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a b s t r a c t

Five new 2,20-bipyridines functionalized with a perylene or a perylenediimide moiety were synthesized
and the corresponding heteroleptic ruthenium(II) complexes ([Ru(bpy)2(L)](PF6)2; bpy = 2,20-bipyridyl,
L = perylene-substituted bpy ligand) were prepared. The UV–vis spectra of the ruthenium(II) complexes
showed red-shifted and intense absorption bands derived from the conjugated structure of the new
ligands.

� 2013 Elsevier Ltd. All rights reserved.
Transition metal complexes with multidentate N-heterocyclic
ligands have been attracting a great deal of interest because of their
wide variety of applications in dye-sensitized solar cells (DSSCs),1

organic light-emitting diodes,2 nonlinear optical materials,3 and
so on. To develop more potent materials, the complexes should effi-
ciently absorb visible light through metal-to-ligand charge transfer
(MLCT) transition. Because the physical properties of the complexes
can be easily controlled by structural modification of the ligands,
various types of ligands have been reported to improve the absorp-
tion properties.4 In particular, bidentate ligands based on 2,20-
bipyridines (bpy) are some of the most intensely studied class of
compounds because of their synthetic accessibility and reliable
coordination ability. A promising method to enhance the absorption
property is extension of the p-conjugated system of ligands. Many
bpy-based ligands covalently linked with aromatic moieties to
extend p-conjugation have been reported to achieve efficient
absorption of visible light as well as the longer excited state lifetime
of their metal complexes.5 For example, it was reported that ruthe-
nium(II) complexes consisting of bpy-pyrene-conjugated ligands
stabilized the excited state sufficiently enough to promote bimolec-
ular electron-transfer reactions.5e,f

Perylene and perylenediimides (PDIs) are photochemically
stable chromophores with large p-conjugated systems and rigid
planar structures. Owing to these advantages, they have been
widely applied to fluorescent sensors, organic field-effect
transistors, and so on.6 Therefore, the perylene chromophore is a
candidate to improve the optical properties of the bpy-based
ligands and provide a red-shift of MLCT absorption band and an
increased molar extinction coefficient of the metal complexes.
Because 2,20-bipyridines equipped with perylene moieties have
been rarely reported,7 we describe the synthesis of five novel
2,20-bipyridines functionalized with a perylene moiety (L1–L5,
Fig. 1) and their heteroleptic ruthenium(II) complexes, [Ru(bpy)2(-
L)](PF6)2. In addition, we compare the characteristics of the Ru
complexes on the basis of their photophysical properties.

Synthesis of ligands L1 and L2 containing PDI units and deriva-
tization to L3 containing a diamine moiety are shown in Scheme 1.
Both L1 and L2 are unsymmetrical PDIs with different substituents
on each imide nitrogen atom and have been synthesized according
to the two established strategies. According to the literature,
tetrabromo-substituted N,N0-dihexyl-PDI 3 was prepared from
commercially available perylene-3,4,9,10-tetracarboxylic dianhy-
dride 1.8 Partial hydrolysis of 3 under basic conditions in an aque-
ous t-BuOH solution afforded the mixed imide-anhydride 4;
subsequent imidation of the precursor 4 with 4-amino-2,20-bipyr-
idine 79 afforded L1 in moderate yield.10 In order to improve the
solubility of the ligand, a longer alkyl chain was introduced on
the imide group of L2. Unsymmetrical PDI L2 was obtained in good
yield by partial hydrolysis of 1 followed by successive imidation
with two different amines, octadecylamine and 7.11 Diamine ligand
L3 was synthesized by hydride reduction of diimide L2 with
LiAlH4/AlCl3 mixed system, which was applied to reduce N,N0-dibu-
tyl-PDI derivatives to the corresponding diamines.12
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Figure 1. Structures of perylene-functionalized 2,20-bipyridines (L1–L5) and their ruthenium(II) complexes prepared in this study.
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Scheme 1. Synthetic routes to the perylene-functionalized 2,20-bipyridine ligands (L1–L3). Reagents and conditions: (a) Br2, cat. I2, fuming H2SO4, concd H2SO4, D; (b)
C6H13NH2, C2H5COOH, D (69% from 1); (c) (i) KOH, t-BuOH, D; (ii) 2N HCl (56%); (d) compound 7, cat. DMAP, dry quinoline, D (75%); (e) KOH, AcOH/H2O, D; (f) C18H37NH2, n-
PrOH/H2O, D (67% from 1); (g) compound 7, cat. DMAP, quinoline, D (75%); (h) AlCl3, LiAlH4, dry THF, 0 �C to reflux temperature (41%).
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Two remaining ligands L4 and L5 were synthesized according
to Schemes 2 and 3, respectively. The new ligand L4 has a simple
molecular structure, where perylene is directly attached to the
bpy unit, and was expected to expand the absorption range of
the visible light. It was successfully obtained by coupling of 4-
bromo-2,20-bipyridine 813 and perylene boronic ester 1214 in high
yield (86%) under the usual Suzuki–Miyaura coupling conditions.
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Scheme 2. Synthetic routes to the perylene-functionalized 2,20-bipyridine ligand (L4). Re
B(OMe)3, �78 �C to rt; (c) pinacol, MS 3A, dry toluene D (80% from 10); (d) compound
In order to further extend the p-conjugated system of ligand L4,
L5 was designed as the perylenyl group that was replaced with a
perylenylvinyl moiety and introduced into the bpy unit. The
synthesis of L5 was carried out according to the Horner–Wads-
worth–Emmons reaction, which is known to afford E-alkene
selectively. One required precursor, 3-formylperylene 18, was
prepared in good yield from 9 by the Vilsmeier–Haack reaction.15
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agents and conditions: (a) NBS, dry THF, rt (83%); (b) (i) n-BuLi, dry THF, �78 �C; (ii)
8, cat. Pd(PPh3)4, 2 N K2CO3, EtOH/toluene, D (86%).
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Scheme 3. Synthetic routes to the perylene-functionalized 2,20-bipyridine ligand (L5). Reagents and conditions: (a) mCPBA, CHCl3, 0 �C to rt (75%); (b) (i) Ac2O, D; (ii) 10%
NaOH, D (46%); (c) 48% HBr, concd H2SO4, D (91%); (d) P(OEt)3, CHCl3, D (42%); (e) DMF, POCl3, dry o-dichlorobenzene, D (82%); (f) t-BuOK, dry THF, rt (94%).

Table 1
UV–vis absorption and emission data of the Ru(II) complexes (1.0 � 10�5 M)

Ru complex kabs, nm (e, M�1 cm�1) kem, nm

[Ru(bpy)2(L1)](PF6)2 441(41,000), 500 (54,000), 533 (71,000) 569
[Ru(bpy)2(L2)](PF6)2 461 (41,000), 492 (51,000), 528 (62,000) 567
[Ru(bpy)2(L3)](PF6)2 431 (37,000), 457 (44,000), 520 (26,000) 583, 637
[Ru(bpy)2(L4)](PF6)2 453 (44,000) 469, 495
[Ru(bpy)2(L5)](PF6)2 488 (60,000) 538
[Ru(bpy)3](PF6)2 426 (26,500), 454 (33,100) 510, 611

5516 K. Kodama et al. / Tetrahedron Letters 54 (2013) 5514–5517
The other precursor, phosphonate 17, was a known compound
and synthesized in four steps from 4,40-dimethyl-2,20-bipyridine
13 by oxidation, esterification and followed by hydrolysis, bro-
mination, and the subsequent Michaelis–Arbuzov reaction with
triethylphosphite.5e,16 Finally, L5 was obtained in high yield
(94%) from 17 and 18 in the presence of t-BuOK in tetrahydrofu-
ran (THF) solution. The five heteroleptic ruthenium(II) complexes
[Ru(bpy)2(L)](PF6)2 consisting of one perylene-containing L and
two 2,20-bipyridine molecules were prepared by mixing Ru(bpy)2-

Cl2�2H2O and L, followed by anion exchange by the addition of
saturated KPF6 solution. The obtained ruthenium(II) complexes
were characterized by ESI-MS spectroscopy.

The UV–vis absorption spectra of ruthenium(II) complexes in
dimethylformamide (DMF) solution are shown in Figure 2. Absorp-
tion maxima together with molar extinction coefficients are sum-
marized in Table 1. The spectra of [Ru(bpy)2(L1)] and
[Ru(bpy)2(L2)] complexes show a similar profile and three absorp-
tion maxima appeared at approximately 450, 500, and 530 nm.
These maxima are characteristic for PDI-localized p–p⁄ transition
while some overlap of MLCT transitions is present between 420
and 500 nm.6e,17 A slight red-shift of the absorption of [Ru(bpy)2(-
L1)] compared with [Ru(bpy)2(L2)] would result from the reso-
nance effect of four bromo substituents at the bay positions of
PDI in L1.18 The complex [Ru(bpy)2(L3)] with two amino groups
in the ligand showed a broad absorption peak with two maxima
at 431 and 457 nm and a shoulder peak at 520 nm. The two higher
energy bands were assigned to p–p⁄ transitions of L3 while the
broad absorption and the shoulder peak can be attributed to a
spin-forbidden MLCT transition. In contrast to the above three
complexes, the complex [Ru(bpy)2(L4)] showed one broad absorp-
tion peak with a maximum at 453 nm. It was suggested that MLCT
transition as well as p–p⁄ transition of the perylene moiety of L4
Figure 2. UV–vis absorption spectra of the Ru(II) complexes in DMF at room
temperature with a concentration of 1.0 � 10�5 M.
contributed to the absorption. Although the molar extinction coef-
ficient was increased compared with that of [Ru(bpy)3], it was not
clear whether the p-conjugated system in L4 was extended by the
directly coupled perylene moiety with a bpy unit. Such an influ-
ence by the extended p-conjugation of the bpy-based ligands
was clearly observed for the complex [Ru(bpy)2(L5)], which
showed a broad and intense absorption peak at 400–600 nm. The
significant red-shift of kmax, approximately 30 nm, and higher
absorptivity probably resulted from the introduction of a p-conju-
gated perylenylvinyl moiety in L5.

The emission spectra of ruthenium(II) complexes in CH3CN are
shown in Figure 3. All complexes exhibited emission at ambient
temperature when the excitation wavelength was 450 nm (Ta-
ble 1). The patterns of emission behavior of [Ru(bpy)2(L1)] and
[Ru(bpy)2(L2)] were similar, and their emission maxima were
567–583 nm accompanied by a shoulder peak at 600–650 nm. As
is the case in their absorption spectra, it is suggested these emis-
sions are dominated by the PDI unit and partially contributed by
MLCT transition.6c Notably, the shoulder peak of [Ru(bpy)2(L3)],
which can be assigned to the MLCT emission, was red-shifted by
approximately 30 nm compared with [Ru(bpy)3] and other two
Figure 3. Emission spectra of the Ru(II) complexes in degassed CH3CN at room
temperature with a concentration of 1.0 � 10�5 M (kex = 450 nm).



Table 2
Simulated UV–vis energy transitions of [Ru(bpy)2(L4)] predicted by the TD-DFT
method in DMF.

kcalcd, nm Oscillator
strength (f)

Principal component
of excitation

543 0.283 HOMO ? LUMO, HOMO ? LUMO+1
506 0.035 HOMO ? LUMO+1, HOMO�1 ? LUMO+1
457 0.650 HOMO ? LUMO+3, HOMO�3 ? LUMO
430 0.082 HOMO�2 ? LUMO, HOMO�3 ? LUMO+2
427 0.132 HOMO�3 ? LUMO+1, HOMO�2 ? LUMO+2

Figure 4. Schematic drawings of the selected frontier orbitals of [Ru(bpy)2(L4)].

K. Kodama et al. / Tetrahedron Letters 54 (2013) 5514–5517 5517
complexes. On the other hand, the complex [Ru(bpy)2(L4)] showed
an emission with maxima at 469 and 495 nm, which was similar to
that of a known 2,20-bipyridine derivative modified with the pery-
lene moiety.7a This result indicates that MLCT emission is com-
pletely quenched by the triplet excited state of L4, and
intraligand emission from the perylene moiety is predominant.19

A similar situation was observed for the complex [Ru(bpy)2(L5)]
while the entire emission spectrum is red-shifted and the intensity
was increased because of the extended p-conjugation system of
the ligand.

To gain insight into the spectral properties of the complex, the
absorption spectrum of [Ru(bpy)2(L4)] was calculated using the
TD-DFT method in DMF. The calculated energy and oscillator
strength (f) are summarized in Table 2 and the predicted spectrum
is shown in Figure S1. The simulated spectrum shows a broad
absorption band and matched well with the experimental one.
The most intense absorption band centered at kcalcd = 457 nm re-
sulted from the two transitions, HOMO to LUMO+3 and to a lesser
extent, HOMO-3 to LUMO orbitals. From the visual inspection of
the molecular orbitals depicted in Figure 4, the former bears intral-
igand p-p⁄ transition of L4 while the latter is mainly contributed
by the MLCT transition from Ru center to bipyridine moiety of
L4. This result suggests that bpy moiety in L4 was distinguished
from other two bpy ligands due to the conjugation with the pery-
lene moiety.

In conclusion, we successfully synthesized five novel 2,20-bipyr-
idine-based ligands L1–L5 functionalized with a perylene moiety
and also prepared a series of heteroleptic ruthenium(II) complexes
[Ru(bpy)2(L)](PF6)2. They showed different absorption and emis-
sion properties that depend on the structure of the perylene moi-
ety and the size of the p-conjugation system. The insight
presented here helps further design of metal complexes with broad
and red-shifted absorption properties that can be utilized as sensi-
tizers in DSSCs and photoredox reactions.

Supplementary data

Supplementary data (detailed experimental procedures, charac-
terization of the materials, and simulated UV–vis spectrum) asso-
ciated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.tetlet.2013.07.150.
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