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The preparative scope of the new structural principle of utili-
zation of azulene skeletons as redox-active chromophores for
the production of stabilized electrochromic materials is dem-
onstrated in several examples. The structural principle takes
advantage both of the cyanine-type polymethine dyes and of
the violene-type redox systems. Appropriate combination of
cyanine and/or violene substructures will produce at least
one cyanine-type structure in the reduced or oxidized form
through an overall two-electron transfer, although some will
produce a cross-conjugated cyanine-type structure. Hiinig's
violene—cyanine hybrid structures, utilizing the bis(enediyne)
system, afford electrochromic materials that exhibit strong
absorptions in the near-infrared region in the dianionic state.
Cyanine-cyanine hybrid structures, consisting of pairs of cy-
anine units, show two-step color changes based on single

electron transfer in each step. Combinations of the cyanine
and/or the violene substructures permit the design of novel
stabilized electrochromic systems, including polyelectroch-
romic systems. The flexibility of the structural principle is
demonstrated by the violene-violene hybrid, violene-cyan-
ine-cyanine hybrid, violene-cyanine-violene hybrid, and
violene-violene-violene hybrid structures. New examples of
the violene-like redox system with inverse electron demand
are provided by 6-aminoazulene derivatives. The liquid-crys-
talline properties of the redox-active columnar mesogen are
revealed by several azulene-substituted electrochromic ma-
terials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

Electrochromism is observed in reversible redox systems
that exhibit significant color changes in their different oxi-
dation states.!! Stabilization of the redox cycle is very im-
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portant in the construction of potentially useful electro-
chromic materials, because the molecules utilized for this
application require high redox stabilities. The construction
of organic molecules containing multiple redox-active chro-
mophores is important for the preparation of novel poly-
electrochromic materials that will respond to different po-
tentials by adopting a variety of colors.”J The scope of a
new structural principle based on azulene skeletons for the
preparation of stabilized electrochromic and polyelectroch-
romic materials is demonstrated in several examples. The
aim of this review is to demonstrate the broad applicability
of the new structural principle and the efficiency of azulene
chromophores as terminal groups for the preparation of
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stabilized electrochromic materials including polyelectro-
chromic materials.l*!

1.1. Violenes and Cyanines

Violenes, the general structure of which is represented
in Scheme 1, are typical examples of systems that exhibit
electrochromism. A violene consists of a conjugated chain
with two redox-active groups and might be classified into
two types (see Figure 1). As can be seen from the positions
of the end groups, in one type they are separated by an
aromatic core, and in the other they are located inside a
cyclic m-electron system.! In both cases the long-wave-
length-absorbing species in violene-type redox systems are
radical ionic states. In general, the radical ionic species do
not show high redox stabilities, although some of them
might have high thermodynamic stabilities, depending on
the substituent end groups.
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Scheme 1. General structure of violenes.
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Figure 1. Two types of violene structures: (a) Wurster-type violenes,
(b) Weitz-type violenes.

A cyanine, on the other hand, is a polymethine dye con-
sisting of iminium ion and amine units, making up a conju-
gated m-electron system with an odd number of methine
units. The cyanine dye does not in itself possess good elec-
trochemical properties. This is in contrast with the violene

system, which is composed of an even number of methine
units. In this manuscript, violene (V) and cyanine (C) sys-
tems are defined by the numbers of methine units contained
in conjugated m-electron systems.

1.2. Violene—Cyanine Hybrids

Hiinig et al. have recently proposed a concept of a viol-
ene—cyanine hybrid system for the production of stabilized
organic electrochromic materials.’] Such a hybrid is made
up of a violene-type redox system containing delocalized
closed-shell polymethine (e.g., cyanine) dyes as end groups.
Hiinig’s V-C hybrids are expected to provide colors of cy-
anine dyes by overall two-electron transfer, as illustrated by
the general structure in Scheme 2. The cyanine-type sub-
structure generated by the electron-transfer is represented
by the bold line in the general structure. Contrary to the
violene-type redox system, both colored and discolored spe-
cies consist of closed-shell structures. Therefore, persistency
of the electrochromic system would be expected in the hy-
brid structure.

1.3. The Azulene Skeletone as a Redox-Active
Chromophore

For the construction of stabilized electrochromic materi-
als it is very important to generate highly colored cyanine-
type substructures under electrochemical conditions. Azul-
ene (CoHg) has attracted the interest of many research
groups over the years because of its unusual properties aris-
ing from its remarkable polarizability, as well as its attract-
ive blue color. The azulene system has a tendency to stabi-
lize cations — as well as anions, depending on the position
substituted — through the contributions of its formal tropyl-
ium and cyclopentadienide substructures.l) We found that
azulene substitution induces extreme stability in cationic
states (Figure 2)7-®! and also that ferz-butyl groups on each
azulene ring enhance their thermodynamic stabilities. Hy-
drocarbon-based carbocations, consisting only of carbon
and hydrogen atoms, are generally very reactive species.
However, the methyl cation 1b*, stabilized by six tert-butyl
groups (pKr* = 14.3), is one of the most stable hydro-
carbon-based carbocations ever reported.[’! Introduction of
electron-donating substituents such as methoxy or dimeth-
ylamino groups stabilized the methyl cation much more ef-
ficiently. The tris(dimethylamino)-substituted methyl cation
lc* has been shown to have extreme stability for a methyl

4-to 4+ 3-to 3+ 2-to 2+
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Scheme 2. General structure of Hiinig’s V-C hybrids. One or two of the X=C-Y moieties are cyanines, oxonols, or merocyanines.
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cation (pKr* = 24.3).81 Therefore, application of azulene
substituents as redox-active end groups in cyanine substruc-
tures should offer great advantages for the construction of
novel hybrid structures with high thermodynamic stabilities

in their ionic states.
R1 @ R2
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1b*: R' = tBu, RZ = tBu
1¢*: R' = H, R? = NMe,

Figure 2. Azulene-substituted methyl cations with extremely high
stabilities.
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2. Wurster-Type V-C Hybrid Systems

2.1. Inverse Wurster-Type V—C Hybrid Systems

Because of the polyolefinic structure in the violene core,
the general structure proposed by Hiinig et al. should be
based on open-chain vinylogous redox systems.*) We found
the V-C hybrid structure with the inverse Wurster-type vi-
olene core in our reported compounds, which exhibit two-
color changes between quinoid colors and cyanine colors
(Scheme 3).°1

Dication 22" (Amax = 703 nm), composed of two bis(1-
azulenyl)methylium units connected through a p-phenylene
spacer, exemplifies a V-C hybrid structure with an inverse
Wurster-type violene core exhibiting aromatic character in
its oxidized form (Scheme 4). In general, a dicationic struc-
ture would be expected to show destabilization, but the V-
C hybrid dication exhibits high thermodynamic stability.
Dication 2%* exhibits the presumed one-step, two-electron
reduction upon CV, but transformation of the dication 2*
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Scheme 3. General structure of V-C hybrids containing inverse Wurster-type violene cores.
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Scheme 4. V-C hybrids with inverse Wurster-type violene cores.
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into the quinoid structure 2 is hampered by the instability
of the reduced species. The presumed two color changes are
accomplished through the preparation of two types of new
dications: 3% (Anax = 729 nm) and 4% (/. = 718 nm),
with thiophenediyl and thienothiophenediyl spacers incor-
porated as the violene cores (Scheme 4). The thienoquinoid
substructures in 3 (4. = 556 nm) and 4 (A,. = 601 nm)
are responsible for the stabilization of the reduced species
instead of the generation of quinoidal forms as in the case
of dication 2?*. These dications 3** and 4** behave as V-C
hybrids with inverse Wurster-type violene cores, in which
the four end groups in the general structure are azulenes.

2.2. Wurster-Type V-C Hybrids with Strong Absorption in
the Near-Infrared Region

Enediyne structures are molecular scaffolds designed for
molecular architectures that contain one- and two-dimen-
sional carbon networks.['® Electrochemical studies of the

enediyne system have so far revealed its strongly electron-
accepting properties and an ability to undergo multi-elec-
tron reduction under cyclic voltammetric conditions.['!! The
6-azulenyl group has a strong ability to stabilize anionic
species, owing to the remarkable polarizability of the azu-
lene ring. 6-Azulenyl groups can thus be combined with the
enediyne units of the V-C hybrid structure as redox-active
end groups to provide stabilized electrochromic materials
exhibiting strong absorptions in the near-infrared region.
We have prepared the 9,10-bis[3-(6-azulenyl)-1-(6-azulenyl-
ethynyl)-2-propynylidene]-9,10-dihydroanthracenes 5a and
5b (Scheme 5) as new V-C hybrids with Wurster-type vi-
olene cores exhibiting strong absorption in the near-infra-
red region.'”! The anthraquinodimethane unit in 5a and 5b
is introduced in order to decrease the redox interaction in
the anion units through aromatization in their two-electron-
reduced states 5a>~ and 5b>~. As would be expected from
their V-C hybrid structures with Wurster-type violene
cores, 5a and 5b each exhibit two one-step, two-electron

S5b:R= COZCBH13

5b> R = CO,CgH13

Scheme 5. V-C hybrid systems based on enediyne structures and Wurster-type violene cores.

6a:R=H
6b: R = C0206H13

6a?:R=H
6b%: R = CO,CgH3

Scheme 6. V-C hybrids prepared with enediyne structures and inverse Wurster-type violene cores.
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reductions upon CV and also afford strong absorption in
the longer-wavelength region in their two-electron-reduced
states 5a% (Anax = 844 nm) and 5b> (L. = 885 nm).

When the two endiyne units are located outside the aro-
matic core, the redox system should behave as a V-C hybrid
with an inverse Wurster-type violene core. We demonstrate
this hybrid structure with the 9,10-bis[4-(6-azulenyl)-2-(6-
azulenylethynyl)but-1-en-3-ynyl]Janthracenes 6a and 6b, in
which electrochemical reduction should produce anthra-
quinodimethane substructures, in addition to the formation
of cyanine-type substructures in their two-electron-reduced
states 6a>~ and 6b>~ (Scheme 6).['3! The dianionic structures
were expected to produce bathochromic shifts of the strong
absorptions in the near-infrared region. As anticipated, the
V-C hybrids with the inverse Wurster-type violene core ex-
hibited significant bathochromic shifts in the strong absorp-
tions in the near-infrared region, especially in the case of
the two-electron reduced state 6b> (62> Ay, = 837 nm;
6b%>: Jnax = 967 nm).

3. Cyanine—Cyanine Hybrids

These results indicate that the two-colored states could
be established with V-C hybrids based on Wurster-type vi-
olene cores. These systems, however, would not exhibit mul-
tiple color changes, which are important for the construc-
tion of polyelectrochromic materials. To achieve multiple
color changes, we proposed a molecular design derived
from cyanine-based polymethine dyes.’] Cyanine dyes do
not in themselves possess good electrochemical properties.
However, if either one or two end groups are replaced by
other cyanine substructures, two-step redox activities with
three color changes should be inducible in the hybrid struc-
tures.

The general structure of a C-C hybrid with a cyanine
substructure at one terminus is represented in Scheme 7.
Typical electric charges in the hybrid structure are repre-
sented. The central radical ionic state in Scheme 7 may be
stabilized by the capto-dative substituents effect,['¥ so the
C-C hybrid should possess two-step redox properties asso-
ciated with significant color changes. The C-C hybrid
would be exemplified by the structure 7 reported by Hiinig
et al. together with the V-C hybrid,P! although they do not

European Journal
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designate their structure as a C-C hybrid (Figure 3). Com-
pound 7 is reported to exhibit stepwise oxidation with sig-
nificant color changes.

NMSZ
C
s_ ()
CL
NN c
R

7 NMe,

Figure 3. C—C hybrid consisting of two cyanine substructures.

3.1. C-C Hybrid Consisting of Two Cyanine Substructures

The electronic natures of the end groups should be very
important for the design of the C—C hybrid structures. The
general structure of a C—C hybrid consisting of two cyanine
substructures with different electronic demand is repre-
sented in Scheme 8. The moieties Z and X/Y (X=C-Y) in
the general structure represent combinations of donor and
acceptor groups, so the system should also exhibit two-step
redox properties as illustrated in Scheme 8. In this case the
cyanine substructure in the C—C hybrid is transformed into
a different cyanine substructure by two-electron transfer,
via the neutral radical state. The neutral radical state should
be stabilized by the capto-dative substituents effect, because
the radical is substituted by the donor and acceptor groups,
so the radical state should also exhibit an absorption in the
visible region. Stabilized three-colored states should there-
fore be achieved by this C—C hybrid structure.

The bis(1-azulenyl)methyl cations 8*, 9%, and 10" with
electron-withdrawing m-electron systems represented in Fig-
ure 4 exemplify this type of C—C hybrid.['>-16] Reduction of
these systems should afford the neutral radicals, stabilized
by the capto-dative substituents effect, because the neutral
radicals can interact with both donor and acceptor substit-
uents. The anionic states are also stabilized by the contri-
butions of the electron-withdrawing m-electron systems,
which should give rise to the third color in this system. The
new cations 8", 9%, and 10" are obtained as stable, intensely
colored crystals that can be stored in the crystalline state,
despite the fact that the cations are substituted with elec-

2-12+ -1+ 0

¢ )? C —el+e X -el+e X

X X N \/\/\/I\

NNy NP PNV X N A~F ¥
+e/-e +el-e
Scheme 7. General structure of a C—C hybrid based on two cyanine substructures.
-1+ 0 41—
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Scheme 8. General structure of a C—C hybrid made up of two cyanine substructures with different electronic demand. The moieties Z
and X/Y (X=C-Y) represent combinations of donor and acceptor groups.
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Figure 4. C-C hybrids based on two cyanine substructures with
different electronic demands.

Scheme 9. Redox properties of the push-pull-substituted methyl
cation 8*.

X ¢ } —el+e

+e/-e
*= — Oor +

tron-withdrawing substituents. They each possess three-
stage reduction properties with a small numerical sum of
the first and the second reduction potentials. It is note-
worthy that cation 8" exhibits three primary colors, de-
pending on the charged state: deep green for monocation
8", deep blue for neutral radical 8, and red for anion 8~
(Scheme 9).113]

3.2. C-C Hybrids Containing Cyanine Substructures in the
Two Termini

The general structure of a C—C hybrid with cyanine sub-
structures at both of its termini is represented in Scheme 10.
These systems should also present two-step redox proper-
ties with three color changes. However, defects in the conju-
gation will be induced in the core cyanine units during the
redox reaction. Such defects should decrease the redox sta-
bilities.

When the two end groups in such a C-C hybrid are two
cyanine substructures with different electronic demands, the
system should avoid such a disadvantage in the conjuga-
tion. The general structure of a C—C hybrid bearing cyanine
substructures with different electronic demands at its two
termini is represented in Scheme 11. The moieties Z in
Z=C-Z and X and Y in X=C-Y in the general structure
represent combinations of donor and acceptor groups.
Similarly to the situation in Scheme 8, the neutral radical
state should also be stabilized by the capto-dative substitu-
ents effect, because the radical is substituted by the donor
and acceptor groups. The radical state should also exhibit
an absorption in the visible region, so three stabilized col-

Scheme 10. General structure of C-C hybrid containing cyanine substructures at both of its termini.

1-11+

—el+e V4
2NN

+e/-e

212+ 11+
)I( —el+e X XI
NN
Y Y Y
+e/-e
0 11—
X —el+e F X
Y 2NNy

+e/-e

Scheme 11. General structure of a C—C hybrid bearing cyanine substructures with different electronic demands at its two termini.

Scheme 12. C-C hybrid based on cyanine substructures with different electronic demand at its two termini.
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ored states should also be expected for this C—C hybrid
structure.

The 3,3-bis(3,6-di-tert-butyl-1-azulenyl)-1,1-bis(4-nitro-
phenyl)propenylium ion (11%) is a representative C-C hy-
brid based on cyanine substructures with different elec-
tronic demands at its two termini (Scheme 12).I'71 The cat-
ion 11* possesses three-stage reduction properties with a
small numerical sum of the first and the second reduction
potentials. Depending on the charge, the system 11 exhibits
three colored states: the monocation 11*, the neutral radical
11°, and the anion 11°. However, the color changes do
not exhibit good reversibility (ca. 48% recovery),
although good reversibility was observed by CV with this
example.

3.3. Tetracations as V-C—C Hybrids

The unfavorable defect in the conjugation in the C-C
hybrid illustrated in Scheme 10 could also be avoided by
interconnection of two C-C hybrid structures through a
violene chain. The general structure for the next hybrid sys-
tem is therefore as illustrated in Scheme 13 and should be
called a V-C-C hybrid. The colored cyanine substructure
would be converted into another cyanine substructure by
an overall two-electron transfer. Both colored species
should be closed-shell systems, thanks to which higher sta-
bility should be expected in this hybrid structure.

Tetracation 12** represents an early example of the V-
C—C hybrid (Scheme 14).I'81 For the central violene m-sys-
tem we chose a benzene ring with four acetylene spacers to
decrease steric hindrance between the large cationic centers.

4-to 4+
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As illustrated in Scheme 14, the cyanine substructure in tet-
racation 12** could be transformed into another cyanine
substructure as in dication 12> by two-electron transfer.
Carbocations of this kind with more than four cationic cen-
ters are rare species, and very few have been obtained as
isolable salts.'l Use of the azulene system, however, en-
abled us to prepare the multiply charged methylium com-
pounds with very high stability. We were therefore able to
prepare the highly stable tetracation 124" despite the pres-
ence of four positive charges in the structure.

Contrary to expectations, tetracation 12** was found to
exhibit one four-electron transfer in one step to generate a
neutral species with a color change during the electrochemi-
cal reduction, probably due to less effective electrochemical
interaction among the four positive charges. The absence of
an isosbestic point during the color change under electro-
chemical conditions suggests instability of the reduced spe-
cies in this case. Reverse oxidation of the pale-colored solu-
tion obtained on electrochemical reduction did not regener-
ate the spectrum of 12** (ca. 35% recovery), although good
reversibility was observed by CV. However, the tetracation
represents multiple-electron transfer as a function of the
substituted bis(1-azulenyl)phenylmethylium units and also
exhibits a color change during electrochemical reduction,
although it remains a problem in terms of the reversibility
of the redox reaction.

Thiophene units should offer opportunities to improve
the reversibility of the redox reaction through the formation
of thienoquinoid structures. The tetracation 13**, incorpo-
rating bis(1-azulenyl)thienylmethylium units as the terminal
cyanine units, was also prepared (Figure 5).['81 However,

3-to 3+
.

2-to 2+

Scheme 14. Tetracation 12** as a V-C—C hybrid.
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this molecular design does not improve the redox interac-
tion among the four cation units and the reversibility of the
color changes. This might be attributable to the disadvan-
tage of the conjugation of the positively charged units
through the central benzene ring.

tBu 134+ tBu

Figure 5. Tetracation 13** as another example of a V-C-C hybrid.

4. Structural Principle for the Construction of
Multiple-Electron Redox Systems

We proposed a new general structure for stabilized elec-
trochromic systems in which cyanine units were combined
as in Schemes 8, 11, and 13 in order to develop stabilized
novel electrochromic materials including polyelectro-
chromic materials. Despite less effective electrochemical ac-
tivities of the cyanine structures, the hybrid structures en-
able multiple electron transfer to be induced. Like the V-C
hybrid system, our C—C hybrid system should also produce
closed-shell cyanine-type structures in their reduced or oxi-
dized forms with each two-electron transfer. The C—C hy-
brid structural principle, identifiable in already known com-
pounds, should allow us to design stabilized novel elec-
trochromic materials.

A number of variants of these hybrid structures could
be designed through the combination of both cyanine- and
violene-type m-electron systems. One of the simplest exten-

0
v x Vv X | _2e/+2e
AN
X nX Vv +2e/-2e X

X X
M) l = |
| | |
+2e/-2e X

X

sions would be a V-V hybrid, composed of two or three
even-numbered conjugated m-electron systems with
branched structures. In this molecular design, the hybrid
structures possess either one or two violene substructures
as end groups on a violene core. The general structure of a
V-V hybrid possessing two violene substructures with equal
electronic natures at its two termini is shown in Scheme 15.
Typical electric charges in the hybrid structure are shown
in the general structures. In either the oxidized or the re-
duced form the cross-conjugated cyanine-type structure will
be generated by two-electron transfer.

There are a wide variety of possibilities for combinations
of violenes and cyanines. One of these would be the V-C-
C hybrid demonstrated by the azulene-substituted tetracat-
ions in Scheme 14. In each combination, either one or two
termini could be replaced by one or two conjugated m-clec-
tron systems. The electronic natures of the terminal groups
would also be one of the important variables for the design
of the hybrid structures. In most of the hybrid structures
closed-shell cyanine-type structures should appear in their
reduced or oxidized forms upon each two-electron transfer
during the electrochemical reaction, although some of them
would produce cross-conjugated cyanine-type structures. In
addition to the hybrid structures described above, some of
the general structures for the other combinations of the two
or three substructures are summarized in the Supporting
Information. Here we describe some of the examples of
novel hybrid structures that we have encountered.

4.1. V-V and V-C-V Hybrid Derivatives

Hiinig et al. presented a general V-V hybrid structure,
although they do not designate their structure as such.*"
The 2,3,4,5-thiophenetetrayltetrakis(1-ethyl-4-pyridinium)
ion (14*") exemplifies the hybrid structure, which will pro-
duce a cross-conjugated cyanine-type structure in the two-
electron reduced form 14?* (Scheme 16).

Diederich et al. extensively studied 4-(V,N-dialkylanil-
ino)-substituted (DAA-substituted) derivatives of 1,1,4,4-
tetracyano-1,3-butadienes (TCBDs).?!l Recently, we have
also reported several 1-azulene-substituted novel TCBD de-

2+/2—
X | —2ef+2e X

4+4-

Scheme 15. General structure of a V-V hybrid bearing violene substructures at both termini.

Scheme 16. Redox properties of 2,3.4,5-thiophenetetrayltetrakis(1-ethyl-4-pyridinium) ion (144%).
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Scheme 18. Redox properties of the bis(1-azulene)-substituted TCBD 16 with a thiophene core.

rivatives, in which we identified some novel hybrid struc-
tures with the presumed redox activities.l*?l The bis(1-azul-
ene)-substituted TCBD 15 (Scheme 17) is an example of a
V-V hybrid. The central single bond in the TCBD unit
would act as a violene core in compound 15. The two 1-
azulene-substituted dicyanoethylene units would be treated
as substituted violene terminal groups, although the units
consist of donor and acceptor groups. The hybrid com-
pound 15 exhibits a reversible two-step, two-electron re-
duction wave upon CV, together with a color change.

The bis(1-azulene-substituted) TCBD 16 with a thio-
phene core (Scheme 18) is an example of a V-C-V hybrid.
Counting the number of methine units making up the sub-
structures from the center of the molecule up to the ter-
minal groups allows them to be assigned to the violene or
cyanine classes. The central thiophene core in compound 16
would thus be regarded as a violene substructure. The next
two dicyanopropenediyl groups should be treated as a cyan-
ine substructure, because the conjugated m-electron system
consists of an odd number of carbon units. As described
in the analysis of structure 15, the two terminal 1-azulene-
substituted dicyanoethylene units would be regarded as vi-
olene end groups substituted on the central V-C core.
Upon CV this hybrid compound 16 exhibits a presumed
reversible four-electron reduction wave, featuring a two-
electron transfer in one step in its third reduction wave.
Compound 16 also exhibits multiple color changes during
the electrochemical reduction.

4.2. 6-Azulene-Substituted Benzene Derivatives as V-V-V
Hybrids

A new example of a V-V-V hybrid structure is to be
found in benzene derivatives multiply substituted by azul-
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enes.”*>?*  The hexakis(6-azulenylethynyl)benzene 17

(Scheme 19) is a typical example prepared with the cyclic
structure as a core unit. Structural analysis revealed the V-
V-V hybrid structure as illustrated, although the core Cq
unit is in this case part of a ring. The hexakis(6-azulenyle-
thynyl)benzene 17 exhibits presumed six-electron transfer,
but in one step, probably due to the formation of formal
cyclopentadienide substructures by the electrochemical re-
duction of each azulene ring. Compound 17 also exhibits a
color change during electrochemical reduction, although no
reversibility of the color change is observed in this case.
The tetrakis(6-azulenyl)benzene 1873 and the tetrakis(6-
azulenylethynyl)benzene 19,4 which would be classified as
V-C hybrids, are illustrated in Scheme 20. These com-
pounds each exhibit presumed two-step reduction proper-
ties, with two-electron transfer in each step. Therefore, the
one-step reduction of the hexakis(6-azulenylethynyl)ben-
zene 17 should be attributable to the less effective redox
interaction between the six terminal 6-azulenyl groups.

4.3. Utility of 2-Azulene-Substituted Derivatives as
Electrochromic Materials

Poly(6-azulenyl)- and -(6-azulenylethynyl)benzenes exhi-
bit multiple-electron transfer because of the formation of
formal cyclopentadienide substructures through the electro-
chemical reduction of each azulene ring. Although 2-
azulenyl substituents do not form formal cyclopentadienide
substructures in their electrochemically reduced forms,
poly(2-azulenyl)- and -(2-azulenylethynyl)benzenes also ex-
hibited multiple-electron reduction depending on the
number of azulene rings substituted.l>>2¢! In the case of the
4575
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Scheme 19. Hexakis(6-azulenylethynyl)benzene 17 as a V-V-V hybrid.
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Scheme 20. The tetrakis(6-azulenyl)benzene 18 and the tetrakis(6-azulenylethynyl)benzene 19 as examples of V-C hybrids.

reduction of hexakis(6-octyl-2-azulenyl)benzene (20, Fig- wave, showing a two-electron transfer in one step in its fifth
ure 6) the compound exhibited six-electron reduction in one  reduction wave. These results are indicative that the 2-
step upon CV, whereas hexakis(6-hexadecyl-2-azulenylethyn- azulenyl group might be also utilizable as a redox-active
yl)benzene (21) exhibited a stepwise six-electron reduction end group, similarly to the 6-azulenyl substituent.
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21:R= C16H33

Figure 6. Hexakis(6-octyl-2-azulenyl)benzene (20) and hexakis(6-hexadecyl-2-azulenylethynyl)benzene (21) as examples of V-V-V hybrids.

5. 6-Aminoazulene Derivatives as a New Class of
Electrochromic Materials

Substitution of azulenes at the 6-position induces facile
electrochemical reduction to provide stabilized anionic spe-
cies. In addition to the property of aromatic amines of exhi-
biting facile oxidation, the electronic properties of azulene
provided an opportunity to construct aromatic amines with
highly amphoteric redox properties. The azulene-substi-
tuted aromatic amines and diamines 22a, 22b, 23a, and 23b
(Figure 7) each exhibited a reversible reduction wave along
with an irreversible oxidation wave upon CV.?’l The colors
of solutions of the azulene-substituted aromatic amines and
diamines 22a, 22b, 23a, and 23b changed reversibly from
red to green on electrochemical reduction, except in the case
of diamine 23a. These derivatives 22a, 22b, 23a, and 23b
provide a new example of a violene-type redox system with
inverse electron demand.

R

O -

Ao
Eolesl
B @/Z\%x

23a:R=H
23b: R = CO,C,H5

22a:R=H
22b: R = COZC2H5

Figure 7. 6-Azulene-substituted aromatic amines and diamines 22
and 23.

6. Liquid-Crystalline Properties in
Electrochromic Materials

Disk-like compounds with long alkyl chains have at-
tracted interest because of their ability to self-assemble to
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form columnar mesophases.”®! The stacking behavior of
discotic liquid crystals (LCs) provides opportunities in
fields involving materials with one-dimensional transport
processes, such as energy migration, electronic conductivity,
and photoconductivity.??! The hexakis(6-azulenylethynyl)-
benzene 17, substituted with 12 hexyloxycarbonyl groups,
forms stable columnar mesophases over a wide temperature
range from 77.3 to ca. 270 °C (the decomposition tempera-
ture).’! The 2-azulene derivative 20, possessing an octyl
chain at the 6-position on each azulenyl group, also showed
a large temperature range of hexagonal columnar mesoph-
ases (Coly,), from 115.5 to 199.9 °C.[251 Because of the long
alkyl chain on each azulenyl group, these azulene-substi-
tuted electrochromic materials should possess good solubil-
ity, fusibility, and the ability to self-organize as columnar
LCs. LCs should exhibit a variety of functional properties.
Redox-active columnar mesogens might have great advan-
tages for device production involving electrochromic mate-
rials.[301

7. Conclusions

By taking advantage of the ability of azulene systems to
stabilize ionic states, novel structural motifs for the prepara-
tion of stabilized electrochromic materials have been dem-
onstrated in several examples, although some still have
problems in the reversibilities of their redox reactions.
Through application of V-C hybrid structures with Wurs-
ter-type violene cores, two-colored states between quinoid
colors and cyanine colors with strong absorptions in the
near-infrared region can be established. The bis(1-
azulenyl)(6-azulenyl)methyl cation 8*, which would be a
candidate as a C-C hybrid system with a cyanine unit at
one terminus, exhibits the presumed three-stage reduction
properties, with three colored states. The tetracation 12%*,
of the V-C—C hybrid structure, has been found to exhibit a
presumed four-electron transfer, but in one step to generate
a neutral species with a color change during the electro-
4577
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chemical reduction, although there is a problem in the re-
versibility of the redox reaction. 1-Azulene-substituted
TCBDs represent V-V and V-C-V hybrids. The V-V-V
hybrid structure is found in benzene derivatives multiply
substituted with azulenes. It has been revealed that the 2-
azulenyl group can be utilized as a redox-active end group
in a manner similar to the 6-azulenyl group, which forms a
formal cyclopentadienide substructure in the reduced form.
Some of the electrochromic materials prepared from azul-
ene components form stable columnar mesophases over
wide temperature ranges.

The structural principles presented above demonstrate

that a large variety of hybrid structures could be designed
through the combination of violene- and cyanine-type sub-
structures. As the results of this new structural principle it
should be possible to design a great variety of novel poly-
electrochromic materials that would respond to different
potentials with a variety of colors. Some of them might be
found in already known compounds. However, the novel
structural principle should contribute new designs for stabi-
lized electrochromic materials including polyelectrochromic
materials. Utilization of azulene systems as redox-active end
groups could be very effective for the construction of stabi-
lized electrochromic materials because of these systems’
high redox activities and abilities to stabilize the ionic states,
as well as the strong absorptions in the visible region pro-
vided by their cyanine forms. LC properties in electro-
chromic materials may provide great advantages for device
production. Syntheses of novel electrochromic materials in-
corporating these new structural motifs through the utiliza-
tion of azulene skeletons are now in progress in our labora-
tory.
Supporting Information (see footnote on the first page of this arti-
cle): Some general structures not dealt with above representing
these new structural motifs in the employment of two or three viol-
ene and/or cyanine substructures.
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