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Arylethynyl-2H-cyclohepta[b]furan-2-ones reacted with 7,7,8,8-tetracyanoquinodimethane (TCNQ) in a

formal [2+2] cycloaddition reaction, followed by ring opening of the initially formed cyclobutene

derivatives, to afford the corresponding dicyanoquinodimethane (DCNQ) chromophores in excellent

yields. The intramolecular charge-transfer (ICT) interactions between the 2H-cyclohepta[b]furan-2-one

ring and DCNQ acceptor moiety were investigated by UV/Vis spectroscopy and theoretical calculations.

The redox behavior of the novel DCNQ derivatives was examined by cyclic voltammetry (CV) and

differential pulse voltammetry (DPV), which revealed their multistep electrochemical reduction

properties depended on the number of DCNQ units in the molecule. Moreover, a significant color change

was observed by visible spectroscopy under electrochemical reduction conditions.

Introduction

Charge-transfer (CT) materials composed of organic donor—
acceptor system have been intensively studied because of their
potentials for the application to the organic electronic devices in
the next generation. Cyano-based acceptor is one of the most
promising units for the application to the organic electronic
devices within a large number of organic acceptors previously
reported.' Tetracyanoethylene ~ (TCNE) and  7,7,8,8-
tetracyanoquinodimethane (TCNQ) are well known as powerful
electron acceptors to form CT complexes with a variety of
electron-rich organic and organometallic compounds.” The CT
complexes are revealed to exhibit a number of interesting
properties such as electric conductivity,’ which is a very
promising feature for the application to optoelectronic devices
(e.g., organic light-emitting diodes and solar cells).*

Diederich et al. have reported the synthesis of intramolecular
charge-transfer (ICT) chromophores, donor-substituted 1,1,2,2-
tetracyanobutadienes (TCBDs) and dicyanoquinodimethanes
(DCNQs) by the formal [2+2] cycloaddition, followed by ring-
opening cycloreversion of the initially formed cyclobutene
derivatives, of TCNE® and TCNQ® with a variety of alkynes
bearing an electron-donating substituent (e.g., N,N-dialkylaniline,
ferrocene, and tetrathiafulvalene substituents). These compounds
are revealed to show the intense ICT absorptions on their UV/Vis
spectra. Furthermore, the ICT chromophores are expected to
show optical non-linearities’ and their utilities as organic-base
magnets and conductive materials are proved.>

Li et al. have also reported the synthesis and properties of
donor-acceptor substituted n-conjugated system by cycloaddition-
reversion sequence reaction of acetylene with TCNE and TCNQ.?
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Michinobu et al. have extended this class of chemistry to the
polymer science.” They reported the TCBD and DCNQ-
embedded polymer materials to show the ICT absorption bands
with the low energy band gap. Moreover, these polymers are
expected to be promising materials as for semiconductors in
organic photovoltaic device,” nonlinear optical application™ and
jon sensors.”

Recently, we have reported the reaction of mono-, bis-, and
tris(1-azulenylethynyl)benzene and thiophene derivatives with
TCNE'" and TCNQ' to give the corresponding azulene-
substituted TCBD and DCNQ derivatives as redox active ICT
chromophores, which revealed their electrochromic behavior to
show significant color changes under electrochemical reduction
conditions. Therefore, from the viewpoint of the development of
organic electronics, construction of the new series of donor—
acceptor systems composed of the cyano-based acceptors is one
of the most attractive efforts in the current organic chemistry.

2H-Cyclohepta[b]furan-2-one is well known as a
heteroazulene, a versatile precursor for azulene derivatives.'> For
the extension of this chemistry, we have focused our attention on
the synthesis of 2H-cyclohepta[b]furan-2-one-substituted TCBD
derivatives by the reaction of the corresponding alkynes with
TCNE." The study revealed the TCBD derivatives are featured
by a strong ICT absorption in their UV/Vis spectra, which is
characterized by time-dependent density functional theory (TD-
DFT) calculations. Reaction of arylethynyl-2H-
cyclohepta[b]furan-2-ones 1-9 with TCNQ is expected to show
high reactivity toward the formal [2+2] cycloaddition—
cycloreversion sequence to afford the novel DCNQ derivatives.
Moreover, 2H-cyclohepta[b]furan-2-one-substituted DCNQs
should also exhibit multistage redox behavior, as similar to the
TCBD derivatives. Moreover, a significant color change is also
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expected during the electrochemical reduction of the DCNQ
derivatives.
Herein, describe  the synthesis of the 2H-
cyclohepta[b]furan-2-one-substituted DCNQs by the reaction of
s arylethynyl-2H-cyclohepta[b]furan-2-ones 1-9 with TCNQ.
Electronic properties of the novel donor—acceptor systems are
characterized by absorption spectroscopy, theoretical calculations,
cyclic voltammetry (CV), and differential pulse voltammetry
(DPV). The data confirm the ICT characters of the novel donor—
10 acceptor systems with their electrochromic property.

we

Results and discussion
Synthesis

The arylethynyl-2H-cyclohepta[b]furan-2-ones  1-9
prepared by Sonogashira—Hagihara reactions, according to the
15 procedure reported by us, recently.”® To the synthesis of the novel
DCNQ derivatives, the [2+2] cycloaddition—cycloreversion
sequence was applied to the acetylene derivatives 1-9 with
TCNQ under the conditions described in the literature.>!! Thus,
the reaction of 1 with TCNQ in refluxing ethyl acetate afforded
20 10 in 91% yield as a sole product (Scheme 1). Proposed reaction
sequence is also shown in Scheme 1. The reaction commences
with the formal [2+2] cycloaddition between the exocyclic C=C
double bond of TCNQ and the alkyne moiety of 1, followed by
the ring opening of the intermediately formed-strained

were

25 cyclobutene derivative to give 10 as shown in the parentheses.

NC, C CN
C CN

AcOEt

O/[/EON

Scheme 1 Presumed reaction mechanism for [2+2] cycloaddition of 1
with TCNQ.

30 The electronically more deficient alkyne 2, which has p-nitro-
substituent on the benzene ring, also reacted with TCNQ to afford
11 in 90% yield (Table 1, Entry 1), although the relatively longer
reaction period was required in this case (24 hours). Recently, we
have reported the reaction of 2 with TCNE, which completed

35 within 2 hours.” Diederich et al. have also reported that TCNQ
shows lower reactivity, compared with TCNE, towards the formal
[2+2] cycloaddition  reaction  with  electron-deficient
cyanoalkynes.®® Furthermore, they have also reported that excess
of TCNQ, prolonged reaction period, and elevated temperature

40 are required to complete the reaction with the alkynes substituted
with a strong electron-withdrawing group. Therefore, the
relatively longer reaction period in the reaction of 2 also reflects
to the lower reactivity of TCNQ toward such electron deficient
alkynes. The new chromophore 12 was also obtained in 92%

45 yield by the formal [2+2] cycloaddition—cycloreversion sequence
between TCNQ and electron-rich alkyne 3 (Table 1, Entry 2).
The reaction of 4 with TCNQ in refluxing ethyl acetate afforded
the corresponding product 13 in 91% yield (Table 1, Entry 3).

0
o]
i\ /z
i-Pr2-4

50 Scheme 2 Reaction of 2H-cyclohepta[b]furan-2-one derivatives 2—4 with
TCNQ.

Table 1 Synthesis of TCNQ-adducts with 2H-cyclohepta[b]furan-2-one
substituents 11-13.

Entry  Substrate Ar Product Yield [%]
1 2 ozu©§— 1 90
i-Pr anhn
2 3 ®f¥o 12 92
(¢}
S
3 4 e 13 91

ss  In case of the reaction of 5 with TCNQ, compound 14 with
different regiochemistry shown in Scheme 3 was obtained in 87%
yield (Table 2, Entry 1). The reaction of ferrocene- and azulene-
substituted alkynes 6 and 7 with TCNQ afforded DCNQ
derivatives 15 (98%) and 16 (97%), respectively (Table 2, Entries

o 2 and 3). The difference in the regiochemistry of 14, 15 and 16
might be reflected to the higher electron-donating property of
N,N-dimethylaniline, ferrocene, and azulene moieties than that of
2H-cyclohepta[b]furan-2-one unit.*f

o)
o _ TCNQ
/A" T AcoEt
i-Pr
N
57 18416 ipr \C

6s Scheme 3 Reaction of 2H-cyclohepta[b]furan-2-one derivatives 5-7 with
TCNQ.
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Table 2 Synthesis of TCNQ-adducts with 2H-cyclohepta[b]furan-2-one
substituents 14-16.

Entry  Substrate Ar Product Yield [%]
1 5 MezN@é— 14 87
2 6 = 15 98
&~
i-Pr CO,Me
3 7 16 97

Thiophene and bithiophene substituted DCNQ chromophores
s 17 and 18 were also obtained by the reaction of alkynes 8 and 9
with TCNQ in excellent yields (17: 92% and 18: 96%), although
relatively longer reaction period was required to compleate the
reactions (Schemes 4 and 5). The lower reactivity of 8 and 9
might be explained by the deactivation of the alkyne moiety by
10 the DCNQ unit generated by an addition of a TCNQ molecule
within the two acetylene units in the molecule. These new DCNQ
chromophores 10-18 are stable, deep-colored crystals, and
storable in crystalline state at ambient temperature under aerobic
conditions, likewise the corresponding 2H-cyclohepta[b]furan-2-
15 one-substituted TCBD chromophores.

Scheme 4 Reaction of 2H-cyclohepta[b]furan-2-one derivative 8 with
TCNQ.

NC 18

20 Scheme 5 Reaction of 2H-cyclohepta[b]furan-2-one derivative 9 with
TCNQ.

UV/Vis Spectroscopy

UV/Vis spectra of DCNQs 10 in dichloromethane and hexane
including dichloromethane are shown in Fig. 1. UV/Vis spectra
of the other DCNQs 11-18 are summarized in the Supplementary
data. The absorption maxima (A,,,c) and their coefficients (log €)
of DCNQs 10-18 are shown in Table 3. Most of the DCNQ
chromophores showed intense ICT absorption bands in the visible
region. Solvatochromism was also observed as a characteristic
% feature of these molecules.' The distinct absorption band of 10 at
615 nm in CH,Cl, exhibits blue shift by 27 nm in the less polar
10% CH,Cl,y/hexane, which suggests the ICT nature of this band
(Fig. 1). The shift value of 10 (27 nm) is larger than that of the
corresponding TCNE-adduct of 1 (6 nm)."* These results are
assumed that the first excited-state has a larger dipole moment
compared with that in the ground state, due to the effective ICT
character from 2H-cyclohepta[b]furan-2-one to the DCNQ unit.
The solvent dependence of the absorption maxima and
coefficients (log €) of 10 are summarized in Table 4. The UV/Vis
a0 spectra of DCNQs 10 in each solvent are shown in the
Supplementary data. The largest solvent effect was observed
when the solvent was changed from acetonitrile (Ay, =617 nm)
to 10% CH,Cly/hexane (Ay. =588 nm).
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Fig. 1 UV/Vis spectra of 10 in dichloromethane and in

dichloromethane/hexane.

Similar with 10, compounds 11 and 14 showed a broad ICT
absorption band at 626 nm and 718 nm in CH,Cl,, respectively.
In these cases, the longest wavelength absorption maxima also
exhibited hypsochromic shift in 10% CH,Cly/hexane (11: 597 nm
and 14: 657 nm). Although the longest wavelength absorption of
10 and 11 are observed in an almost similar spectral region,
compound 14 in CH,Cl, showed bathochromic shit by about 100
nm compared with those of 10, 11 and 13. The large shift might
be ascribed to the considerable contribution of the conjugation
between N,N-dimethylaniline and DCNQ moieties as illustrated
in Scheme 6.

NC.-_CN

ol
14 <—> @ \ N
O +_CH
NC™ CN NS
i-Pr CHs
Scheme 6 Presumed resonance structure of 14.

The DCNQ chromophores 12, 15 and 16 exhibited a strong
and broad ICT absorption band at 624 nm, 590 nm and 653 nm in
CH,Cl,, respectively. Whereas the longest wavelength absorption
maximum of 12 in the spectral region is resembled with those of
10 and 11, absorption maxima of 15 and 16 in CH,Cl, exhibit
considerable hypsochromic and bathochromic shifts, respectively.
These results might be attributed to the effectiveness of the ICT
between the DCNQ unit and directly conjugated ferrocenyl and
1-azulenyl groups, rather than the cross conjugation with the 2H-
cyclohepta[b]furan-2-one ring.

The larger absorption coefficient was displayed by the ICT
absorption bands of bis-adducts 17 and 18, compared with that of
mono-adduct 13. The spectrum of 17 displayed an ICT absorption
band (Ayax = 597 nm, log € = 4.77 in CH,Cl,). The coefficient of
17 was almost twice as large as that of 13 (A = 607 nm, log & =
4.48 in CH,Cl,), although the absorption maximum showed blue-
shift by 10 nm compared with that of 13. Bis-adduct 18 also
exhibited an intense and broad ICT absorption band (A = 602
nm, log &€ = 4.70 in CH,Cl,) as similar with 17, but exhibited
bathochromic shift by 5 nm relative to that of 17 probably due to
the results on the extension of m-electron system by bithiophene
unit.
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Table 3 Absorption maxima [nm] and their coefficients (log €) of DCNQ
chromophores 10-18 in dichloromethane and in 10% CH,Cl,/hexane.

Sample  Apax (log €) in CH,Clp Amax (log €) in hexane”
10 615 (4.44) 588 (4.35)
11 626 (4.33) 597 (4.32)
12 624 (4.49) 590 (4.49)
13 607 (4.48) 585 (4.39)
14 496 (4.43), 718 (4.46) 480 (4.41), 657 (4.46)
15 590 (4.40) 573 (4.36)
16 653 (4.35) 604 (4.31)
17 597 (4.77) 635 (4.53)
18 602 (4.70) 600 (4.59)

“ Dichloromethane (10%) was included to keep the solubility of these
compounds.

Table 4 Solvatochromic data for the longest wavelength absorption of 10.

Solvent Amax (l0g €) Solvent Amax (l0g €)
MeCN 617 (4.29) CHCl, 610 (4.33)
CH,Cl, 615 (4.33) AcOEt 605 (4.27)
THF 615 (4.32) 10% CH,Cly/hexane 588 (4.35)

To elucidate the nature of the absorption bands of 10 and 12, TD-
DFT calculation at the BALYP/6-31G** level"® are carried out as
model compounds 10’ and 12°, where isopropyl groups in 10 and
12 are replaced by H-groups. The frontier Kohn-Sham orbitals of
these compounds are shown in the Supplementary data. Judging
from the comparison between the experimental and the
theoretical UV/Vis spectra, absorption maxima of 10 and 12 were
assignable to overlap of some transitions (Table 5).

The ICT of 10’ was occurred from the HOMO located on 2H-
cyclohepta[b]furan-2-one and HOMO-1 located at benzene ring
to the LUMO located on DCNQ moiety and LUMO+2 which are
mainly located on the dicyanovinyl (DCV) group, although the
contribution of the transitions for HOMO-1—-LUMO and
HOMO—LUMO+?2 is relatively low. Whereas, the ICT of 12’
confirmed that the longest absorption band arisen from the
overlapping of HOMO-1-LUMO, HOMO—LUMO and
HOMO—LUMO+1. Different from the results on 10°,
contribution of HOMO—LUMO (i.e., transition between
attached 2H-cyclohepta[b]furan-2-one and DCNQ moieties), is
less effective than that of detached 2H-cyclohepta[b]furan-2-one
to DCNQ. The red-shift of the absorption for 12 might be
attributable to the expansion of zm-electron system by the cross-
conjugated DCV moiety.

Table 5 Electronic transitions for 10 and 12° derived from the computed

values based on B3LYP/6-31G"" method and experimental values from 10
and 12.

Sample Experimental = Computed Value
Amax (log €) Amax  Strength  Composition of band®’
10° 10,615 559 04374 H-1-L (-0.54)
(4.44) H—L (0.76)
H—L+2 (-0.27)
12° 12,624 585 0.1888 H-1-L (0.63)
(4.49) H—L (-0.50)

HoL+1 (=0.56)

“H=HOMO; L = LUMO.
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» The value in the parentheses is configuration interaction (CI)
coefficients.

Electrochemistry

To clarify the electrochemical properties, the redox behavior of
DCNQ chromophores 10-18 was examined by CV and DPV.
Measurements were carried out with a standard three-electrode
configuration. Tetraecthylammonium perchlorate (0.1 M) in
benzonitrile was used as a supporting electrolyte with platinum
wire and disk as auxiliary and working electrodes, respectively.
All measurements were carried out under an argon atmosphere,
and potentials were related to an Ag/Ag" reference electrode and
Fc/Fc' as an internal reference, which discharges at +0.15 V. The
redox potentials (in volts vs Ag/AgNO;) of 10-18 are
summarized in Table 6.

Table 6 Redox potentials of DCNQ chromophores 10-18.°

Sample  Method E\"[V] E,* [V] E™ [V]
10 Ccv -0.37 -0.53

(DPV) (-0.35) (-0.51)
11 cv -0.29 -0.43

(DPV) (-0.27) (-0.41) (~1.46)°
12 Ccv -0.38 -0.49

(DPV) (-0.36) (-0.47) (-1.92)
13 Ccv -0.42 -0.50

(DPV) (-0.40) (-0.48)
14 cv -0.47 -0.58

(DPV) (-0.45) (-0.58) (-1.73)
15 Ccv -0.49 -0.62

(DPV) (-0.47) (-0.60)
16 Ccv -0.42 -0.57

(DPV) (-0.40) (-0.55) (-1.92)
17 cv -0.26 -0.37 —0.52 (2¢)

(DPV) (-0.24) (-0.35) (=0.50)°
18 Ccv —0.50 (4¢)

(DPV) (-0.36) (-0.48)

“ Redox potentials were measured by CV and DPV [V vs Ag/AgNO;, 1
mM in benzonitrile containing EtyNCIO, (0.1 M), Pt electrode (internal
diameter: 1.6 mm), scan rate = 100 mVs™, and Fc/Fe+ = +0.15 V]. In the
case of reversible waves, redox potentials measured by CV are presented.
The peak potentials measured by DPV are shown in parentheses.

b The E4** was observed at —1.80 V on DPV.
¢ The E4“/ was observed at —1.77 V on DPV.

Electrochemical reduction of DCNQs 10, 11 and 14 on CV
exhibited a two-stage wave, but the first reduction potentials are
varied each other. The DCNQ with phenyl substituent 10 showed
the reduction waves at —0.37 V and —0.53 V on CV. Positive shift
of the first reduction potential was observed in 11 (-0.29 V)
because of the substitution of the electron-withdrawing p-
nitrophenyl group, which directly reflects to the LUMO-level of
the molecules. In contrast, electrochemical reduction of 14 was
featured by negative shift of the first reduction potential (—0.47
V) owing to the N,N-dimethylaniline substituent with strong
electron-donating nature.

The compounds 12, 15 and 16 showed a reversible two-stage
wave composed of two one-electron transfer processes. The
reduction potentials of 12 were identified as —0.38 V and —-0.49 V
on CV. Ferrocene-substituted DCNQ 15 also showed a reversible
two-step wave at the half-wave potentials of -0.49 V and —0.62 V
on CV, probably due to the formation of a radical anionic and a
dianionic species, respectively. Reversible one-step oxidation
wave centered at +0.46 V was also observed on CV, which can be
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ascribed to the oxidation of the ferrocene moiety. The oxidation
potential of 15 is much more positive compared with that of the
parent ferrocene (+0.15 V). It could be ascribed to effects on the
electron-withdrawing DCNQ moiety substituted. The azulene-
substituted DCNQ 16 exhibited a reversible two-step reduction
wave, the potentials of which were identified by CV as —0.42 V
and —0.57 V, to form a radical anionic and a dianionic species.
Recently, we have reported the reduction potentials of the
compounds 19 and 20 (19: £,°¢ = —0.43 V, £, = —0.59 V and
20: E;™=-0.44 V, E,™ = —0.58 V) (Fig. 2)."" Since the values
are consistent with those of 16, 2H-cyclohepta[b]furan-2-one
substituent contributes less effectively for electrochemical
reduction compared with 1-azulenyl moiety as shown in Scheme
7. Thus, the first reduction potential of these compounds might
depend on the 1-azulenyl substituent.

CN

16 NC”—"CN
Scheme 7 Presumed electrochemical behavior of 16.

As similar with the electrochemical reduction of compounds
10-12 and 14-16, that of DCNQ with thiophene substituent 13
showed a reversible two-stage reduction wave on CV (-0.42 V
and —0.50 V) attributed to the formation up to a dianionic species.
A reversible three-stage wave was observed in bis-adduct 17 on
CV (-0.26 V, —0.37 V and —0.52 V), in which the third reduction
wave should be concluded to be a two-electron transfer in one
step to form a tetraanionic species (Fig. 3). The electrochemical
reduction of bithiophene derivative 18 showed a reversible one-
stage broad reduction wave on CV centered at —0.50 V, which
was identified as two waves at —0.36 V and —0.48 V by DPV,
probably due to the formation up to a tetraanionic species. In the

75 series of the electrochemical reduction of thiophene derivatives
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13, 17 and 18, introduction of the two DCNQ units into the
thiophene core results into the large shifts of the first reduction
potentials (i.e., 13: —0.40 V, 17: -0.24 V and 18: —0.36 V on
DPV).

On the whole, the novel DCNQ chromophores 10-18 exhibit
negative reduction potential compared with those of the
corresponding TCBD chromophores, except for 11. These results
are attributable to the higher electron-accepting nature of the
DCNQ moieties than that of the corresponding TCBD derivatives

10 reported by us, recently.'
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Fig. 3 Cyclic voltammograms of the reduction of 17 (I mM) in
benzonitrile containing Et,NCIO, (0.1 M) as a supporting electrolyte;
scan rate = 100 mVs™.

We have reported the synthesis of redox-active chromophores
with the aim of the creation of stabilized electrochromic
materials.'” As a part of this study, we have also reported 2H-
cyclohepta[b]furan-2-one-substituted TCBDs'® and azulene-
substituted TCBDs'® and DCNQs', in which we identified some
novel hybrid structures of violenes and cyanines'® with the redox
activities.  Bis(2H-cyclohepta[b]furan-2-one-substituted)  and
bis(azulene-substituted) TCBDs, which exhibit reversible color
changes during the electrochemical reaction, are successful
examples of an extension for the violene—violene hybrid
structure.'® Similar with 2H-cyclohepta[b]furan-2-one-substituted
TCBDs, 2H-cyclohepta[b]furan-2-one-substituted DCNQs 10-18
might be exemplify the redox system for the extensions of the
violene—violene hybrid system with the multiple electron transfer.
Thus, the visible spectra of DCNDs 10-18 were monitored to
clarify the color changes during the electrochemical reactions.

A constant-current reduction was applied to the solutions of
10-18 with a platinum mesh as the working electrode and a wire
counter electrode. Visible spectra were measured in degassed
benzonitrile containing EtNCIO, (0.1 M) as a supporting
electrolyte at room temperature under electrochemical reduction
conditions (see the Supplementary data). The longest absorption
of 10 at around 600 nm gradually decreased and thus the color of
the solution gradually changed from greenish-blue to pale yellow
during the electrochemical reduction, but reverse oxidation of the
pale yellow-colored solution did not regenerate the spectrum of
10, although good reversibility was observed in the two-step
reduction on CV. The poor reversibility of the color changes
might be attributable to the instability of the presumed dianionic
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species under the conditions for spectral measurements.

The longest absorption of 14 gradually decreased, and the
color of the solution changed from dark-purple to yellow during
the electrochemical reduction. However, reversible oxidation of
the yellow-colored solutions did not regenerate the spectra of the
corresponding original compound, completely. Vis spectra of 11
were measured under electrochemical reduction conditions,
absorption of 11 in the visible region gradually decreased along
with color change from green to yellow. Reverse oxidation did
not regenerate the original absorption of 11, although the
comparative TCNE-adduct of 2 shows good reversibility on the
spectral changes. When Vis spectra of 12 were measured under
electrochemical reduction conditions, absorption of 12 in the
visible region at around 620 nm gradually decreased. Reverse
oxidation decreased the new absorptions, but did not regenerate
the absorption of 12, completely. The greenish-blue color of the
solution of 15 changed to yellow during electrochemical
reduction, and reverse oxidation of the yellow-colored solution
regenerated the visible spectra of 15. The color of the solution of
16 changed from green to yellow during the electrochemical
reduction with the decrement of an original absorption band in
the visible region. However, reverse oxidation of the yellow
solution generated did not regenerate the parent spectrum of 16,
completely.

Recently, we have reported the electrochromic behavior of the
thiophene-substituted TCNE-adducts, which show a reversible
color change in the electrochemical redox sequence.” The
reversibility of the color changes might be ascribed to the
formation of a stabilized closed-shell dianionic species with
thienoquinoid structure in the two-electron reduction. Although
the thiophene-substituted TCNQ-adducts 13, 17 and 18 also
exhibited a reversible multistage reduction wave on CV, these
adducts did not exhibit reversible color changes in redox
sequence under the conditions of the spectral measurements (Fig.
4).

It is well known that the radical anion of DCNQ derivatives
readily dimerizes to form o-bond between the two DCNQ
moieties.'” Thus, the irreversibility of the color changes of
DCNQ derivatives 10-18 should be reasoned by the o-bond
formation caused by the coupling of the intermediary forming
radical anion exhibiting dimerization and/or polymerization of

ss the DCNQ moiety by the electrochemical reduction.

e/ 104
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Fig. 4 Continuous change in the visible spectrum of 17: constant-current
electrochemical reduction (100 uA) in benzonitrile containing Et;NCIO,
(0.1 M) at 30 sec intervals.

Conclusions

In conclusion, we have described the synthesis and electronic
properties of 2H-cyclohepta[b]furan-2-one-substituted DCNQs
by absorption spectroscopy, theoretical calculation, CV and DPV,
and electrochromic analysis.

The novel 2H-cyclohepta[b]furan-2-one-substituted DCNQs
10-18 were synthesized in a one-step procedure consisting of the
formal [2+2] cycloaddition reaction of the arylethynyl-2H-
cyclohepta[b]furan-2-ones 1-9 with TCNQ, followed by the ring
opening reaction of the initially formed cyclobutene derivatives.
Strong ICT absorption bands with large solvent dependence in
their UV/Vis spectra featured these 2H-cyclohepta[b]furan-2-one-
substituted DCNQs. Furthermore, their transition state was
characterized by TD-DFT calculations. An analysis by CV and
DPV revealed that these compounds 10-18 exhibit a reversible
multistep reduction wave depended on the number of DCNQ
units in the molecule. In contrast to the results on the TCBD
derivatives, DCNQs 10-18 showed poor reversibility on the
electrochromic behavior, although a significant color change was
observed during the electrochemical reduction.

These results would lead to the progress of the donor—acceptor
systems for the application to organic electronics and
optoelectronic materials. For the creation of advanced organic
materials, preparation of TCBDs and DCNQs with different -
electron systems is now in progress in our laboratory.

Acknowledgements

This work was partially supported by a Grant-in-Aid for Research
Activity Start-up (Grant 22850007 to T.S.) from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan.

Notes and references

“ Department of Chemistry, Faculty School of Science, Shinshu University,
Matsumoto 390-8621, Japan. Fax: 81 263 2476; Tel: 81 263 2476, E-
mail: tshoji@shinshu-u.ac.jp

® Department of Chemistry, Graduate School of Science, Tohoku

University, Sendai 980-8578, Japan.

¢ Graduate School of Science and Technology, Hirosaki University,

Hirosaki 036-8561, Japan.

“ Department of Chemistry and Biology, Graduate School of Science and

Engineering, Ehime University, Matsuyama 790-8577, Japan.

¢ Department of Materials Chemistry and Engineering, College of

Engineering, Nihon University, Koriyama 963-8642, Japan.

T Electronic  Supplementary Information (ESI) available: The

experimental, UV/Vis spectra, cyclic voltammograms and theoretical

calculations of reported compounds. See DOI: 10.1039/b000000x/

1 (a) T. L. Cairns, B. C. McKusick, Angew. Chem. 1961, 73, 520-525;
(b) O. W. Webster, J. Polym. Sci. Part A: Polym. Chem. 2002, 40,
210-221.

2 (a) J. Ferraris, D. O. Cowan, V. Walatka Jr., J. H. Perlstein, J. Am.
Chem. Soc. 1973, 95, 948-949; (b) A. J. Fatiadi, Synthesis 1986,
249-284; (c) A. J. Fatiadi, Synthesis 1987, 749-789; (d) A. J. Fatiadi,
Synthesis 1987, 959-978; (e) W. Kaim, M. Moscherosch, Coord.
Chem. Rev. 1994, 129, 157-193; (f) E. B. Vickers, T. D. Selby, M. S.
Thorum, M. L. Taliaferro, J. S. Miller, /norg. Chem. 2004, 43, 6414—
6420; (g) S. Hiinig, E. Herberth, Chem. Rev. 2004, 104, 5535-5563;
(h) E. B. Vickers, L. D. Giles, J. S. Miller, Chem. Mater. 2005, 17,

60

65

70

75

80

85

90

95

100

105

110

115

120

125

10

11

1667-1672; (i) J. S. Miller, Angew. Chem. 2006, 118, 2570-2588;
Angew. Chem. Int. Ed. 2006, 45, 2508-2525.

Special issue on Molecular Conductors: Chem. Rev. 2004, 104,
4887-5782, edited by P. Batail.

(a) M. Pfeiffer, K. Leo, X. Zhou, J. S. Huang, M. Hofmann, A.
Werner, J. Blochwitz-Nimoth, Org. Electron. 2003, 4, 89-103; (b) K.
Walzer, B. Maennig, M. Pfeiffer, K. Leo, Chem. Rev. 2007, 107,
1233-1271.

(a) T. Michinobu, J. C. May, J. H. Lim, C. Boudon, J.-P. Gisselbrecht,
P. Seiler, M. Gross, 1. Biaggio, F. Diederich, Chem. Commun. 2005,
737-739; (b) T. Michinobu, I. Boudon, J.-P. Gisselbrecht, P. Seiler,
B. Frank, N. N. P. Moonen, M. Gross, F. Diederich, Chem. Eur. J.
2006, 12, 1889-1905; (¢) M. Kivala, C. Boudon, J.-P. Gisselbrecht, P.
Seiler, M. Gross, F. Diederich, Angew. Chem. 2007, 119, 6473—6477;
Angew. Chem. Int. Ed. 2007, 46, 6357-6360; (d) M. Kivala, T.
Stanoeva, T. Michinobu, B. Frank, G. Gescheidt, F. Diederich, Chem.
Eur. J. 2008, 14, 7638-7647; (e) B. B. Frank, B. C. Blanco, S. Jakob,
F. Ferroni, S. Pieraccini, A. Ferrarini, C. Boudon, J.-P. Gisselbrecht,
P. Seiler, G. P. Spada, F. Diederich, Chem. Eur. J. 2009, 15, 9005—
9016; (f) M. Yamada, P. Rivera-Fuentes, W. B. Schweizer, F.
Diederich, Angew. Chem. 2010, 122, 3611-3615; Angew. Chem. Int.
Ed. 2010, 49, 3532-3535; (g) M. Yamada, W. B. Schweizer, F.
Schoenebeck, F. Diederich, Chem. Commun. 2010, 46, 5334-5336.
(a) M. Kivala, C. Boudon, J.-P. Gisselbrecht, P. Seiler, M. Gross, F.
Diederich, Chem. Commun. 2007, 4731-4733; (b) P. Reutenauer, M.
Kivala, P. D. Jarowski, C. Boudon, J. Gisselbrecht, M. Gross, F.
Diederich, Chem. Commun. 2007, 4898-4900; (c¢) M. Kivala, C.
Boudon, J.-P. Gisselbrecht, B. Enko, P. Seiler, I. B. Miiller, N.
Langer, P. D. Jarowski, G. Gescheidt, F. Diederich, Chem. Eur. J.
2009, 15, 4111-4123; (d) S. Kato, M. Kivala, W. B. Schweizer, C.
Boudon, J.-P. Gisselbrecht, F. Diederich, Chem. Eur. J. 2009, 15,
8687-8691; (e) B. B. Frank, M. Kivala, B. C. Blanco, B. Breiten, W.
B. Schweizer, P. R. Laporta, I. Biaggio, E. Jahnke, R. R. Tykwinski,
C. Boudon, J.-P. Gisselbrecht, F. Diederich, Eur. J. Org. Chem. 2010,
2487-2503; (f) M. Jordan, M. Kivala, C. Boudon, J.-P. Gisselbrecht,
W. B. Schweizer, P. Seiler, F. Diederich, Chem. Asian J. 2011, 6,
396-401.

B. Esembeson, M. L. Scimeca, T. Michinobu, F. Diederich, I.
Biaggio, Adv. Mater. 2008, 20, 4584-4587.

(a) J. Xu, X. Liu, J. Lv, M. Zhu, C. Huang, W. Zhou, X. Yin, H. Liu,
Y. Li, J. Ye, Langmuir 2008, 24, 4231-4237; (b) W. Zhou, J. Xu, H.
Zheng, H. Liu, Y. Li, D. Zhu, J. Org. Chem. 2008, 73, 7702-7709;
(¢) S. Chen, Y. Li, C. Liu, W. Yang, Y. Li, Eur. J. Org. Chem. 2011,
6445-6451.

(a) T. Michinobu, J. Am. Chem. Soc. 2008, 130, 14074-14075; (b) T.
Michinobu, H. Kumazawa,K. Dhigehara, Macromolecules 2009, 42,
5903-5905; (¢) Y. Li, T. Kazuma, T. Michinobu, Macromolecules
2010, 43, 5277-5286; (d) T. Michinobu, Chem. Soc. Rev. 2011, 40,
2306-2316; (e) Y. Washino, T. Michinobu, Macromol. Rapid
Commun. 2011, 32, 644-648; (f) T. Fujita, K. Tsuboi, T. Michinobu,
Macromol. Chem. Phys. 2011, 212, 1758-1766; (g) D. Wang, T.
Michinobu, J. Polym. Sci. Part A: Polym. Chem. 2011, 49, 72-81; (h)
Y. Yuan, T. Michinobu, J. Polym. Sci. Part A: Polym. Chem. 2011,
49, 225-233; (i) Y. Yuan, T. Michinobu, M. Ashizawa, T. Mori, J.
Polym. Sci. Part A: Polym. Chem. 2011, 49, 1013-1020; () Y. Li, M.
Ashizawa, S. Uchida, T. Michinobu, Macromol. Rapid Commun.
2011, 32, 1804-1808.

T. Shoji, S. Ito, K. Toyota, M. Yasunami, N. Morita, Chem. Eur. J.
2008, 14, 8398-8408.

T. Shoji, S. Ito, K. Toyota, T. Iwamoto, M. Yasunami, N. Morita,
Eur. J. Org. Chem. 2009, 4316—4324.

(a) P.-W. Yang, M. Yasunami, K. Takase, Tetrahedron Lett. 1971, 12,
4275-4278; (b) A. Chen, M. Yasunami, K. Takase, Tetrahedron Lett.
1974, 15, 2581-2584; (¢) K. Takase, M. Yasunami, J. Syn. Org.
Chem. Jpn. 1981, 39, 1172-1182; (d) T. Nozoe, P.-W. Yang, C.-P.
Wu, T.-S. Huang, T.-H. Lee, H. Okai, H. Wakabayashi, S. Ishikawa,
Heterocycles 1989, 29, 1225-1232; (e) S. Kuroda, S. Maeda, S.
Hirooka, M. Ogisu, K. Yamazaki, I. Shimao, M. Yasunami,
Tetrahedron Lett. 1989, 30, 1557-1560; (f) T. Nozoe, H.
Wakabayashi, S. Ishikawa, C.-P. Wu, P.-W. Yang, Heterocycles
1990, 31, 17-22; (g) T. Nozoe, H. Wakabayashi, S. Ishikawa, C.-P.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



20

25

30

35

40

45

15

16

18

Wu, P.-W. Yang, Heterocycles 1991, 32, 213-220; (h) H.
Wakabayashi, P.-W. Yang, C.-P. Wu, K. Shindo, S. Ishikawa, T.
Nozoe, Heterocycles 1992, 34, 429-434; (i) S. Kuroda, J. Yazaki, S.
Maeda, K. Yamazaki, M. Yamada, I. Shimao, M. Yasunami,
Tetrahedron Lett. 1992, 33, 2825-2828; (j) S. Kuroda, Y. Obata, N.
C. Thanh, R. Miyatake, Y. Horino, M. Oda, Tetrahedron Lett. 2008,
49, 552-556; (k) N. Morita, K. Toyota, S. Ito, Heterocycles 2009, 78,
1917-1954.

T. Shoji, J. Higashi, S. Ito, T. Okujima, M. Yasunami, N. Morita,
Chem. Eur. J. 2011,17, 5116-5129.

(a) P. Suppan, N. Ghoneim, Solvatochromism, The Royal Society of
Chemistry, Cambridge, 1997; (b) P. Suppan, J. Photochem. Photobiol.
A 1990, 50, 293-330; (c¢) R. Christian, In Solvent and Solvent Effects
in Organic Chemistry; Wiley-VCH, New York, 2004.

The B3LYP/6-31G**  time-dependence  density functional
calculations were performed with Spartan’04, Wavefunction, Irvine,
CA.

(a) K. Komatsu, K. Ohta, T. Fujimoto, I. Yamamoto, J. Mater. Chem.
1994, 4, 533-536; (b) D. R. Rosseinsky, D. M. S. Monk, J. Appl.
Electrochem. 1994, 24, 1213-1221.

(a) S. Tto, A. Nomura, N. Morita, C. Kabuto, H. Kobayashi, S.
Maejima, K. Fujimori, M. Yasunami, J. Org. Chem. 2002, 67, 7295—
7302; (b) S. Tto, T. Okujima, N. Morita, J. Chem. Soc. Perkin Trans.
1 2002, 1896-1905; (c) S. Ito, H. Inabe, N. Morita, K. Ohta, T.
Kitamura, K. Imafuku, J. Am. Chem. Soc. 2003, 125, 1669—-1680; (d)
S. Tto, T. Kubo, N. Morita, T. Ikoma, S. Tero-Kubota, A. Tajiri, J.
Org. Chem. 2003, 68, 9753-9762; (e) S. Ito, H. Inabe, N. Morita, A.
Tajiri, Eur. J. Org. Chem. 2004, 1774-1780; (f) S. Ito, T. Kubo, N.
Morita, T. Ikoma, S. Tero-Kubota, J. Kawakami, A. Tajiri, J. Org.
Chem. 2005, 70, 2285-2293; (g) S. Ito, K. Akimoto, J. Kawakami, A.
Tajiri, T. Shoji, H. Satake, N. Morita, J. Org. Chem. 2007, 72, 162—
172; (h) S. Tto, T. lida, J. Kawakami, T. Okujima, N. Morita, Eur. J.
Org. Chem. 2009, 5355-5364; (i) T. Shoji, J. Higashi, S. Ito, N.
Morita, Eur. J. Inorg. Chem. 2010, 4886-4891; (j) T. Shoji, J.
Higashi, S. Ito, T. Okujima, N. Morita, Eur. J. Org. Chem. 2011,
584-592; (k) T. Shoji, S. Ito, T. Okujima, N. Morita, Eur. J. Org.
Chem. 2011, 5134-5140.

S. Ito, N. Morita, Eur. J. Org. Chem. 2009, 4567-4579.

19 (a) S. K. Hoffmann, P. J. Corvan, P. Singh, C. N. Sethulekshmi, R. M.

Metzger, W. E. Hatfield, J. Am. Chem. Soc. 1983, 105, 46084617,
(b) H. Zhao, R. A. Heintz, K. R. Dunbar, J. Am. Chem. Soc. 1996,
118, 12844-12845; (c) S. Mikami, K. Sugiura, J. S. Miller, Y. Sakata,
Chem. Lett. 1999, 413—414; (d) J.-M. Li, S. V. Rosokha, J. K. Kochi,
J. Am. Chem. Soc. 2003, 125, 12161-12171; (e) C. Alonso, L.
Ballester, A. Gutiérrez, M. F. Perpifian, A. E. Sanchez, M. T.
Azcondo, Eur. J. Inorg. Chem. 2005, 486—-495; (f) S. Shimomura, S.
Horike, R. Matsuda, S. Kitagawa, J. Am. Chem. Soc. 2007, 129,
10990-10991.

8 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



