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Photo- and Thermoresponsive Supramolecular Assemblies: Reversible
Photorelease of K™ Ions and Constitutional Dynamics**

Ghislaine Vantomme and Jean-Marie Lehn*

The stimulus-controlled self-assembly of long-range organ-
ized supramolecular entities is a topic of active investigation,
in particular for its potential implementation in (photo-,
thermo-) responsive soft-matter devices and materials.*? On
the other hand, materials containing reversible covalent
bonds may undergo constitutional change by the incorpora-
tion or exchange of components, and may thus behave as
dynamic materials.**l The combination of these three fea-
tures: supramolecular self-assembly, constitutional dynamics,
and stimulus responsiveness, is especially attractive. We
report herein such a case, in which supramolecular assemblies
generated from complexes of dynamic ligand molecules may
be dissociated by heating or irradiation with light, with the
photorelease of a metal ion.

Previous studies by our research group® showed that acyl
hydrazones, such as 1-4, bind cations through the tridentate
NNO binding site!® and have the very attractive feature of
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being double dynamic entities capable of 1) configurational
dynamics by E-to-Z photoisomerization stabilized by internal
hydrogen bonding to the pyridine moiety!”! and 2) constitu-
tional dynamics by component exchange involving the
reversible acyl hydrazone bond.P*® With the system de-
scribed herein, we explored both of these features. Crystalline
supramolecular assemblies were generated reversibly by the
binding of a cation by ligand 1 and its release by photo-
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isomerization from (E)-1 to (Z)-1, which cannot bind the

cation (Scheme 1, Figure 1).
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Scheme 1. Photoisomerization of ligand 1 from its (E)-1 configuration
in the complex units [{((E)-1), K*}SCN™] that form the supramolecular
crystalline assemblies to the (2)-1 isomer, with release of the potas-
sium cation. Thermal back isomerization restores the metallosupramo-
lecular assemblies.

Figure 1. Observation of the solid-state fiberlike crystalline material
[{((E)-1),K*}SCN™], by optical microscopy.

Acyl hydrazone 1 was found to form a complex with
KSCN with a binding constant of 24.8+4.6M' and 1:1
stoichiometry (from a Job plot; see Figure S1) in acetonitrile
solution at 25°C, as determined from '"H NMR spectroscopic
data (see Figures S2 and S3 in the Supporting Information).
When the concentration of ligand 1 reached 70 mM in the
presence of KSCN (35 mm) at 25°C (in a thermostatic bath),
a material composed of thin fiberlike objects (see Figure S4)
was generated. Crystals suitable for X-ray diffraction analysis
were obtained by the slow diffusion of diethyl ether into
a solution of 1-KSCN in acetonitrile. Determination of the
solid-state molecular structure showed that the crystalline
material is composed of assemblies of the complex [{((E)-
1), K*}SCN], in which ligand 1 in its (E)-1 form coordinates
to the K" cation with 2:1 stoichiometry (Figure 2). These
complexes stack on top of each other at a distance of 4.696 A
between two successive flat ligand molecules (or K* cations)
to form a long channel of K* cations. The cations hold the
assembly together by also interacting with the oxygen sites of
the complexes above and below. The K*--O distances are
similar (2.90 A) within a complex and between stacked
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Figure 2. X-ray solid-state molecular structure of the crystalline
metallosupramolecular assemblies formed by the complex
[{((E)-1),;K*}SCN],: a) top view; b) side view showing the interaction
between adjacent units in each stack of the complex. The SCN™ anions
are disordered.

complexes. The thiocyanate anions are disordered and occupy
the space between two stacks by forming hydrogen bonds
with the N—H group of 1 (average N--N,S distance: 3.275 A).
Only a 1:1 complex was detected in solution, probably as the
result of an even weaker binding constant for the second
ligand than for the first. Whereas the free ligand 1 is expected
to adopt a W-type conformation, it undergoes conformational
switching to the U form by rotation about the -NH—C(=0)
amide bond on binding to the metal cation (see Scheme 1).>*
Crystals of 3-KSCN assemblies were also obtained. The
assemblies of 3-KSCN had the same structure as that
observed for assemblies of 1-KSCN (see Figure S6).

To gain insight into the features that control this
remarkable self-assembly process, we carried out a number
of experiments. The yield for the formation of the assemblies
was determined to be 64 % at 25°C and 85% at —10°C for
a solution of ligand 1 (100 mm) and KSCN (50 mm) in
acetonitrile; 36 and 15% of the ligand remained in solution,
respectively. The failure of acyl hydrazones 5 and 6 to
generate assemblies underlines the importance of both the
pyridine moiety, which binds to K*, and the hydrogen bond
between the N—H group and the SCN™ anion. The assemblies
formed selectively with potassium, rubidium, and ammonium
cations, but not with sodium or cesium cations, although Na*
also binds to 1 (K;=33.0+4.1m™" at 25°C for NaSCN in
acetonitrile). The absence of assembly formation with Na*
may be related to its smaller size (with a radius of about
0.95 A, compared to 1.33 A for K*), which makes it unable to
bind to neighboring stacked ligands.

Assembly formation was found to depend on the geom-
etry of the anions (50-200 mm solution). It occurred with
linear triatomic anions (such as thiocyanate, azide, and
cyanate) as well as with anions of tetrahedral geometry
(such as perchlorate), but not with octahedral (such as
hexafluorophosphate) or trigonal anions (such as acetate
and benzoate). Moreover, anion selection occurred in the
tetrahedral series: perchlorate gave assemblies, whereas
triflate and methanesulfonate did not. A possible explanation
rests in the space available between the two potassium
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complexes: it may be large enough to accommodate perchlo-
rate but not triflate or methanesulfonate.

The combined selectivity towards both cations and anions
is illustrated by experiments involving the successive addition
of salts to a solution of 1. Separately, tetrabutylammonium
thiocyanate and potassium hexafluorophosphate did not yield
assemblies, but did so when mixed together. Various combi-
nations of salts were investigated for their ability to induce
assembly formation (at different concentrations in acetoni-
trile as well as in methanol in a few cases; see Table S1). The
results agree with the selectivities indicated above.

Heating of the solution containing the assemblies caused
their disappearance and gave a clear solution at 50 and 65 °C,
respectively, for 100 and 200 mM solutions of 1 in acetonitrile
with KSCN (0.5 equiv; see Figure S8). The process is rever-
sible: cooling of the solution regenerated the assemblies. The
melting temperature of the assemblies also depended on the
ligand and salt used (see the Supporting Information).

The crystalline assemblies described above were found to
have interesting photochemical properties. Acyl hydrazones
such as 1 underwent photoinduced E-to-Z conversion.” The
[{((E)-1),K*}SCN"], assemblies obtained in acetonitrile were
found to disappear upon irradiation (1 h) with UV light (1
absorbs at 300 nm), which led to the formation of (Z)-1 in
solution, as observed by 'HNMR spectroscopy. Similar
results were obtained in methanol (see the Supporting
Information). In both solvents, the photoinduced (E)-1-to-
(Z2)-1 configurational transformation of the ligand in the
complex caused the concomitant release of K* ions into the
solution (as (Z)-1 cannot bind the cations) and the disappear-
ance of the fiberlike assemblies (Figure 1). Thus, in acetoni-
trile, the total amount of cations in solution underwent
a significant change from 36 % to the full amount of the added
salt; the cations were in part free and in part complexed by
nonisomerized ligand, according to the binding constant.
Kinetic studies showed a slightly lower rate of E-to-Z
isomerization in the solution containing the assemblies
(5.33x10?min") than in the solution of 1 alone (5.68x
102 min'), probably owing to the stabilization of the E
state by the binding of K" both in the assemblies and in
solution in acetonitrile (see Figures S14 and S15). Moreover,
in methanol, a solvent that disrupts hydrogen bonding, the
crystalline assemblies were regenerated by the return from
the metastable state (Z)-1 to the stable state (E)-1 after 2 days
at room temperature (see Figure S16). The rate of the thermal
back conversion from (Z)-1 to (E)-1 was faster in the
presence of KSCN or potassium triflate (conditions under
which no assembly occurs with triflate anions) than in the
absence of potassium salts, which shows that the return
transformation was somewhat accelerated by the formation of
the weak complex in solution (see Figures S17-S19). Heating
to 40°C in the presence of KSCN (1 equiv) accelerated the Z-
to-E return transformation by a factor of 6 (see Figure S20).
Photoinduced dissociation of the assemblies also occurred in
acetonitrile, but they were not reformed in 1 month at 25°C
owing to the higher stability of (Z)-1 in this solvent.

Irradiation of the fiberlike material in the solid state and
observation by optical microscopy revealed a change in their
morphology from well-defined crystalline sticks to amor-
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phous stains (see Figure S21). Thus, the complexes themselves
in the crystalline material are photolabile.

The presence of a reversible C=N bond in compounds 1-6
allows for the exchange of molecular subunits by a transimi-
nation reaction®*® (Scheme 2) and thus for a dynamic
constitutional modification in connection with the assembly
process. When acyl hydrazone 5 and KSCN were mixed in
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Scheme 2. Dynamic covalent exchange reaction between acyl hydrazone 5 and benzhydrazide
to form (E)-1 and its assemblies by the complexation of KSCN in methanol.

methanol at 25°C, no assemblies were formed. The addition
of benzhydrazide to the solution induced a slow hydrazide
exchange, which led to the formation of acyl hydrazone
1 (Figure 3). After 10 days, fiberlike assemblies appeared in
solution, at the same rate as the exchange. Thus, covalent
dynamics enabled the conversion of acyl hydrazone 5, which
cannot form assemblies, into 1, which can. On irradiation of
the mixture, the same behavior as described above was
observed, with the disappearance of the crystalline assemblies
as a result of (E)-1-to-(Z)-1 photoconversion.
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Figure 3. Ratio of the total amount of 1 formed (present as (E)-1+
(2)-1 in solution and later as (E)-1 in the assemblies) by dynamic
covalent exchange between 5 (300 mm) and benzhydrazide (1 equiv) in
the presence (o) and absence (m) of KSCN (1 equiv) in methanol with
respect to the amount of 5. After 15000 min (10 days), the slope
changes slightly as fiberlike crystalline objects appear.
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The rate of exchange decreased by 30 % in the absence of
KSCN (Figure 3) and increased by a factor of 6 and 10 with
KSCN (5 equiv) and barium perchlorate (1 equiv; a stronger
binder of ligand 5), respectively. It remained unchanged in the
presence of potassium triflate (1 equiv; conditions under
which no crystalline assemblies are formed; see Figures S22—
S26). After 17 days, the amount of 1 was 7% larger in the

presence of KSCN than in its absence.
Thus, although the formation of a complex
and its assembly induced rather weak
exchange catalysis and component selec-
tion (relative to that observed for other
systems),>* constitutional dynamics ena-
bled the generation of the entity able to
form the supramolecular assemblies.
| In conclusion, acyl hydrazones such as
1 underwent self-assembly into long-
range organized fiberlike supramolecular
entities on binding specific metal salts.
The formation of the crystalline assem-
blies depended greatly on the charge and
size of the cation as well as on the
geometry of the anion. These assemblies
displayed a reversible response to the
physical stimuli heat and light. Heating of
the solution led to their gradual dissolution, and they were
regenerated upon simple cooling. Irradiation of the crystal-
line fiberlike assemblies induced configurational photoiso-
merization of the ligand from (E)-1 to (Z)-1 and caused their
disappearance. The process is thermoreversible: the crystal-
line assemblies were regenerated over time by thermal return
from the metastable state (Z)-1 to the stable state (E)-1.

The system displayed photoinduced cation release. On
photolysis of the crystalline metallosupramolecular assem-
blies, the release of the potassium cations, which are not
bound by the photogenerated form (Z)-1, led to a significant
increase in the cation concentration. This feature is of general
interest, as it may be used to trigger a process that depends on
an ionic threshold."!! These effects hold for both the cations
and the anions, which are also released on photodestruction of
the assemblies. Acyl hydrazones such as 1 display double
shape switching under the action of different, orthogonal
effectors: a conformational W-to-U conversion on cation
binding and a photoinduced configurational change from the
E to the Z form. Finally, the metallosupramolecular crystal-
line assemblies behave as covalent dynamic materials, as they
incorporate reversible covalent bonds, which allow for con-
stitutional variation by component exchange under metal-ion
catalysis. Thus, a compound unable to undergo assembly may
be converted progressively into a compound capable of
generating a self-assembled fiberlike material.

Received: December 28, 2012
Revised: February 1, 2013
Published online: February 28, 2013

Keywords: crystalline assemblies - photolysis - photoswitches -
potassium ions - self-assembly

Angew. Chem. 2013, 125, 4032 —4035


http://www.angewandte.de

[1] For general references, see, for example: a) S. Van der Zwaag,

[2

3

(4

Angew. Chem. 2013, 125, 4032 —4035

—_—

—_—

—_

Self Healing Materials: An Alternative Approach to 20 Centuries
of Materials Science, Springer, Dordrecht, 2007; b) R. P. Wool,
Soft Matter 2008, 4, 400-418; c) B. Murphy, F. Wudl, Prog.
Polym. Sci. 2010, 35, 223-251; d) M. W. Urban, Handbook of
Stimuli-Responsive Materials, Wiley-VCH, Weinheim, 2011;
e) S. Minko, Responsive Polymer Materials: Design and Appli-
cations, Wiley-Blackwell, Ames, 2006.

For photoresponsive materials and devices, see, for example:
a) Y. Zhao, T. Ikeda, Smart Light-Responsive Materials, Wiley,
Hoboken, 2009; b) G. M. Spinks, Angew. Chem. 2012, 124,2331 -
2333; Angew. Chem. Int. Ed. 2012, 51, 2285-2287; ¢) Y. Wang,
Q. Li, Adv. Mater. 2012, 24, 1926-1945; d) S. Tamesue, Y.
Takashima, H. Yamaguchi, S. Shinkai, A. Harada, Angew. Chem.
2010, 122, 7623-7626; Angew. Chem. Int. Ed. 2010, 49, 7461 -
7464; e) T. Muraoka, H. Cui, S. I. Stupp, J. Am. Chem. Soc. 2008,
130,2946-2947; f) S. Saha, J. F. Stoddart, Chem. Soc. Rev. 2007,
36,77-92; g) C. Brieke, F. Rohrbach, A. Gottschalk, G. Mayer,
A. Heckel, Angew. Chem. 2012, 124, 8572 -8604; Angew. Chem.
Int. Ed. 2012, 51, 8446—8476; h) M. Moriyama, N. Mizoshita, T.
Kato, Bull. Chem. Soc. Jpn. 2006, 79, 962 —964; i) S. Matsumoto,
S. Yamaguchi, H. Komatsu, M. Ikeda, K. Ishizuka, Y. Iko, K. V.
Tabata, H. Aoki, S. Ito, H. Noji, I. Hamachi, Chem. Eur. J. 2008,
14, 3977-3986; j) Y. Xin, Z. Huang, Z. Jiang, D. Li, L. Peng, J.
Zhai, D. Wang, Chem. Commun. 2010, 46, 2316-2318; k) S.
Yagai, A. Kitamura, Chem. Soc. Rev. 2008, 37, 1520-1529;1) L.
Zhu, R. O. Al-Kaysi, C. J. Bardeen, J. Am. Chem. Soc. 2011, 133,
12569 -12575.

a) J.-M. Lehn, Chem. Soc. Rev. 2007, 36, 151 -160; b) “Constitu-
tional Dynamic Chemistry”: J.-M. Lehn in Topics in Current
Chemistry, Vol. 322 (Ed.: M. Barboiu), Springer, Heidelberg,
2012, chap. 1, pp.1-32; c) for dynamic polymers, see: J.-M.
Lehn, Prog. Polym. Sci. 2005, 30, 814-831; d) J.-M. Lehn, Aust.
J. Chem. 2010, 63, 611 -623.

a) P. T. Corbett, J. Leclaire, L. Vial, K. R. West, J. L. Wietor,
J. K. M. Sanders, S. Otto, Chem. Rev. 2006, 106, 3652-3711;b) S.
Ladame, Org. Biomol. Chem. 2008, 6, 219-226; c) B. L. Miller,

(5]
(6]

[7

—

(8]
]

(10]

(11]

gngewandte
Ch

Dynamic Combinatorial Chemistry, Wiley, Hoboken, 2010;
d) J. N. H. Reek, S. Otto, Dynamic Combinatorial Chemistry,
Wiley-VCH, Weinheim, 2010.

M. N. Chaur, D. Collado, J.-M. Lehn, Chem. Eur. J. 2011, 17,
248 -258.

a) A. Choudhury, B. Geetha, N. R. Sangeetha, V. Kavita, V.
Susila, S. Pal, J. Coord. Chem. 1999, 48, 87-95; b) S. Choudhary,
J. R. Morrow, Angew. Chem. 2002, 114, 4270-4272; Angew.
Chem. Int. Ed. 2002, 41, 4096 —-4098; c) P. V. Bernhardt, P. Chin,
P. C. Sharpe, D. R. Richardson, Dalton Trans. 2007, 3232 —3244;
d) C.F. Chow, S. Fujii, J.-M. Lehn, Angew. Chem. 2007, 119,
5095-5098; Angew. Chem. Int. Ed. 2007, 46, 5007 -5010; e) X.-
Y. Cao, J. Harrowfield, J. Nitschke, J. Ramirez, A. M. Stadler, N.
Kyritsakas-Gruber, A. Madalan, K. Rissanen, L. Russo, G.
Vaughan, J.-M. Lehn, Eur. J. Inorg. Chem. 2007, 2944 —2965.

a) G. Palla, A. Mangia, G. Predieri, Ann. Chim. 1984, 74, 153 -
158; b) D. G. Belov, B. G. Rogachev, L.I. Tkachenko, V. A.
Smirnov, S. M. Aldoshin, Russ. Chem. Bull. 2000, 49, 666 —668;
¢) V. V. Syakaev, S. N. Podyachev, B. I. Buzykin, S. K. Latypov,
W. D. Habicher, A. I. Konovalov, J. Mol. Struct. 2006, 788, 55—
62.

M. E. Belowich, J. F. Stoddart, Chem. Soc. Rev. 2012, 41, 2003 -
2024.

a) S. Ulrich, J.-M. Lehn, Angew. Chem. 2008, 120, 2272 -2275;
Angew. Chem. Int. Ed. 2008, 47, 2240-2243; b) S. Ulrich, J.-M.
Lehn, J. Am. Chem. Soc. 2009, 131, 5546—5559.

CCDC 922532 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

For the photoinduced release of metal cations, see: a) M. Morad,
N. W. Davies, J. H. Kaplan, H. D. Lux, Science 1988, 241, 842 —
844;b) J. H. Kaplan, G. C. R. Ellis-Davies, Proc. Natl. Acad. Sci.
USA 1988, 85, 6571-6575; c) P. Plaza, 1. Leray, P. Changenet-
Barret, M. M. Martin, B. Valeur, ChemPhysChem 2002, 3, 668 —
674; d) J. D. Lewis, J. N. Moore, Chem. Commun. 2003, 2858 —
2859; e)J. Cui, R. A. Gropeanu, D. R. Stevens, J. Rettig, A.
del Campo, J. Am. Chem. Soc. 2012, 134, 7733 -7740.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

emie

4035


http://dx.doi.org/10.1039/b711716g
http://dx.doi.org/10.1016/j.progpolymsci.2009.10.006
http://dx.doi.org/10.1016/j.progpolymsci.2009.10.006
http://dx.doi.org/10.1002/ange.201108831
http://dx.doi.org/10.1002/ange.201108831
http://dx.doi.org/10.1002/anie.201108831
http://dx.doi.org/10.1002/adma.201200241
http://dx.doi.org/10.1002/ange.201003567
http://dx.doi.org/10.1002/ange.201003567
http://dx.doi.org/10.1002/anie.201003567
http://dx.doi.org/10.1002/anie.201003567
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1021/ja711213s
http://dx.doi.org/10.1039/b607187b
http://dx.doi.org/10.1039/b607187b
http://dx.doi.org/10.1002/ange.201202134
http://dx.doi.org/10.1002/anie.201202134
http://dx.doi.org/10.1002/anie.201202134
http://dx.doi.org/10.1246/bcsj.79.962
http://dx.doi.org/10.1002/chem.200701904
http://dx.doi.org/10.1002/chem.200701904
http://dx.doi.org/10.1039/b923418g
http://dx.doi.org/10.1039/b703092b
http://dx.doi.org/10.1021/ja201925p
http://dx.doi.org/10.1021/ja201925p
http://dx.doi.org/10.1039/b616752g
http://dx.doi.org/10.1016/j.progpolymsci.2005.06.002
http://dx.doi.org/10.1071/CH10035
http://dx.doi.org/10.1071/CH10035
http://dx.doi.org/10.1021/cr020452p
http://dx.doi.org/10.1039/b714599c
http://dx.doi.org/10.1002/chem.201002308
http://dx.doi.org/10.1002/chem.201002308
http://dx.doi.org/10.1080/00958979908024367
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4270::AID-ANGE4270%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4096::AID-ANIE4096%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4096::AID-ANIE4096%3E3.0.CO;2-0
http://dx.doi.org/10.1039/b704102k
http://dx.doi.org/10.1002/ange.200700727
http://dx.doi.org/10.1002/ange.200700727
http://dx.doi.org/10.1002/anie.200700727
http://dx.doi.org/10.1002/ejic.200700235
http://dx.doi.org/10.1007/BF02495478
http://dx.doi.org/10.1016/j.molstruc.2005.11.018
http://dx.doi.org/10.1016/j.molstruc.2005.11.018
http://dx.doi.org/10.1039/c2cs15305j
http://dx.doi.org/10.1039/c2cs15305j
http://dx.doi.org/10.1002/ange.200704946
http://dx.doi.org/10.1002/anie.200704946
http://dx.doi.org/10.1021/ja809828g
http://dx.doi.org/10.1126/science.2457253
http://dx.doi.org/10.1126/science.2457253
http://dx.doi.org/10.1126/science.2457253
http://dx.doi.org/10.1126/science.2457253
http://dx.doi.org/10.1073/pnas.85.17.6571
http://dx.doi.org/10.1073/pnas.85.17.6571
http://dx.doi.org/10.1002/1439-7641(20020816)3:8%3C668::AID-CPHC668%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1439-7641(20020816)3:8%3C668::AID-CPHC668%3E3.0.CO;2-G
http://dx.doi.org/10.1039/b309436g
http://dx.doi.org/10.1039/b309436g
http://dx.doi.org/10.1021/ja2115184
http://www.angewandte.de

