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Abstract: Endowing both solvent independency and excellent
thermal bistability, the benzobis(thiadiazole)-bridged diaryl-
ethene system provides an efficient approach to realize
extremely high photocyclization quantum yields (Fo-c, up to
90.6%) by both separating completely pure anti-parallel
conformer and suppressing intramolecular charge transfer
(ICT).

Photochromic diarylethenes (DAEs)[1] have attracted much
attention because chemical and physical properties are well-
controlled by photo-irradiation, along with specific explora-
tions in molecular switches,[2] logic gates,[3] and information
storage.[4] Generally, DAEs bestow two conformers with two
aryl rings in mirror symmetry (parallel conformation, p-) and
C2 symmetry (anti-parallel conformation, ap-). As the con-
rotatory reaction can only result from the antiparallel
conformation,[5] the photocyclization quantum yield (Fo-c) in
conventional DAEs is usually limited to 50%. With critical
concerns on the photo-switching efficiency and thermal
irreversibility especially for practicable device application, it
is pivotal to tailor the equilibrium between p- and ap-
conformations for an increase in the photocyclization quan-
tum yield.

DAEs with extraordinary high photocyclization Fo-c have
been realized by employing hydrogen bond or other intra-
molecular weak interactions to fix the ap-conformation as
geometrically desirable conformation.[6] However, as a main
drawback, their quantum yields behave intrinsic solvent
dependency. Alternatively, confining DAEs into a restricted

environment with covalently bonding reactive units[7] or steric
hindrance[8] can drive molecules to adopt sterically favorable
ap-conformation. Hecht et al. have exploited sterically
crowded ethene bridges for enhancing photo-switching per-
formance in Fo-c, along with no distinct solvent effect.[8i]

However, there still leaves much room to enhance Fo-c

owing to the residual of p-conformation. Moreover, their
specific perhydrocyclopentene bridging motifs with extra
intramolecular strain usually bring forth undesirable thermal
reversibility in the corresponding closed forms.

Our group has recently reported a benzobis(thiadiazole)-
bridged DAE system with unprecedented thermal stability.[9]

Typically, the six-membered benzobis(thiadiazole) bridge
exhibits an extremely low aromaticity as a result of its
essentially high polarity and electron-withdrawing tendency.
In contrast to the common perfluorocyclopentene- or cyclo-
pentene-bridged counterparts, the benzobis(thiadiazole)-
based ethene bridge contains two extending thiadiazole
units. Herein, we conjugate a benzene ring to the thiophene
unit as a larger bulky terminal benzothiophene for further
development of the thermally irreversible DAE system
(DAEs 1–4, Figure 1A). Unexpectedly, the additional ben-
zene unit brings forth very high steric strain to the rotation of
benzothiophene unit, and even completely blocking the
interconversion between p- and ap-conformations. As dem-
onstrated, benzobis(thiadiazole)-bridged diarylethenes
system opens up a breakthrough to realize extremely high
photocyclization quantum yield (up to 90.6 %) by both
separating completely pure ap-conformer and suppressing
intramolecular charge transfer (ICT). For the first time, we
provide an attractive and efficient approach to step-by-step
modulate photocyclization quantum yield, especially bestow-
ing both solvent independency and excellent thermal bist-
ability.

Compound 1 was conveniently synthesized (Supporting
Information, Scheme S1) by the Suzuki coupling reaction. In
contrast to the reference compound BTTE (Figure 1B),[9a] the
steric interaction between the bulky terminal benzothiophene
and the benzobis(thiadiazole) bridge is so large that the
rotation of benzothiophene is extremely hindered (Fig-
ure 1C). That is, the common interconversion between the
p- and ap-conformers was not observed, and we successfully
separated 1a and 1 p as ap- and p-conformers (Figure 1A)
with silica gel chromatography and recrystallization. More
efficiently, the employing preparative HPLC with common
C18 column can directly separate the two isomers. The ratio
of 1a and 1 p was close to 1:1 (Experimental Section in the
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Supporting Information), indicating that the two conformers
were formed with almost equal possibility. Similarly, we also
synthesized butyl-, acetyl-, and nitro-substituted derivatives 2,
3, and 4. Their corresponding closed forms (1c–4c, Fig-
ure 1A) were also successfully isolated owing to their high
thermal irreversibility. The chemical structures were fully
confirmed with 1H and 13C NMR spectroscopy, HRMS, and
X-ray single-crystal analysis.

Firstly, we compared the optical properties of 1 a and 1p.
Both have a very small absorption band in visible range, and
are colorless in THF. Their absorption spectra are almost the
same, except a little difference in the shoulder peak around
340–400 nm, where 1 p is slightly stronger than 1a (Fig-
ure 2A). They also show medium fluorescence, resulting from
the ICT owing to their typical donor–p-acceptor (d–p-A)
characteristics. Compared with 1 p, the emission wavelength

of 1a is red-shifted by 24 nm, along with a decrease in
fluorescence lifetime (Figure 2A; Supporting Information,
Table S1). Moreover, their fluorescence can be conveniently
modulated with solvatochromism from blue to yellow. The
observed solvatochromism is due to the ICT from the donor
benzothiophene unit to the electron-withdrawing benzobis(-
thiadiazole) ethene bridge. The positive linearity of Lippert–
Mataga plot illustrates that the dipole moment in the excited
state is higher than in the ground state (Supporting Informa-
tion, Figure S4 and Table S1).

We then checked the photochromic behaviors of 1a and
1p. Upon UV irradiation at 313 nm, the THF solution of 1a
turned reddish orange, along with an increase in a series of
peaks located at 371, 408, and 522 nm in the absorption
spectra (Figure 2B). The behavior is identical to its closed
form 1c, resulting in a photocyclization conversion yield of
89.5% at the photostationary state (PSS). Moreover, its
fluorescence located at 514 nm was quenched by 88.1% upon
excitation at the isosbestic point of 304 nm (Figure 2C).

Owing to the extremely weak fluorescence of 1c, the
quenching is mainly caused by the disappearance of 1a upon
photocyclization. Obviously, the fluorescence can also be
easily modulated by photochromism. The color of 1c can be
completely bleached as a result of photocycloreversion upon
visible light irradiation, showing the excellent fatigue resist-
ance without any apparent degradation. Meanwhile, 1c
endows excellent thermal stability, showing no obvious
decays at 343 K (Figure 2 D). However, for the p-conformer,
1p appears neither color nor fluorescence change under the
same condition (Supporting Information, Figures S1–S3).

Figure 1. Chemical structures of A) DAEs 1–4 with complete separa-
tion of p- and ap-conformers, and corresponding closed forms, and
B) reference compounds BTF6 and BTTE with freely rotatable aryl
groups. C) The conversion relationship of 1a, 1p, and 1c with
a hindered aryl group. D) Comparison of 1H NMR spectra of 1p, 1a,
and 1c in CDCl3. [a] 4p was not obtained owing to the direct nitration
of 1a, resulting in only 4a.

Figure 2. A) Comparison of absorption and fluorescence spectra of 1a
and 1p (2.09 � 10�5

m) in THF. B) Absorption and C) fluorescence of
1a (2.09 � 10�5

m) in THF upon irradiation at 313 nm. Excitation for
fluorescence at isosbestic point (304 nm). D) Decay curves of absorp-
tion peaks of 1a at PSS upon irradiation of 313 nm at 343 K in CH3CN
(3.10 � 10�5

m). Insets in (B) and (C): photographic images of the color
and emission changes of 1a, respectively. Inset in (D): fatigue
resistance of 1a upon alternation irradiation of 313 nm UV light and
broadband visible light (l>450 nm) monitored at 515 nm in CH3CN
(1.65 � 10�4

m).
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Similar photochromic properties can also be found in its
derivatives 2, 3, and 4 (Supporting Information, Figures S5–
S7).

The photochromism was further traced by NMR spec-
troscopy for the separated conformers (Figure 1D; Support-
ing Information, Figures S8–S11). 1H NMR spectra of 1a and
1p show only one signal at d = 1.94 and 2.30 ppm, respec-
tively, corresponding to the methyl protons adjacent to the
reactive carbon atoms. It is quite different from the reference
compounds BTTE and BTF6 (Figure 1 B), which have two
well-resolved signals representing the coexistence of ap- and
p-conformers.[9a] During UV irradiation, while all the signals
of 1p stay constant, the signal of the methyl protons of 1a
moves to d = 2.01 ppm, along with signals of Ha shifting from
7.12 to 8.00 ppm attributed to the formation of intramolecular
hydrogen bonds between Ha and N of the thiadiazole upon
photocyclization. HPLC was also employed to confirm the
conversion relationships of 1a, 1p, and 1c (Supporting
Information, Figures S16 and S17). All of these results
indicate that 1p is photoinactive, and the photocyclization
and cycloreversion can only take place between 1a and 1c.

To gain insight into the rotation limitation for the
separation of conformers 1 a and 1 p, some theory simulations
were performed (see the Supporting Information), especially
for the rotational barriers of single bond connecting aryl
group to the ethene bridge (Figure 3 A). The barrier of BTF6
is 65.7 kJmol�1, which is high enough to make ap- and p-
conformations distinguishable in NMR spectroscopy, while
that of BTTE is even higher (72.0 kJmol�1). In contrast,
owing to the high steric crowding between the ethene bridge
of benzobis(thiadiazole) and the side benzothiophene units,
the rotational barrier of 1 is much higher than 93.5 kJmol�1

(the minimum energy value required to their rotation at
300 K),[10] and increases to 139.3 and 139.8 kJ mol�1 at
a dihedral angle of � 108, respectively. Further rotating the
dihedral angle towards 08 (co-planar) causes the overlap of

ethene and aryl groups, and thus the barrier cannot be
computed any further. Accordingly, the ap- and p-conformers
of 1a and 1p do not show any interconversion at ambient
temperature, which can be further confirmed from the
excellently thermal stability of 1 a and 1p at 343 K (Support-
ing Information, Figure S18). Consequently, we have success-
fully separated them as thermally stable conformers.

Moreover, the theoretical calculation can be very useful to
see the possible geometry at different rotation angles for each
p- or ap-conformer in solution.[11] In the case of compound 1,
the ap-conformer contains two different geometries (1a and
1a’), and the parallel conformer actually has a pair of
equivalent mirrored geometries (Supporting Information,
Figure S20, and Tables S6 and S7). As calculated, the non-
photochromic 1a’ at ambient temperature can readily convert
to the photochromic 1a at the converting rate constant of
1.69 � 1012 s�1 (exactly in the range of picoseconds), which
hence facilitates photoisomerization under light irradiation
(see the Supporting Information).

Fortunately, we obtained the single crystals of 1p, 1a, and
1c (Figure 3B; Supporting Information, Figure S25). Indeed,
1a exhibits the C2 symmetry as ap-conformation, while 1p
bears the mirror symmetry as p-conformation (Supporting
Information, Table S10). Generally, to show photochromism
in the single crystal, DAEs should meet two basic require-
ments: packing into ap-conformation and the distance
between the photoactive carbon atoms being less than
4.2 �.[12] As expected, the parallel conformer crystal (1p)
does not exhibit any color change upon UV irradiation.
Strangely, the ap-conformer crystal (1a), in which the
distance between reactive carbon atoms is evaluated as
3.480 �, which is only slightly longer than that of BTTE
(3.451 �), also does not show any obvious color change upon
UV irradiation. It is in distinct contrast with BTTE bearing
the same ethene bridge, which can turn red quickly with the
characteristic photochromic behavior.[9a] Such exceptions are
really rare,[13] especially when the distance between photo-
active carbons is among the shortest known. For BTTE, the
rotation of small terminal thiophene unit is free enough to
proceed photocyclization both in solution and crystal state.
While introducing the benzene ring into thiophene unit as
larger bulky terminal group, the strong intramolecular
hindrance of 1a might freeze the rotation of benzothiophene
group seriously, thus suppressing the photochromism in well-
ordered crystal state. This can be further supported by the
non-photochromic feature for ap-crystals of 2a, 3a, and 4a
(Supporting Information, Figure S26), despite particularly
short distances between the reacting carbon atoms, which are
3.773, 3.380 (the shortest distance to date) and 3.944 nm,
respectively. As a consequence, in photochromic DAE
systems, the appropriate rotation of aryl groups in the single
crystal state should be taken into account, and the empirical
distance of 4.2 � is only suitable to common freely rotatable
DAEs, rather than these hindered DAEs 1 a–4a.

As 1a can be successfully separated and definitely
confirmed as ap-conformer, what attracts us most is its
photochromic quantum yield. Indeed, Fo-c of 1a was deter-
mined to be as high as 72.9% in THF, more than twice as high
as that of BTF6 (35 % in hexane)[6b, 14] and BTTE (26.4 % in

Figure 3. (A) Calculated rotational barriers of 1, BTTE, and BTF6. A
negative dihedral angle corresponds to the ap-conformation, while
positive dihedral angle corresponds to p-conformation. (B) ORTEP
representations (ellipsoids set at 50% probability) of the crystals 1p,
1a, and 1c. Note the solvent molecule (dioxane) in 1p is omitted for
clarity. (C) Efficient modulation of Fo-c through separating completely
pure ap-conformer and suppressing ICT.
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THF).[9a] Meanwhile, unlike BTTE with solvent polarity
dependent behavior (from 15 % in cyclohexane to 42.1 % in
acetonitrile), 1a exhibits almost the same Fo-c in polar or low
polar solvents (Supporting Information, Table S2). But
although 1a is a pure ap-conformer, its Fo-c is still a little far
from the theory value (100%). According to Irie�s early work
on maleic anhydride based DAEs,[15] the presence of ICT is
deleterious to the photocyclization owing to the existence of
the competing deactivating channel in excited states. As 1a is
a typical d–p-A system with emitting fluorescence resulted
from ICT, for further improving the quantum yield, the ICT
effect is expected to be blocked by introducing strong
electron-withdrawing acetyl or nitro groups on the benzo-
thiophenes (3 a and 4a, Figure 1A). As listed in Table 1, the

fluorescence quantum yield (FF) and emission wavelength
(lem) are changed from 3.36 % and 514 nm (1a), 0.66% and
492 nm (3 a), to 0.01% and 458 nm (4a). Moreover, the low-
lying excited states of 1 a consist mainly of HOMO!LUMO,
HOMO�1!LUMO, and HOMO!LUMO+1 transitions
(Supporting Information, Figure S21), which correspond to
ICT from the donor benzothiophene unit to the electron-
withdrawing benzobis(thiadiazole) ethene bridge. When
introducing nitro group, the ICT channel of 4a was efficiently
blocked (Supporting Information, Figure S22 and Table S8)
with a serious quenching in fluorescence. In this way, we
successfully increased Fo-c step by step (Figure 3C), from
BTTE (26.4%, coexistence of ap- and p-conformers with
ICT), 1a (72.9 %, pure ap-conformer with ICT), 3a (84.3 %,
pure ap-conformer with partly blocked ICT) to 4a (90.6 %,
pure ap-conformer with efficiently blocked ICT). However,
upon incorporation of larger butyl group at reactive carbon,
Fo-c of 2a is decreased by 6.1% with respect to 1a. It is
indicative that besides the effect of ICT, its large hindrance
also involves the decrease in Fo-c. Consequently, the benzo-
bis(thiadiazole)-bridged DAE system can efficiently modu-
late Fo-c through both separating pure ap-conformer and
suppressing ICT (Figure 3 C).

In conclusion, a novel photochromic DAE system based
on benzobis(thiadiazole) ethene bridge has been established
and well-studied. Specifically, the system can bring forth very
high steric strain barrier to the rotation of benzothiophene
unit, even completely blocking the interconversion between
p- and ap-conformations, thus possessing several merits:

1) being able to completely separate ap- and p-conformers
with high thermal stability; 2) realizing impressively high Fo-c

(up to 90.6 %) through pure ap-conformer with intrinsic
solvent independency; 3) tailoring the fluorescence of ap-
conformer with photochromism and solvatochromism; and
4) exhibiting high thermal bistability for the open and closed
forms based on the low aromaticity ethene bridge. Regardless
of meeting the empirical distance of 4.2 � and the ap-
conformation, the separated pure ap-conformers 1a–4a
cannot proceed towards the photochromic cyclization in
well-ordered single-crystal states. The exceptional case well-
illustrates that the limited rotation of benzothiophene groups
in crystal state should be taken into account. This work
provides deep insight into how hindered conformation affects
the photochromism of DAEs in solution and solid state,
opening up a breakthrough to high Fo-c through both
separating completely pure ap-conformer and suppressing
intramolecular charge transfer.
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J. M. Beierle, H. A. V. Kistemaker, W. A. Velema, B. L. Feringa,
Chem. Rev. 2013, 113, 6114 – 6178; c) C.-J. Carling, J.-C. Boyer,
N. R. Branda, J. Am. Chem. Soc. 2009, 131, 10838 – 10839; d) K.
Suzuki, T. Ubukata, Y. Yokoyama, Chem. Commun. 2012, 48,
765 – 767; e) W. H. Zhu, L. W. Song, Y. H. Yang, H. Tian, Chem.
Eur. J. 2012, 18, 13388 – 13394; f) Y. Zou, T. Yi, S. Z. Xiao, F. Y.
Li, C. Y. Li, X. Gao, J. C. Wu, M. X. Yu, C. H. Huang, J. Am.
Chem. Soc. 2008, 130, 15750 – 15751; g) T. Q. Wu, M. Barker,
K. M. Arafeh, J.-C. Boyer, C.-J. Carling, N. R. Branda, Angew.
Chem. 2013, 125, 11312 – 11315; Angew. Chem. Int. Ed. 2013, 52,
11106 – 11109.

[2] a) H. Tian, Y. L. Feng, J. Mater. Chem. 2008, 18, 1617 – 1622;
b) S. J. Chen, L. J. Chen, H. B. Yang, H. Tian, W. H. Zhu, J. Am.
Chem. Soc. 2012, 134, 13596 – 13599; c) B. M. Neilson, C. W.
Bielawski, J. Am. Chem. Soc. 2012, 134, 12693 – 12699; d) H. B.
Cheng, H. Y. Zhang, Y. Liu, J. Am. Chem. Soc. 2013, 135, 10190 –
10193; e) H. Sun, X. Tian, J. Autschbach, Y. Yuan, J. Sun, X. Liu,
C. Chen, H. Cao, J. Mater. Chem. C 2013, 1, 5779 – 5790.

[3] a) T. A. Darwish, R. A. Evans, M. James, N. Malic, G. Triani,
T. L. Hanley, J. Am. Chem. Soc. 2010, 132, 10748 – 10755; b) S. J.
Chen, Y. H. Yang, Y. Wu, H. Tian, W. H. Zhu, J. Mater. Chem.
2012, 22, 5486 – 5494; c) D. Gust, J. Andr�asson, U. Pischel, T. A.
Moore, A. L. Moore, Chem. Commun. 2012, 48, 1947 – 1957;
d) Q. Zou, X. Li, J. J. Zhang, J. Zhou, B. B. Sun, H. Tian, Chem.
Commun. 2012, 48, 2095 – 2097; e) M. B�lter, S. Li, J. R. Nilsson,
J. Andr�asson, U. Pischel, J. Am. Chem. Soc. 2013, 135, 10230 –
10233; f) S. J. Chen, Z. Q. Guo, S. Q. Zhu, W. Shi, W. H. Zhu,
ACS Appl. Mater. Interfaces 2013, 5, 5623 – 5629; g) S. Z. Pu,
Z. P. Tong, G. Liu, R. J. Wang, J. Mater. Chem. C 2013, 1, 4726 –
4739.

[4] a) M. Berberich, A.-M. Krause, M. Orlandi, F. Scandola, F.
W�rthner, Angew. Chem. 2008, 120, 6718 – 6721; Angew. Chem.
Int. Ed. 2008, 47, 6616 – 6619; b) G. Y. Jiang, Y. L. Song, X. F.
Guo, D. Q. Zhang, D. B. Zhu, Adv. Mater. 2008, 20, 2888 – 2898;
c) J. K�rnbratt, M. Hammarson, S. Li, H. L. Anderson, B.
Albinsson, J. Andr�asson, Angew. Chem. 2010, 122, 1898 – 1901;

Table 1: Spectroscopic data of 1a–4a in THF.

lmax/nm lem/nm FF
[a]/% aPSS

[b]/ % Fo-c
[c]/%

1a 282 514 3.36 89.5 72.9
2a 282 514 5.75 88.0 66.8
3a 285 492 0.66 93.1 84.3
4a 284 458 0.01 95.8 90.6
BTTE[d] 289 504 0.80 53.0 26.4
BTF6[e] 258 – – 45.0 35.0

[a] Fluorescence quantum yield (FF). [b] Conversion yield at PSS (aPSS).
[c] Quantum yields of cyclization (Fo-c) were calculated upon irradiation
at 313 nm, using BTF6 as the reference. [d] BTTE (365 nm) in THF was
taken from reference [9a]. [e] BTF6 (313 nm) in hexane was taken from
reference [6b] and [14].

.Angewandte
Zuschriften

4694 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 4691 –4695

http://dx.doi.org/10.1021/cr980069d
http://dx.doi.org/10.1021/ja904746s
http://dx.doi.org/10.1039/c1cc16516j
http://dx.doi.org/10.1039/c1cc16516j
http://dx.doi.org/10.1002/chem.201202189
http://dx.doi.org/10.1002/chem.201202189
http://dx.doi.org/10.1021/ja8043163
http://dx.doi.org/10.1021/ja8043163
http://dx.doi.org/10.1002/ange.201305253
http://dx.doi.org/10.1002/ange.201305253
http://dx.doi.org/10.1002/anie.201305253
http://dx.doi.org/10.1002/anie.201305253
http://dx.doi.org/10.1039/b713216f
http://dx.doi.org/10.1021/ja306748k
http://dx.doi.org/10.1021/ja306748k
http://dx.doi.org/10.1021/ja304067k
http://dx.doi.org/10.1021/ja4018804
http://dx.doi.org/10.1021/ja4018804
http://dx.doi.org/10.1039/c3tc31131g
http://dx.doi.org/10.1021/ja1013322
http://dx.doi.org/10.1039/c2jm14973g
http://dx.doi.org/10.1039/c2jm14973g
http://dx.doi.org/10.1039/c1cc15329c
http://dx.doi.org/10.1039/c2cc16942h
http://dx.doi.org/10.1039/c2cc16942h
http://dx.doi.org/10.1021/ja403828z
http://dx.doi.org/10.1021/ja403828z
http://dx.doi.org/10.1021/am4009506
http://dx.doi.org/10.1039/c3tc30804a
http://dx.doi.org/10.1039/c3tc30804a
http://dx.doi.org/10.1002/ange.200802007
http://dx.doi.org/10.1002/anie.200802007
http://dx.doi.org/10.1002/anie.200802007
http://dx.doi.org/10.1002/adma.200800666
http://dx.doi.org/10.1002/ange.200906088
http://www.angewandte.de


Angew. Chem. Int. Ed. 2010, 49, 1854 – 1857; d) T. Fukaminato,
T. Doi, N. Tamaoki, K. Okuno, Y. Ishibashi, H. Miyasaka, M.
Irie, J. Am. Chem. Soc. 2011, 133, 4984 – 4990.

[5] a) Y. Nakayama, K. Hayashi, M. Irie, J. Org. Chem. 1990, 55,
2592 – 2596; b) M. Irie, M. Mohri, J. Org. Chem. 1988, 53, 803 –
808; c) T. Kudernac, T. Kobayashi, A. Uyama, K. Uchida, S.
Nakamura, B. L. Feringa, J. Phys. Chem. A 2013, 117, 8222 –
8229; d) Y. Asano, A. Murakami, T. Kobayashi, S. Kobatake, M.
Irie, S. Yabushita, S. Nakamura, J. Mol. Struct. THEOCHEM
2003, 625, 227 – 234.

[6] a) S. Kawai, T. Nakashima, Y. Kutsunugi, H. Nakagawa, H.
Nakano, T. Kawai, J. Mater. Chem. 2009, 19, 3606 – 3611; b) S.
Fukumoto, T. Nakashima, T. Kawai, Angew. Chem. 2011, 123,
1603 – 1606; Angew. Chem. Int. Ed. 2011, 50, 1565 – 1568; c) S.
Fukumoto, T. Nakashima, T. Kawai, Eur. J. Org. Chem. 2011,
5047 – 5053; d) T. Nakashima, R. Fujii, T. Kawai, Chem. Eur. J.
2011, 17, 10951 – 10957; e) K. Morinaka, T. Ubukata, Y.
Yokoyama, Org. Lett. 2009, 11, 3890 – 3893; f) H. Ogawa, K.
Takagi, T. Ubukata, A. Okamoto, N. Yonezawa, S. Delbaere, Y.
Yokoyama, Chem. Commun. 2012, 48, 11838 – 11840.

[7] a) M. Takeshita, M. Nagai, T. Yamato, Chem. Commun. 2003,
1496 – 1497; b) M. K. Hossain, M. Takeshita, T. Yamato, Eur. J.
Org. Chem. 2005, 2771 – 2776.

[8] a) M. Takeshita, C. N. Choi, M. Irie, Chem. Commun. 1997,
2265 – 2266; b) M. Takeshita, N. Kato, S. Kawauchi, T. Imase, J.
Watanabe, M. Irie, J. Org. Chem. 1998, 63, 9306 – 9313; c) M.
Takeshita, M. Yamada, N. Kato, M. Irie, J. Chem. Soc. Perkin
Trans. 2 2000, 619 – 622; d) F. Stellacci, C. Bertarelli, F. Toscano,
M. C. Gallazzi, G. Zotti, G. Zerbi, Adv. Mater. 1999, 11, 292 –
295; e) K. Uchida, E. Tsuchida, Y. Aoi, S. Nakamura, M. Irie,
Chem. Lett. 1999, 28, 63 – 64; f) R. T. F. Jukes, V. Adamo, F.
Hartl, P. Belser, L. De Cola, Inorg. Chem. 2004, 43, 2779 – 2792;
g) T. Yamaguchi, M. Irie, J. Photochem. Photobiol. A 2006, 178,

162 – 169; h) A. R. Santos, R. Ballardini, P. Belser, M. T.
Gandolfi, V. M. Iyer, L. Moggi, Photochem. Photobiol. Sci.
2009, 8, 1734 – 1742; i) R. Gçstl, B. Kobin, L. Grubert, M. P�tzel,
S. Hecht, Chem. Eur. J. 2012, 18, 14282 – 14285; j) V. W.-W. Yam,
C.-C. Ko, N. Zhu, J. Am. Chem. Soc. 2004, 126, 12734 – 12735;
k) S. Alo�se, M. Sliwa, Z. Pawlowska, J. R�hault, J. Dubois, O.
Poizat, G. Buntinx, A. Perrier, F. Maurel, S. Yamaguchi, M.
Takeshita, J. Am. Chem. Soc. 2010, 132, 7379 – 7390.

[9] a) W. H. Zhu, Y. H. Yang, R. Metivier, Q. Zhang, R. Guillot,
Y. S. Xie, H. Tian, K. Nakatani, Angew. Chem. 2011, 123, 11178 –
11182; Angew. Chem. Int. Ed. 2011, 50, 10986 – 10990; b) Y. H.
Yang, Y. S. Xie, Q. Zhang, K. Nakatani, H. Tian, W. H. Zhu,
Chem. Eur. J. 2012, 18, 11685 – 11694.

[10] I. Alkorta, J. Elguero, C. Roussel, N. Vanthuyne, P. Piras, Adv.
Heterocycl. Chem. , Vol. 105 (Ed.: K. Alan), Academic Press
Elsevier (Amsterdam), 2012, pp. 4,.

[11] a) N. Tanaka, C. Okabe, K. Sakota, T. Fukaminato, T. Kawai, M.
Irie, A. Goldberg, S. Nakamura, H. Sekiya, J. Mol. Struct. 2002,
616, 113 – 118; b) S. Alo�se, M. Sliwa, G. Buntinx, S. Delbaere, A.
Perrier, F. Maurel, D. Jacquemin, M. Takeshita, Phys. Chem.
Chem. Phys. 2013, 15, 6226 – 6234.

[12] a) S. Kobatake, K. Uchida, E. Tsuchida, M. Irie, Chem.
Commun. 2002, 2804 – 2805; b) M. Morimoto, M. Irie, Chem.
Commun. 2005, 3895 – 3905; c) K. Shibata, K. Muto, S. Koba-
take, M. Irie, J. Phys. Chem. A 2002, 106, 209 – 214.

[13] a) S. Fukumoto, T. Nakagawa, S. Kawai, T. Nakashima, T.
Kawai, Dyes Pigm. 2011, 89, 297 – 304; b) S. Pu, C. Fan, W. Miao,
G. Liu, Tetrahedron 2008, 64, 9464 – 9470; c) G. Liu, S. Pu, R.
Wang, Org. Lett. 2013, 15, 980 – 983; d) H. Ohara, M. Morimoto,
M. Irie, Photochem. Photobiol. Sci. 2010, 9, 1079 – 1081.

[14] M. Hanazawa, R. Sumiya, Y. Horikawa, M. Irie, J. Chem. Soc.
Chem. Commun. 1992, 206 – 207.

[15] M. Irie, K. Sayo, J. Phys. Chem. 1992, 96, 7671 – 7674.

Angewandte
Chemie

4695Angew. Chem. 2014, 126, 4691 –4695 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1002/anie.200906088
http://dx.doi.org/10.1021/ja110686t
http://dx.doi.org/10.1021/jo00296a011
http://dx.doi.org/10.1021/jo00296a011
http://dx.doi.org/10.1021/jo00239a022
http://dx.doi.org/10.1021/jo00239a022
http://dx.doi.org/10.1021/jp404924q
http://dx.doi.org/10.1021/jp404924q
http://dx.doi.org/10.1016/S0166-1280(03)00025-3
http://dx.doi.org/10.1016/S0166-1280(03)00025-3
http://dx.doi.org/10.1039/b823354c
http://dx.doi.org/10.1002/ange.201006844
http://dx.doi.org/10.1002/ange.201006844
http://dx.doi.org/10.1002/anie.201006844
http://dx.doi.org/10.1002/ejoc.201100676
http://dx.doi.org/10.1002/ejoc.201100676
http://dx.doi.org/10.1002/chem.201101495
http://dx.doi.org/10.1002/chem.201101495
http://dx.doi.org/10.1021/ol901497t
http://dx.doi.org/10.1039/c2cc35793c
http://dx.doi.org/10.1039/b303916a
http://dx.doi.org/10.1039/b303916a
http://dx.doi.org/10.1039/a705677j
http://dx.doi.org/10.1039/a705677j
http://dx.doi.org/10.1021/jo981199p
http://dx.doi.org/10.1039/b000117l
http://dx.doi.org/10.1039/b000117l
http://dx.doi.org/10.1002/(SICI)1521-4095(199903)11:4%3C292::AID-ADMA292%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4095(199903)11:4%3C292::AID-ADMA292%3E3.0.CO;2-V
http://dx.doi.org/10.1021/ic035334e
http://dx.doi.org/10.1016/j.jphotochem.2005.10.043
http://dx.doi.org/10.1016/j.jphotochem.2005.10.043
http://dx.doi.org/10.1039/b9pp00037b
http://dx.doi.org/10.1039/b9pp00037b
http://dx.doi.org/10.1002/chem.201203111
http://dx.doi.org/10.1021/ja047446q
http://dx.doi.org/10.1002/ange.201105136
http://dx.doi.org/10.1002/ange.201105136
http://dx.doi.org/10.1002/anie.201105136
http://dx.doi.org/10.1002/chem.201200354
http://dx.doi.org/10.1016/S0022-2860(02)00316-2
http://dx.doi.org/10.1016/S0022-2860(02)00316-2
http://dx.doi.org/10.1039/c3cp43806f
http://dx.doi.org/10.1039/c3cp43806f
http://dx.doi.org/10.1039/b208419h
http://dx.doi.org/10.1039/b208419h
http://dx.doi.org/10.1039/b505256d
http://dx.doi.org/10.1039/b505256d
http://dx.doi.org/10.1021/jp0115648
http://dx.doi.org/10.1016/j.dyepig.2010.04.004
http://dx.doi.org/10.1016/j.tet.2008.07.073
http://dx.doi.org/10.1021/ol400188h
http://dx.doi.org/10.1039/c0pp00083c
http://dx.doi.org/10.1039/c39920000206
http://dx.doi.org/10.1039/c39920000206
http://dx.doi.org/10.1021/j100198a035
http://www.angewandte.de

