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Abstract

Photochromic compounds are currently recognized as the prom-
ising candidates for future optoelectronic devices, such as mem-
ories and switches. Photochemical pericyclic reactions between
1,3,5-hexatriene and 1,3-cyclohexadiene have been used in sev-
eral ways to construct versatile photochromic compounds. Re-
cent development of the 6�-electrocyclic photochromic systems
is overviewed.

� Introduction

Photochromic compounds interconvert between two iso-
mers by irradiation with appropriate wavelength of light.1,2

Among several kinds of photochromic compounds, there is a ser-
ies of compounds which use photochemical pericyclic reactions
between 1,3,5-hexatriene and 1,3-cyclohexadiene. This 6�-
electrocyclization/cycloreversion reaction proceeds according
to the Woodward–Hoffmann rule (Figure 1). Many photochro-
mic compounds based on this 1,6-electrocyclization have been
synthesized. In general, irradiation with UV light to the colorless
hexatriene derivatives gives colored cyclohexadiene derivatives
and upon irradiation with visible light the cyclohexadiene deriv-
atives return back to the original hexatriene derivatives.

In the 6�-electrocyclization/cycloreversion, photochemical
reactions proceed in conrotatory fashion, and the thermal reac-
tions proceed in disrotatory fashion. From the simple Wood-
ward–Hoffmann rule we can not anticipate thermal irreversible
electrocyclic reactions. Based on detailed theoretical calcula-
tions and experiments it was proved that the 6�-electron systems
having heteroaryl rings with low aromatic stabilization energy
undergo thermally irreversible photochromic reactions.3 Suita-
bly designed 6�-electrocyclic photochromic compounds under-
go photochemical conrotatory reactions and thermal reactions
are strongly prohibited. The thermal stability is one of the fea-
tures of the recently developed photochromic systems compared
with other classic photochromic compounds such as azobenzene
or spiropyran.

Fulgides4–9 and diarylethenes10–13 are well-known thermally
stable photochromic compounds (Figure 2). Fulgides, which
was developed by Heller and Yokoyama, has a core structure
of bismethylenesuccinic anhydrides. When one of the four
substituents at exomethylene moiety is furan or thiophene, the
compounds show excellent photochromic reactivity. The reac-
tive position in the furan or thiophene ring should be substituted
to avoid further oxidation or rearrangement.

Diarylethenes have a basic structure with two heterocyclic

five-membered rings and a cyclic ethene moiety. Diarylethenes
show not only thermally irreversible photochromic reactivity
but also fatigue-resistant characteristics. Since the discovery of
the diarylethene derivatives, extremely rich chemistry of diaryl-
ethenes has been explored. The recent intensive studies by our
group and others extend over many fields, such as crystalline-
state photochromism,14–17 enantio- or diastereoselective cycliza-
tion,18–20 effective switching of �-conjugation,21–25 very fast
reaction dynamics,26,27 formation of supramolecular assem-
bly,28–30 and observation of photoswitch at single-molecule
level.31,32 Recent studies on fulgides and diarylethenes have
been reviewed already.4,10

Because the photochromic compounds are currently recog-
nized as the promising candidates for the future optoelectronic
devices, such as memories and switches, the interests on the
photochromic compounds have been increasing. Among diverse
studies on photochromism, many new structures utilizing
6�-electron systems have been reported. In this review, the
new design, synthesis and properties of these compounds will
be focused.

� Dihydropyrene and [2,n]Metacyclo-
phan-1-ene

Dihydropyrene33 and [2,n]metacyclophan-1-ene34 were
originally developed by Boekelheide (Figure 3). The thermally
stable form for the dihydropyrene system is the cyclohexadiene
closed-ring isomer, but to the contrary the hexatriene open-ring
isomer is more stable for the [2,n]metacyclophan-1-ene system.
For both dihydropyrene and [2,n]metacyclophan-1-ene, the
photogenerated metastable form converts back to the stable form
in the dark. The thermal back reaction of [2,n]metacyclophan-1-
ene is strongly affected by the length of the bridging chain.35

For instance, [2,3]metacyclophan-1-ene showed much faster
decoloration reaction than [2,2]metacyclophan-1-ene. The de-
coloration rate of [2,2]metacyclophan-1-ene was the slowest
due to the steric hindrance of the hexatriene open-ring isomer.
In general the thermal ring-opening reaction of [2,n]metacyclo-
phan-1-ene readily takes place because the open-ring isomer
gains the aromatic stabilization. In the case of [2,2]metacyclo-
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Figure 1. Photochemical isomerization between 1,3,5-hexa-
triene and 1,3-cyclohexadiene.
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phan-1-ene, the instability of the open-ring isomer gives rise to
the large activation energy to supress the thermal ring-opening
reaction.

Mitchell et al. reported that benzo-annelated dihydropyrene
5b is a stable form, while the open-ring isomer 6a becomes
stable when two phenyl rings are introduced to the parent dihy-
dropyrene (Figure 4).36 Photogenerated green-colored isomer 6b
returned back to the colorless isomer 6a rapidly.

By combining mono-benzo-annelated dihydropyrene and
bis-benzo-annelated dihydropyrene, the multi-state photochro-
mic compound 7a was designed and synthesized (Figure 5). In
this system, the thermally stable form is 7b, in which one of
the dihydropyrene rings is open and the other is closed. Although
the lifetime of bis-closed 7cwas very short and could be detected
only by flash photolysis, three-state photochromic reaction was
confirmed.37

Takeshita and Yamato applied the fixed conformation of
[2,2]metacyclophan-1-ene to the enatioselective photocycliza-
tion reaction (Figure 6).38 Two chiral open-ring isomers of 8a
could be separated and photocyclized to two enantiomeric
closed-ring isomers. The closed-ring isomers showed distinct
CD signals and the cyclization reactions could be detected by
CD spectra.

� Modification at Ethene Moiety

The cyclic ethene moiety of diarylethenes can be modified
to endow the unique reactivity to diarylethenes (Figure 7).39–43

Triangle-shaped terthiophene derivative 9a showed photochro-
mic reactivity which can be used as re-router of the �-conjuga-
tion pathway.39

Yam et al. used phenanthroline as the ethene moiety.40

Rhenium complex 10a showed luminescence switching. In the
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Figure 5. Three-state photochromic reactions of a dihydropyr-
ene dimer.
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open-ring isomer, the emission from MLCT (metal-to-ligand
charge transfer) state is predominant, but in the closed-ring
isomer the emission from IL (intraligand) state was observed.
A slow thermal back reaction of 10b to 10a was also detected.

Branda and Lemieux replaced the cyclic ethene moiety with
cyclohexadiene (Figure 8).41 The synthesized molecule 11a,
which does not have a double-bond at the central position, did
not show any photochromic reactivity, but after the Diels–Alder
reaction with maleic anhydride, the product 11b, which has a
[2.2.2]bicyclooctene moiety, gained the photochromic reactivity
to the corresponding closed-ring isomer 11c. The closed-ring
isomer 11c was reported to be thermally stable.

� Modification at Aryl Groups

The aryl groups of diarylethenes are not necessarily hetero-
aryl rings. Yokoyama et al. and Branda et al. independently re-
ported that the simple olefins can be replaced with the heteroaryl
rings of diarylethenes (Figure 9).44–49 The absorption band of the
closed-ring isomer was observed at shorter wavelength region
than those of the conventional diarylethenes. For example, the
closed-ring isomer 12b and 13b showed absorption maxima at
450 nm for both compounds. In these systems, the closed-ring
isomers are thermally stable. The interconversion was not
observed without irradiation of light.

Compound 14a has a similar structure of conventional
diarylethenes but the reaction manner is totally different
(Figure 10).47 In this case, the roles of perfluorocyclopentene
ring and benzothiophene ring are opposite. The color of the
closed-ring isomer 14b was red. The closed-ring isomer was
fairly thermally stable. The color persists for more than 1 week
in toluene at 70 �C.

The photochromic reactions of these compounds showed
the generality of the photochemical 6� pericyclic reactions.
Although the modification of the parent diarylethene skeleton
was anticipated to cause the thermal instability of the closed-ring
isomer, most of the synthesized compounds showed good ther-
mal stability.

� Fused Diarylethenes

Recently, fused diarylethenes, in which multiple diaryl-
ethene chromophores are integrated by sharing the same thio-
phene ring, have been developed.50–52 This design enables multi-
mode photochromism. Some advantages of the one-molecule
system over mixed systems for multimode photochromism in-
clude the high resolution available arising from local homogene-
ity, long-term storage stability, and applications to multifrequen-
cy single-molecular memories.

The colorless open-ring isomer 15a showed multimode
photochromism (Figure 11).51 A solution of 15a in hexane
turned yellow then green upon irradiation with light of
365 nm. Upon further irradiation with light of 313 nm, the solu-
tion turned black. When the solution was exposed simultaneous-
ly to UV (313 nm) and blue (436 nm) light, it turned blue.
The solution turned yellow, when it was irradiated with UV
(313 nm) and yellow (� > 500 nm) light. Different colors can
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be obtained by irradiation with different wavelengths of light and
for different periods of time. This phenomenon is characteristic
of fused diarylethenes.

Figure 12 shows full color photochromism of a fused di-
arylethene trimer.52 Three kinds of the closed-ring isomer 16b,
16c, and 16d showed blue, red, and yellow colors, respectively
(Figure 13). Full color property is a necessary condition for
the application to the display materials.

� Switching on Aryl Group

One of the interesting properties of 6�-electrocyclic sys-
tems is a photoswitching behavior. For the conventional diaryl-
ethenes, the most distinctive feature is the difference in �-conju-
gation. In the open-ring isomer, the�-conjugation is separated at
each side of the aryl group but the �-conjugation is connected
throughout the molecule in the closed-ring isomer. This differ-
ence in the �-conjugation gives rise to the switching of the ex-
change interaction between two organic radicals.20–24

Recently, another strategy of the switching has been devel-
oped.53–55 The photocyclization reaction of the diarylethene unit
breaks the �-conjugation in 2,5-bis(arylethynyl)-3-thienyl unit
due to the change of the orbital hybridization from sp2 to sp3

at the 2-position of the thiophene ring. Branda et al. also used
the switching of the orbital hybridization for the control of ab-

sorption spectrum.56 Imino nitroxide radicals are introduced at
both ends of the 2,5-bis(arylethynyl)thiophene �-conjugated
chain to give 17a (Figure 14).53 The magnetic interaction be-
tween the two radicals via the �-conjugated chain could be al-
tered by the photocyclization. The open-ring isomer represents
‘‘ON’’ state because �-conjugated system is delocalized between
two radicals, while the closed-ring isomer represents ‘‘OFF’’
state because �-conjugated system is disconnected at 2-position
of the thiophene ring. The switching is opposite direction to the
conventional diarylethenes.

Figure 15 shows ESR spectral change along with the photo-
chromic reaction of biradical 17. In the open-ring isomer the
spectrum is 13 lines, which indicates the exchange interaction
takes place between the two radicals (j2J=kBj > 0:04K). The
photogenerated closed-ring isomer showed 7 lines, which is a
spectrum of an isolated imino nitroxide (j2J=kBj < 3� 10�4 K).

This switching strategy has been applied to oligothio-
phene.54 Figure 16 shows the switching behavior of photochro-
mic oligothiophene 18a. The closed-ring isomer has the different
�-conjugation pathway from the open-ring isomer.

Figure 17 shows the photochemical control of pKa by chang-
ing the �-conjugation pathway from �-donor to �-acceptor.55

The open-ring isomer 19a has a�-conjugation between methoxy
group and phenol group, though the closed-ring isomer 19b has a
�-conjugation between pyridinium group and phenol group.
Thus, the effect on the phenol group changed from donor to ac-
ceptor. Therefore, the pKa value decreased from 10.2 to 9.0 as
the cyclization reaction proceeds.

� Summary and Future Outlook

As overviewed in this review, the 6�-electrocyclic system is
a robust core which is suitable for the photochromic compounds.
Thermal irreversibility and fatigue resistance of the photochro-
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mic diarylethene systems are the advantages over other photo-
chromic compounds. These features are the suitable for the ap-
plications to optoelectronic devices. The photochemical pericy-
clic reaction of 6�-electron systems inherently has a switching

property of the �-conjugation. This switching can be used in
the future optoelectronic devices such as memories and
switches.
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