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ABSTRACT: Acid-induced double lactonization in triary-
lamine-conjugated dimethyl diethynylfumarate E-1 opens
up a new synthetic route to Pechmann dyes. This one-pot
reaction affords three donor—acceptor—donor quadrupolar
molecules (Pss-1, Pgs-1, and Pgs-1); Pss-1 comprises a
missing structural isomer of Pechmann dyes. They are
intensely colored and brightly luminescent. An organic field-
effect transistor device fabricated with Pg4-1 functions as a
p-type semiconductor.

—A—D and A—D—A (D = donor, A = acceptor) types of
molecules feature strong one-photon absorptions in the

visible and NIR regions, which are assigned as intramolecular
charge-transfer (ICT) transitions; their large absorptivities often
lead to high fluorescence quantum yields." On the other hand, it
has been demonstrated that these types of molecules possess
gigantic two-photon absorption cross sections, which stem from
drastic changes in their quadrupole moment upon photo-
excitation.” Because of these valuable photoproperties, D—A—D
and A—D—A “quadrupolar” molecules have received great
attention for their use in bioimaging,® photodynamic therapy
(PDT),* optical power Iimiting,5 organic light-emitting diodes
(OLED:s),” organic photovoltaic devices (OPVs),” and so on.
Recently, organic field-effect transistors (OFETs) based on
quadrupolar molecules have also been reported.®

Using our original acceptor framework, dimethyl diethynyl-
fumarate,”'° we created the unique D—A—D quadrupolar system
E-1 (Scheme 1) in combination with triarylamine (TAA) donors.
E-1 was found to be intensely colored and luminescent, and it
underwent reversible visible-light photoisomerization to produce
ON/OFF luminescence switching as well as modulation of the
electronic communication between the TAA cores in the one-
electron-oxidized mixed-valent (MV) state.”*°

Pechmann dyes (Scheme 2) are good pigments and acceptors
featuring rigid, planar structures that stem from the cross-
conjugated, electron-withdrawing lactone rings."" These proper-
ties are optimal for the construction of D—A—D quadrupolar
molecules having intense D—A interactions and large effective
intermolecular overlaps in the solid state; however, the Pech-
mann dye frameworks have not been sufficiently appreciated in
D—A chemistry.

Several synthetic routes to the Pechmann dye family are
available. For example, dehydrative dimerization of -aroylacrylic
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acid gives rise to the 5,5-membered isomer (Ps;), which under-
goes thermal isomerization to give the 6,6-membered isomer
(Pss) (Scheme 2).'' However, no route to other structural
isomers, such as the 5,6- and 5,5-membered frameworks (P
and P4/, respectively), have been established to date.

As Yamaguchi and co-workers illustrated, intramolecular
double cyclization is a valuable tool for the creaction of functional
molecules that feature hifgh planarity, a fused-ring structure, and
intensive 77 conjugation. > We regard the dimethyl diethynylfu-
marate framework as an open form of Pechmann dyes protected
by the methyl ester groups, and we expect that with an appro-
priate ring-closure reaction, it can open up a new route to the
Pechmann dye family and provide access to their missing
structural isomers.

In this communication, we disclose a new synthetic method
for Pechmann dyes via novel acid-induced double lactonization
(Scheme 1). Application of this method to TAA-appended E-1
produced in one-pot the three D—A—D quadrupolar molecules
Pge-1, Pss-1,and Pg4-1 (Scheme 1), the last of which constitutes
one of the missing structural isomers of the Pechmann dye family
(Psg in Scheme 2). We demonstrate that Pgg-1, Pss-1, and Pgg-1
show more intense D—A interactions than the parent E-1: all
exhibit greater and red-shifted ICT bands and brighter fluores-
cence. The performance of an OFET device made of Pg4-1 is also
briefly described.

Treatment of E-1 with a mixture of concentrated hydrochloric
acid and glacial acetic acid afforded three intensely colored
compounds that were separated by column chromatography
on silica gel. The three compounds had identical molecular
weights as detected by high-resolution fast atom bombardment
mass spectrometry but gave different "H NMR [Figure 1a and
Figures S1—S3 in the Supporting Information] and *C NMR
(Figures S4—S6) spectra. These three compounds were success-
fully characterized by single-crystal X-ray structure analysis,
which identified them as Pss-1, Pgs-1, and Pss-1 (Figure 1b
and Figure S7). We note that the fused-ring structure of Pss-1,
which is one of the isomeric forms of Pechmann dyes, has not
been reported previously. A proposed reaction mechanism is
illustrated in Scheme 3. First, E-1 undergoes de-esterification to
produce the corresponding fumaric acid. Next, the first nucleo-
philic cyclization between the carboxyl group and ethynylene
proceeds. When the ethynylene on the o carbon to the carboxyl
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Scheme 1. Double Lactonization in E-1 and the Three
Resultant Triarylamine-Appended Pechmann Dyes
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Scheme 2. Pechmann Dye Frameworks (The Fused-Ring
Structures of P55 and P55’ Have Not Been Reported Previously)
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Figure 1. (a) "H NMR spectra in the aromatic region for Pgs-1, Pss-1,
and P4-1 in CDCls. (b) ORTEP drawings of Pss-1- toluene, Pys-1, and
Pgs-1 with thermal ellipsoids at the 50% probability level. H atoms have
been omitted. Two conformations are disordered with respect to the
fused-ring moiety of Pss-1 (see Figure S7 for a detailed explanation of
this disorder).

group participates in the cyclization, Pss-1 is generated exclu-
sively via the second annulation. On the other hand, when the

Scheme 3. Plausible Reaction Mechanism of Double Lacto-
nization in E-1 (R = Triarylamino Group)
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Figure 2. (a) UV—vis—NIR (solid) and fluorescence (dotted) spectra
of Pss-1 (blue), Pgs-1 (red), Pss-1 (purple), and E-1 (black) in toluene.
(b) Photograph showing Pgs-1, Pss-1, and Pss-1 in toluene under (left)
ambient-light and (right) black-light (365 nm) illumination. (c) Mo-
lecular orbitals of Pg4-1 involved in the ICT band.

ethynylene on the [ carbon is involved in the first annulation,
either Pggs-1 or Ps4-1 is produced via the following lactonization.
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Table 1. Photochemical Properties of Pgs-1, Pss-1, Pss-1, and E-1

absorption fluorescence
compound Amax 10 %¢/M ' cm ™! Amax D 7/ns 10 %k, /s ! 10 %k, /s
Pgs-1 538 5.0 617 0.82 3.0 0.27 0.060
Pys-1 674 6.5 753 0.27 13 0.21 0.56
P61 574 3.7 692 0.20 1.0 0.20 0.80
E-1 482 3.6 660 0.15 0.9 0.17 0.94

-.."/_; — #
25 20 15 10 05 0.0 05 1.0
Potential / V vs Fc*/Fc

Figure 3. Cyclic voltammograms of Pss-1 (blue), Psg-1 (purple),
Pgs-1 (red), and E-1 (black) in 0.1 M Buy,NBF,/CH,Cl, at a sweep
rate of 100 mV s,

The thermal stabilities of Pgg-1, Psg-1, Pss-1, and E-1 were
examined by thermogravimetric analysis (TGA). Among these,
Pss-1 featured the highest stability, decomposing above 400 °C.
The thermal stability followed the order Pg4-1 > Pss-1 > Pgs-1 >
E-1 (Figure S8).

Figure 2a shows UV—vis—NIR and fluorescence spectra of
Pss-1, Pgs-1, and Pss-1 as well as the parent E-1 in toluene; their
numerical data are collected in Table 1, and photos of the
annulated compounds are shown in Figure 2b. Relative to E-1,
the cyclized compounds possess more intense and red-shifted
absorptions in the visible and NIR regions. We had already
identified the visible absorption of E-1 as a HOMO—-LUMO
ICT from the D sites, TAA(n), to the A site, dimethyl
diethynylfumarate(s7*).” In the present work, time-dependent
density functional theory (TDDFT) calculations for the lacto-
nized compounds were newly conducted and also assigned this
series of bands to D—A ICT transitions from TAA(n) to the
Pechmann dye framework(77*) (Figure 2c for Pgs-1, Figure S9a
for Pss-1, and Figure S9b for Pss-1). Therefore, the cyclized
compounds feature narrower HOMO—LUMO gaps, or more
intense D—A interactions, than the parent E-1. All of the
compounds are brightly fluorescent in the visible and NIR
regions. The fluorescence quantum yields (P) are greater in
the annulated Pg4-1, Pss-1, and Pg4-1 than in the parent E-1; in
particular, Pss-1 exhibits by far the highest value. The cyclized
compounds feature smaller Stokes shifts than E-1, which stems
from the rigidity of the Pechmann dye frameworks and the flex-
ibility of the photoisomerizable dimethyl diethynylfumarate
skeleton."> Transient fluorescence measurements disclosed that
the emission lifetimes (7) were on the order of nanoseconds, and
the enhancement of @ in the cyclized compounds is derived from
the deceleration of the nonradiative processes (k,,,) rather than the
acceleration of the radiative ones (k,, Table 1 and Figure S10).

Table 2. Electrochemical Properties of Pg4-1, Pss-1, Pss-1,
and E-1in0.1 M BU4NBF4/CH2C12

reduction oxidation
compound E°/V E°(1)/V E°'(2)/V AE® /mV*
Pes-1 ~1.69 029 038 %2
Pss-1 —124 0.18 0.20 23
Pss-1 —1.48 0.23 0.47 240
E-1 —1.76" 0.29 0.36 72

“AE° = E°(2) — E°(1). " Cathodic peak potential.
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Figure 4. Transfer plot for an OFET device fabricated using Pgs-1
(Vps, —50 V; channel length, SO #m; channel width, 3 cm).

Figure 3 shows cyclic voltammograms for all of the compounds,
and their numerical data are gathered in Table 2. All of the cyclized
compounds feature at least one reversible one-electron reduction at
relatively positive potentials, whereas E-1 exhibits an irreversible
reduction at a more negative potential. These data indicate that the
Pechmann dye frameworks are better acceptors than the parental
dimethyl diethynylfumarate. All compounds show reversible oxida-
tions derived from the two TAA moieties. We had previously
reported that E-1 showed a split in the E* values (AE®) for the
oxidations of the two TAA moieties, which had been associated with
electronic communication between the two TAAs in the MV state E-
1" Among the three cyclized compounds, the largest AE® was
observed for Pss-1 (240 mV), reflective of the different chemical
environments of the two TAAs (as clarified by single-crystal
X-ray structure analysis; Figure 2b and Figure S7) rather than
intense electronic communication. The second largest AE®’ was
found for Pge-1 (92 mV), which was quantified by simulation of
the voltammogram (Figure S11a). AE® for P44-1 is greater than
for E-1 (74 mV). This difference indicates that the P44 ring
structure is a better communicator than the dimethyl diethynyl-
fumarate framework. On the other hand, Pss-1 showed the
smallest AE® of 23 mV (Figure S11b).

To demonstrate the utility of the cyclized compounds, we
investigated a preliminary OFET device based on Pgs-1, which
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displayed the best thermal stability. A top-contact OFET (Figure
S12) was fabricated by vacuum evaporation of Pge-1 onto a
silicon substrate modified with hexamethyldisilazane (HMDS).
The resultant thin film of Pg4-1 had a thickness of ~50 nm and
served as a p-type semiconductor; Figure 4 shows a transfer plot
for the OFET device under air. The maximum hole mobility was
calculated to be 5.6 x 107> ecm?> V' s7! (Figure S13). The
carrier mobility could be enhanced by improving the low crystal-
linity of the Pgs-1 thin film (Figure S14).

In conclusion, we have found a new one-pot reaction for
constructing the Pechmann dye framework that involves double
lactonization of dimethyl diethynylfumarate under acidic condi-
tions. Here TAA-conjugated E-1 was used as the starting
material, and Pss-1 with a novel S,6-membered fused-ring
structure (one of the missing Pechmann dye isomers) was
obtained along with Pgs-1 and Pss-1 having known 6,6- and
5,5-membered ring structures, respectively. The three resultant
doubly annulated compounds constitute quadrupolar D—A—D
systems; photochemical and electrochemical analyses disclosed
that they engaged in intense D—A interactions that yielded
valuable photoproperties, such as highly intense and red-shifted
visible and NIR absorptions and fluorescence. The cyclized com-
pounds also featured high ®. The thermal durability of the
cyclized compounds was superior to that of the parent E-1. An
OFET device made of the most thermally stable material, Pg4-1,
was fabricated by the sublimation method and revealed that Pgs-1
acted as a p-type semiconductor. This new methodology for pro-
ducing the Pechmann dye frameworks is currently being expanded
in pursuit of the other missing structure (Pss" in Scheme 2) as well
as control over the selectivity among the isomers, and the metho-
dology is also being applied to starting materials with other donor
moieties.
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