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a b s t r a c t

This article introduces photochromic properties together with structures of organometallic compounds
that undergo photo-induced structural rearrangement. The aim of this review is to survey the research
on photochromism by using organometallics which possess by their own nature the properties respon-
sible for the photochromism such as bonding and structural fluxionality, electronic state fluctuation, and
photochemically active characteristic in both solution and the solid state. Therefore, the organometallics
which include the well-characterized organic photochromic moieties, considered to be derivatives of
rganometallic compounds
tructural rearrangement
rystalline-state reaction
ithionite complex

such kinds of organic photochromic compounds, are excluded in this article. Mono-, di-, and poly-nuclear
organometallic compounds are presented based on the reaction types such as linkage isomerization, hap-
totropic rearrangement, and reorganization of metal–ligand and/or metal–metal bonds. Very recently,
the crystalline-state photochromism is becoming an attractive field of photochromic chemistry. As a
demonstrative example, the photochromism of organometallic rhodium dinuclear complexes having a
dithionite ligand (�-O2SSO2), which shows 100% reversible interconversion in the crystalline-state and

he au
have been developed in t

. Introduction
Photochromism is defined as “reversible transformation of a
hemical species induced in one or both directions by absorp-
ion of electromagnetic radiation between two forms, A and

∗ Corresponding author. Tel.: +81 76 264 5696; fax: +81 76 264 5742.
E-mail address: nakai@cacheibm.s.kanazawa-u.ac.jp (H. Nakai).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.12.025
thors’ laboratory, will be discussed.
© 2009 Elsevier B.V. All rights reserved.

B, having different absorption spectra” (Fig. 1) [1]. When form
A is more thermodynamically stable than form B, form A is
transformed by irradiation into form B. If the back reaction
occurs thermally or photochemically, it is called photochromism

of type T or P. Positive photochromism means that form A
absorbs at shorter wavelengths than form B (�max(A) < �max(B)).
When �max(A) > �max(B), photochromism is called negative or
inverse. Photochromism is also categorized into unimolecular and
bimolecular reactions. Most of the compounds dealt with in

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:nakai@cacheibm.s.kanazawa-u.ac.jp
dx.doi.org/10.1016/j.ccr.2009.12.025
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Twenty years later, by using a Cp* (�5-C5Me5) ligand instead of
Cp, the crystal structures of a nitrosyl complex [Cp*Ni(�1-NO)] (3)
and its linkage isomer [Cp*Ni(�2-NO)] (4) were X-ray analyzed at
25 K by Coppens and co-workers (Fig. 3) [12]. Thus, it is proven
Fig. 1. Definition of photochromism between A and B.

his article belong to the unimolecular type-T photochromism
ategory.

Very recently, photochromic compounds, especially organic
ompounds, have become appealing for their potential advantages
n the construction of novel photo-switching devices and supra-

olecular architectures [2]. Organic compounds have dominated
he development of photochromic chemistry since the discovery of
etracene in 1867 by Fritsche [3]. Various organic compounds show
hotochromism based on established processes such as cis/trans

somerization, pericyclic reactions, H atom transfer reactions, and
issociation processes [4]. In contrast, the photochromic chemistry
f inorganic compounds including organometallic compounds is
till in its infancy.

Photochromic inorganic compounds are roughly classified
nto two types. One type involves both inorganic units and

ell-characterized organic photochromic moieties such as
iarylethenes, azobenzenes, and spiropyrans. These compounds
re considered to be derivatives of the respective organic pho-
ochromic compounds. The second type has a photochromic
roperty due to their intrinsic photo-induced dynamic behavior

n both an electronic and structural fashion (vide infra). For
he former type of inorganic compound, excellent reviews are
vailable [5] and will not be discussed here. The latter type of
norganic compound involves photo-induced “linkage isomer-
zation” [6], “valence tautomerization” [7], and “spin crossover
henomena” [8]. This review article only deals with “organometal-

ic compounds” that undergo photo-induced reversible structural
earrangement, which comprise one class within the second type
f photochromic inorganic compounds. In spite of the promising
nd useful properties for photochromism such as photochemically
ctive character, bonding and structural fluxionality, electronic
tate fluctuation in both solution and the solid state, these
hotochromic organometallic compounds have received slight
ttention to date. The aim of this review is a survey of selected
hotochromic studies in the organometallic fields (photochromic
rganometallics with structural rearrangement) and, hopefully, this
eview serves as a guide for the systematic development of new
hotochromic research using organometallics.

This article also includes the crystalline-state photochromism
hat is becoming an attractive field of photochromic chemistry.
he compounds that undergo photochromic reactions in the
rystalline-state are limited [9]. The reason is that the crystalline-
tate photochromism appears only after the photochromic

ompounds overcome many difficult factors. For instance, keep-
ng single-crystal integrity during the reaction and stability of
he photo-generated products are very important factors. In order
o find the crystalline-state photochromic compounds rationally,
Fig. 2. Proposed matrix photochemistry of a nitro complex 1 [10].

it is essential to understand the mechanisms of crystalline-state
reversible reactions in detail. As a demonstrative example for the
crystalline-state photochromism of organometallic compounds,
the photochromism of rhodium dinuclear complexes having a
dithionite ligand (�-O2SSO2) will be discussed with a view to (i)
selectivity of the reaction and (ii) crystal stabilization factors.

2. Photochromism of organometallic compounds

2.1. Mononuclear system

2.1.1. Linkage isomerization
The photo-induced linkage isomerization of small ambidentate

ligands, such as nitro, nitrosyl, and sulfoxide, has been used to con-
struct photochromic metal complexes [6]. However, there are only
a few examples of organometallic compounds [10–12]. In 1991,
Turner et al. proposed the photochromism of an organometal-
lic “nitro” complex [CpRu(CO)2NO2] (1) [10]. Matrix isolation
at 20 K combined with FT-IR spectroscopy was used to study
the photochemical reaction of 1. The proposed matrix photo-
chemistry includes the linkage isomerization from �1-N-bound
nitro to �1-O-bound exo- and endo-nitrito complexes (exo- and
endo-2) (Fig. 2). In 1977, Crichton and Rest explored the pho-
tochemistry of an organometallic “nitrosyl” complex [CpNi(NO)]
(Cp = �5-C5H5) in inert matrixes (Ar, CH4, and N2) at 20 K [11a]. At
that time, the photo-generated species was considered as an ion
pair [CpNi]+[NO]− or an intra-molecular electron transfer product.
Fig. 3. Photochromism of 3 based on linkage isomerization of a nitrosyl ligand [12].
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ig. 4. Type-P photochromism of 5 based on linkage isomerization of a bifunctional
igand [13a].

hat the nitrosyl ligand undergoes the photo-induced linkage iso-
erization from almost linear N-bound to �2-N, O-side-bound

onfiguration on an organometallic nickel center in the crystalline-
tate. As described in this paragraph, the linkage isomerization
f small ambidentate ligands is a useful reaction to construct a
hotochromic system. However, the photo-generated isomers are
sually isolated only at extremely low temperature while, at room
emperature, they immediately go back to the initial complex.
herefore, an improvement of the stability of photo-generated iso-
ers is needed.
Very recently, the linkage isomerization of bifunctional ligands

aving both �-donor (pyridine) and �-accepter groups (nitrile,
inyl, or carbonyl) has been extensively investigated by Burkey and
o-workers [13]. The first generation of this series of photochromic
rganometallics consists of several manganese complexes, [(�5-
5H4CH3)Mn(CO)2L], where L is a bifunctional ligand (L = RC5H4N,
= 3-CH2CN, 4-CN, 2-CH2CN, 4-CHCHPh, 4-CHCH2) [13a]. The pho-

ochromic reaction involves the ligand substitution of pyridine by
itrile or vinyl groups on an organometallic manganese center. For

nstance, visible irradiation of a red solution of a pyridine coordi-
ated [(�5-C5H4CH3)Mn(CO)2{�1-(3-CH2CN)C5H4N}] (5) bleaches

t to a yellow solution of a nitrile coordinated 6 and UV irradia-
ion of a yellow solution changes it to red (Fig. 4). Thus, type-P
hotochromism is observed in this system. The following stud-

es include the photochromism of cyclopentadienyl-manganese

nd arene–chromium complexes with tethered bifunctional lig-
nds [13b,c] (Fig. 5). Irradiation of a pyridine-chelated manganese
omplex [{�5-C5H4CH2C(O)(2-Py-�N)}Mn(CO)2] (7, Py = pyridine)
esults in the linkage isomerization to a carbonyl-chelated 8, which

ig. 5. Photochromism of (a) 7 and (b) 9 based on linkage isomerization of tethered
ifunctional ligands [13b,c].
Fig. 6. Type-T photochromism of (a) 11, (b) 13, (c) 15, and (d) 18 based on haptotropic
rearrangement [15–18].

isomerized thermally to 7 (type-T photochromism). Irradiation at
335 nm of a vinyl-chelated chromium complex [{�6-C6H5CH(2-
Py)CH2-�2-CH CH2}Cr(CO)2] (9) results in the isomerization to a
pyridine-chelated 10 and irradiation at 532 nm isomerizes 10 to 9
(type-P photochromism). These complexes have been used to con-
struct an efficient and ultrafast photochromic response. Indeed, a
fast response of 50 ns has been observed in the photochromism
between 9 and 10.

2.1.2. Haptotropic rearrangement
Haptotropic rearrangement is a migration of a transition metal

fragment from one coordination site to the other on a �-conjugated
polyene or polyaromatic ligand [14]. This rearrangement can be
involved in a photochromic reactions. In 1986, Hughes et al.

reported that the photolysis of a mononuclear [Cp*Rh(1,2,5,6-
�2:�2-C8F8)] (11) results in isomerization to form a mixture of
11 and a formal oxidative addition product 12 in which the
C8F8 ligand is coordinated in a 1,2,3,6-�3:�1-fashion: the for-
mal oxidation states of rhodium atoms in 11 and 12 are +1 and
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The reorganization of metal–ligand and/or metal–metal bonds
can be involved in the photochromic reactions. Tyler and Bruce
reported in 1984 the photochemical isomerization of [Cp*Mo(�-
S)]2 (23) to [Cp*2Mo2(�-S2)(�-S)2] (24) and [(Cp*MoS)2(�-S2)]
ig. 7. Photochromism of 19R based on linkage isomerization of a dithionite ligand
19].

3, respectively (Fig. 6a) [15]. The photo-induced haptotropic
walk” of an organometallic cobalt complex [CpCo(�4-hexatriene-
2)] (13) with its regioisomer 14 was observed in 1989 by
ing and Vollhardt (Fig. 6b) [16]. More recently, in 2002, the
hoto-induced haptotropic rearrangement of a �6-indolyl com-
lex [(�6-indolyl)Mo(PMe3)3H] (15) to a �5-indolyl complex 16
as reported by Parkin and co-workers (Fig. 6c) [17]. It is regret-

able that a detailed investigation of the above-mentioned three
xamples from the viewpoint of the photochromism was not done.

A unique stereospecific rearrangement based on a reversible
hoto- or thermo-induced haptotropic shift of a Cr(CO)3 frag-
ent along a naphthohydroquinone skeleton was reported by
ötz and co-workers (Fig. 6d) [18]. The photoreaction of an arene

ricarbonyl chromium complex [1,2,3,4,5,10-�6-{2,3-diethyl-1-
etoxy-4-(OSiMe2tBu)naphthalene}Cr(CO)3] (17) in cyclooctene

ollowed by CO addition gives its regioisomer 18. In order to
tabilize potential dicarbonyl intermediates and generate the tri-
arbonyl chromium complex 18, both the presence of cyclooctene
nd the addition of CO are crucial in this photo-induced rear-
angement. Warming a solution of 18 above 50 ◦C generates its
hermodynamically more stable regioisomer 17. Although the pho-
ochemical conversion of 17 to 18 is not quantitative (59%), the
ype-T photochromism is observed in this system. Importantly, the
rene chromium complexes 17 and 18 bear a plane of chirality
riginating from the unsymmetric substitution of the hydroquinoid
ing. The isomerization between 17 and 18 is characterized by an
ntermolecular shift of the Cr(CO)3 moiety along the same face
f the naphthalene skeleton. Through the photochromic process,
he enantiopure complex (S)-17 is converted to (R)-18, which is
econverted to (S)-17. Thus, the system represents a stereospecific
olecular switch based on chiral arene chromium complexes.

.2. Dinuclear system

.2.1. Linkage isomerization
We have recently found a novel photochromic system between a

hodium dithionite complex [(CpRRh)2(�-CH2)2(�-O2SSO2)] (19R,
pR = �5-C5Me4R, R = *: methyl, Bn: benzyl, Pro: n-propyl, Ph:
henyl) and its structural isomer [(CpRRh)2(�-CH2)2(�-O2SOSO)]
20R) (Fig. 7) [19]. The type-T photochromic reaction involves the
somerization of the dithionite ligand (�-O2SSO2) in 19R and forms
n asymmetric sulfur atom in 20R. Although the linkage isomeriza-
ion usually involves metal–ligand bond formation and cleavage
see: Sections 2.1.1 and 2.3.1), this isomerization proceeds without

etal–ligand bond formation and cleavage. Thus, strictly speaking,
his is a ligand isomerization not a linkage isomerization.

A notable feature of this photochromic system is that the reac-
ion proceeds with an essentially 100% interconversion ratio in both

irection in the crystalline-state. Fig. 8 shows the UV–vis absorp-
ion spectra of 19* and 20* in a microcrystalline powder film. A
ypsochromic (blue) shift of �max from 510 to 475 nm is observed as
characteristic of inverse photochromism. In addition, the absorp-
Fig. 8. UV–vis spectra of 19* and 20* in a microcrystalline powder film [19a].

tion coefficient of �max for 20* is smaller than that for 19* by about
one-third. These are the typical UV–vis spectral features in the
rhodium dithionite photochromism of 19R. Thus, in the photore-
action of 19R, the light is able to pass more easily through the
crystal as the photoreaction further progresses. These photochem-
ical properties of 19* and 20* contribute to the crystalline-state
photoreaction showing an essentially 100% interconversion ratio
(vide infra). This means that the reaction process in crystalline-
state can be observed by using solid-state analytical methods such
as X-ray diffraction and solid-state NMR analyses. The crystalline-
state photochromism of 19R will be discussed in depth in Section
3.

2.2.2. Haptotropic rearrangement
In contrast to the sparse investigation of the mononuclear sys-

tem, the photochromism of dinuclear complexes based on the
photo-induced haptotropic rearrangement has been systematically
investigated [20]. Nagashima et al. observed the photo-induced
reversible haptotropic rearrangement between two isomers of a
dinuclear iron complex [(�2, �3:�5-acenaphthylene)Fe2(CO)5] (21)
(Fig. 9) [20a]. The photoisomerization of a symmetrical isomer
of 21 produces an unsymmetrical haptotropic isomer 22, which
undergoes thermal reverse isomerization in the dark to generate
21 (type-T photochromism). Extensive studies of the systems anal-
ogous to 21 include the substitutions of metal atoms (Ru instead
of Fe), bridging ligands (guaiazulene, aceanthrylene, trimethylazu-
lene instead of acenaphthylene), and terminal ligands (phosphorus,
isocyanides instead of carbonyl) [20b–f]. Intriguingly, the detailed
studies showed that the photochemical haptotropic rearrangement
between 21 and 22 occurs in both solution and the solid state [20e].
Although the photochemical rearrangement from 21 to 22 does not
proceed in “a single-crystal”, the reversible photochromic reaction
between 21 and 22 is accomplished in a solid sample dispersed in
a KBr pellet.

2.2.3. Reorganization of metal–ligand and/or metal–metal bonds
Fig. 9. Photochromism of 21 based on haptotropic rearrangement [20a].
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tion and cleavage (Fig. 11c) [26]. The photochromic reaction also
ig. 10. Photochromism of (a) 23 and (b) 26 based on reorganization of metal–ligand
onds [21,22].

25) (Fig. 10a) [21]. In order to clarify the photoreaction processes,
he photoreactions of 24 and 25 has been studied independently.

hen 24 is irradiated (� > 450 nm) in chloroform, the photoreac-
ion initially forms 25 and eventually yields small amounts of 23.
somer 25 initially yields 23 on irradiation (� > 450 nm). Prolonged
rradiation of the reaction solution eventually yields some of iso-

er 24. Thus, the irradiation of any isomer eventually yields the
ther two isomers. Although it is difficult to control the reactions
fficiently, the reactions include the unique type-P photochromic
rocess.

In 1992, Ogino et al. observed the photochemical and thermal
somerization between a silylene-bridged diiron complex cis-
Cp*2Fe2(CO)3(�-SiHTol)] (cis-26, Tol = p-CH3C6H4) and its trans
somer (trans-26) (Fig. 10b) [22]. In this system, remarkably dif-
erent cis–trans ratios have been observed between the thermal
quilibrium (cis-26:trans-26 = 2:98 in cyclohexane-d12 at 40 ◦C)
nd the photostationary state (cis-26:trans-26 = 70:30). Thus, the
rans isomer is thermodynamically more stable than the cis isomer
ue to the large steric repulsion between the two Cp* rings in the

atter. The introduction of the bridging silylene and the Cp* ligands
s responsible for the unique type-T photochromic behavior.

The photo-induced reversible metal–metal bond formation
nd cleavage has been found in bridged cyclopentadienyl din-
clear complexes of molybdenum, ruthenium, or tungsten. In
he early 1980’s, Green et al. separately found the photoreac-
ion of [Fv(CpMoH)2] (27, Fv = �2-�5:�5-bicyclopentadienyl) to
is- and trans-[(�2-�1:�5-cyclopentadienyl)2Cp2Mo2H2] (cis- and
rans-28) [23a] and thermal reverse reaction of cis- and trans-28 to
7 [23b]. Thus, the hydridomolybdenocene dimer 27 shows type-T
hotochromism based on the reversible C–C, Mo–Mo, and Mo–C

onds formation and cleavage (Fig. 11a), though the reversible
onversion between 27 and 28 did not attract attention as a pho-
ochromic reaction at that time.
Fig. 11. Photochromism of (a) 27, (b) 29, and (b) 31 based on reorganization of
metal–ligand and metal–metal bonds [23,24,26].

Fifteen years later, Vollhardt et al. extensively investigated the
type-T photochromic behavior of a similar system from the view-
point of efficient light energy storage devices (Fig. 11b) [24]. The
system includes reversible formation of C–C, Ru–Ru, and Ru–C
bonds and cleavage of ruthenium dinuclear compounds. Irradiation
of a bright yellow solution of [FvRu2(CO)4] (29) with 350 nm light
results in the formation of a colorless photoproduct [(�2-�1:�5-
cyclopentadienyl)2Ru2(CO)4] (30). This process contains a novel
oxidative addition of the bridging C–C bond: the formal oxidation
states of ruthenium atoms in 29 and 30 are +1 and +2, respectively.
The thermal back reaction from 30 to 29 occurs in both solution
(>65 ◦C) and the crystalline-state (at 208 ◦C). The crystals of 30
jump several centimeters high when the crystals are heated on a
hot plate at 208 ◦C. The apparent topological changes of 30 in the
crystalline-state are associated with this intriguing phenomenon.
Thus, the phenomenon known as “jumping crystal” or “thermos-
alient” is observed in this system [25].

In 2001, Burger reported a CMe2 bridged dicyclopentadienyl
diruthenium complex [Me2C(�5-C5H4)2Ru2(CO)4] (31) that shows
type-T photochromism based on reversible Ru–Ru bond forma-
contains the reversible C–H bond formation and cleavage of the
cyclopentadienyl C–H group ortho to the bridgehead carbon atom.
When a yellow-orange solution of 31 is irradiated with a Hg
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which the platinum atom is located in one of the “hinge” sites and is
bonded to the osmium atom containing the Si(OMe) 3 ligand. When
compound 38 was irradiated with UV light for 6 h, it is converted to
an isomer 39, in which the platinum atom lies on the “wingtip” site
and is not bonded to the osmium atom containing the Si(OMe)3
ig. 12. Bimolecular photochromism between 33, 34, and 35 based on reorganiza-
ion of metal–ligand and metal–metal bonds [27].

edium-pressure lamp using a UV cutoff filter with � > 400 nm,
dramatic rearrangement to colorless complex [{�-�5,�5:�1-

5H4–C(CH3)2–C5H3}{Ru(CO)2}{Ru(CO)2H}] (32) is observed. The
se of the UV cutoff filter in this photoreaction is crucial for a com-
lete and quantitative photochemical conversion from 31 to 32. If
he photoreaction of 31 proceeds without the UV cutoff filter, the
eaction is not clean and secondary photochemical processes are
bserved. The thermal back reaction from 32 to 31 occurs within
ne day when complex 32 is heated to 140 ◦C in a toluene solution.
nalogous rearrangement processes for the tricarbonyl molybde-
um and tungsten systems, [Me2C(�5-C5H4)2M2(CO)6] (M = Mo,
), are also observed [26]. The reversed thermal reactions of the
olybdenum and tungsten complexes are faster than that of the

uthenium complex 32.
The bimolecular T-type photochromic reaction based on the

eversible Ti–Ru bond formation and cleavage was developed
n 2003 by Nagashima and co-workers (Fig. 12) [27]. The
hotochemical reaction (irradiation wavelength: � > 500 nm) of
Cp2Ti(OtBu)] (33) and [CpRu(CO)2]2 (34) gives a Ti–Ru compound
Cp2(OtBu)Ti–Ru(CO)2Cp] (35), in which the titanium and ruthe-
ium moieties are linked by a direct Ti–Ru bond. The formation
f 35 is based on the metal–metal bond cleavage of metal carbonyl
imers by the Ti(III) reducing reagent 33. The photochemically gen-
rated 35 undergoes fragmentation to regenerate 33 and 34 when
he solution stands in the dark for a while. Photochemical conver-
ion from 33 and 34 to 35 and its thermal reaction result in a change
f color of the solution (33 + 34: orange, 35: dark red). To our knowl-
dge, this is the only example of bimolecular photochromism of an
rganometallic compound.

.3. Poly-nuclear system

.3.1. Linkage isomerization
The linkage isomerization of aryldiazo ligands (N = NAr, Ar = Ph,

-C6H4F, p-C6H4CH3) on an organometallic triosmium cluster was
bserved in 1984 by Churchill and co-workers (Fig. 13) [28]. Irra-

iation of a yellow n-heptane solution of a triosmium cluster
Os3(�-H)(CO)10(�-�1-N NPh)] (36) causes the formation of an
range solution of a cluster [Os3(�-H)(CO)10(�-�2-N NPh)] (37).
he reverse isomerization takes place thermally: an n-heptane
olution of 37 changes its color from orange to yellow under solvent
Fig. 13. Photochromism of 36 based on linkage isomerization of a phenyldiazo
ligand [28].

reflux. Thus, the type-T photochromism is constructed on the link-
age isomerization between �1- and �2-bridging modes of aryldiazo
ligands on the trinuclear osmium cluster.

2.3.2. Reorganization of metal–ligand and/or metal–metal bonds
The type-T photochromism based on the reorganization of

Pt–Os and Os–Os bonds in a tetranuclear metal cluster com-
plex was observed in 1993 by Adams et al. (Fig. 14a) [29].
The complex [PtOs3(CO)10(�-�2-dppm){Si(OMe)3}(�-H)] (38,
dppm = bis(diphenylphosphino)methane) consists of a planar but-
terfly cluster of one platinum and three osmium metal atoms, in
Fig. 14. Photochromism of (a) 38 and (b) 40 based on reorganization of metal–ligand
and/or metal–metal bonds [29,30].
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Fig. 15. (a) Reaction cavity around the �-O2SSO2 unit in the crystal of 19*. (b) Iso-
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igand. Compound 39 slowly converts back to 38 under thermal
onditions: its half-life is 4.6 h at 47 ◦C.

In 1998, Ogino et al. found the photo-induced isomeriza-
ion based on the reorganization of W–S and Ru–S bonds in

tetranuclear metal cluster complex (Fig. 14b) [30]. Cluster
{Cp*Ru(CO)}2{W(�3-S)2(�2-S)2}W(CO)4] (40) has a WS4 frag-

ent as a building block. The WS4 fragment is bound to one W
tom by two S atoms and to two Ru atoms by “four” S atoms.
nlike 40, cluster [{Cp*Ru(CO)}2{W(�3-S)3( S)2}W(CO)4] (41) has
terminal S ligand. The WS4 fragment is bound to one W atom

y two S atoms and to two Ru atoms by “three” S atoms. When
solution of 40 in benzene is irradiated, cluster 41 is formed in

pproximately 50% yield with the decomposition of an unidentified
rown precipitate. The thermal back reaction from 41 to 40 occurs

n approximately 90% yield when a toluene solution of complex 41
s heated for 2 h at 80 ◦C. Although it is necessary to improve the effi-
iency of the photoreaction from 40 to 41, type-T photochromism
etween the organometallic clusters 40 and 41 is observed.

. Crystalline-state photochromism of rhodium dithionite
omplexes

In the crystalline-state, the change of the molecular configura-
ion is significantly affected by the crystal lattice (vice versa). Thus,
t is expected that the crystalline-state photochromic compounds
ffer new insight into the application of photochromic materials
2a,c,d,g,9a].

Thanks to the full reversibility of the photochromic rhodium
ithionite complexes 19R in the crystalline-state (see: Section
.2.1), we have found that complexes 19R show the following

ntriguing phenomena: (i) stereoselective oxygen-atom rearrange-
ents including an absolute asymmetric photoisomerization and

ii) release of local stress in the crystal lattice by CpR ligands
19]. These results provide us with an opportunity to discuss the
electivity of the reaction and crystal stabilization factors of the
rystalline-state photochromism. In this section, we introduce the
rystalline-state photochromism of the rhodium dithionite com-
lexes 19R, together with important work related to the selectivity
f the reaction and crystal stabilization factors in the crystalline-
tate.

.1. Selectivity of the reaction

One of the unique applications of crystalline-state pho-
ochromism is the construction of photo-switchable non-linear
ptical devices based on the topochemically regulated regio-,
tereo-, and enantio-specific reactions in the crystal lattice [31]. The
rystalline-state photochromism of 19*, 19Bn, and 19Pro show (i)
stereospecific” oxygen-atom rearrangement including kinetically
nd thermodynamically controlled processes, (ii) stereoselective
hotoisomerization with a certain ratio of isomers, and (iii) abso-

ute asymmetric photoisomerization, respectively [19].
In the crystalline-state, the four oxygen atoms of the dithion-

te ligand (�-O2SSO2) are stereochemically non-equivalent: this
s the origin of the stereoselective reactions seen in the crystal
f 19R (Fig. 15a). The photochemical linkage isomerization of 19R

n the crystalline-state produces isomers 20aR–20dR. As shown in
ig. 15b, with regard to the dithionite ligand, isomers 20aR (R-form)
nd 20cR (S-form) are a pair of enantiomers, 20aR (R) and 20bR (R)

re identical species but differ orientationally in the cavity, and
0cR (S) and 20dR (S) are also identical but differ in orientation, the
bsolute configurations of the sulfur atom of each being shown in
arentheses. The stereoselective photoreactions of 19R have been
bserved in each system as described in the following paragraphs.
mers, 20aR–20dR, concerned with the dithionite ligand (�-O2SSO2). The CpR and
�-CH2 ligands are omitted for clarity.

Dynamics of the “stereospecific” oxygen-atom rearrangement,
including kinetically and thermodynamically controlled processes,
have been observed in the crystalline-state photoreaction of 19*
(Fig. 16) [19a,d]. We have unequivocally followed the photoreac-
tion of 19* by using conventional single-crystal X-ray diffraction.
The crystalline-state photoreaction of 19* includes two important
processes: kinetically controlled oxygen-atom transfer to produce
isomers 20a*–20d* and thermodynamically controlled isomeriza-
tion between the isomers 20a*–20d* to afford the most stable
isomer 20a*. Although the formation rate of 20a*–20d* is con-
trolled kinetically and the population of 20a*–20d* in the crystal
is controlled thermodynamically, both processes are regulated by
the steric hindrance between �-O2SSO2 or �-O2SOSO ligand and
the reaction cavity formed by the Cp* ligands. The cooperation
of both processes achieves an intriguing “stereospecific” oxygen-
atom rearrangement to produce only one stereoisomer of 20a* at
the final stage of the photoreaction at room temperature (Fig. 16b).
Since the photoisomerization of 19* in an achiral crystal affords
both enantiomers of 20a*–20d* in equal amounts within a single-
crystal because of its centrosymmetric space group (P21/n), this is
not asymmetric photoisomerization but “stereospecific” photoiso-
merization.

In contrast to the “stereospecific” reaction of 19*, which
affords only one stereoisomer, stereoselective photoisomerization
is observed in the photoreaction of 19Bn with a certain ratio of iso-
mers (Fig. 17) [19c]. The crystalline-state photochromism of 19Bn,
in which the Cp* rings have a bulky phenyl substituent, is observed
with essentially 100% interconversion ratio. When several photore-
actions for separate crystals are performed under similar reaction
conditions with respect to temperature, size and shape of the crys-
tals, and the intensity of irradiation light, the resulting crystals
of 20Bn in each photoreaction always contains four isomers in a
ratio of nearly 3:24:60:13 for 20aBn:20bBn:20cBn:20dBn. This iso-

mer ratio does not change even if the irradiation time is prolonged.
Thus, the crystal packing with this isomer ratio is the most stable
packing of the photo-irradiated crystals. Similar to the photoreac-
tion of 19*, the photoreaction of 19Bn in an achiral crystal (P21/c) is
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ig. 16. (a) Stereospecific oxygen-atom rearrangement of 19*, including kinetica
hotochemically generated isomers with irradiation time at 20 ◦C [19d].

ot asymmetric photoisomerization but stereoselective photoiso-
erization.
Absolute asymmetric photoisomerization with essentially 100%

nterconversion ratio and ee >90% was achieved by using chi-
al crystals formed from achiral dithionite complex 19Pro with
-propyl moieties (Fig. 18) [19e]. Two different kinds of crystals,
onsisting of (P)-19Pro and (M)-19Pro, grow in the same sample
ube. Arbitrary labels, P and M, indicated the chirality of the crys-
als as follows. These crystals belong to an orthorhombic crystal

ystem with the non-centrosymmetric space group P212121. In
he crystal of (P)-19Pro, two-fold helical arrangements are formed
n a clockwise direction between the molecules along the b-axis
Fig. 19). One of the requirements for the generation of chiral-
ty from achiral molecules is the fixing of the conformation of
d thermodynamically controlled processes. (b) Change in the population of the

the molecules in the crystal lattice [32]: in the case of 19Pro, the
fixing of the conformation of two CpPro ligands appears in the
crystals of 19Pro. The topochemically controlled diastereoisomeric
photoreaction of 19Pro in chiral crystals affords a certain enan-
tiomer with ee >90%. For instance, the photoreaction of (P)-19Pro

produces 20aPro–20dPro in 23, 71, 1 and 2% yields, respectively.
Thus, in the case of (P)-19Pro, the ee for the R-configuration
of the sulfur atom is 94% and the interconversion ratio is 97%.
Although a considerable number of absolute asymmetric reac-

tions in the chiral crystalline-state have been reported in the
field of organic solid-state chemistry [33], the absolute asymmet-
ric reaction of the photochromic compounds that have reversible
switching functions in the crystalline-state are scarcely known
[19e,31b,c].
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F
ig. 17. Stereoselective photoisomerization of 19Bn, with a certain ratio of isomers.

Fig. 18. Absolute asymmetric ph

Fig. 19. Two-fold helical arrangements formed in a clockwise direction
ry Reviews 254 (2010) 2652–2662

3.2. Crystal stabilization factors

To date, chemists have shown that most photoreactive crystals
tend to collapse and degrade as the reaction proceeds. Although the
crystal packing is an important factor to stabilize the whole crystal,
we have found that, during the photochromic reactions of 19*, 19Bn,
and 19Pro, the crystals are also stabilized by (i) rotational motions
of Cp* ligand, (ii) static disorder of the CpBn ligand, and (iii) flipping
motion of the CpPro ligand, respectively (Fig. 20).

It is well known that flat disklike ligands, such as Cp and Cp*,
can undergo 2�/5 jumping motions, i.e., ‘rotational motion’, around
the ligand-metal coordination C5 axis in the crystal [34]. We have
found that the rotational motion of the Cp* ligands in the crystal is
coupled with the photochromism (Fig. 20a) [19d]. In the crystals of
19*, the stereospecific oxygen-atom rearrangement proceeds in the
reaction cavities formed by the six Cp* ligands of the neighboring
molecules. We have determined the effect of the oxygen-atom rear-

rangement on the rotational motion of the two crystallographically
independent Cp* ligands (parallel and perpendicular arrangement).
Using variable-temperature 13C CP/MAS NMR and quadrupolar
echo solid-state 2H NMR spectroscopies, before photoirradiation,
the activation energies for the rotation of the parallel and perpen-

otoisomerization of 19Pro.

between the molecules along the b-axis in the crystal of (P)-19Pro.
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(b) M. Irie (Ed.), Photochromism, Memories and Switches, Chem. Rev. 100
ig. 20. (a) Rotational motions of Cp* ligand, (b) static disorder of the CpBn ligand,
nd (c) flipping motion of the CpPro ligand [19c–e].

icular Cp* ligands in 19* are 30 ± 3 and 10 ± 1 kJ/mol, respectively,
nd after photoirradiation, in 20*, they are much lower than those in
9* (20 ± 2 and 8 ± 1 kJ/mol, respectively). Thus, the large decrease

n the activation energy for the parallel Cp* in 20* is attributed to
he relaxation of molecular stress in the crystalline-state.

The static disorder of CpBn ligands coupled with the pho-
ochromism of 19Bn can contribute to the crystal stabilization
Fig. 20b) [19c]. The photoisomerization of 19Bn to 20Bn proceeds
ithout degradation of the single-crystal form, though complex

9Bn has a considerable bulky ligand of CpBn ring. Unlike 19*, the
pBn ligands cannot rotate in the crystal, as indicated from the crys-
al packing and the variable-temperature solid-state 13C CP/MAS
MR spectra. In order to find the crystal stabilization factors in this

ystem, we have carefully inspected the thermal parameter change
f the carbon atoms in the CpBn rings with temperature, before and
fter irradiation in the X-ray analysis. Static disorder of the CpBn

igand that is closely located on the dithionite ligand is observed
fter irradiation. Thus, the generated stress is compensated by the
isordering of the CpBn ring to stabilize the whole crystal.

We have found the flipping motion of an ethyl moiety of the
-propyl group in the crystalline-state photoisomerization of 19Pro

o 20Pro (Fig. 20c) [19e]. The back reaction of 20Pro to 19Pro takes
lace, leading to the complete regeneration of 19Pro. Thus, the flip-
ing motion, as well as the photochromic reaction, is reversibly
bserved in the crystals. A comparison of the crystal structure of
9Pro with 20Pro tells us that this flipping motion occurs to fill the
pace generated by oxygen-atom transfer. This indicates that the
ipping motion considerably assists the crystalline-state reaction
o maintain single-crystal integrity. Further studies are under way

o clarify the dynamics between the photoisomerization and the
ipping motion seen in the crystals.

Our observations demonstrate that the dynamic motions of the
pR ligands coupled with the stereoselective oxygen-atom rear-
ry Reviews 254 (2010) 2652–2662 2661

rangement govern the factors allowing the photochromic reaction
to proceed in the crystalline-state. Thus, the “flexibility” of the lig-
ands plays an important role for stabilization of the whole crystal.
Furthermore, the dynamic motions of the CpR ligands influence
the stereoselectivity described in Section 3.1, though the selectiv-
ity of the reaction in the crystalline-state is strongly affected by
the “topochemical principles” [35] and “reaction cavity” [36] enun-
ciated by Schmidt and Ohashi, respectively. Indeed, the dynamic
motions of the CpR ligands are closely connected to the oxygen
atom that moves selectively.

4. Conclusions

We have briefly reviewed the over 20 organometallic systems
that show photochromism with structural rearrangement. The
basic processes comprise linkage isomerization, haptotropic rear-
rangement, and reorganization of M–ligand and/or M–M bonds.
The organometallic compounds have unique character that are
appropriate for the photochromism and are different from pho-
tochromic organic compounds. Although photochromism has been
widely recognized as the light induced reversible change of “color”,
one of the principal features of photochromic reactions is the
reversible change of the “molecular configuration”. It would be use-
ful to construct a photo-switchable catalyst, sensor, actuator, and
so on.

In the crystalline-state, the change of the “molecular configu-
ration” is significantly affected by the crystal lattice (vice versa).
The rhodium dithionite complexes have been introduced as one of
the rare examples that show the photochromic reaction and novel
dynamic behavior in the crystalline-state. Since the crystalline-
state photochromism has been accidentally found so far, a rational
strategy to make a crystalline-state photochromic compounds is
needed. Our observations strongly suggest that the key features are
flexibility of the crystal. Thus, introduction of flexible unit such as
alkyl-chains by chemical modification would be a valuable strategy
to try.

We are expecting that a new photochromic research field will
develop based on the characteristic reaction and structural diver-
sity of organometallic compounds in both solution and the solid
state.
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