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Rearrangement of an aniline linked perylene bisimide under acidic
conditions and visible to near-infrared emission from
intramolecular charge-transfer state of its fused derivatives
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We have prepared a series of aniline-linked and fused perylene
bisimide (PBI) for making near-infrared (NIR) fluorophores. During
this research, we found an unexpected rearrangement reaction on
the PBI core for the first time. The aniline- and phenothiazinefused PBIs exhibit excellent absorption ability and visible-to-NIR
emission owing to the intramolecular charge transfer character.
The S0 → S1 absorption of the perylene bisimide (PBI) unit
appears at around 450−550 nm. The introduction of electron
donor units to PBI core has increased the photoabsorption
ability of the molecules due to the creation of intramolecular
charge-transfer (ICT) absorption band depending on the
1
electronic interaction with attached donating groups.
Therefore, the adequate conjugation of PBI with proper
donors is expected to generate absorption covering the visible
to near-infrared (NIR) regions of the spectrum.
The design of NIR emissive materials is more difficult than
that of visible fluorophores because 1) fluorescence is always a
competitive process against intersystem crossing, electron
transfer, non-radiative decay, etc., 2) fluorescence quantum
yield at NIR region is essentially small due to the FranckCondon principle and 3) the emission from large π-conjugated
molecules is often quenched because of the self-aggregation.
To obtain the design concept of NIR fluorophores, we planed
to make aniline-attached PBI derivatives, which would exhibit
good absorption abilities in the UV−vis−NIR range owing to the
ICT character and have been functioned as the excellent visible
to NIR emissive materials. During this research, we
serendipitously found an unexpected rearrangement reaction
of an aniline-linked PBI. Herein, we report the fusion reaction
2
of pure 1,7-bis(N,N-dimethylaniline)-attached PBI 1, which
gives a rearranged product, 1,6-bis(N,N-dimethylaniline)-fused
3
PBI 3 along with a corresponding fusion product 2 (Scheme 1).

1,6-Bis-substituted PBIs are rarely reported mainly because
1,6-dibromo-PBI is difficult to isolate and to obtain selectively.
Therefore, this can be a new post-synthetic method to have
1,6-bis-substituted PBIs. In 2004, Würthner et al. demonstrated
that the bromination of 3,4,9,10-perylenetetracarboxylic
dianhydride produces 1,7-dibromo- and 1,6-dibromo4
derivatives in 3:1 ratio. Thus we carefully started the coupling
5
reaction from pure 1,7-dibromo PBI.
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Scheme 1. Synthesis of N,N-dimethylaniline fused PBI. Reaction conditions; (a) 4-(N,Ndimethylamino)pnenyl boronic acid pinacol ester, PdCl2(dppf), K2CO3, toluene. (b)
DDQ/TfOH, o-dichlorobenzene, 150°C. Ar = 2,6-diisopropylphenyl.

Compound 1 was synthesized via a standard SuzukiMiyaura cross-coupling reaction between pure 1,7-dibromoPBI and 4-N,N-dimethylaminophenyl boronic acid pinacol ester
in toluene at refluxed temperature for 24 h in 40% yield
(Scheme 1). Then, the oxidative ring closure reaction of PBI 1
was first examined with FeCl3/MeNO2 or 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ)/Sc(OTf)3, but no reaction
proceeded. Next, the reaction was examined with 5 equiv of
DDQ in a mixture of TfOH and o-dichlorobenzene at 150°C for
1
30 min. H NMR spectrum of the reaction products is shown in
Fig. 1(b). The reaction curiously delivered a mixture of 1,6- and
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1,7-bis(N,N-dimethylaminophenyl)-fused PBIs 2 and 3 in total
31% yield. Compounds 2 and 3 were separated by silica gel
column chromatography (hexane/ethyl acetate = 3 :1) and the
structures of desired 2 and unexpected compound 3 were
1
13
characterized by means of H- and
C-NMR and highresolution mass spectroscopies (Fig. 1(c) and 1(d)). The first
eluent on silica gel column exhibits two doublet signals for
meta-protons of 2,6-diisopropylphenyl groups at 7.46 ppm and
two triplet signals for para-protons at 7.60 ppm, indicating
that the compound is the 1,6-bis(N,N-dimethylaminophenyl)fused PBI 3 and not the compound 2, which should exhibit
signals for only one type of aromatic protons on the imide.

The rearrangement of the hexaarylbenzene upon oxidation
6
was reported in a related Scholl reaction, but the case of the
aryl-attached PBI molecule is unprecedented. In order to
investigate the rearrangement mechanism, the TfOH/odichlorobenzene solution of 1 was heated without DDQ. After
30 min, the skeletal rearrangement of dimethylaniline moiety
was observed, forming 1,7-dimethylaminophenyl- and 1,6dimethylaminophenyl-derivatives in ca. 1:1 ratio (Figure S3).
To the best of our knowledge, this is the first report that the
position of substituents at the bay-area of PBI has been
changed under the acidic conditions. A plausible reaction
mechanism as shown in Scheme 2 can be drawn to account for
the formation of 1,6-dimethylaminophenyl-PBI.
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Fig. 1. Aromatic area of the H NMR spectra in CDCl3. a) 1, b) fused products as
synthesized, c) isolated 2, and d) isolated 3.
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Scheme 2. A plausible rearrangement mechanism of 1 under the acidic conditions. Ar =
2,6-diisopropylphenyl.

Fig. 2. Single-crystal X-ray structure of 3. Thermal ellipsoids are scaled at 50%
probability.

Finally the structure of 3 was unambiguously determined
by single-crystal X-ray diffraction analysis (Fig. 2).‡ The
perylene core and aniline rings are perfectly coplanar (meanplane deviation of 32 atoms is 0.050 Å) so that we can expect
the well-conjugated π-electron network in compound 3.

UV–vis absorption spectra of 1, 2, and 3 along with PBI in
CH2Cl2 are shown in Fig. 3. In addition to the π-π* transition at
around 450-550 nm, the compounds 1, 2, and 3 displayed the
broad featureless absorption in the red-shifted region.
Unfortunately, the fluorescence of compound 1 turned out to
be completely quenched in CH2Cl2, suggesting that the photoinduced electron transfer (PET) occurs. To confirm its energy
diagram, we measured the electrochemical properties of
compound 1 by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) containing 0.10 M Bu4NPF6 as supporting
electrolyte (Fig. 4). The cyclic voltammogram of 1 in CH2Cl2
displays two reduction and two oxidation potentials for five
–
electrons at –1.33, –1.11, +0.43 (for 2e ), and +1.10 V (versus
+
Fc/Fc ) all as fully reversible waves, thus implying multi-charge
7
storage ability of 1. By using Rehn-Weller equation and
HOMO level (–5.11 eV) calculated from the first oxidation
potential, we could estimate the energy level of the charge
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separated state to be –3.83 eV, which is enough lower than
that of its singlet excited state (–3.57 eV).
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Fig. 5. Solvent dependency of fluorescence spectra of compound 2. λem = 495 nm.
Fig. 3. UV-vis absorption spectra of PBI, 1 (blue), 2 (red), and 3 (black) in CH2Cl2.
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Fig.4. CV (black) and DPV (blue) of 1 in CH2Cl2 (0.1 mM). Scan rate: 100 mV s , working
+
electrode: glassy carbon, reference electrode: Ag/AgNO3, electrolyte: Bu4NPF6. Fc/Fc =
ferrocene/ferrocenium.

In contrast to compound 1, both compounds 2 and 3 emit
red-shifted fluorescence over 700 nm possibly because of the
restriction of non-radiative decay process caused by fused
phenyl rings. We measured solvent dependency of absorption
and fluorescence spectra (Fig. 5 and Fig. S13). The fluorescence
of 2 in toluene appears at 682 nm with fluorescence quantum
yield (ΦF) of 50%, while that in CH2Cl2 at 724 nm with ΦF of
10%. No fluorescence was observed in DMF, indicating that
even fused compound exhibits PET in polar solvents. From the
8
Lippert-Mataga plot, we could conclude that these solvent
dependency is induced by ICT (Fig. S16). Since the carbazolefused PBI in which the periphery of amino groups are tightly
fixed shows more sharp ICT absorption and emission bands (in
CH2Cl2; λabs = 590 nm, λem = 626 nm) and smaller Stokes shift
9
rather than 2, 2 is eventually proved to be a twisted
10
intramolecular charge-transfer (TICT) motif. Essentially the
compound 3 shows similar photophysical properties with the
compound 2 except for the blue-shifted absorption (Fig. 3 and
Fig. S14–15). The energy levels and electronic communication
between PBI and dimethylanilines are superbly balanced to
realize both TICT and PET depending on the solvent polarity.
Those are the first pair of 1,6- and 1,7-bis-aryl-fused PBIs
having rotatable donative moieties that lead to their red9
shifted absorption.

To further understand the electronic features of 1, 2, and 3,
the density functional theory (DFT) and the time-dependent
(TD)-DFT calculations both at the B3LYP/6-31G* level using the
11
Gaussian 09 software package were carried out (Fig. 6).
While the coefficients of the LUMOs for all compounds are
localized on the PBI cores, those distribution patterns of the
HOMOs appear characteristically. The longest bands of 1 at
around 683 nm mainly comprise the transition from anilinelocalized HOMO to LUMO (oscillator strength, f = 0.2187),
whereas the main absorption bands at 488 nm are composed
of the transition from PBI-localized HOMO–2 to LUMO (f =
0.4326). Interestingly, the HOMO of compound 2
demonstrates two isolated aminochrysene conjugation. On the
other hand, that of compound 3 exhibits longer conjugation
connected by two amino groups. Consequently, the HOMO of
compound 3 has large unperturbed area which results in
stabilization of HOMO level relative to compound 2 and in the
blue-shifted absorption.

Fig.6. MO diagram of 1', 2' and 3' based on the calculations at the B3LYP/6-31G* level.
2,6-Diisopropylphenyl groups were replaced by methyl groups.
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Finally, we have modulated the donating ability by
exchanging dimethylaniline units to phenothiazine (Scheme 3).
The oxidative fusion reaction of the phenothiazine-linked PBI 4
proceeded to afford 5 at lower temperature than that of 1
because phenothiazine has slightly lower oxidation potential
relative to dimethylaniline, thus preventing rearrangement.
The structure of compound 5 was confirmed by single crystal
X-ray analysis (Inset of Fig. 7).
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Scheme 3. Synthesis of phenothiazine-fused-PBI 5. Reaction conditions; (a) 3-bromo10H-phenothiazine, PdCl2(dppf), K2CO3, toluene. (b) DDQ/TfOH, o-dichlorobenzene,
120°C. Ar = 2,6-diisopropylphenyl.

Compound 5 having larger transition dipole moment than
those of 2 and 3 displays the broader absorption in toluene
reaching to 800 nm, and shows distinct NIR emission from ca.
12
700 to 900 nm with ΦF of 10%. To achieve large Stokes shift,
flexibility of the phenothiazine plays important role, and the
relatively high ΦF is accompanied by restraint of the one. No
fluorescence was observed in other polar solvents, indicating
that the PET occurs because of the stronger donating
properties of the phenothiazine and the well-separated donoracceptor character judging from its MOs (Fig. S17).

to the flexibility of dimethylamino groups, changing their
fluorescence wavelength depending on the solvent. Finally the
relatively strong NIR emission is achieved by phenothiazinefused PBI with ΦF of 10% in toluene.
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Notes and references
‡Crystallographic data for 3: C64H56N4O4, Mw = 945.12,
monoclinic, space group P21 (#4), a = 10.9335(9), b =
3
13.6371(12), c = 22.866(2) Å, β = 98.801(2)°, V = 3369.2(5) Å , T
= 90(2) K, Z = 2, reflections measured 19412, 12991 unique. The
2
final R1 was 0.0797 (> 2σ(I)), and the final wR on F was 0.2357
(all data), GOF = 0.940. Crystallographic data for 5: C64H56N4O4,
Mw = 945.12, monoclinic, space group P-1 (#2), a = 10.9335(9), b
3
= 13.6371(12), c = 22.866(2) Å, β = 98.801(2)°, V = 3369.2(5) Å ,
T = 103(2) K, Z = 1, reflections measured 19412, 12991 unique.
2
The final R1 was 0.0797 (> 2σ(I)), and the final wR on F was
0.2357 (all data), GOF = 1.001. The contributions to the
scattering arising from the presence of disordered solvents in
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SQUEEZE in the PLATON software package.
1
2
3

4
5

6
7
8
Fig. 7. UV-vis-NIR absorption (black) and fluorescence (blue) spectra of 5 in toluene.
Inset illustrates X-ray crystal structure of 5‡ (30% probability).

In summary, we succeeded in the synthesis of anilinelinked PBI 1 and its fusion reaction by the strong oxidation.
During this study, we found an unexpected rearrangement
reaction of 1 under the strong acidic conditions at high
temperature. To the best of our knowledge, this is the first
report of rearrangement of substituents on the PBI. The fused
products 2 and 3 are emissive and exhibit TICT character owing
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