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We have designed and prepared a new dual stimuli-responsive
guest molecule containing a spiropyran fragment and a pyridinium
moiety. Acid addition or UV-light irradiation induces guest
transformation to a merocyanine isomer, promoting the threading
motion through a 24-crown-8 macrocycle and the formation of a
[2]pseudorotaxane complex.

Biological systems at the nanoscale level are characterized for
complex molecular motions. The ATP synthase is among the most
relevant systems; these protein complexes perform ATP synthesis
through the coupled rotary motion of its diverse components
powered by chemical reactions.! There are also biological processes
driven by light, such as the vision; the fundamental photochemical
reaction is the cis/trans isomerisation of the 11-cis-retinal present
in the rhodopsin protein. This process causes a series of
conformational changes and triggers the vision phenomenon.2

Significant efforts have been devoted to mimic some of the
systems observed in Nature, resulting in the construction of
artificial molecular machines.® In this regard, photo sensitive
host-guest systems have been prepared and investigated over the
years.4 A common characteristic of these assemblies is the presence
of photoactive groups like stilbenes,’ fumaramides,6 azobenzenes,’
dithienylethenes8 or spiropyrans.9 All these species undertake
reversible structural changes after interacting with light, inducing in
some cases, the relative movement of the assembly components.

An interesting feature of the spiropyran moiety is its dual
responsiveness to chemical and photo stimulation, leading to its
transformation to a merocyanine isomer and causing significant
structural and electronic changes.10 These properties were
previously used for driving the motion of a Leigh-type macrocycle,
by irradiation with UV-light, from a peptide station to a zwitterionic
merocyanine site in a rotaxane molecular shuttle."*

Based on these observations, we proposed that the
incorporation of the spiropyran group into host-guest systems could
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lead to the development of responsive systems capable of
performing coupled molecular motions.

Herein, we present the design, synthesis and association
behaviour of a dual stimuli-responsive guest molecule containing a
spiropyran moiety. Upon acid addition or UV-light irradiation an
isomerisation to a merocyanine form is expected and a recognition
motif would be generated in the guest, promoting a threading
motion through a macrocycle to yield a pseudorotaxane complex.

Our design is based on the bis(pyridinium)ethane recognition
motif, studied by Loeb et al.;12 which combined with 24-membered
crown ether macrocycles gives rise to pseudorotaxane complexes in
solution. In this work, we replace a pyridinium with a spiropyran
moiety, so that we could be able to turn on/off the recognition site
in the molecule by chemical or optical perturbations (Fig. 1).

The association process between the macrocycle and the guest
would depend on the isomer. The guest in its spiropyran form (SP)
would not show any association with dibenzo-24-crown-8 ether
(DB24C8), because of poor geometrical and electronic
complementarity.  Nonetheless, transformation the
merocyanine isomer (ME or MEH) would induce the emergence of a
positive charge on the indole ring and the planar arrangement of
the merocyanine fragment, adequate for ion-dipole and m-stacking
interactions, as well as an anti configuration in the ethylene unit,
complementary with the macrocycle cavity. These combined effects
would generate a recognition motif on the guest suitable for
pseudorotaxane formation with the macrocycle.
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Fig. 1 Isomerisation of a spiropyran-based molecule (black) to a merocycanine guest
(blue) by chemical or light stimulus and its association behaviour towards crown ether.
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Compound [SP-Bipy][OTf] was synthesized by reacting
4,4’-bipyridine with N—(2—bromoethy|)spirobenzopyran13 followed
by anion exchange with sodium triflate. Electronic absorption
spectroscopy, 'H and *C NMR spectroscopy, single-crystal X-ray
diffraction and high-resolution mass spectrometry were used to
characterize this compound (see ESI).

The optical behaviour of compound [SP-Bipy][OTf] to acid/base
and light inputs was analysed by electronic absorption spectroscopy
(Fig. 2a). A solution of compound [SP-Bipy][OTf] (1 x 10" M, CH;CN)
is colourless and its absorption spectrum does not show any band
above 400 nm. Upon addition of 3 mol equivalents of triflic acid, the
solution turns yellow and the appearance of an absorption band at
422 nm is observed, reaching its maximum after 12 hours,
indicating a complete transformation to the merocyanine species
[MEH-Bipy-H][OTf];. By 'H NMR analysis could be established that,
immediately after acid addition, the bipyridinium unit is protonated
giving rise to [SP-Bipy-H]2+, which is slowly transformed to the
merocyanine species [MEH-Bipy-H]3+, formed by the protonation of
the phenolic group and the bipyridinium unit. An entire
transformation to the merocyanine species was observed after 12
hours in the dark. Compound [MEH-Bipy-H][OTf]; was fully
characterized by NMR spectroscopy and HR-MS (see ESI). After
addition of base to a solution containing [MEH-Bipy-H][OTf];, the
bipyridinium unit and phenolic group are both deprotonated,
resulting in the formation of [ME-Bipy]’, which contains a
zwitterionic merocyanine moiety; responsible for the emergence of
a new absorption band at 582 nm and the observed purple colour.
The species [ME-Bipy]" can be also obtained by irradiating a
[SP-Bipy]" solution with UV light at 254 nm; the photo conversion is
ca. 16% (see fig. $34). Due to its short lifetime, [ME-Bipy]” was not
characterised by NMR spectroscopy. Finally, compound [SP-Bipy]"*
can be recovered by visible light irradiation of a solution containing
ME species or by deprotonation of MEH species. Absorption spectra
of the switching cycle are shown in fig. 2b. The differences in the
absorption properties of the isomers formed during the cycle can
be distinguished with the naked eye as shown in fig. 2c.

In order to obtain information regarding complex formation
between DB24C8 and the aforementioned species; [SP-Bipy]’,
[MEH-Bipy-H]3+ and [ME-Bipy]’; the previous switching cycle was
performed in the presence of DB24C8. Despite trying several
different experimental conditions, no changes were observed in the
electronic spectra. This result would indicate that, at the working
concentration, very low amount of complex is formed, reflecting a
relatively low association constant. In order to prove complex
formation we turn our efforts to higher concentration solutions and
NMR methods.

Recorded 'H NMR spectra of an acetonitrile solution of
[SP-Bipy][OTf] with increasing amounts of DB24C8, display minor
changes on the chemical shifts and shape of some resonances (see
fig. $26). This suggests a very weak interaction between [SP-Bipy]”
and DB24C8, as expected. Nevertheless, a completely different
behaviour is observed when the merocyanine isomer is used; upon
addition of several amounts of DB24C8 to a solution of
[MEH-Bipy-H][OTf];, the 4 NMR spectra important
modifications on the chemical shifts (see fig. S28). This provides
evidence of the formation of a host-guest complex between
DB24C8 and [MEH-Bipy-H]*".
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Fig. 2 a) Switching cycle of [SP-Bipy][OTf] molecule; b) Absorption spectra of
[SP-Bipy][OTf]; [MEH-Bipy-H][OTf]; and [ME-Bipy][OTf] (4 x 10° M, CH3CN ,293 K); c)
Pictures corresponding to, from left to right: [SP-Bipy]'; [MEH-Bipy-H]** and
[ME-Bipy]’, obtained by base addition or by irradiation with 254 nm light, respectively
(1% 10™ M, CH3CN, 293 K).

The 'H NMR spectra of an equimolar mixture containing
DB24C8 and [MEH-Bipy-H]3+ show a single set of peaks because of
fast exchange on the NMR time scale between free and complexed
species, probably because of the terminal nitrogen protonation on
the guest. The resonances showing the most remarkable changes
are those corresponding to protons located on: a) the ethylene unit,
b) the bipyridinium fragment and c) the merocyanine double bond.
Upon saturation with DB24C8, protons on the ethylene, are clearly
shifted to higher frequencies; whilst resonances related to protons
on the bipyridium unit are shifted to lower frequencies.
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These observations indicate hydrogen-bonding and m-stacking
interactions, respectively. Protons on the merocyanine moiety are
shifted considerably regarding its initial position suggesting an
intermolecular interaction with the macrocycle. All observed
changes in chemical shifts are consistent with a host-guest complex
in a rotaxane-like geometry with the cavity of the macrocycle
encircling the ethylene unit of the guest and the aromatic rings of
DB24C8 in close proximity to the bipyridinium fragment. The
association constant for this complex, K,, was estimated by an NMR
titration experiment and a non-linear least-squares fit"* of the data.
The K, value obtained by this procedure is 13.9 (+0.5) m? (fig. S29).

In order to corroborate the previous structural information for
the complex, a slow exchange process on the NMR time scale was
studied. This was attained by incorporation of a bulky benzyl group
on the guest at the N terminus. Compound [SP-Bipy-Bn][OTf], was
prepared by reacting [SP-Bipy][Br] with benzyl bromide in CH;CN to
obtain the corresponding bromide salt, followed by anion exchange
with sodium triflate. The corresponding merocyanine isomer,
[MEH-Bipy-Bn][OTf];, was obtained in situ by addition of HOTf.
Both benzyl-derivatives were characterized by NMR techniques and
HR-MS (see ESI).

Upon mixing an acetonitrile solution of [MEH-Bipy-Bn][OTf];
with DB24C8, the resulting 'H NMR spectrum clearly shows the
formation of an inclusion complex (Fig. 3). A new set of signals is
observed (highlighted in blue in fig. 3b), corresponding to a host-
guest complex in slow exchange with free guest and macrocycle.
This chemical exchange was verified by 2D T-ROESY NMR
experiment (Fig. 3d). This technique was useful for the assignation
of the proton resonances corresponding to the new species formed.

Comparing the position and the integrals of the signals from the
complex with those of the free species, we were able to confirm a
[2]pseudorotaxane complex. The chemical shifts observed for this
species are similar to those noted for the fast exchange equilibrium,
pointing out that the interpenetrated structure in both cases is
closely related.

Resonances of the protons present on the ethylene unit of the
complexed guest, H;o and Hyy, are shifted to higher frequencies (A
= +0.53 ppm), while the aromatic proton signals of H,, Hy and H¢
undergo a shielding effect (Ad = -0.16, -0.60, -0.17, respectively).
The signals corresponding to the aromatic protons of the
complexed macrocycle (Ha-) are shifted to lower frequencies (Ad = -
0.30 ppm), probing the existence of the m-stacking interaction
between these rings and the bipyridinium unit of the guest. Protons
Hg and Hy on the merocyanine moiety, undergo a deshielding effect
(Ad = +0.5 and +0.6 ppm) probably due to the proximity of the
oxygen atoms present in DB24C8 cavity. The association constant of
the pseudorotaxane was estimated by the single point method,
giving a K, value of 11 (2) M™. This constant is of the same order of
magnitude than the one observed for [MEH-Bipy-H]3+. The
observed low association constants are probably related to weaker
n-stacking and ion-dipole interactions regarding the Loeb’s motif.

These results altogether prove the coupling between the
isomerisation motion on the guest and the threading process
through the macrocycle triggered by a chemical stimulus.

It is worth to notice that dissociation of the inclusion complexes
formed between merocyanine isomers and DB24C8 could be
attained if the corresponding spiropyran compound is restored by
addition of base (pyridine) to the solution. Unfortunately, only two
cycles could be performed since guest decomposition is observed.

Once acid-induced complex formation was demonstrated, we
turned our efforts to photo activation. As previously mentioned,
[ME-Bipy]” species has a very short lifetime and its NMR
characterization is hampered, including any complexes related. So,
we decide to kinetically trap the pseudorotaxane complex by in situ
transformation to a [2]rotaxane, under suitable experimental
conditions.

An acetonitrile solution containing [SP-Bipy][OTf],
DB24C8 and 4-tertbutylbenzyl bromide, as end-capping agent, was
irradiated with UV light at 254 nm during 18 hours in a quartz tube.
After this period, a precipitate was recovered and analysed by "H
NMR and HR-MS.
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Fig. 3 Partial "H NMR spectra (500 MHz, CD;CN, 298 K) of a) [MEH-Bipy-Bn][OTf]5; b) 1 : 3 mixture of [MEH-Bipy-Bn][OTf]; (2.2 x 10”2 M) and DB24C8, and c) free macrocycle; d)
2D T-ROESY NMR experiment showing cross peaks for free and complexed species (EXSY-related peaks). Blue peaks correspond to the [2]pseudorotaxane.
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Fig. 4 Synthesis of [2]rotaxane complex from zwitterionic species. HR- MS for
rotaxane complex is shown.

Spectroscopic studies revealed the presence of the expected
[2]rotaxane complex, among other products, mainly end-capped
thread and unreacted free thread, reflecting the relatively low
stability of the pseudorotaxane complex, in addition to the low
SP-ME photo conversion. In the HR-MS spectrum (Fig. 4), a peak
due to the rotaxane species [(ME-Bipy-tBuBn)-(DB24C8)-(OTf)]"
was observed at m/z = 1235.4852 uma, in good agreement with
the predicted value of m/z = 1235.4869 uma (relative error of 1
ppm). Despite several trials under different experimental
conditions, the [2]rotaxane complex could only be detected in
low concentration; even though the transformation is not
quantitative, we garnered evidence relating the coupling
between the isomerisation and threading motions induced by
light in a two-component molecular system.

In conclusion, we have obtained a chemical- and optical-
responsive guest molecule containing a spiropyran fragment
that can be isomerised into a merocyanine species. This process
involves important electronic changes and spatial arrangements,
which are coupled with the threading motion of the guest
through the cavity of a crown ether macrocycle, generating a
[2]pseudorotaxane. These outcomes suggest that SP/ME
isomerisation could be used to obtain optical molecular
switches; investigation on this area is in progress in our group.

We acknowledge Conacyt for financial support through
project 128419 and Ph.D. scholarship (DHM - 229298). We thank
to Julio C. Magallén for technical assistance and Dr. Ruy
Cervantes for helpful discussions.

Notes and references

1 (a)T.M. Duncan, V.V Bulygin, Y. Zhou, M. L. Hutcheon, R.
L. Cross, Proc. Natl. Acad. Sci. U. S. A., 1995, 92, 10964;
(b) E. ). Boekema, J. F. L. van Breemen, A. Brisson, T.
Ubbink-Kok, W. N. Konings, J. S. Lolkema, Nature, 1999,
401, 37; (c) D. Stock, A. G. W. Leslie, J. E. Walker, Science,
1999, 286, 1700.

2 (a) R. Hubbard, G. Wald, J. Gen. Physiol., 1952, 36, 269;
(b) M. Chabre, P. Deterre, Eur. J. Biochem., 1989, 179,

4| J. Name., 2012, 00, 1-3

255; (c) P. D. Kiser, M. Golczak, K. Palczewski, Chem. Rev.,
2014, 114, 194.

3 (@) V. Balzani, A. Credi, F. Raymo, J. Stoddart, Angew.
Chem. Int. Ed., 2000, 39, 3348; (b) B. L. Feringa, Acc.
Chem. Res., 2001, 34, 504; (c) K. Kinbara, T. Aida, Chem.
Rev., 2005, 105, 1377; (d) E. R. Kay, D. A. Leigh, F.
Zerbetto, Angew. Chem. Int. Ed., 2007, 46, 72; (e) V.
Balzani, A. Credi, M. Venturi, Molecular devices and
machines, Wiley-VCH, 2nd ed., 2008.

4 (a) V. Balzani, A. Credi, M. Venturi, Chem. Soc. Rev., 2009,
38, 1542; (b) T. Muraoka, K. Kinbara, J. Photochem.
Photobiol. C Photochem. Rev., 2012, 13, 136; (c) A. Credi,
S. Silvi, M. Venturi, Top. Curr. Chem., 2014, 354, 1; (d) A.
K. Mandal, M. Gangopadhyay, A. Das, Chem. Soc. Rev.,
2015, 44, 663; (e) D.-H. Qu, Q.-C. Wang, Q.-W. Zhang, X.
Ma, H. Tian, Chem. Rev., 2015, DOI: 10.1021/cr5006342.

5 (a) C. A. Stanier, S. J. Alderman, T. D. W. Claridge, H. L.
Anderson, Angew. Chem. Int. Ed., 2002, 41, 1769; (b) Y.
Tokunaga, K. Akasaka, K. Hisada, Y. Shimomura, S.
Kakuchi, Chem. Commun., 2003, 2250; (c) V. Serreli, C.
Lee, D. A. Leigh, Nature, 2007, 445, 523.

6 (a) G. Bottari, D. A. Leigh, E. M. Pérez, J. Am. Chem. Soc.,
2003, 125, 13360; (b) D. A. Leigh, J. K. Y. Wong, F. Dehez,
F. Zerbetto, Nature, 2003, 424, 174; (c) E. M. Pérez, D. T.
F. Dryden, D. A. Leigh, G. Teobaldi, F. Zerbetto, J. Am.
Chem. Soc., 2004, 126, 12210; (d) J. Berna, D. A. Leigh, M.
Lubomska, S. M. Mendoza, E. M. Pérez, P. Rudolf, G.
Teobaldi, F. Zerbetto, Nat. Mater., 2005, 4, 704.

7 (a)S. Shinkai, T. Nakaji, T. Ogawa, K. Shigematsu, O.
Manabe, J. Am. Chem. Soc., 1981, 103, 111; (b) V. Balzani,
A. Credi, F. Marchioni, J. F. Stoddart, Chem. Commun.,
2001, 2, 1860; (c) T. Muraoka, K. Kinbara, Y. Kobayashi, T.
Aida, J. Am. Chem. Soc., 2003, 125, 5612; (d) T. Muraoka,
K. Kinbara, T. Aida, Nature, 2006, 440, 512; (e) M.
Baroncini, S. Silvi, M. Venturi, A. Credi, Chem. Eur. J.,
2010, 16, 11580; (f) M. Baroncini, S. Silvi, M. Venturi, A.
Credi, Angew. Chem. Int. Ed., 2012, 51, 4223; (g) G.
Ragazzon, M. Baroncini, S. Silvi, M. Venturi, A. Credi, Nat.
Nanotechnol., 2015, 10, 70.

8 (a) M. Takeshita, N. Kato, S. Kawauchi, T. Imase, J.
Watanabe, M. Irie, J. Org. Chem., 1998, 63, 9306; (b) A.
Mulder, A. Jukovi¢, F. W. B. van Leeuwen, H. Kooijman, A.
L. Spek, J. Huskens, D. N. Reinhoudt, Chem. Eur. J., 2004,
10, 1114.

9 (a)S. lyengar, M. C. Biewer, Chem. Commun., 2002, 1398;
(b) S. Silvi, A. Arduini, A. Secchi, M. Tomasulo, F. M.
Raymo, M. Baroncini, A. Credi, J. Am. Chem. Soc., 2007,
129, 13378; (c) Z. Miskolczy, L. Biczok, J. Phys. Chem. B,
2011, 115, 12577; (d) L-F. Wang, J-W. Chen, J-W. Chen,
Mater. Chem. Phys., 2012, 136, 151.

10 (a) Y. Hirshberg, J. Am. Chem. Soc., 1956, 78, 2304; (b) V.
I. Minkin, Chem. Rev., 2004, 104, 2751; (c) J. T. C. Wojtyk,
A. Wasey, N-N. Xiao, P. M. Kazmaier, S. Hoz, C. Yu, R. P.
Lemieux, E. Buncel, J. Phys. Chem. A, 2007, 111, 2511; (d)
F. M. Raymo, S. Giordani, . Am. Chem. Soc., 2001, 123,
4651; (e) F. M. Raymo, S. Giordani, J. Org. Chem., 2003,
68, 4158; (f) J. Harada, Y. Kawazoe, K. Ogawa, Chem.
Commun., 2010, 46, 2593.

11 W. Zhou, D. Chen, J. Li, J. Xu, J. Lv, H. Liu, Y. Li, Org. Lett.,
2007, 9, 3929.

12 (a) S.J. Loeb, J. Tiburcio, S. J. Vella, J. A. Wisner, Org.
Biomol. Chem., 2006, 4, 667; (b) S. J. Loeb, J. A. Wisner,
Angew. Chem. Int. Ed., 1998, 37, 2838.

13 M. Inouye, M. Ueno, K. Tsuchiya, N. Nakayama, T.
Konishi, T. Kitao, J. Org. Chem., 1992, 57, 5377.

14 M. J. Hynes, J. Chem. Soc. Dalton Trans., 1993, 311.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 4



