonds and the intramolecular PET phenomenon disappears, result-
ing in the reversion of the absorption and fluorescence. These ob-
vious fluorescence changes indicated that the DPAC-functionalized
ring could be used as an optical probe to monitor the molecule
reversibly shuttle among the DBA and MTA recognition sites.

Furthermore, in order to verify our hypothesis, addition exces-
sive base or acid to the dichloromethane solution of [2]rotaxane
4-H-PFg, it was found that there was no change of the UV-vis ab-
sorption, fluorescence emission or 'H NMR (Figs. S3 and S6 in Sup-
porting information). Because the DPAC ring has been recognized
on the MTA site and the conformation was fixed. And the fluo-
rescence emission of [2]rotaxane 4-H-PFg was always quenched,
which was consistent with the phenomenon of [2]rotaxane 2-
H-2PFg driven by the base. For [2]rotaxane 3-H, after adding 1.2
equiv. TFA, the absorption of [2]rotaxane 3 exhibited a blue-shift,
but its fluorescence intensity was quenched (Fig. S2 in Supporting
information). This may be attributed to the intramolecular PET ef-
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fect between electron-rich donor DPAC chromophore and the for-
mation of electron-deficient triazole groups in an acidic condition.
If an equivalent amount of DBU was added in slowly, its absorp-
tion and emission spectra (wavelength and intensity) returned to
its original state.

Therefore, except for [2]rotaxane 4-H-PFg, [2]|rotaxane 2-
H-2PFg, [2]rotaxane 1-H-PFg and [2]rotaxane 3-H all achieved re-
versible fluorescence wavelength or intensity switching upon acid
or base stimulation. The key feature of the [2]rotaxane 2-H-2PFg
was that the conformation-adaptive macrocycle leading the func-
tionalized rotaxane to undergo optically probe molecular shuttling
motions by addition acid or base.

In summary, we have successfully synthesized [2]rotaxane 2-
H-2PFg and three reference compounds ([2]rotaxane 1-H-PFg,
[2]rotaxane 3-H, [2]rotaxane 4-H:-PFg) based on conformation-
adaptive macrocycle DPAC. The DPAC ring was proved to shuttle
between the recognition sites with different binding abilities, lead-
ing to the discrepancy of conformational distortion and fluores-
cence properties of the DPAC molecule. The results were found that
the intrinsic luminescence of the DPAC molecule was restricted
by the unique dynamic adaptive mechanism and the fluorophore
quenching of DPAC was closely related to the intramolecular PET
effect. Therefore, the DPAC chromophore can be used as a sig-
nal output to monitor the molecular shuttling motion and a new
main fluorescence macrocycle on MIMs. In addition, [2]rotaxane
1-H-PFg, [2]rotaxane 2-H-2PFg can be used as fluorescent molecu-
lar probes with excellent performance under acid-base conditions,
which provides a new inspiration for the simple design of a multi-
mode stimulating fluorescent output system.
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