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Diarylethene derivatives 1a having two cyclohexyl groups and 2a having a cyclohexyl and a cyclohexenyl
group formed a mixed crystal composed of almost equal amounts of the two components, and underwent
photochromism in the mixed crystal as well as in the single-component crystals.
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Photochromism is defined as a photoinduced reversible trans-
formation of a chemical species between two isomers having dif-
ferent absorption spectra.1 Although various types of
photochromic molecules have been reported so far, molecules
which show photochromic reactivity in the crystalline state are
rare.2–7 In addition, most photochromic crystals undergo thermally
reversible photochromic reactions and photogenerated isomers re-
turn to the initial isomers in the dark. In contrast to them, diary-
lethene derivatives having heterocyclic aryl rings undergo
thermally irreversible and fatigue-resistant photochromic reac-
tions not only in solution but also in the single-crystalline phases.8

They undergo photocyclization and photocycloreversion reactions
in the crystal lattices by alternate irradiation with ultraviolet
(UV) and visible light, and show reversible color changes between
colorless and colored states. The photogenerated color and the
quantum yield of the photoreaction vary depending on the molec-
ular conformation in the crystal as well as on the chemical struc-
ture of the diarylethene molecule.9

Several examples of two- or three-component diarylethene
mixed crystals which contain different kinds of diarylethene deriv-
atives have been reported.10 If the diarylethene components exhi-
bit different absorption spectra, the photoreaction of each
component can be selectively controlled by irradiation with light
of appropriate wavelength, and the crystals show multicolor
ll rights reserved.
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photochromism. A successful example of multicolor photochromic
crystals is a three-component crystal composed of dioxazolyl-,
dithiazolyl-, and dithienylethene derivatives, closed-ring isomers
of which exhibit yellow, red, and blue, respectively.10e The mole-
cules are quite similar in the geometrical structure except the dif-
ference in the atoms in the heterocyclic aryl rings. The similarity in
the geometrical structures helps the formation of well-mixed crys-
tals, and the crystal shows multicolor photochromism.

Based on the above strategy utilizing the similarity in the
molecular geometrical structure, we tried to prepare another mul-
ti-component photochromic crystal by using diarylethene deriva-
tives 1 and 2 having cyclohexyl and cyclohexenyl groups
(Scheme 1). We expected that 1 and 2 form mixed crystals with
3 having two phenyl groups11 because the geometry and size of
the molecules are similar to each other. In addition, 3 having con-
jugative phenyl groups is known to turn blue upon UV irradiation,
while 1 and 2 are expected to exhibit red color. Unfortunately, both
1 and 2 did not form mixed crystals with 3, but we succeeded in
the preparation of a two-component mixed crystal composed of al-
most equal amounts of 1 and 2. We report on photochromic reac-
tions of 1 and 2 in the single-component crystals and the two-
component mixed crystal.

The syntheses of open-ring isomers 1a and 2a were performed
according to Scheme 2. The details are described in the Supple-
mentary data. First, 1-(4-bromo-5-methylthiophen-2-yl)cyclohex-
anol (5)12 was prepared by a reaction of lithiated 3,5-dibromo-2-
methylthiophene (4) with cyclohexanone. Then, 5 was reduced
by adding LiAlH4 under the presence of AlCl3 to be transformed



Scheme 1. Photochromism of diarylethenes 1 having two cyclohexyl groups, 2
having a cylcohexyl and a cyclohexenyl group, and 3 having two phenyl groups.

Figure 1. Absorption spectra of 1 (a, 1.90 � 10�5 M) and 2 (b, 1.32 � 10�5 M) in
hexane. Dotted lines: open-ring isomers 1a and 2a, solid lines: closed-ring isomers
1b and 2b, dashed lines: photostationary states under irradiation with 300 nm light.
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to 3-bromo-5-cyclohexyl-2-methylthiophene (6).13 On this reac-
tion, 3-bromo-5-cyclohexenyl-2-methylthiophene (7) was also
generated as a dehydrated by-product. 6 and 7 could not be sepa-
rated by flash column chromatography, and were obtained as a
mixture in the molar ratio of 6:7 = 4:1. The characterization of 6
and 7 in the mixture was confirmed by NMR spectroscopy. Finally,
the mixture of 6 and 7 was lithiated and coupled with octafluoro-
cyclopentene. On a TLC analysis of the reaction mixture, two major
products were found to be photochromic. They were separated by
flash column chromatography and identified to be 1a having two
cyclohexyl groups and 2a having a cyclohexyl and a cyclohexenyl
group by 1H NMR, MS, and elemental analysis.14,15

1 and 2 underwent photochromism in solution. Figure 1 shows
absorption spectra of 1 and 2 in hexane. Upon irradiation with UV
light, colorless solutions of the open-ring isomers 1a and 2a turned
red and reddish purple, respectively. These color changes are due
to the generation of the closed-ring isomers 1b and 2b. 1b and
2b exhibit absorption maxima at 512 and 538 nm, respectively.
The maximum of 2b showed a bathochromic shift in comparison
Scheme 2. Synthese
with that of 1b by as much as 26 nm. The shift means that the ole-
fin moiety in the cyclohexenyl group in 2b participates in the p
conjugation of the central photochromic backbone. The conversion
ratios from the open- to the closed-ring isomers under irradiation
with 300 nm light were 64% and 65% for 1 and 2, respectively. The
colored states were stable in the dark at room temperature and
bleached by irradiation with visible light (k > 440 nm).

Slow evaporation of a methanol solution of 1a afforded color-
less plate-like crystals. The crystal structure was determined by
X-ray crystallographic analysis. The crystal belongs to a triclinic
crystal system with a space group P1 and Z = 8.16 An asymmetric
unit in the unit cell contains four 1a molecules shown in ORTEP
drawings in Figure 2a. The four molecules in Figure 2a adopt differ-
ent conformations concerning the cyclohexane rings. The thio-
phene rings of the four molecules are fixed in anti-parallel
orientations, and the distances between the reacting carbons are
s of 1a and 2a.



Figure 2. ORTEP drawings for single-component crystals of 1a (a) and 2a (b).
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3.465–3.501 Å. This fulfills the requirement for diarylethene deriv-
atives to undergo photochromic reactions in the crystalline state.9

Single crystals of 2a were grown by recrystallization from hexane.
The crystal of 2a is triclinic P1 with Z = 2.16 Figure 2b shows an OR-
TEP drawing of 2a. C22–C27 is the olefin double bond in the cyclo-
hexenyl group. 2a molecule also adopts an anti-parallel
conformation, and the distance between the reacting carbons is
3.493 Å. The crystal of 2a is also expected to show photochromic
reactivity.

Photochromism of the single-component crystals of 1a and 2a
was examined. Upon irradiation with UV light (k = 365 nm), the
colorless single crystals of 1a and 2a turned red and reddish purple,
respectively. Figure 3 shows polarized absorption spectra of the
colored crystals. Absorption maxima for 1b and 2b in the colored
crystals are located at 525 and 550 nm, respectively. Anisotropy
in polar plots of the absorbance reflects the regular orientation of
the photogenerated closed-ring isomers in the crystals and means
that photocyclization reactions in both the crystals of 1a and 2a
proceed in the single-crystalline phase.17 The colored crystals were
bleached by visible irradiation (k > 440 nm).

We tried to prepare mixed crystals composed of 1a and 3a or
composed of 2a and 3a. Unfortunately, upon recrystallization from
mixed hexane solutions, the molecules crystallized separately and
Figure 3. Polarized absorption spectra and polar plots of the absorbance for UV-
irradiated single-component crystals of 1a (a) and 2a (b).
did not yield mixed crystals, probably due to the difference in the
planarity between the cyclohexyl and phenyl groups or due to the
difference in the solubility to the solvent. However, we found that
1a and 2a form a mixed crystal composed of almost equal amounts
of the two components. The mixed crystal was prepared by recrys-
tallization of a 1:1 (molar ratio) mixture of 1a and 2a from meth-
anol. The composition ratio of the crystal was found to be
1a:2a = 53:47 by HPLC analysis. Molecular structures of 1a and
2a are quite similar to each other except that 2a has the olefin moi-
ety in the cyclohexenyl group. This enables the formation of mixed
crystals composed of 1a and 2a in almost equal amounts. Accord-
ing to X-ray crystallographic analysis, the mixed crystal has the
same unit cell as that of the single-component crystal of 2a, tri-
clinic P1 with Z = 2.16 On the refinement of the molecular structure,
however, high peaks of residual electron density were observed
around the cyclohexenyl group in 2a. These peaks were assigned
to the carbon atoms in the cyclohexyl group in 1a, which is incor-
Figure 4. ORTEP drawings for 1a and 2a in two-component mixed crystal of 1a�2a.
The occupancy ratio is 1a:2a = 59:41.



Figure 5. Absorption spectrum of UV-irradiated two-component mixed crystal of
1a�2a.
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porated into the crystal lattice of 2a. The final molecular structures
after the refinement are shown as ORTEP drawings in Figure 4. The
cyclohexyl group in 1a is observed as a disordered structure on the
cyclohexenyl group in 2a. The occupancy ratio of the cyclohexyl
and cyclohexenyl groups is 59:41, which is consistent with the
composition ratio determined from HPLC analysis.

Photochromism of the two-component mixed crystal composed
of 1a and 2a was also examined. Upon irradiation with UV light
(k = 340 nm), the colorless single crystal turned red. Figure 5 shows
an absorption spectrum of the UV-irradiated colored crystal. The
spectrum has a maximum at 535 nm, and is located between the
spectra of the single-component crystals of 1a and 2a. HPLC anal-
ysis of the colored crystal revealed that both of the closed-ring iso-
mers 1b and 2b were generated in the molar ratio of 1b:2b = 57:43
by the UV irradiation. There is no remarkable selectivity in the
photocyclization of 1a and 2a in the mixed crystal.

In conclusion, 1a and 2a formed a mixed crystal composed of al-
most equal amounts of the two components owing to the similar-
ity in the molecular structures, and both underwent
photochromism in the mixed crystal as well as in the single-com-
ponent crystals.
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