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ABSTRACT: A cyclic compound that has alternating diphenylamine and
quinodiimine units was obtained by condensation of anthraquinone with bis(4-
aminophenyl)amine (aniline dimer) in 20% yield. The resulting macrocycle has an
absorption of 462 nm, which is assigned to charge transfer transitions between
electron-rich diphenylamine units and electron-poor anthraquinone diimine units.
Cyclic voltammetry in acidic MeCN shows redox of anthraquinone diimine units
(E1/2 = 0.03 V vs Ag/Ag+) and of oxidation of amino groups of higher potentials
(0.60 and 0.77 V).

Polyaniline is a typical conductive polymer that shows
unique properties such as redox and pH sensitivity.1 An

oxidized form of polyaniline (emeraldine base) contains
diaminobenzene and diiminobenzene groups and shows
electrical conductivity under acidic conditions. Oligoanilines
also hold those properties.2 Most of the reported oligoanilines
have linear structures, and the number of cyclic oligoanilines is
limited. A cyclic aniline tetramer was synthesized by Pd-
catalyzed coupling of oligoaniline trimer and 1,3-dibromoben-
zene.3 Cyclic oligo(meta-aniline)s with 4−8 aniline units were
prepared by condensation of 1,3-dibromobenzene and 1,3-
diamonobenzene catalyzed by Pd complexes.4

Recently, Yamamoto reported that TiCl4 promoted the
condensation of bis(4-aminophenyl)methane and anthraqui-
none yielded a macrocycle that consisted of anthraquinone
diimine and diphenylene methane groups AM4 (Scheme 1).5

The compound undergoes reversible redox because of the
anthraquinone diimine group and accompanying change of
color in acidic solution. It prompted us to examine a similar
reaction of bis(4-aminophenyl)amine with anthraquinone
because it would produce a model compound of the oxidized
cyclic oligoaniline.

Herein we report a macrocycle that has alternating
diphenylamine and anthraquinone diimine moieties and their
properties.
Macrocycle 1 was synthesized according to the preparation

procedure of AM4;5 condensation of bis(4-aminophenyl)amine
with anthraquinone promoted by TiCl4 produces the desired
macrocycle 1 (Chart 1) in 20% yield.

The diluted condition (2 mM) and addition of TiCl4 two
times during the reaction are important in obtaining 1 in the
above yield. Yamamoto already reported the double addition of
TiCl4 in the synthesis of AM4.5 The reaction with a higher
concentration of the substances and addition of TiCl4 at once
resulted in formation of 1 in 1−6%. 1H NMR spectrum of 1
indicates the cyclic structure with high symmetry. Hydrogens of
anthraquinone diimine groups were observed as four double
doublet signals. 13C NMR analysis could not be performed
because of its low solubility. The high-resolution FAB-MS
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spectrum of 1 shows a signal at m/z = 742.2845, which agrees
with calculated exact mass (742.2828).
Vapor diffusion of n-hexane into a tetrahydrofuran (THF)

solution of 1 gave red crystals. X-ray crystallography revealed
the crystal structure including THF and n-hexane (Figure 1).

The torsion angle between the phenylene groups in diphenyl-
amine unit is 20.7°. It is smaller than that of AM4 (62.9°),5

probably because of the delocalization of the lone pairs on the
nitrogen atom.
The interaction distance between nitrogen atoms of amino

and imino groups is 3.09 Å, which indicates the presence of
moderate NH···N hydrogen bonds between the molecules in
the crystal. As the result of hydrogen bonds between two imino
groups and two amino groups, a two-dimensional hydrogen
bond network is constructed as shown in Figure 2a and b.
A UV−vis absorption spectrum of 1 in MeCN contains a

broad charge-transfer (CT) absorption band (λ max = 462 nm,
2.68 eV, ε = 1.1 × 104 M−1 cm−1) corresponding to its red
color. To understand the CT transition of 1, TD-DFT
calculation was performed at the PCM-M05-2X6/6-31G(2d,p)
level using the B3LYP7/6-31G(d) geometry by Gaussian 09.8

The calculated first transition (466 nm, 2.66 eV) mainly
consists of a HOMO−LUMO transition with oscillator
strength f = 0.00, which suggests that the first transition has
an n−π* nature. The second transition that is main component
of the CT band was estimated to be 435 nm (2.85 eV). The
main configuration of the second excited state is HOMO-1−
LUMO transition with oscillator strength f = 0.52. The
HOMO-1 and LUMO of 1 calculated at the B3LYP/6-31G(d)
level were illustrated (Figure 3). HOMO-1 is delocalized on
diphenylamine units, while LUMO is located on anthraquinone
diimine units. Thus, the intramolecular CT transition is

rationalized as that occurs between the diphenylamine units
(donor) and the anthraquinone diimine units (acceptor).
Cyclic voltammetry of 1 in the presence of trifluoroacetic

acid (TFA) showed redox couple at the potential of 0.00 and
0.06 V (vs Ag/Ag+) caused by anthraquinone diimine
component (Figure 4a). Yamamoto assigned the corresponding
peak of AM4 (E1/2 = 0.14 V) to one-step redox of four
electrons of the molecule in the presence of TFA.5 In addition,
further oxidation of 1 is observed at higher potentials (0.66 and
0.77 V vs Ag/Ag+). It may be assigned to stepwise oxidation of
two amino groups, giving π-conjugated macrocycles without
NH hydrogen.
We conducted measurement of the absorption spectra during

the electrochemical reduction in the presence of trifluoroacetic
acid (TFA) (Figure 4b). Applying the electrochemical potential
at −0.10 V (vs Ag+/Ag) caused disappearance of the CT
absorption at 577 nm and increase of the π−π* transition at ca.
250 nm. It is ascribed to reduction of the anthroquinone
diimine into diaminoanthracene. Further applying the potential
at +0.30 V recovered the CT transition, indicating reversibility
of the electrochemical process.
In summary, we synthesized macrocycle 1, which has

alternating diphenylamine and anthraquinone diimine moieties.
The molecule shows the CT transition owing to alternating
electron-rich diphenylamine and poor anthraquinone structure.
The electrochemical reduction of 1 due to anthraquinone
diimine groups occurs at a lower potential than analogous
macrocycle AM4, and further oxidation of amino groups is also
observed.

■ EXPERIMENTAL SECTION
Synthesis of 1. To a Schlenk tube containing bis(4-

aminophenyl)amine (49.8 mg, 0.25 mmol) and anthraquinone (52.1
mg, 0.25 mmol) was added chlorobenzene (80 mL) under argon
atmosphere. After the mixture was heated at 125 °C, DABCO (84.6
mg, 0.75 mmol) and chlorobenzene (20 mL) solution of TiCl4 (41 μL,
0.37 mmol) was subsequently added dropwise over 30 min. The
mixture was heated at 125 °C for 6 h. The reaction mixture was cooled
to room temperature before DABCO (84.1 mg, 0.75 mmol) was
added, and then chlorobenzene (20 mL) solution of TiCl4 (41 μL,
0.37 mmol) was added dropwise over 30 min at 125 °C. The reaction
mixture was heated at the temperature for 28 h further, cooled to room
temperature, and then filtered. The filtrate was evaporated to dryness,
and the residue was purified by preparative gel permeation
chromatography to afford a bright red solid (18.7 mg, 20%).
Computational Methods. Geometry optimization was per-

formed by B3LYP7/6-31G(d) level of theory. Stationary points were
characterized by harmonic vibrational frequency analysis. TD-DFT
calculation was carried out by M05-2X6/6-31G(2d,p) level with

Figure 1. ORTEP drawing of 1.

Figure 2. Crystal packing of 1 and hydrogen bonds. (a) View along the a-axis; (b) view along the b-axis. Red dotted lines show hydrogen bonds.
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IEFPCM (solvent = acetonitrile) solvation model. All calculations
were performed by Gaussian 09, B.01.8 The contour plots (isovalue =
0.02) of the Kohn−Shame orbitals were drawn by Avogadro 1.0.3.9
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Figure 3. Contour plots of the Kohn−Sham orbitals related to the second excited state: (a) HOMO-1 (−4.81 eV), (b) LUMO (−2.16 eV).
Calculated at B3LYP/6-31G(d) level of theory.

Figure 4. (a) Cyclic voltammogram of 1 (0.20 mM) in MeCN containing 0.10 M nBu4N·PF6 and 0.10 M TFA. (b) Spectroscopic change depending
on the applied electrical potential.
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