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Recent studies on the azo-group-combined photochromic metal complexes are reviewed. These studies show unique
trans—cis isomerization behaviors that have not been observed in regular organic azobenzenes. In the case of azobenzene-
bound bis(terpyridine) complexes of transition metals, photoisomerization behavior depends strongly on the central met-
als, counterions, and solvents. Rh and Co complexes undergo photoisomerization smoothly, but the isomerization of Ru
and Fe complexes is substantially retarded due to the energy transfer from the n—n* excited state to the MLCT transition.
The photoluminescence property of an azobenzene-attached Pt complex is switched by photoisomerization of the azo
moiety. Tris(azobenzene-bound bipyridine)cobalt undergoes reversible frans—cis isomerization using a combination of
the Co™/Co' redox change and a single UV light source exciting the T—r* transition. The trans—cis conversion yield
is higher for the meta isomer (with respect to the position of the azo group against the pyridyl group) than for the para
isomer. The trans—cis photoisomerization behavior of a 6,6’-dimethyl-substituted azobenzene-bipyridine ligand is
synchronized with coordination of the bipyridine moiety to copper, and the frans/cis isomerization can be controlled re-
versibly through Cu"/Cu' redox and a single UV light irradiation. Photoreaction of azoferrocene occurs not only by UV-
light irradiation but also by green light irradiation that excites the MLCT transition. 3-Ferrocenylazobenzene undergoes
reversible trans—cis isomerization using a single green light source and the Fe /Fe! redox change. Azo-conjugated met-
alladithiolenes of Ni'l, Pd", and Pt with diphenylphosphinoethane as a co-ligand show facile photoisomerization. The
energy of the reversible frans-to-cis photoisomerization is considerably lower than that of azobenzene. The thermal sta-
bility of the cis form is, however, much higher than that of the organic azobenzene derivatives showing similar low-energy
trans-to-cis photoisomerization. A novel proton response of the azo group occurs, and the combination of photoisomeri-
zation and protonation leads to a novel proton-catalyzed cis-to-frans isomerization. These results indicate that several
kinds of multi-photo-functionalities can be realized for the azo-conjugated transition metal complexes by tuning the in-
teraction between the azo moiety and the metal complex unit.
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In the forthcoming technology related to molecular-based
electronic and photonic devices, there is need of a methodology
to handle electrons in a single molecule by applying outer stim-
uli without restraint; for this methodology, an appropriate mo-
lecular design will be one of the most important factors.! Elec-
trons in d-orbitals of transition metals and m-orbitals of conju-
gated m-systems can be easily managed because of the modest
energy levels of both the d- and m-orbitals. A combination of
transition metals and mt-conjugated systems with d—m electronic
interaction might thus be used to realize novel optical, electron-
ic, and magnetic properties and functions. From this viewpoint,
we have developed a series of d—m conjugated metal complex
systems, T-conjugated organometallic conducting polymers
such as metallacycle polymers,>> multiply conjugated redox
nuclei systems such as oligo(ferrocene-1,1’-diyl)s,* intelligent
metal complex molecules such as the ferrocene—quinone do-
nor—acceptor conjugated molecules,>® and metal nanoparticles
modified with redox-active species.7 In this review, we focus on
one of the conjugated metal complex systems that can respond

to external perturbation, the so-called “azo-conjugated metal
complex” system.

Photochromic molecules that have a structure—and there-
fore an electronic structure and color—that changes reversibly
by photoirradiation have been attracting much attention recent-
ly because of their possible applications in the area of photon-
mode high-density information storage and photo-switching
devices.®'9 Azobenzene is one of the representative photochro-
mic molecules with two geometric isomers, a trans form and a
cis form.""~1* The trans-to-cis isomerization occurs by irradia-
tion of the m—n* band with UV light, and the cis-to-trans iso-
merization proceeds by excitation of the n—t* band with
blue-light irradiation or by heating, because the trans form is
thermodynamically more stable than the cis form. By combin-
ing transition metal complexes with the azo group, many func-
tional molecules might be produced by the fusion of the two in-
dependently functional molecular units. There are two interest-
ing questions in regard to the azo-conjugated transition metal
complexes. First, what are the effects of metal complex units
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on the isomerization? And second, what are the changes in the
physical properties of metal complex units caused by isomeri-
zation? In our effort to provide general answers to these ques-
tions, we have studied several kinds of metal complexes simul-
taneously. It should be noted that several metal complexes in-
cluding azobenzene and related compounds as building blocks
have been reported by other groups.'>=2% In our studies, we have
found several new properties of such complexes and their mul-
ti-mode isomerization; we describe these findings in this re-
view.

1. Azobenzene-Attached Bis(terpyridine)metal Complexes
with Strong Dependencies of the Isomerization Behavior
on the Central Metal, Counterion, and Solvent

Bis(2,2":6',2"”-terpyridine) complexes with hexa-coordinated
octahedral conformations have received continuous attention
because they have no geometric isomers, they can incorporate
various kinds of metals, and they can afford pliant systems for
fundamental investigations into the electronic interaction be-
tween metal centers, photoinduced energy, and electron trans-
fer.2139 We have employed four kinds of metals; Fe, Co, Ru,
and Rh (Chart 1), for the study of the photoisomerization
behavior of metal complexes with azobenzene-attached terpyri-
dine and bis(terpyridine) ligands, 1 and 2, because the redox
and optical properties of the complexes are highly reliant on
the metal center. It has been demonstrated that the bis(terpyri-

3 X = PFg, BPhy
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dine) complexes of Fe, Co, and Ru show reversible redox be-
havior, that the Fe' and Ru! complexes have a strong MLCT
band in the visible region, and that the Ru(Il) complex exhibits
effective photoluminescence.

The dependences of the photoisomerization behavior on the
metal center and its oxidation state are significant. As for the
Fe" and Ru" complexes, 3-5, photoisomerization using UV
light irradiation exciting the n-n* band of the azobenzene moi-
ety in the trans form is totally inhibited, and the photolumines-
cence property of the Ru'' complex is quenched.?'33 In the
transient absorption spectra of the Ru complex, 5, very fast
bleaching of the Ru MLCT band at 500 nm occurs, implying
that the photoisomerization behavior is depressed in response
to the energy transfer from the azobenzene unit to the complex
unit, as shown in Fig. 1.3 Similar bleaching behavior was ob-
served for the Fe" complex, 3.33 These results indicate that the
trans-to-cis photoisomerization behavior of polypyridine com-
plexes having a strong MLCT band, the energy of which is low-
er than that of the azo n—mt* band, is depressed by the energy
transfer pathway.

In contrast to the group 8 metal (Fe, Ru) complexes, the
group 9 metal (Co, Rh) complexes undergo significant trans-
to-cis photoisomerization.3>>* In the case of the Rh complexes,
we investigated the difference in photoisomerization between
the mononuclear and dinuclear forms, and the effects of coun-
terion and solvent on the isomerization. Among the mononu-

Chart 1.
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Fig. 2. (A) UV-vis spectral change of 6-3PFg (2.8 x 10~* moldm~3) in DMSO upon irradiation at 366 nm for 5 min. Inset: the
spectra of 6+3PF; (a), 1 (b), and [Rh(tpy),](PF¢)3 (c). (B) UV—vis spectral change of 7-6PF4 (1.1 x 10~* mol dm~3) in PC upon
irradiation at 366 nm for 40 min. Inset: the spectra of 7-6PFg (a), 2 (b), and [Rh(tpy).1(PFe)s (c) (Reprinted with permission from

Ref. 32).

clear and dinuclear Rh complexes, 6 and 7 show significant
UV-vis spectral changes attributable to the trans-to-cis isomer-
ization, including a decrease in the absorbance of the n—n*
band and an increase in the longer wavelength band ascribable
to the n-mt* transition on 366-nm light irradiation (Fig. 2,
Chart 2). The cis form formation causes the "HNMR spectral
change as a higher magnetic field shift of the aromatic ring

protons by changing the ring current effects of the azobenzene
group.® In the IR spectra of the isolated cis complexes, a weak
peak due to the N=N stretching mode, which is IR-inactive in
trans-complexes due to their inversion symmetry,*=% appears
at ca. 1530 cm~!. Cyclic voltammetry of the frans form of
7-6BF; in BuyNBF;~MeCN shows an irreversible Rh' /Rh!
reduction wave at —1.01 V vs ferrocenium/ferrocene (Fct/
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Chart 2.

Table 1. Quantum Yields of Mononuclear and Dinuclear Rh Complexes Dependent on Various Solvents and

Counterions
Dielectric ~ Viscosity? 10° &
Solvent constant?® (n/mPas) 7-6BF, 7-6PF;q 7.6BPhy 6-3BEF, 6-3PF, 6-3BPhy
PhCN 25.9 1.27 0.29 b) b) 0.34 0.062 3.9
MeCN 36.6 0.369 b) b) 5.7 0.016 0.011 5.1
DMF 38.3 1.794 2.7 2.9 2.3 34 3.9 5.5
DMA 38.9 1.96 4.2 4.0 4.2 35 4.4 5.4
DMSO 472 1.99 1.9 1.6 2.1 0.58 1.6 3.3
PC 68.8 2.53 0.042 b) 0.25 0.052 0.11 1.5

a) D. R. Lide, “CRC Handbook of Chemistry and Physics,” 79th ed, CRC Press (1998). b) No significant
photoisomerization behavior was observed (P, < 1079).

Fc), which shifts to —1.09 V in the cis form, because the elec-
tron-withdrawing effect of the azo group is smaller in the cis
form than in the trans form.

It is noteworthy that the cis-to-trans photoisomerization,
upon excitation of the azo n—n* transition by 430-nm light irra-
diation, does not occur for any of the mononuclear and dinu-
clear Rh complexes, whereas the thermal isomerization pro-
ceeds at a much slower rate than that of the free ligands.>?

In this series of complexes, the metal complex site is large
and has a positive charge, and thus the effects of counterion
on the photoisomerization rate are intriguing. We measured
the quantum yields of the trans-to-cis photoisomerization—
i.e., the @, . values—for 6 and 7 with various counterions;
selected results are listed in Table 1. The @,_,. values are much
smaller than those of organic azobenzenes,***’ and show
strong dependence on the counterions and solvents.’> The
photoisomerization of a dinuclear complex, 7-6BPhy, proceeds
more efficiently than that of 7-6PFg or 7-6BF,. 7-6BPh, is
subject to trans-to-cis photoisomerization even in the KBr
matrix, in which the free ligand does not show significant iso-
merization. One should note that the ion-pairing ability of the
counterions contributes to the apparent rotor volume of the
complexes for the isomerization. The electrostatic interaction
between the complex cation and the counter anion, evaluated
based on the ion-pairing peak distribution and the intensities
of ESI mass spectra, is weaker for large BPh;~ than for small
BF,;~ and PF¢~, for which the order is consistent with the ten-
dency of @,_,.. This phenomenon can be explained if the anion
with the lower ion-pairing ability reduces the apparent rotor
volume for the isomerization, leading to a more facile isomer-
ization. It is notable that the mononuclear complex, 6, shows a
small dependence of @,_,. on the counterion. It would be ex-
pected that the counterion of 6 would not interact with the neu-

tral azobenzene moiety, and that the counterion would not in-
terfere with the motion of the azobenzene moiety.

The behavior of the femtosecond transient absorption spectra
of the Rh complex 7-6PF4 shown in Fig. 1b is similar to that of
organic azobenzenes; at first a very broad S, < S, (m—nt™* state)
absorption band at ca. 500 nm (within 1 ps) appears and this de-
cays rapidly.’? Next, an intense S, < S; (n—r* state) absorp-
tion band at ca. 450 nm (within 2 ps) appears. The lifetime of
the S, or S; state and the decay dynamics of the complexes
are similar to those of organic azobenzenes,*®! in which the
trans-to-cis photoisomerization is believed to occur from the
S, state. Our findings indicate that photoisomerization of 7 oc-
curs from the S; state.

For the Co' complexes, 8 and 9 (Chart 3), trans-to-cis photo-
isomerization is observed in propylene carbonate (PC) and
DMSO, and less significantly in MeCN, upon irradiation with
366-nm light, as shown in Fig. 3.3 The photo-products could
be isolated by precipitation from PC solution by adding 1,4-di-
oxane; these products were characterized by IR spectroscopy
for 9.-4PF¢. The peak ascribed to N=N stretching of the cis
form appeared at 1534 cm™'.36-38 The &_, . values of Co com-
plexes for trans-to-cis photoisomerization are listed in Table 2.
There are two characteristic features distinguishing these yields
from those of the Rh complexes:*? (1) the ®@_.. of the Co com-
plexes is much smaller; (2) the counterion effect is less evident
in the Co complexes. The latter feature is probably attributable
to the facts that the Rh complex cation is trivalent, that is has a
greater charge, and that is has more counterions.

In contrast to the Rh™™ complexes, the Co™ complexes under-
go cis-to-trans isomerization in PC by both photoirradiation
with visible light (435 nm) and heat, indicating that reversible
trans—cis isomerization occurs. There is no counterion effect on
the cis-to-trans photoisomerization.
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Fig. 3. (A)UV-vis spectral change of 8:2BPhy (2.2 x 107> mol dm~?) in PC upon irradiation at 366 nm for 40 min. Inset: the spectra
of 8:2PF; (a), 1 (b), and [Co(tpy).](PFe), (c). (B) UV-vis spectral change of 9-4BPhy (1.8 x 107~ moldm~3) in PC upon irradi-
ation at 366 nm for 1 h. Inset: the spectra of 9-4PF¢ (a), 2 (b), and [Co(tpy)2](PF¢), (c) (Reprinted with permission from Ref. 33).
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Table 2. trans-to-cis Photoisomerization Quantum Yields
(®_,) of the Co Complexes

10* &
Solvent 8.2PF; 8.2BPhy 9.4PF; 9.4BPhy
MeCN <1 <1 <1 <1
DMSO 3.3 4.3 3.9 5.6
PC 7.0 6.2 6.5 8.5

2. Photoluminescence Switching of Azobenzene-
Conjugated Pt Terpyridine Complexes
by trans—cis Photoisomerization

Molecules in which emission properties can be switched by
delivering photons are valuable for constructing all photon-
mode molecular devices. As there are many luminescent metal

complexes, we attempted to control the photoluminescence
properties by photoisomerization of the azobenzene moiety in
an azobenzene-attached terpyridine complex. We employed
square-planar Pt complexes, 10 and 11 (Chart 4),°% because
the complexes containing the terpyridine ligand in solid or fluid
solution are strongly luminescent in the visible region, with
several emission modes due to intra-ligand n-n*, MLCT, and
inter-molecular m—m or Pt—Pt interaction.”>°® Although there
have been some reports on fluorophores connected with azo-
benzenes, 3207 information on the cis-isomer is insufficient,
probably because of its instability.

In the UV-vis absorption spectrum of 10, the intense azo m—
n* band of ligand 1 at 350 nm is overlapped with the weak
MLCT bands of the complex unit. Photoirradiation of a solu-
tion of 10 and a solution of 11 in DMF using 366-nm light caus-
es trans-to-cis photoisomerization (Fig. 4). The cis form of 10
exhibits the 'HNMR signals in a higher magnetic field com-
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Fig. 4. UV-vis spectral change of 10.2PFs in PC (3.0 x
1073 moldm~3) upon irradiation at 366 nm for 50 min.
Inset: UV-vis absorption spectra of 10.-2PF¢ (a), 1 (b),
and [Pt(py)(tpy)](PF¢)2 (c¢) (Reprinted with permission
from Ref. 52).

pared to those of the trans form in DMF-d;, similar to the Rh™
complex as previously reported,>>3* and a peak of the cis
—N=N- stretching vibration occurs at 1530 cm~! in the IR
spectrum.’*38 As for both 10 and 11, cis-to-trans isomerization
occurs in DMF by both photoirradiation with visible light
(wavelength > 430 nm) and by heat.

Emission spectral changes in the process of trans-to-cis iso-
merization were observed even for the free ligand, 1. The emis-
sion intensity in the cis form is four times stronger than that of
the trans form; the maximum excitation wavelength and emis-
sion wavelength are 300 and 500 nm, respectively. Compared
with the emission spectrum of the terpyridine ligand,®® en-
hanced emission is assigned to the terpyridine *m—m* state.
The emission spectral changes of 10 are more dramatic by
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the trans—cis conformation change. There are four peaks at
325/480, 375/480, 300/600, and 450/600 nm in the three di-
mensional excitation/emission wavelength contour plot of the
cis form, and the latter two peaks are much higher than the for-
mer two. The excitation spectrum of the emission at 600 nm for
the cis form is identical to the UV—vis spectrum of the cis form.
The emission lifetime was measured as 40 ps, indicating that
the emission is assignable to Pt MLCT, judging from the sim-
ilarity in the emission behavior of Pt(py)(tpy) (T = 8 us)>> and
other Pt—terpyridine complexes previously reported.’> % It
should be noted that the trans form is totally non-luminescent
at the excitation wavelength of 450 nm, as shown in Fig. 5.
The absorbance of the frans and cis forms at 450 nm differs
greatly; there is very weak absorption due to a forbidden azo
n—rt* transition in the frans form, but an intense broad absorp-
tion band appears in the cis form. This suggests that the inter-
action between azo n-n* and Pt MLCT at the excited states is
stronger in the cis form than in the trans form. As for 11, a sim-
ilar emission spectral change was observed due to the trans—cis
conformation change.

There are two significant differences in the emission proper-
ties of the Pt complexes compared with the free ligand, 1. First,
the excitation wavelength and emission wavelength are shifted
to the lower energy by 150 nm. Second, the difference in emis-
sion intensity between the frans and cis forms is more signifi-
cant, since the trans form of the complexes shows absolutely
no emission. As noted above, azobenzene-conjugated Ru com-
plexes did not undergo sufficient trans-to-cis photoisomeriza-
tion, and a weak emission was present even in the trans form.32
Accordingly, the azobenzene-conjugated Pt complexes could
be promising multifunctional materials, because trans—cis con-
formation change is linked with the complete off-on switching
of emission.

3. Reversible trans—cis Photoisomerization of Azobenzene-
Attached Bipyridine Ligands Coordinated to Cobalt Using
a Single UV Light Source and the Co™™ /Co"! Redox Change

As described above, the photochemical behavior of azoben-
zene-attached bis(terpyridine)cobalt was investigated, and re-
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Fig. 5. Emission spectral changes of 10-2PFs in EEOH-MeOH-DMF = 5:5:1 (v/v) at 77 K upon irradiation with 366-nm light for 8
min. The excitation wavelengths were 337 nm (a) and 450 nm (b) (Reprinted with permission from Ref. 52).
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versible frans—cis isomerization using UV and visible light in
the Co'! state was found. We also carried out research on the
azobenzene-attached tris(bipyridine)cobalt system. In this sys-
tem, we watch the difference in photoisomerization by the ox-
idation state of the Co center, because both the Co™™ and Co™
complexes are fairly stable in air under ambient conditions
and their electronic interaction with the azobenzene moiety
should be dissimilar. As a result of this research, the first exam-
ple of reversible trans—cis isomerization of the azo group has
been achieved through a combination of photoirradiation and
a redox cycle between Co'" and Co'; this makes possible both
forward and backward isomerization in response to irradiation

with a single light source (Scheme 1). Two azobenzene-attach-
ed bipyridine ligands with different conjugations between the
bipyridine and azobenzene moieties, 12 and 13, were synthe-
sized, and their Co™ and Co™ complexes, 14 from 12 and
15 from 13, respectively, were employed in this system
(Chart 5).%70

In a cyclic voltammogram of 14, a reversible redox wave of
Co'/Co'" and a quasi-reversible one of Co™! /Co! are observed
at —0.15 and —1.27 V vs Fc™ /Fc in dichloromethane, respec-
tively. UV—vis absorption spectra of 12, 14.2BF,, and 14-3BF,
show m—t* bands due to the azo group at Ay, = 345 nm
(€ =3.5x10* mol~!dm*cm™"), 360 (1.1 x 10°), and 374
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(9.7 x 10%), respectively. An increase in the electron-with-
drawing effect on the azo group in response to the oxidation
from Co™ to Co™ results in a lower energy of the 7—n™ band.”!
Upon irradiation to the dichloromethane solution of 12 with a
UV light at 366 nm, the n-n* band decreases and the n—*
band of the azo group at 445 nm increases in intensity, showing
a typical trans-to-cis isomerization of the azobenzene moiety.
The molar ratio of the cis form reaches 92% in the photostation-
ary state (PSS). The spectral change of the Co!' complex,
14-.2BF,, in dichloromethane is essentially identical to that
of 12 upon irradiation with the 366-nm light, and 40% of the
trans-azobenzene moiety is changed into the cis form in PSS.
The irradiation with 438-nm light reverses the spectral change,
indicating a cis-to-trans isomerization. Intriguingly, only a
slight decrease in absorbance of the m—m* band of the Co™
complex, 14-3BF,, is observed under the same 366-nm light
irradiation, suggesting that the cis-to-frans back reaction of
the Co™ complex is much more effective than that of the
Co'" complex in PSS (vide infra).

The difference in the cis form concentrations in PSS between
Co'" and Co™ described above indicates that changing the re-
dox state from Co™" to Co™ might make possible a reversible
trans—cis conversion by single monochromatic light irradiation.
The following experimental results confirm this hypothesis.
The dichloromethane solution of the trans form of 14.2BF,
was irradiated with 366-nm light to reach PSS (Fig. 6a), and
the resulting mixture of trans and cis forms was oxidized with
a stoichiometric amount of 1,1’-dichloroferrocenium hexafluo-
rophosphate, [Fe(nS—C5H4C1)2]PF6 (EO/ =0.19 V vs Fct /Fc)
(Fig. 6b).”? The ratio of the cis form remained constant after
the oxidation, and the thermal isomerization to the frans form
proceeded very slowly in the dark because the recovery of ab-
sorbance of the T-7* band was not pronounced in intensity for
more than 30 min. When the oxidized solution was exposed
again to 366-nm light, the cis-to-trans photoisomerization
promptly occurred to create the trans-rich PSS that was charac-
teristic of the Co™ state, accompanied by a fast increase in the
absorbance of the m—* band within a few minutes (Fig. 6c).
The Co™ complex in PSS upon irradiation with the 366-nm
light was re-reduced with a stoichiometric amount of 1,1’-ace-
tylcobaltocene, [Co(nS—C5H4COCH3)2] (EY =—-0.76 V vs
Fct/Fc),”? and the exposure to the same 366-nm light resulted
in a trans-to-cis isomerization to reach a different PSS that was
characteristic of the Co'" state. These results suggest that a re-
versible trans—cis isomerization can be achieved by a combina-
tion of the reversible redox change between Co'" and Co™ and
irradiation with a single UV light source, which is a novel route
differing from the reversible isomerization of general organic
azobenzenes with a combination of T—* and n—mt* excitation
employing both UV light and visible light, respectively
(Scheme 1).

The redox-coupled photoisomerization system described
above enables continuous control of total conversion to the
cis form of azobenzene moieties in PSS by means of a contin-
uous change in the Co™ to Co™ complex molar ratio within a
range of 6-40% upon irradiation with monochromatic 366-
nm light. A similar continuous control of the conversion ratio
of the cis form for organic azobenzenes can be achieved by tun-
ing the relative intensities of two different monochromatic light
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Fig. 6. UV-vis absorption spectral change of 12 (2.62 x
1073 moldm™) (a), 14.2BF; (1.17 x 107> moldm™3)
(b), and 14-3BF4 (1.20 x 107> moldm™) (c), in CH,Cl,
upon irradiation with a 366-nm light (Reprinted with per-
mission from Ref. 69).

sources or by selection of a suitable excitation wavelength
closely associated with overlapping of the m—r* and n—r*
bands. Compared with these photochemical methods, the com-
bination of the photoisomerization and the redox processes of
the metal complex-conjugated azobenzene is a more facile
and precise pathway to adjust the cis conversion ratio.

A successful enlargement of the trans/cis conversion range
was accomplished by using the redox reaction in the meta-sub-
stituted cobalt complex, 15; an efficient reaction was induced
by altering the substitution position between the bipyridine
and azo moieties, thereby weakening their electronic interac-
tion.”" In a cyclic voltammogram of 15 in BuyNCIO4~MeCN,
a reversible Co™/Co" wave was observed at —0.11 V vs
Fc™ /Fc, coincident with the para-analog, 14. The UV-vis ab-
sorption spectrum of the ligand 13 shows an azo m—r* band
at 327 nm, which is blue-shifted compared with that of 12
(342 nm). In 12, the conjugation extension to the bipyridine
moiety lowers the T and T energy gap, and causes a red shift
of the m—nt™* absorption band. The azo n—r* band of 15-3BF,
locates at a longer wavelength than that of 15-2BF,, which is
a tendency similar to that of the complexes, 14-3BF; and
14.2BF,, but the difference in the former is not as large as that
in the latter. This red-shift of the azo n—* band may be caused
by an electron-withdrawing effect of cobalt cation, which can
be represented as Co complexes of 12 > Co complexes of 13



H. Nishihara

1.5

Absorbance

500
Wavelength / nm

300 400

Absorbance

600

Bull. Chem. Soc. Jpn., 77, No. 3 (2004) 415

0 |

300 400 500
Wavelength / nm

600

Fig. 7. Absorption spectral changes of (a) 15-2BF, (1.53 x 107> moldm—) and (b) 15-3BF; (1.32 x 10~ mol dm~3) upon irra-
diation with monochromatic 366-nm light in CH,Cl,; at the initial state (all-frans form) (solid line) and at PSS (dashed line)

(Reprinted with permission from Ref. 70).

and Co™ > Co'.

Upon irradiation with 366 nm monochromatic light, trans-
to-cis photoisomerization proceeded; the cis molar ratio
reached 57% in PSS in 15-2BF, (Fig. 7). On the other hand,
the cis molar ratio remained 9% at most, and also reached
PSS in 15.3BF; in response to 366-nm light irradiation
(Fig. 7). Thus, the difference between Co'" and Co™ is 48%,
which is much improved from the 34% difference between
the para complexes, 14-2BF, and 14.3BF,.

It is clear that this enlargement of the difference between
Co" and Co™ in meta complexes is based on the modulation
of electronic interaction between the cobalt ion and the azo
moiety. In both 15-2BF, and 15.3BF,, the cis formation effi-
ciency (cis molar ratio/trans molar ratio) with 366-nm light
was doubled compared to that of 14-2BF, and 14.3BF,, and
the difference between Co™" and Co™ was increased. This is be-
cause both the Co™ and Co™ cations have an effect, through -
conjugation, of suppressing the cis formation of the azo moiety,
and this effect can be weakened by meta substitution. There are
two possible explanations for the suppression of cis formation
by coordination to cobalt: i) the trans-to-cis isomerization effi-
ciency falls as the nature of the T—t* band is transformed dur-
ing coordination to a cobalt ion; and ii) the cis-to-trans back-
isomerization by excitation of the cis isomer at 366 nm occurs
in a good yield. The former explanation should be adequate, be-
cause there is a relation between the T-1™ band position of the
trans isomer and the cis molar ratio formed in response to 366
nm irradiation. When the azo n—n* band of the trans isomer is
found in longer wavelength, the efficiency of isomerization to
the cis isomer drops. To investigate further, we measured the
trans-to-cis photoisomerization quantum yields of Col com-
plexes. In 15.2BF,, the quantum yield (&, = 0.11) is almost
the same as that of azobenzene®**’ (®,_.. = 0.10), but a lower
value (@, = 0.07) was obtained in 14.2BF,. This result has
proved that the coordination to a cobalt ion affects the azo T—*
excitation state through electronic interaction, suppressing the
trans-to-cis isomerization efficiency. The effect seems to be

more significant in the Co™ complexes than in the Co" com-

plexes. Actually, the azo m—t™ absorption band was found in
a longer wavelength in the Co™ complexes than in the Co!!
complexes, and almost no cis isomer was formed by n-m*
excitation in response to 366-nm irradiation in Co'™.

In conclusion, the reversible trans—cis isomerization has
been achieved by a combination of the reversible redox reac-
tion between Co' and Co™ and single UV-light irradiation
for azobenzene-bound tris(bipyridine)cobalt complexes. This
method should provide a new design for photochemical and
electrochemical hybrid molecular devices.

4. Coordination-Synchronized trans—cis
Photoisomerization of Bipyridylazobenzene
Driven by a Cu"/Cu! Redox Change

In contrast to Co, which favors formation of a hexa-coordi-
nate tris(bipyridine) complex as noted above, Cu gives a tet-
ra-coordinate bis(bipyridine) complex. The redox reaction of
this complex is accompanied by unique structural conversion
of the favorite geometry from a tetra-coordinate square planar
or a penta- or hexa-coordinate structure of Cu to a tetra-coor-
dinate tetrahedral of Cu!.”#7° Recently, several molecular sys-
tems that incorporate a copper complex unit have been devel-
oped to induce molecular motions by electrochemical sig-
nals.””~"° If the structural conversion causes a ligand exchange
reaction, the physical property of the ligand can be changed, de-
pending on the coordination. We applied this possibility to the
construction of a molecularly synchronized system in which the
trans—cis isomerization of azobenzene-attached bipyridine was
controlled by its binding/release reaction to copper driven by a
Cu'/Cu redox change. This leads to a new reversible trans—cis
isomerization switching with a single light source utilizing the
combination of the dynamic motion of the metal complex with
that of the azobenzene ligand.®°

A 6,6’-dimethyl-substituted, azobenzene-attached bipyridine
ligand 16 was designed as a new photoactive and ligand-ex-
changeable molecule, and its Cu' and Cu" complexes, 17-BF,
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Fig. 8. Cyclic voltammograms of 17-2BF; in 0.1 mol dm—3
BuyNBF,~CH,Cl,. (a) In pure form. (b) Mixed with 2
equivalents of bpy (Reprinted with permission from
Ref. 80).

and 17-2BF,, respectively, were synthesized (Chart 6). Irradi-
ation of the ligand 16 at 365 nm causes effective trans-to-cis
isomerization of the azobenzene moiety, yielding a 94% molar
fraction of the cis isomer in PSS. On the other hand, the cis mo-
lar fractions at 365 nm in PSS for 17.BF, and 17.2BF, were
18% and 14%, respectively. This implies that the change in
the cis ratio in PSS by the redox change is less significant than
that for the cobalt complexes 14 and 15.9%70

In a cyclic voltammogram of 17-2BF, in dichloromethane
(Fig. 8a), a reversible Cu'/Cu' redox wave is observed at
0.37 V vs Fc™ /Fc. The redox potential is considerably more
positive than that of non-substituted [Cu'(bpy),]BFy (EY =
—0.12 V vs Fc* /Fc), irrespective of the introduction of elec-
tron-donating methyl groups. This positive shift can be attribut-
ed to the methyl groups in 16 sterically protecting the copper
center in the tetrahedral coordination structure, and preventing
the formation of a favorable square-planar structure in the Cu'"
state.3!

Upon addition of 2 equivalents of 2,2’-bipyridine (bpy) to the
solution of 17-2BF,, the oxidation wave to Cu'" appears at 0.32
V, similar to that without bpy, whereas the reduction wave to
Cu' at ca. 0.3 V disappears and a new wave is observed at
—0.30 V in a cyclic voltammogram (Fig. 8b). Judging from
these potentials, the major species are 17-BF; and
[CuH(bpy)z]2+ at the Cu' and Cu'" states. This indicates that a

facile ligand exchange reaction occurs on the time scale of cy-
clic voltammetry. This consideration was supported by the
UV-vis spectral change of the complex upon addition of bpy.
When bpy was added to a solution of 17-2BF,, a blue shift
of the azo m—7t™* band (352 nm) occurred in the UV—-vis spectra.
When 5 equivalents of bpy were added, the shift was saturated
at 345 nm, identical to the m—m* band location of the free li-
gand, 16. In 17-BF,, almost no azo n—n* band shift occurs with
the addition of bpy. The driving force of this reversible ligand
exchange reaction may be the difference in coordination geom-
etry between Cu' and Cu'; the Cu' cation prefers the tetrahedral
geometry, which the methyl groups in 16 stabilize.”® The ligand
16 also prevents nucleophilic attacks on the copper center. On
the other hand, when Cu! is oxidized to Cu"l, the copper center
prefers bpy. This is because the methyl groups in 16 cause
significant steric hindrance of the coordination of the Cu™! cat-
ion in the favorite square-planar structure (Scheme 2).

Since the redox-controlled coordination reaction of 16 is
considered to affect the electronic structure of the azo moiety,
we can convert the photoisomerization behavior through a re-
dox reaction. Thus, we investigated the photoisomerization be-
havior of copper complexes in the presence of bpy. When
mixed with bpy, the absorption changes upon UV irradiation
of the Cu! and Cu!! complexes exhibited significant differences
between these two complexes (Fig. 9). These spectra suggested
that a trans-rich composition was achieved in the Cu' sample,
while a cis-rich composition was formed in the Cu'! sample
in PSS, despite the use of the same UV light irradiation.

Next, the cis molar ratio in PSS (365 nm) vs. the amount of
bpy added to the solution was examined. In the solution of
17.2BF,, the cis molar ratio was increased with the addition
of bpy, and the ratio saturated when ca. 2 equivalents of bpy
were added. It is considered that the exchange reaction of the
complex with bpy affords free 16, which isomerizes efficiently
to cis isomer. On the other hand, 17-BF, shows little increase
of the cis form with the addition of bpy, because bpy cannot dis-
place 16 on copper. Thus, the cis molar ratios in PSS in 17-BF,
and 17-2BF,, which were 18% and 14% when they were pres-
ent alone, converted to 25% and 72%, respectively, when 2
equivalents of bpy were added, thereby achieving drastic
changes in the isomerization behavior with altering the oxida-
tion state of copper.

Finally, we tried to convert the oxidation state of Cu!! and
Cu' reversibly, and we did observe reversible photoisomeriza-
tion with a single UV light source. Photoisomerization control-
led by a reversible ligand coordination reaction was performed
chemically with oxidizing and reducing agents. A mixture of
17-BF, and 2 equivalents of bpy in dichloromethane was irra-
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Fig. 9. UV-vis absorption spectral changes of 17-BF, (2.0 x 1073 moldm™3) plus bpy (4.0 x 1073 moldm™3) (a), and 17-2BF,
(2.0 x 107> moldm~3) plus bpy (4.0 x 107> moldm~?) (b) upon photoirradiation in CH,Cl,. Solid and dotted lines refer to the
all-trans form and the trans/cis mixture at PSS at 365 nm, respectively (Reprinted with permission from Ref. 80).

diated with 365 nm light, forming 32% of cis isomer. Then the
same sample was oxidized to the Cu'' state by 1 equivalent of
[Fe(1’-CsH4Cl),]PFg and re-irradiated with the same 365-nm
light; this resulted in further trans—cis isomerization and an in-
crease of the cis ratio to 70%. Then the copper was reduced to
the Cu' state with 1 equivalent of [Co(nS—C5H4COCH3)2] and
re-irradiated with 365-nm light. The result was inverse cis-to-
trans isomerization. These results demonstrate that the isomer-
ization behavior was controllable with a single UV light source
and the ligand’s binding/release reaction, which is reversibly
performed with the Cu'' /Cu' redox change (Scheme 3).

In conclusion, the trans—cis photoisomerization behavior of
the azobenzene moiety was synchronized with ligand coordina-

tion of the conjugated bpy moiety to copper. The coordination
reaction can be reversibly controlled by changing the oxidation
state of copper, leading to reversible trans—cis isomerization
using a combination of UV light and redox reaction with a good
yield of cis isomer.

5. Redox-Conjugated Reversible Isomerization of Ferro-
cenylazobenzene Using a Single Green Light Source

Azoferrocene, 18, is one of the m-conjugated ferrocene di-
mers and also one of the simplest analogues of azobenzene,
having two redox-active metal complex units. Its synthesis
was first reported by Nesmeyanov et al. in 1961 (Chart 7).82%3
Although 18 has proved to be an intriguing complex since iden-
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tification of the azo group as the representative photoisomeriz-
able unit, few studies have appeared on azoferrocene in more
than forty years following its discovery. We carried out
X-ray crystallography of an azoferrocene crystal obtained un-
der ambient conditions; the results demonstrated that the azo
moiety is in the trans form, and that the two cyclopentadienyl
rings of the two ferrocenyl units and the azo moiety are on
almost the same plane, which is ideal for m-conjugation.”!
The ferrocenyl moieties are on the opposite side of the plane,
and the Fe-Fe distance is 6.80 A, indicating that there are
few through-space interactions between the Fe nuclei. Higher
azo-bridged ferrocene oligomers, such as trimers 19 and 20,
and a polymer, 21, have also been prepared.”?

The trans-azo bridge is similar to the vinylene bridge in that
it acts as a spacer that assists in the electron exchange between

ferrocenyl moieties. The cyclic voltammogram of 18 in
BuyNClO4—PhCN exhibits reversible le~ oxidation waves at
EY =0.08 and 0.29 V vs Fc* /Fc, indicating the formation
of a thermodynamically stable mixed-valence cation. The
mixed-valence cation of 18 formed in PhCN by le™ chemical
oxidation exhibits an EPR spectrum characterized by the super-
position of narrow signals (g =1.9) and a broad signal
(g =3.0, g1 =1.9) due to a ferrocenium Fe'l cation at 7.6
K.34 The narrow hyperfine signals in the mixed-valence cation
may be due to coupling with the ring protons and the nitrogen
atoms caused by the delocalization of the unpaired electronic
charge over the bridging ligand, Cp-N=N-Cp (Cp = 1°-cyclo-
pentadienyl). Similar unusual hyperfine structures were ob-
served in the ESR spectrum of a solid sample of [Fe,(CsHy)4]15
at 77 K. The trimer 19 in aprotic solvents such as CH,Cl, or
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THF exhibits a cyclic voltammogram showing reversible 2e™
and le™ oxidation waves. This behavior can be explained by
the assumption that the positive charge in the monocation is lo-
calized primarily around the terminal ferrocenyl unit due to the
strong electron-withdrawing effect of the azo group.’>%¢

Azo-bridged ferrocene oligomers also show a marked de-
pendence on the redox potentials and IT-band characteristics
of the solvent, as is usual for the class II mixed valence com-
plexes.gl88 A detailed analysis of the solvent effect on Vp,
of the IT band of the azo-bridged ferrocene oligomers 187,
20%, and 20?7 indicates that the v,y shift is dependent not only
on the parameter in the Marcus—Hush theory, (1/D, — 1/Dy),
where Dy, and Dy are the solvent’s optical and static dielectric
constants, respectively, but also on the nature of the solvent as
donor or acceptor.

In addition to the strong ©—m* transition of the azo group at
318 nm, strong d—m* transition (MLCT) bands from a Fe!! d-or-
bital to a w*-orbital of Cp~-N=N-Cp appear in the neutral trans
form of the azo-bridged ferrocene oligomers. The absorption of
the MLCT band at 534 nm diminishes, and a new band appears
and increases at 672 nm with the oxidation to 18*. The new
band can be identified as a ligand-to-metal charge transfer
(LMCT) band associated with an electron transfer from the 1
orbital of the azo group to a Fe'! d orbital. Similar LMCT bands
appear in the mixed valence state of trimers 19 and 20. A more
donating solvent affords the higher IT and LMCT energies of
18-20 in the mixed-valence states, indicating a hole-transfer
mechanism.%°

Photoirradiation of 18 in the trans form, trans-18, in MeCN
exposed to UV (365 nm) light, causes a decrease of the n—n*
band and an increase of a new band at 368 nm in intensity,
showing isosbestic points, as displayed in Fig. 10. The photore-
action of trans-18 also proceeds through MLCT with green
(546 nm) light (Fig. 10).*® This is a rare example of photoreac-
tion using a low energy band distinct from the ©—t™ transition
band. Photoreaction of trans-18 is accelerated in polar solvents
such as MeCN, PhCN, and DMSO, and greatly suppressed in
less polar solvents such as toluene. This spectral change indi-
cates the occurrence of trans-to-cis isomerization; however,
the back reaction is not observed by heating or irradiation with
visible light, and further study will be needed to characterize
the photoproduct. Our recent study indicated that the presence
of trace protons in the photoreaction media causes the irrever-
sible photoreaction.”

This first discovery of photoreaction by green-light irradia-
tion exciting a low-lying MLCT (metal-to-ligand charge trans-
fer) band for azoferrocene prompted us to seek a more stable
photoisomerization molecular system. The combination of the
reversible isomerization with a single light source together with
the redox state change of the metal center, which was found in
tris(bipyridine)cobalt  complex-attached  azobenzene,®7°
namely, “reversible isomerization using a single visible light
source,” (Scheme 4), is of great interest for the following rea-
sons. The redox-conjugated reversible isomerization cycle us-
ing a single light eliminates the need for a double-light source
optical system emitting lights of different wavelength, and the
utilization of green light instead of UV light is advantageous in
avoiding degradation of the aromatic framework of the photo-
functional molecules.
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Fig. 10. UV-vis absorption spectral change of trans-18
(1.26 x 107* moldm—3) in MeCN upon photo-irradiation
with three bright lines (A n.x = 365, 436, and 546 nm) from
a super high pressure Hg lamp. The spectra are depicted at
10-min intervals of the photo-irradiation. The irradiation
with each bright line was continued for 30 min in the order
of 365 (dotted lines), 436 (solid lines), and 546 (broken
lines) nm, respectively (Reprinted with permission from
Ref. 84).

A possible candidate for the isomerization using MLCT is
the azo-ferrocene combined species. In this study, we therefore
employed ferrocenylazobenzenes (Chart 8),°! one of which, 3-
ferrocenylazobenzene, 22, achieves the reversible isomeriza-
tion using a single green light source by combination with
the reversible redox reaction between Fe' and Fe™ (Scheme 4).

trans-22 shows an azo m—-n* band at Am;x = 318 nm and a
weak visible band at 444 nm. The azo n—n™ band decreased
in intensity through green (546 nm) and UV light (320 nm) ir-
radiation, whose wavelengths correspond to an edge of the visi-
ble band and the maximum in the azo ©—m™* band, respectively
(Fig. 11A). "HNMR signals of the aromatic ring protons of the
azobenzene moiety were significantly shifted to higher field po-
sitions after the light irradiation.?> These spectroscopic behav-
iors are characteristic of the trans-to-cis isomerization. The cis
molar ratio reached 35% in PSS upon the green-light irradia-
tion, and the PSS was changed into a more cis-rich state
(61% cis molar ratio) upon the UV light irradiation (Fig. 11A
and Table 3). The quantum yield for the trans-to-cis isomeriza-
tion, @, of 22 was estimated to be 0.51 for the green light
(546 nm),*” which is much higher than that (0.021) for the
UV light (320 nm) and exceeds that of azobenzene
(P = 0.12 (313-nm excitation)).** The thermal cis-to-trans
isomerization of 24 was very slow and the rate constant
(k=1.3x10"* s~ ! at 70 °C) was consistent with that of azo-
benzene (k = 1.3 x 107* s7! at 70 °C).

Both the chemical oxidation with [Fe(1>-CsH4Cl),]PFs"?
and the electrochemical oxidation of trans-22 from Fe!l to Fe!
caused a shift of the n—* band to higher-energy from A a =
318 to 312 nm, then a weak LMCT band appeared at 730 nm.
The reversibility of the electrochemical redox reaction between
Fe' and Fe'™ was high, according to the completely reversible
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Fig. 11. (A) UV-visible absorption spectral change of trans-22 (5.52 x 10~ moldm~3) in MeCN upon irradiation with a mono-
chromatic light at 546 nm for 21 min (solid lines) and subsequent irradiation at 320 nm for 4 min (dotted lines). (B) UV-visible
absorption spectral change of the following sample solution upon irradiation with a monochromatic light at 546 nm; (inset) time
course change in absorbance at 305 nm of the sample solution upon irradiation with a monochromatic light at 546 nm (solid circles)
or in the dark (open circles). The sample solution was prepared by irradiation with a monochromatic light at 546 nm to frans-22 in
MeCN (5.62 x 107> moldm™3) to reach PSS and then oxidation with 1 equivalent of [Fe(’-CsH4Cl),]PFs (Reprinted with

permission from Ref. 91).

spectral change. Photoisomerization of the trans-Fe'! state was

highly dependent on the irradiation wavelength. The decrease
in absorbance of the n—n* band in the Fe"" state observed under
UV-light irradiation was almost entirely absent under the
green-light irradiation. The large difference in the cis molar ra-

tios in PSS between the Fe! and Fe' states suggests the possi-
bility that single green-light irradiation might induce reversible
trans—cis conversion by changing the oxidation state of the iron
center. The following experiments confirmed that this was the
case.
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Table 3. cis Molar Ratios at the Photostationary State (PSS)
of Ferrocenylazobenzenes

Excitation wavelength/nm
320 350 436 500 546 600

22 61% 17% 36% 35%
23 41% 6% 7% 6% 0%

An MeCN solution of trans-22 of Fe'! was irradiated with
green light to reach PSS (35% cis molar ratio), and the resulting
mixture of frans and cis forms was oxidized to the Fe'! state
immediately after addition of a stoichiometric amount of
[Fe(1°-CsH,Cl), |PFg. After the oxidation, the recovery of ab-
sorbance of the - band was not pronounced in intensity
over several hours in the dark at room temperature, and the
thermal isomerization to the trans form proceeded very slowly
in the Fe'" state (k = 8.7 x 10~* s~! at 70 °C) (Fig. 11B, inset).
The green-light irradiation promoted the increase in the absorb-
ance to reach the trans-rich PSS characteristic of the Fell
state, suggesting that almost all of the zrans form was photo-
recovered (Fig. 12B). These results indicate that reversible
trans—cis isomerization can be achieved by a combination of
“on-off switching” of the MLCT character due to the redox
change between Fe'' and Fe'™ and single green-light irradiation.
The LMCT band that appeared in the Fe'"l state is not associat-
ed with the isomerization.

It should be noted that the photoisomerization behavior and
thermal isomerization behavior of ferrocenylazobenzenes are
strongly influenced by the substitution position of the ferrocen-
yl moiety on the benzene ring. trans-4-ferrocenylazobenzene
(trans-23) exhibits an intense visible MLCT band (494 nm)
and a largely red-shifted azo m—m* band (A = 352 nm)
compared to azobenzene (317 nm) or trans-22 (318 nm). The
trans-to-cis isomerization proceeded with @, = 0.0033 by
irradiation with UV light (350 nm) to reach a 41% cis molar ra-
tio in PSS. However the MLCT in 23 is not effective for the
trans-to-cis conversion (Table 3), whereas the cis-to-trans back
reaction can be promoted even by orange light at 600 nm,
which corresponds to the edge of the MLCT band, instead of
blue light (~450 nm). The thermodynamic stability of the cis
form was remarkably reduced by the oxidation, since the fast
recovery of the intensity of the m—n™ band due to the transfor-

mation of the cis form into the frans form was observed imme-
diately after the oxidation of the photo-generated trans—cis
mixture at room temperature. The cis-to-trans thermal isomer-
ization rate could be estimated as 3.8 x 103 s~! only at a low
temperature (5 °C).

It is of great interest that the green light caused a much high-
er cis molar ratio in 22 than in 25 and azobenzene. We therefore
carried out time-dependent density functional theory (TD-DFT)
calculations for 22 and 23 in the trans form, in order to deter-
mine the singlet excited state in which the isomerization occurs.
The calculated excitation energies in the trans forms were in
reasonable agreement with the experimental values, and the ob-
served trends in the experimental absorption spectra were cor-
rectly reproduced (Table 4). Noticeable features in the nature of
the excited states of the trans-22 are that the azo n—1t* strongly
mixes with the MLCT configuration, and that the initial orbital
for the 3.02 eV MLCT state is delocalized over Fe and the Cp
ring rather than localized on the iron (Fig. 12a). The presence of
the MLCT character is the reason that the molar extinction co-
efficient of the visible band (A = 444 nm, € = 1.86 x 103
mol~! dm?cm™") is much larger than that of the n—t* band
of trans-azobenzene (Apmax =444 nm, & =5.15 x 10%
mol~! dm? cm™"). The origin of the visible band in 22 is differ-
ent from that of 23, because the initial orbital for the 2.51 eV
MLCT state of the latter is localized on the iron (Fig. 12b).
The green-light-induced trans-to-cis isomerization of 22 may
occur on the potential energy surface for the MLCT excited
state. In fact, the almost complete absence of a response to
the green light for the cis formation in the Fe' state is caused
by the disappearance of the MLCT character in the Fe'' state by
the oxidation to Fe!™l.

6. Synthesis of Azo-Conjugated Metalladithiolenes
and Their Photo- and Proton-Responsive
Isomerization Reactions

Metalladithiolenes®>3 with aromatic nature exhibit a num-
ber of interesting properties, including reversible redox activi-
ty94’95 and various chemical reactivities.?*?7 Thus, the combi-
nation of dithiolene complexes with the azo group can afford
photo-responsive multifunctional molecules. We synthesized
a precursor for a new azo-conjugated benzenedithiolato ligand,
24, as well as its Ni, Pd, and Pt complexes, 25-27 (Chart 9), and
found reversible photoisomerization and protonation behavior;
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Table 4. Experimental and Theoretical Excitation Energies to the Lowest Excited State among

Those of a Similar Character

Excitation energy/eV Oscillator Assignment (Coefficient)
Expt. Theor. strength
trans-22
— 243 0.001 Azo n—rt* (0.55)
+ ML(azo *)CT (—0.33)
2.79 3.02 0.060 ML(azo ©*)CT (0.65)
3.90 3.49 0.693 Azo m-r* (0.59)
cis-22
— 2.45 0.047 Azo n—-rt* (0.56)
+ ML(azo *)CT (—0.21)
— 3.16 0.001 ML(azo ©*)CT (0.35)
+ Cp-azo ©* (0.31)
— 3.96 0.103 Azo m-n* (0.58)
trans-23
— 2.42 <0.001 Azo n—rt* (0.66)
2.51 2.63 0.113 ML(azo ©*)CT (0.57)
3.52 3.03 0.752 Azo m-1t*(0.55)
trans-azobenzene
2.79 242 <0.001 Azo n—-rt* (0.62)
3.91 3.54 0.079 Azo n—r* (0.56)
PhPh
\
S S P
s LI
N=N S N=N S R
Q O PhPh
H3C HaC
25: M = Ni
24 26: M = Pd
27: M =Pt
Chart 9.

besides, the protonation-catalyzed cis-to-trans isomerization of
the complexes.”®

Single crystal X-ray crystallographic analyses were carried
out for 25-27. An ORTEP diagram of the molecular structure
of 27 is displayed in Fig. 13.°%% The configuration around
the Pt center is a typical tetra-coordinated square-planar struc-
ture. The bond lengths of Pt—S1 and Pt-S2 are 2.310 A and
2.316 A, respectively, both of which lengths lie within the usual
range of Pt—S distances for Pt dithiolene complexes.'*!%! The
configuration of the azo moiety is trans, but the planarity of the
azobenzene moiety® is significantly distorted, with the torsion
angle of C12-C7-C5-C4 being 55.3°. The bond length of N1-
N2 is 1.32(2) A, which is significantly longer than the usual
1.23-1.24 A values for azobenzene compounds,'>10%19 and
closer to the single bond length of charge-distributed triazene
(-N~=NT=N-),!04105 rather than to that of a typical double
bond. These novel features indicate the existence of strong con-
jugation between the azo and the metalladithiolene moieties.

The complexes 25-27 show a reduction wave ascribable to
the metalladithiolene moiety, in addition to irreversible two-

Fig. 13. ORTEDP plot of 27 with 50% probability ellipsoids.

Selected bond lengths [A], angles [°] and torsion angles [°]:
Pt-S1 2.310(10), Pt=S2 2.316(6), Pt-P1 2.259(6), Pt-P2
2.260(9), NI-N2 1.32(2), NI1-C5 1.42(2), N2-C7
1.44(2), S1-Pt-S2 88.5(5), S1-Pt-P1 92.4(5), P1-Pt-P2
85.3(5), C4-C5-N1 116.8(17), C5-N1-N2 113.7(15),
NI1-N2-C7-C12 —27.7(29), C5-N1-N2-C7 174.5(16),
N2-N1-C5-C6 —26.6(25) (Reprinted with permission
from Ref. 98).
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Table 5. Reduction and Oxidation Potentials® of 25-27

EY,E,. or E,,/V vs Fc* /Fc

Complex Metalladithiolene Azo Metalladithiolene Azonium®
25 —1.93 (rev) —1.85 —1.98 0.31 —0.29
26 —2.25 (2e7) —1.96 —2.08 0.38 —0.34
27 —2.60 (2e7) —1.95 —2.22 0.45 —0.35

a) EY (= (Epc + Epa)/2) values are denoted for reversible reactions (rev is given inside the
parentheses), and Ep . and Ej,, values are given for irreversible reduction and oxidation. The
reduction is a le™ process unless 2e~ is specified in the parentheses. b) Potentials of new

reduction wave upon addition of acid.

step le™ reduction waves of the azo moiety at —1.8 to —2.2 V
vs Fc™/Fc, respectively (see Table 5). The Ni complex, 25,
shows a reversible wave at —1.93 V, which can be attributed
to a Nil'/Ni! le~ reduction. Compounds 26 and 27 undergo
an irreversible one-step 2e~ reduction on the metal center at
—2.25 and —2.60 V, respectively. The potential and reversi-
bility of the reduction of the metalladithiolene moieties are sim-
ilar to those of the related complexes,l%’107 and the reduction
potential was found to be more negative, i.e., in the order of
27 > 26 > 25. The reduction potentials of the azo moiety in
25-27 were more negative than that of azotoluene (—1.70 V
vs Fc* /Fc). This potential shift can be attributed to the strong
electron donation from the metalladithiolene moiety. The don-
ation effect was more efficient, i.e., in the order of 27 > 26 >
25. In the oxidation of the metalladithiolene moiety, all com-
plexes revealed a one-step irreversible wave at 0.3-0.5 V vs
Fc™ /Fc. The order of these potentials was identical to that of
the reduction potential. The results of these electrochemical
measurements indicate that the significance of both the 7 elec-
tron delocalization and the 7 donation ability of the metalladi-
thiolene moiety is highest in the Pt complex, 27.

Compounds 25-27 exhibit an unusual proton response to-
gether with a drastic change in color, i.e., from yellow to deep
green in the Ni complex, 25; and from yellow to deep blue in
the Pd and Pt complexes, 26 and 27. Figure 14 shows the spec-
tral changes in 25-27 upon addition of CF3SO3H in MeCN.
With an increase in the amount of acid, the m—r™ transition
band of the azo moiety decreased in intensity, and a new strong
band appeared in the visible region. Reverse spectral changes
were achieved with the addition of potassium #-butoxide. This
spectral behavior was similar to that of the N-heterocycle-sub-
stituted metalladithiolenes, %1% indicating that protonation of
the azo moiety had taken place (Scheme 5). The single proton-
ation is supported by the results of ESI-mass spectroscopic
measurements. Upon the addition of acid, the reduction wave
of the azo moiety disappeared, and a new reduction wave
was observed at a more positive potential (—0.29 to —0.35 V
vs Fc™/Fc). This finding clearly demonstrates that the proton-
ation of the azo moiety induces a significantly positive shift of
the azo reduction potential. The reduction potentials of the pro-
tonated azo moiety were in the order 27 > 26 > 25, indicating
the order of stability of the protonated azo moiety. It can be de-
duced from these results that the protonated azo moiety is sta-
bilized by the m electron donation from the dithiolene ring,
which is the most efficient in the Pt complex, 27.

Figure 15 shows UV-vis absorption spectra of 25-27 in
MeCN before and after photoirradiation with UV light at 405

Absorbance

1000

Wavelength / nm

Fig. 14. UV-vis spectral changes of 25 (a), 26 (b), and 27
(c) upon addition of CF;SO3H in MeCN. The numbers in
the figure refer to the mole equivalents of the acid to the
complexes (Reprinted with permission from Ref. 99).

nm. The n—* transition bands ascribable to the azo moiety
in the trans form appear at A.x = 405 nm (Eax = 1.82 x
10* mol~!'dm? ecm™"), 405 nm (2.23 x 10* mol~! dm? cm™!),
and 405 nm (2.37 x 10* mol~! dm? cm™") for 25, 26, and 27,
respectively. These bands are significantly shifted to a lower
energy compared with those of regular azobenzene deriva-
tives,'! an effect which was due to strong conjugation and high
delocalization between the metalladithiolene and the azo moi-
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Scheme 5.

ety. In regular organic azobenzenes, a nearly linear correlation
exists between the lower energy shift of the m—r* transition
band and the stability of the cis form,!'"'=113 and thus some of
these compounds with a lower shifted m—r* transition band
may not have shown any efficient photo-response.!! Despite
the large low-energy shift of the m—m™* transition, 25-27
showed a distinguishable reversible photo-response. The m—
¥ transition band decreased in intensity after photoirradiation,
indicating the occurrence of trans-to-cis photoisomerization.
The cis-to-trans reverse reaction occurred, allowing perfect re-
covery of the spectra of the trans forms, in response to photo-
irradiation at 360 nm in 25, and at 310 nm in 26 and 27, respec-
tively. The reversible isomerization reaction was also observed
by 'HNMR spectroscopic measurements. The integration ratio
of the signals for the trans and cis forms indicated that ca. 40%
of the trans form was converted to the cis form by photoirradia-
tion at 405 nm in PSS. Although the transitions corresponding
to these UV-light energies have not been specified, it is intrigu-
ing that the cis-to-trans isomerization is promoted by UV light
with an energy higher than the n—r* transition, since the regu-
lar azobenzenes undergo isomerization by irradiating the n-n*
band in the visible region.!'*

The proton response of the cis form was then investigated.
When a slight amount of acid was added to a solution contain-
ing cis-25-27 prepared by photoirradiation, immediate cis-to-
trans transformations were observed. The rate constants of
cis-to-trans thermal and proton-catalyzed isomerization upon
addition of 0.01 equivalents of CF;SOs;H for 25-27 at 23.3
°C are displayed in correlation with the reduction potentials
of the metalladithiolene moiety in non-protonated forms in
Fig. 16. The rate constant of thermal isomerization, k (s™h,
was independent of the differences among the central metals,
whereas the rate constant of proton-catalyzed isomerization,
kacia (371, strongly depended on the metal center. The kg

reaches to 2 x 107 s~!, which is 200 times larger than k, in
the Pt complex 29, whereas no significant acceleration by addi-
tion of the acid under the same conditions was observed for
azobenzene (k =2 x 1070 s7!, kuig = 3 x 1076 s71). A posi-
tive correlation existed between the rate constant, k,.q, and
the reduction potential of the metalladithiolenes. This result in-
dicates that the rate constants of the proton-catalyzed isomeri-
zation are exponentially proportional to the redox potentials of
the metalladithiolene, and that the acceleration is rendered effi-
cient by shifting the reduction potential in the negative direc-
tion. It can be deduced that the reduction potential of the metal
center is closely related to the electron withdrawing ability of
the metal center, which accompanies the electron donation abil-
ity of the dithiolene ring. In the case of the Pt complex 27, the
reduction potential of which was more negative than that of 25
and 26, strong donation to the azo group was exhibited; such
donation stabilized the transient state with the resonance ef-
fects. Accordingly, the acceleration of isomerization was close-
ly related to the reduction potential of the metal center.

The proton-assisted phenomenon indicated that a protonated
cis form, cis-H™, instantly produced the trans form, trans-H™,
followed by the formation of the trans form accompanying de-
protonation (Scheme 5). In this isomerization, it can be pre-
sumed that the transient structure was the charge-distributed
structure, in which the protonated nitrogen atom changed its
hybridization from sp? to sp>. This activated species, with a
substantial single-bond character in the azo group, was stabi-
lized by the strong conjugation between metalladithiolene
and the azo moiety, and thus the rotational barrier for the cis-
to-trans isomerization was expected to be much smaller than
that expected for the thermal isomerization. The reduction in
activation energy caused acceleration in the rate of the cis-to-
trans isomerization. In conclusion, azo-conjugated metalladi-
thiolenes exhibited a novel isomerization behavior, i.e., “pro-
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Fig. 15. UV-vis spectra of 25 (a), 26 (b), and 27 (c) in
MeCN before (solid line) and after (dotted line) photoirra-
diation by UV light at 405 nm (Reprinted with permission
from Ref. 99).

ton-catalyzed cis-to-trans isomerization”. Based on the mech-
anism of the proton-catalyzed cis-to-trans isomerization, it can
be predicted that the © donation ability of the dithiolene ring
may have a considerable influence on the isomerization behav-
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Fig. 16. Correlation between redox potentials and rate con-
stant k (white) and k,jq (black) for 25-27 (Reprinted with
permission from Ref. 99).

ior. The type of central metal had a dominant effect on the elec-
tronic state of the dithiolene ring; isomerization could thus be
controlled in such instances by use of different metal centers.

The results described above indicate that the azo-conjugated
metalladithiolene system shows frans—cis isomerization behav-
ior responsive to both photons and protons, and would thus be
useful for the development of a multi-mode switching and in-
formation storage system at the molecular level.

7. Concluding Remarks

We here described six different systems comprising azo and
transition metal complex moieties. They show unique behav-
iors that have not been seen in common organic azo com-
pounds. Examples of such behaviors and their relation to the
original properties of azo and transition metal complex moiet-
ies are summarized in Table 6. For the realization of such be-
haviors by accumulation of the original properties of the azo
and complex moieties, appropriate electronic and steric interac-
tions between them are important. No multi-functionality ap-
pears when the interaction is too weak, and their original func-
tions are too-much perturbed when the interaction is too strong.
It is interesting that MLCT transition in Ru and Fe terpyridine
complexes works to prevent photoisomerization by absorbing
the energy, whereas excitation of only the MLCT band causes
the isomerization in ferrocenylazobenzenes. This should be due
to the difference in nature of the m* orbital, which localizes
around the terpyridine moiety in the former but delocalizes
over the azo moiety in the latter. The approach used here to cre-
ate new types of photochromic materials with multi-mode func-
tions via properly designed azo-conjugated metal complexes
might be applicable to the combination of other metal com-
plexes and other photochromic molecules.
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Matsuda, Akira Hirooka, Ichiro Mori, Dr. Takuya Nankawa,
and Dr. Jun Mizutani; and collaborators are Prof. Naoto Tamai
and K. Matsumura at Kwansei Gakuin University, Prof.
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Table 6. Relation of the Properties of Metal Complex and Azo Moieties for Manifesting Novel Properties of Azo-Conjugated Metal

Complexes

Examples of the metal
complex moiety

Properties of the metal
complex moiety

Properties of the azo-conjutated
metal complex

Properties of
the azo moiety

[Co(bpy)3]3+/2+

Redox reaction

Ligand exchange

[Fe(tpy), 1", [Ru(tpy),|**

MLCT absorption

[PtCl(tpy)]

Photoluminescence

Y

Quenching of photoisomerization

Switching of photoluminescence by

Single light photoisomerization
with redox change

MLCT photoisomerization

7 Photoisomerization

photoisomerization

C
[Rh(tpy),|** {

Y

Ionic strucuture

Y

Bulkiness

) [M(dppe)(S,CsH3R)]
Electron donation >
(M = Ni, Pd, Pt)

Manabu Sugimoto at Kumamoto University, Prof. Masahiro
Irie and Prof. Takeshi Kawai at Kyushu University, and Dr.
S. Furusho at Jasco International, Co., Ltd. This work was sup-
ported partly by Grants-in-Aid from the Ministry of Education,
Culture, Sports, Science and Technology, and The 21st Century
COE Program for Frontiers in Fundamental Chemistry.
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