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Phenylenediamines bearing the ethoxycarbonyl groups were synthesized to modulate luminescent prop-
erties. Switching of the luminescent properties was achieved by redox change between the phenylenedi-
amine and quinonediimine derivatives.
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Since the last decade, p-conjugated compounds with lumines-
cent properties have paid much attention because of the applica-
tions to electronic materials such as light-emitting diodes
(LEDs).1 Solution processing is possible with organic materials, per-
mitting the easy and low-cost fabrication of optoelectronic devices.
The emission colors of p-conjugated molecules are closely related
to their p-conjugated electronic states.

Phenylenediamines are molecular units of polyanilines as p-
conjugated polymers. The redox-active phenylenediamine exists
in three redox forms: the reduced phenylenediamine, the partially
oxidized phenylenediamine radical cation, and the oxidized qui-
nonediimine. In previous papers, we have already demonstrated
the redox switching of the emission properties of Ru(II) dipyridyl
complexes bearing the phenylenediamine moieties by changing
the redox states of the phenylenediamine moieties.2 On the other
hand, 2,5-bis(arylamino)terephthalate derivatives have been re-
ported to show luminescent properties.3 The luminescent proper-
ties of the phenylenediamine derivatives are expected to be
regulated by changing their redox states. Herein, we report lumi-
nescent phenylenediamines for redox switching (Fig. 1).

The phenylenediamine derivatives 1-red were synthesized by
the reaction of diethyl 2,5-dioxocyclohexane-1,4-dicarboxylate
with the corresponding anilines.4,5 Phenylaminophenol 2o-red
was also obtained as a byproduct from the synthesis of 1o-red.
The thus-obtained phenylenediamines and phenylaminophenol
are stable under air and light, and were fully characterized by spec-
tral data and elemental analyses.

In the 1H NMR spectrum of 1o-red in CD2Cl2 (1.0 � 10�2 M), the
NHs of the phenylenediamine moiety were hardly perturbed by the
addition of aliquot DMSO-d6 to CD2Cl2 (CD2Cl2: 10.56 ppm, CD2Cl2-
DMSO-d6 (9:1): 10.51 ppm). The FT-IR spectrum of 1o-red in
CH2Cl2 (1.0 � 10�2 M) showed a hydrogen-bonded NH stretching
at 3316 cm�1. From these observations, the NH moieties are indi-
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x: +81 6 6879 7415.
c.jp (T. Moriuchi), hirao@
cated to participate in intramolecular hydrogen bonding in solu-
tion. The intramolecular hydrogen bonding was also observed in
the case of 1m-red and 1p-red. Furthermore, the OH of 2o-red
was found to participate in intramolecular hydrogen bonding with
the CO moiety as shown in Figure 1.

The phenylenediamine 1-red was oxidized into the quinonedii-
mine 1-ox by treatment with lead(IV) acetate as an oxidant.6 The
oxidized form 1-ox could be again reduced to 1-red with hydrazine
monohydrate (Fig. 2).

The crystal structure of diethyl N,N0-diphenyl 2,5-diamino-
terephthalate was reported to show the formation of the intra-
molecular hydrogen bonds between NH and CO at the central
benzene ring.7 The single-crystal X-ray structure determination8

of 1o-red also confirmed the formation of the intramolecular
hydrogen bonds between the NH and CO at the central benzene
ring (Table 1). The anti-conformation of the p-conjugated moiety
(Fig. 3a) is formed, and another hydrogen bonds were observed be-
tween NH and CO at the terminal benzene rings. The terminal and
central benzene rings are oriented with a dihedral angle of
43.82(8)�. This is probably due to the steric repulsion between
the ortho-hydrogen atoms despite the formation of the intramolec-
ular hydrogen bonds, which might induce a coplanar structure of
the p-conjugated moiety. The crystal structure of 1o-ox revealed
the anti-conformation with a dihedral angle of 99.22(5)� between
1m-red: meta
1p-red: para

Figure 1. Phenylenediamine and phenylaminophenol derivatives.
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Figure 2. Redox interconversion between the phenylenediamines and quinonediimines.

Table 1
Intramolecular hydrogen bonds for 1o-red and 2o-red

Crystal Donor Acceptor D. . .A (Å) D-H. . .A (�)

1o-reda N(1) O(1*) 2.700(1) 123(2)
N(1) O(3) 2.713(2) 129(1)
N(1*) O(1) 2.700(1) 123(2)
N(1*) O(3*) 2.713(2) 129(1)

2o-red N(1) O(1*) 2.760(2) 120(1)
N(1) O(3) 2.686(2) 127(1)
O(5) O(1) 2.611(2) 136(2)

a The molecule sits on an inversion center.
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the terminal and central benzene rings as shown in Figure 3b. This
structure is considered to be caused by the steric repulsion be-
tween the ortho-hydrogen atoms at each benzene ring due to the
short imine bond length. Phenylaminophenol 2o-red was found
to form intramolecular hydrogen bonds between not only OH
and CO but also NH and CO in a crystal structure (Fig. 3c).
Figure 3. Crystal structures of (a) 1o

Figure 4. (a) Emission spectra of 1o-red (kex = 430 nm) and 1o-ox (kex = 449 nm) and (b
(kex = 415 nm) in CH2Cl2 (1.0 � 10�5 M). (c) Photographs (under 365 nm) of (i) 1o-red, (
The reduced form 1o-red exhibited strong luminescence at
536 nm (Fig. 4a). On the contrary, weak luminescence was ob-
served with 1o-ox. These findings indicate that redox switching
of the luminescent properties is achieved by changing the redox
states of the p-conjugated moiety. The redox switching was also
observed between 1m-red and 1m-ox or 1p-red and 1p-ox (Sup-
plementary data Fig. S1). In the present p-conjugated systems,
emission wavelength is largely dependent on the substituent posi-
tion of the ethoxycarbonyl group on the terminal benzene rings.
Phenylenediamine 1p-red showed a red-shift of the maximum
emission wavelength as compared with 1o-red (Table 2 and
Fig. 4b). Further red-shift of the maximum emission wavelength
was observed in the case of 1m-red. This result might be contrib-
uted to the difference of the p-conjugated electronic states. Phe-
nylaminophenol 2o-red showed the maximum wavelength at
511 nm, wherein the luminescent intensity was lower as compared
with that of 1o-red (Table 2).

The phenylenediamine 1o-red exhibits an intense yellow emis-
sion at 543 nm even in a solid state (Fig. 4c). The quantum yield of
-red, (b) 1o-ox, and (c) 2o-red.

) 1o-red (kex = 430 nm), 1m-red (kex = 458 nm), 1p-red (kex = 446 nm), and 2o-red
ii) 1m-red, (iii) 1p-red, and (iv) 2o-red.



Table 2
Emission data for 1 and 2o-red

CH2Cl2
a In a solid state

kem, max (nm) UF
b kem, max (nm) UF

c

1o-red 536 0.58 543 0.47
1m-red 554 0.27 589 0.08
1p-red 543 0.39 604 0.17
2o-red 511 0.20 531 0.26
1o-ox 536 0.15
1m-ox 552 0.01
1p-ox 543 0.01

a 1.0 � 10�5 M.
b The relative fluorescence quantum yield was determined with Ru(bpy)3Cl2

(kex = 450 nm).
c The quantum yield was measured in an integrating sphere for packed powder

samples at ambient temperature (kex = 450 nm).

3192 S. D. Ohmura et al. / Tetrahedron Letters 51 (2010) 3190–3192
1o-red at ambient temperature, measured in an integrating sphere
for a packed powder samples, is 0.47 using kex = 450 nm (Table 2).
Rigid p-conjugated frameworks without conformational disorder
have been reported to provide attractive photophysical proper-
ties.9 In the case of 1o-red, a rigid p-conjugated structure is consid-
ered to be induced by the formation of intramolecular hydrogen
bonds between NH and CO at the central and terminal benzene
rings.

In conclusion, a series of luminescent phenylenediamines were
synthesized to control the luminescent properties. The lumines-
cent switching was demonstrated by changing the redox states of
the p-conjugated phenylenediamines. Further investigation
including tuning of the color is now in progress.
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