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The dynamic self-assembly of molecules into supramolecular
ensembles is the basis for a vast array of living systems and has
inspired chemists to design and construct molecular architec-
tures with dynamic and responsive properties.[1] Because
molecular assembly is often exerted by the integration of
various noncovalent interactions, such as hydrogen bonding,
p–p interactions, and solvophobic effects, programmed per-
turbation of these interactions with external stimuli gives rise
to a dynamic supramolecular system.[2] For example, a hydro-
gen-bonding pattern can be modified by temperature,[3] pH
value,[4] metal cations,[5] and light,[6] leading to stimuli- and
environment- responsive materials. Among these external
stimuli, light offers a particularly effective noncontact method
for perturbation, because wavelength and intensity can be
finely tuned and the response is both rapid and reversible.[7]

Indeed, considerable efforts have been devoted to the
development of smart molecular materials exhibiting a photo-
responsive dynamic assembly.[6, 7] Chirality is an additional
factor used to control molecular assembly.[8] Heterochiral
assembly is ubiquitous in nature, as exemplified by proteino-
genic amino acids,[9] and has attracted particular attention as
a possible rationale for the evolution of homochirality in
a prebiotic environment.[10] Remarkable differences in the
assembly properties of homochiral and heterochiral samples
have been observed in some cases and exploited for
significant enantiomeric amplification.[11] The heterochiral
assembly is a viable target for perturbation with external
stimuli, producing a new dynamic self-assembly system.
Herein, we report low-molecular-weight bis(2-hydroxyphe-
nyl)diamides armed with a light-responsive azobenzene unit
that exhibit a reversible heterochiral aggregation/dissociation
capability driven by irradiation with ultraviolet (UV) and

visible light (Vis). Multiple alignments of hydrogen-bond
donors and acceptors allowed for efficient aggregation and
dissociation with high fidelity. X-ray crystallographic analysis
of the heterochiral aggregate provides clues to the molecular
basis of the aggregation and dissociation properties.

Recently, we reported a solvent-dependent heterochiral
aggregation of low-molecular-weight bis(2-hydroxyphenyl)-
diamide 1a.[12, 13] (R)-1a forms insoluble heterochiral aggre-
gates in halogenated solvents upon the addition of (S)-1a, and
the aggregation is highly dependent on the arrangements of
the hydrogen-bond donor and acceptor (Scheme 1a). Based
on these studies, we hypothesized that the arrangement of
phenol and amide functionalities in 1a is essential for the
aggregation properties of low-molecular-weight compounds
so that they exhibit significant solubility differences between
the homochiral and racemic samples. We envisioned that this
unique aggregation property could be applied to a dynamic
system, allowing for arbitrary control of aggregation and
dissociation by light as a non-accumulative and noncontact
external trigger.[7] Exploitation of the trans–cis isomerism of

Scheme 1. a) A static heterochiral aggregation system and b) a
dynamic heterochiral aggregation system.
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azobenzenes for perturbing intermolecular hydrogen-bond
interactions was anticipated to offer an effective method for
regulating aggregation properties (Scheme 1b).

The design of bis(2-hydroxyphenyl)diamides bearing the
azobenzene unit is depicted in Scheme 2. Initially, preserving
the isopropyl group derived from valine as well as the
preferred hydrogen-bond donor/acceptor arrangement

(shown in red), we attached the azobenzene unit (shown in
blue) of diamide 2 to the salicylic acid moiety (Scheme 2a).
We anticipated that the trans and cis configurations of
azobenzene, which are interconverted by UV and Vis
irradiation, would have an impact on the aggregation
capability, thus allowing us to control aggregation and
dissociation by external light irradiation. Unexpectedly, 2
afforded few insoluble heterochiral aggregates and photo-
isomerism of 2 was not efficient.[14,15] This finding led us to
focus on the amino acid residue in the diamide framework, to
which the azobenzene unit is installed. As a preliminary study,
“cross” heterochiral aggregation was examined, where heter-
ochiral diamides bearing different amino acid residues were
mixed to test the precipitation capability. Whereas the
mixture of [(S)-1a + (R)-1a] derived from valine or the
mixture of [(S)-1b + (R)-1b] derived from phenylalanine
underwent heterochiral precipitation in CHCl3,

[16] the “cross”
mixture of [(S)-1a + (R)-1b] did not produce insoluble
heterochiral aggregate, and the resulting mixture remained
homogeneous even after 24 h (Figure 1a). For the ensemble
of three molecules of [(S)-1 a + (R)-1a + (R)-1b], no forma-
tion of a heterochiral aggregate with a “cross” pair was
observed, but the insoluble heterochiral aggregate of [(S)-
1a + (R)-1a] was formed exclusively, and (R)-1b was not
recognized and remained in the solution phase (Figure 1 b).
These results indicated that the amino acid residue had
a significant impact on the aggregation to form precipitates,
and the uniformity of the residue is essential to the
precipitation.[17] Therefore, we anticipated that the installa-
tion of the azobenzene unit at the residue part would be

suitable for perturbing the intermolecular interaction by
trans–cis photoisomerization and induce reversible hetero-
chiral precipitation and dissolution.

Based on the above assumption, we next designed
diamides 3 bearing a pendant azobenzene unit at the residue
part (Scheme 2b).[18] Although the solubility of diamide (S)-
3a was too low in most of the common organic solvents to
conduct further studies, (S)-3b and (S)-3c exhibited suitable
solubility to allow for the preparation of a homochiral
solution in CHCl3 or CH3CN. (S)-3 b was easy to handle and
the heterochiral aggregation of 3b was examined next. When
0.05m solutions of trans-(S)-3b and trans-(R)-3b in CH3CN
were mixed, an insoluble heterochiral aggregate was pro-
duced immediately; approximately 70 % of 3 b was precipi-
tated within three minutes (Figure 2a).[19] Aggregation
reached completion after approximately three hours, and
87% of 3b was precipitated.[20] Subsequently, the resulting
suspension was irradiated with UV light at 365 nm for six
hours with stirring to isomerize the pendant trans- to the cis-
azobenzene unit. The isomerization resulted in the gradual
disappearance of precipitates to increase the concentration of
3b in the solution phase (Figure 2b). Eventually, a clear
homogeneous solution of 3b developed, and over 95 % of 3b
went back into solution, probably because the bent cis
configuration of the azobenzene moiety disturbed the effi-
ciency of the intermolecular hydrogen-bond interactions
between the preferred framework of (S)-3b and (R)-3b.[21,22]

To dissect the origin of the heterochiral precipitation, we
performed an X-ray crystallographic analysis of a single
crystal obtained from the heterochiral aggregate of 3b
(Figure 3).[23] Similar to the heterochiral aggregate of
1a,[12,24] we observed a zig-zag tight packing of (S)-3b and

Scheme 2. Design of bis(2-hydroxyphenyl)diamides 2 and 3 bearing an
azobenzene unit.

Figure 1. a) Impact of the amino acid residue on heterochiral precip-
itation. b) High fidelity in the formation of insoluble heterochiral
aggregates from the ensemble of three diamides bearing different
amino acid residues.
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(R)-3b through hydrogen bonding between amide functions
(Figure 3a). Furthermore, azobenzene units lined up in
parallel and offset p–p stacking was operative as a secondary
interaction (Figure 3b). Although the crystal structure could
not directly reflect the packing pattern of the insoluble
heterochiral aggregate, isomerization of the trans-azobenzene
unit to cis-azobenzene might attenuate the heterochiral
association through the preferred hydrogen-bond framework,

leading to dissociation
and dissolution of the
insoluble heterochiral
aggregate.

The reversible nature
of trans–cis photoisomer-
ism can be exploited to
produce reversible heter-
ochiral precipitation and
dissolution in the present
diamide system
(Figure 4). After the ini-
tial formation of the
insoluble heterochiral
aggregate (point (A) in
Figure 4), UV irradiation
at 365 nm was used to
produce a clear solution
(point (B) in Figure 4).
The thus-formed homo-
geneous heterochiral so-

lution of cis-configured 3b was irradiated with visible light at
a wavelength above 422 nm for three hours to re-isomerize to
trans-azobenzene, and subsequent stirring again resulted in
the formation of insoluble heterochiral aggregate (point (C)
in Figure 4). When the mixture was left in the dark, the trans/
cis ratio of 3b remained stable, and the precipitation persisted
(point (D) in Figure 4). This precipitation/dissolution process
can be repeated at least five times.[25] Furthermore, in contrast
to the [(S)-1a + (R)-1b] mixture, for which no “cross”

Figure 2. a) Formation of insoluble heterochiral aggregates of trans-3b. CH3CN solutions of trans-(S)-3b and trans-(R)-3b (both 0.05m) were
mixed and the content of the solution phase was analyzed by HPLC. b) Dissolution of insoluble heterochiral aggregates by UV irradiation
(365 nm). As the fraction of cis-(S)-3b and cis-(R)-3b increased, the concentration of diamides (S)-3b and (R)-3b in the solution phase increased
to form a clear orange solution after six hours. The white object in the photograph is a teflon-coated magnetic stir bar. Ar= 3,5-(CF3)2C6H3.

Figure 3. X-ray crystal structure of the heterochiral aggregate of 3b represented in a tube model. a) Tight hydrogen-
bond packing in an R/S alternating array along the amide functionalities of trans-(S)-3b and trans-(R)-3b. b) A close
offset p–p contact (3.58 �) was observed between azobenzene units. The electron-deficient (CF3)2C6H3 group and
C6H4 group were paired. H white, C gray, N blue, O red, F light blue.
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aggregation occured (Figure 1), the “cross” aggregation
proceeded with a [(R)-3b + (S)-3c] combination to form
heterochiral precipitate (Figure 5), presumably because the
positions of distinct substituents were sufficiently far apart

from the preferred hydrogen-bonding framework and favor-
able p–p interaction and hydrogen bonding were achieved
without attenuating each other. Introduction of a functional
group to endow a specific catalytic function to these dynamic
precipitation/dissolution systems would be possible and will
be examined in future studies.[26, 27]

In conclusion, we demonstrated the reversible formation
of insoluble heterochiral aggregate of low-molecular-weight
diamides bearing an azobenzene unit. Trans–cis isomerism of
the azobenzene unit had a significant impact on the precip-
itation properties, allowing us to control precipitation and
dissolution of the diamides by UV/Vis irradiation, which can
be repeated reproducibly. The concentration of the diamides
in the solution phase can be manipulated by this reversible
precipitation/dissolution, and the introduction of catalytic
functional groups to the diamides would foster the develop-
ment of a smart catalyst, the catalytic efficiency of which is
controlled by an external signal.[26] Further exploration of
diamides to exploit this aggregation/dissociation property in
molecular catalysis is underway.

Received: September 26, 2011
Revised: November 28, 2011
Published online: January 19, 2012

.Keywords: azobenzene · dynamic aggregation ·
hydrogen bonds · photochromism · self-assembly

[1] a) J.-M. Lehn, Supramolecular Chemistry, Wiley-VCH, Wein-
heim, 1995 ; b) D. Philp, J. F. Stoddart, Angew. Chem. 1996, 108,
1242; Angew. Chem. Int. Ed. Engl. 1996, 35, 1154; c) J. W. Steed,
J. L. Atwood, Supramolecular Cheimstry, Wiley, Chichester, UK,
2000 ; d) S. Onclin, B. J. Ravoo, D. N. Reinhoudt, Angew. Chem.
2005, 117, 6438; Angew. Chem. Int. Ed. 2005, 44, 6282; e) G. M.
Whitesides, B. Grzybowski, Science 2002, 295, 2418.

[2] For reviews, see: a) D. J. Abdallah, R. G. Weiss, Adv. Mater.
2000, 12, 1237; b) J. H. van Esch, B. L. Feringa, Angew. Chem.
2000, 112, 2351; Angew. Chem. Int. Ed. 2000, 39, 2263; c) M.
de Loos, B. L. Feringa, J. H. van Esch, Eur. J. Org. Chem. 2005,
3615.

[3] a) T. Kato, J. M. J. Fr�chet, J. Am. Chem. Soc. 1989, 111, 8533;
b) T. Kato, J. M. J. Fr�chet, P. G. Wilson, T. Saito, T. Uryu, A.
Fujishima, C. Jin, F. Kaneuchi, Chem. Mater. 1993, 5, 1094.

[4] a) M. Kogiso, S. Ohnishi, K. Yase, M. Masuda, T. Shimizu,
Langmuir 1998, 14, 4978.

[5] a) K. Kanie, M. Nishii, T. Yasuda, T. Taki, S. Ujiie, T. Kato, J.
Mater. Chem. 2001, 11, 2875; b) T. Kato, T. Matsuoka, M. Nishii,
Y. Kamikawa, K. Kanie, T. Nishimura, E. Yashima, S. Ujiie,
Angew. Chem. 2004, 116, 2003; Angew. Chem. Int. Ed. 2004, 43,
1969; c) Y. Kamikawa, M. Nishii, T. Kato, Chem. Eur. J. 2004, 10,
5942.

[6] a) S. Shinkai, K. Murata, J. Mater. Chem. 1998, 8, 485; b) M.
Moriyama, N. Mizoshita, T. Yokota, K. Kishimoto, T. Kato, Adv.
Mater. 2003, 15, 1335; c) M. Moriyama, N. Mizoshita, T. Kato,
Bull. Chem. Soc. Jpn. 2006, 79, 962; d) J. J. D. de Jong, P.
van Rijn, T. D. Tiemersma-Wegeman, L. N. Lucas, W. R.
Browne, R. M. Kellogg, K. Uchida, J. H. van Esch, B. L. Feringa,
Tetrahedron 2008, 64, 8324; e) M. T. W. Milder, J. L. Herek, J.
Areephong, B. L. Feringa, W. R. Browne, J. Phys. Chem. A 2009,
113, 7717; f) J. del Barrio, R. M. Tejedor, L. S. Chinelatto, C.
S�nchez, M. PiÇol, L. Oriol, Chem. Mater. 2010, 22, 1714; g) M.
Herder, M. P�tzel, L. Grubert, S. Hecht, Chem. Commun. 2011,
47, 460; h) H. Jin, Y. Zheng, Y. Liu, H. Cheng, Y. Zhou, D. Yan,

Figure 4. Iterative formation of an insoluble heterochiral aggregate of
diamide 3b driven by UV/Vis irradiation. CH3CN solutions of trans-(S)-
3b and trans-(R)-3b (both 0.04m) were mixed and the content of the
solution phase was monitored by HPLC analysis.

Figure 5. Reversible formation of “cross” insoluble heterochiral aggre-
gate of (R)-3b and (S)-3c. CH3CN solutions of trans-(R)-3b and trans-
(S)-3c (both 0.05m) were mixed and the content of the solution phase
was analyzed by HPLC.

.Angewandte
Communications

2140 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 2137 –2141

http://dx.doi.org/10.1002/ange.19961081105
http://dx.doi.org/10.1002/ange.19961081105
http://dx.doi.org/10.1002/anie.199611541
http://dx.doi.org/10.1002/ange.200500633
http://dx.doi.org/10.1002/ange.200500633
http://dx.doi.org/10.1002/anie.200500633
http://dx.doi.org/10.1126/science.1070821
http://dx.doi.org/10.1002/1521-4095(200009)12:17%3C1237::AID-ADMA1237%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-4095(200009)12:17%3C1237::AID-ADMA1237%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20000703)39:13%3C2263::AID-ANIE2263%3E3.0.CO;2-V
http://dx.doi.org/10.1002/ejoc.200400723
http://dx.doi.org/10.1002/ejoc.200400723
http://dx.doi.org/10.1021/ja00204a044
http://dx.doi.org/10.1021/cm00032a012
http://dx.doi.org/10.1021/la9802419
http://dx.doi.org/10.1039/b103168f
http://dx.doi.org/10.1039/b103168f
http://dx.doi.org/10.1002/ange.200353231
http://dx.doi.org/10.1002/anie.200353231
http://dx.doi.org/10.1002/anie.200353231
http://dx.doi.org/10.1002/chem.200400424
http://dx.doi.org/10.1002/chem.200400424
http://dx.doi.org/10.1039/a704820c
http://dx.doi.org/10.1002/adma.200305056
http://dx.doi.org/10.1002/adma.200305056
http://dx.doi.org/10.1246/bcsj.79.962
http://dx.doi.org/10.1021/jp8113896
http://dx.doi.org/10.1021/jp8113896
http://dx.doi.org/10.1021/cm903121n
http://dx.doi.org/10.1039/c0cc02339f
http://dx.doi.org/10.1039/c0cc02339f
http://www.angewandte.org


Angew. Chem. 2011, 123, 10536; Angew. Chem. Int. Ed. 2011, 50,
10352.

[7] a) Smart Light-Responsive Materials (Eds.: Y. Zhao, T. Ikeda)
Wiley, Hoboken, 2009 ; b) R. G. Stoll, S. Hecht, Angew. Chem.
2010, 122, 5176; Angew. Chem. Int. Ed. 2010, 49, 5054.

[8] a) H. Ihara, T. Sakurai, T. Yamada, T. Hashimoto, M. Takafuji, T.
Sagawa, H. Hachisako, Langmuir 2002, 18, 7120; b) J. Makar-
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