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Highly phosphorescent iridium(III) complexes
based on 2-(biphenyl-4-yl)benzo[d]oxazole
derivatives: synthesis, structures, properties and
DFT calculations†

Zhi-Gang Niu,‡a Tao Zheng,‡a You-Hui Su,a Peng-Jiang Wang,a Xiao-Yan Li,a

Feng Cui,a Jiao Lianga and Gao-Nan Li*ab

Five new bis-cyclometalated iridium(III) complexes, [(bpbo)2Ir(acac)] (3a), [(fbpbo)2Ir(acac)] (3b), [(Mebpbo)2Ir(acac)]

(3c), [(3,5-f2bpbo)2Ir(acac)] (3d) and [(2,4-f2bpbo)2Ir(acac)] (3e) (bpbo = 2-(biphenyl-4-yl)benzo[d]oxazole, fbpbo =

2-(40-fluoro-[biphenyl]-4-yl)benzo[d]oxazole, Mebpbo = (40-methyl-[biphenyl]-4-yl)benzo[d]oxazole, 3,5-f2bpbo =

2-(30,50-difluoro-[biphenyl]-4-yl)benzo[d]oxazole, 2,4-f2bpbo = 2-(20,40-difluoro-[biphenyl]-4-yl)-

benzo[d]oxazole, acac = acetylacetone), have been synthesized and fully characterized. A single crystal

X-ray diffraction study was carried out on complexes 3a–3d, which showed that each adopted the distorted

octahedral coordination geometry with the cis-C,C0 and trans-N,N0 arrangement. All Ir(III) complexes are

luminescent (560–566 nm) with quantum yields of 3.6–53.5% and lifetimes of 0.282–0.382 ms in solution at

298 K. The spectroscopic and redox characterisation of these complexes were complemented by DFT and

TD-DFT calculations, supporting the assignment of 3MLCT/LC to the emissive character.

Introduction

Organic light-emitting diodes (OLEDs), as a promising technology
for practical optoelectronic applications, have received considerable
attention.1–4 Particularly, luminescent iridium-based complexes play
an important role in the fabrication of efficient OLEDs on account of
their relatively short phosphorescence lifetimes, high quantum
efficiencies, easily sublimable feature, and excellent color tenability.5

Numerous bis-cyclometalated complexes Ir(C4N)2L, where
C4N is a cyclometalated ligand and L is a chelating auxiliary
ligand, have been synthesized and their spectral properties
have been investigated.6–9 These studies show that the electro-
luminescent efficiency and the emission wavelength of devices
are affected mainly by the cyclometalated ligands. To achieve
the purpose, one strategy is to change the primary structure of the
C4N ligand such as pyridine,10 pyrazine,11 pyridazine,12 thiazole13

and imidazole.14 Another strategy is to vary the type of sub-
stituents on the C4N ligand such as electron-withdrawing sub-
stituents (–CF3, –CHO, –CN and –F)15 and electron-donating
substituents (–CH3, and –OCH3).16

In 2001, high-efficiency phosphor [(bo)2Ir(acac)] (Fem = 25%) was
first reported by Thompson et al.17 Subsequently, [(tbo)2Ir(acac)],
[(tmbo)2Ir(acac)], [(mpbo)2Ir(acac)] and [(fmbo)2Ir(acac)] were
synthesized and used as emitting materials in OLEDs due to
their high phosphorescence quantum yield.18–21 However, to date,
there have been no more reports about (bo)2Ir(acac) derivatives
with substituents on the benzoxazole ring.

To obtain more efficient bo-based Ir(III) complex, the approach
we chose was to increase the size of the bo ligand p system and
introduce different groups on the C4N ligand. Herein, a series of
phenyl-modificative benzoxazole cyclometalated ligands (2a–2e)
has been prepared. Based on these new ligands, five corresponding
Ir(III) complexes 3a–3e have been synthesized. The photophysical
and electrochemical properties of these complexes are investigated.
Moreover, the absorption spectra are rationalized on the basis of
density functional theory (DFT) and time-dependent DFT (TDDFT).

Results and discussion
Synthesis and characterization

As illustrated in Scheme 1, compound 1 was prepared by the
cyclization reaction of 4-bromobenzoic acid with 2-aminophenol
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in the presence of polyphosphoric acid (PPA). The cyclometalated
ligands 2a–2e were obtained by the Suzuki reaction between
compound 1 and the corresponding substituted phenylboronic
acids. Then, the chloride-bridged iridium dimer was synthesized
by iridium trichloride hydrate with 2a–2e according to a similar
method reported by Nonoyama.22 Subsequently, the obtained
diiridium complexes were converted to iridium(III) complexes
3a–3e by replacing the two bridging chlorides with a bidentate
monoanionic acetylacetone ligand in good yields.

Structural description

The crystal structures of 3a–3d were determined by X-ray
diffraction analysis, and the ORTEP diagrams are shown in
Fig. 1. The crystallographic refinement parameters are listed in
Table 1; selected bond lengths and bond angles are showed
in Table S1 (ESI†).

As shown in Fig. 1, each [(C4N)2Ir(acac)] iridium complex
possesses the distorted octahedral coordination geometry with
the C and N atoms of bpbo-based cyclometalated ligands and
the O atoms of acetylacetonate ancillary ligand. Simultaneously, two
bpbo-based ligands adopt cis-C,C0 and trans-N,N0 configuration,
which is typical for heteroleptic iridium complexes. In all cases,
the bond lengths of Ir–N (2.025–2.042 Å), Ir–C (2.002–2.017 Å)
and Ir–O (2.123–2.147 Å) are close to those in previously reported
[(C4N)2Ir(acac)] systems.23,24 The C–Ir–N bite angles of the bpbo-
based ligands [79.69(19)–80.58(19)1] are slightly smaller than O–Ir–O
bite angles of acac ligands [88.29(9)–89.2(2)1]. This may be due to the
rigid effect of the five-membered ring at the metal center.25

In each case, the angles of atoms on the para positions of the
octahedron range from 174.26(16)1 to 176.86(15)1 for 3a, 172.99(18)1
to 175.57(17)1 for 3b, 173.92(11)1 to 176.36(11)1 for 3c and 172.1(3)1
to 176.37(17)1 for 3d. It is noteworthy that two bpbo-based ligands
are all pushed away from the ancillary ligands, leading to the
fact that N–Ir–N all bend in the reverse direction of acac groups.
In addition, one of the phenyl rings is almost fixed in the

parallel position with the benzoxazole ring, whereas another
phenyl ring is twisted out of planarity from the aforementioned
fragment by 45.9481 (3a), 38.5171 (3b), 42.9061 (3c) and 33.8931
(3d).

Photophysical properties

The UV-vis absorption spectra of complexes 3a–3e in CH2Cl2

solution are depicted in Fig. 2, and the data are provided in
Table 2. All Ir(III) complexes yielded similar absorption spectra.
Intense absorption bands from 220 to 360 nm at lower wavelengths
are observed, which can be attributed to the spin-allowed ligand-
centered 1p–p* transitions arising from both the cyclometalated
and ancillary ligands. The mixed spin-allowed 1MLCT and spin-
forbidden 3MLCT transitions occur in the range of 380–450 nm at
longer wavelengths.26–29 In comparison with 3a, the lowest lying
absorption bands for complexes 3b–3e are red-shifted, presumably
resulting from substituent changes on the bpbo framework. More-
over, the absorption band in the latter low-energy region is similar,
which suggests that the energy gap between HOMO and LUMO are
almost the same.

Emission properties

Photoluminescence (PL) emission spectra of complexes 3a–3e
in degassed CH2Cl2 solution and in solid state are displayed in
Fig. 3, and the corresponding data are also summarized in
Table 2. Emission spectra in the solution (Fig. 3a) exhibit the
broad emission maxima at 560–566 nm together with a
shoulder peak at about 600 nm, indicating that their emissive
excited states have 3MLCT character and ligand-centered (3LC)
character.30,31 Specially, the emission bands are significantly
red-shifted compared to that of (bo)2Ir(acac) (525 nm).17 This is
dependent on the fact that the introduction of the phenyl ring
into the benzoxazole group expands the conjugation system,
which is favourable for the red shift in the emission color.17,32,33

As for complex 3d, an approximately 6 nm red shift relative to the

Scheme 1 Synthetic routes of Ir(III) complexes 3a–3e.
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Fig. 1 ORTEP views of 3a–3d with the atom-numbering scheme at the 50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity.

Table 1 Crystallographic data for complexes 3a–3d

3a 3b 3c 2(3d)�CCl4

Formula C43H31IrN2O4 C43H29F2IrN2O4 C45H35IrN2O4 C87H54Cl4F8Ir2N4O8

Mr 831.90 867.88 859.97 1961.54
Crystal system Monoclinic Monoclinic Triclinic Tetragonal
Space group P21/n P21/n P%1 P42/n
Wavelength (Å) 0.7107 0.7107 1.5418 0.7107
X-radiation (graphite monochromator) Mo-Ka Mo-Ka Cu-Ka Mo-Ka
T (K) 293(2) 293(2) 293(2) 120(10)
a (Å) 10.0973(3) 12.8015(6) 11.2055(3) 14.81340(16)
b (Å) 24.0180(9) 21.5451(8) 12.7447(5) 14.81340(16)
c (Å) 14.6736(4) 13.7718(8) 14.5575(5) 17.0733(4)
a (1) 90 90 65.313(4) 90
b (1) 100.473(3) 112.598(6) 87.690(2) 90
g (1) 90 90 77.970(3) 90
V (Å3) 3499.32(19) 3506.7(3) 1844.90(12) 3746.50(11)
Z 4 4 2 2
rc (g cm�3) 1.579 1.644 1.548 1.739
F(000) 1648 1712 856 1924
Absorption coefficient (mm�1) 3.862 3.865 7.375 3.774
Index ranges �12 r h r 12 �15 r h r 15 �13 r h r 9 �17 r h r 17

�30 r k r 18 �26 r k r 23 �15 r k r 15 �17 r k r 17
�15 r l r 18 �12 r l r 17 �17 r l r 17 �20 r l r 19

GOF (F2) 1.065 1.026 1.076 1.054
R1

a, wR2
b (I 4 2s(I)) 0.0385, 0.0698 0.0480, 0.1051 0.0245, 0.0578 0.0329, 0.0796

R1
a, wR2

b (all data) 0.0590, 0.0765 0.0778, 0.1186 0.0290, 0.0605 0.0485, 0.0901

a R1 =
P

JFo| � |FcJ/
P

|Fo|. b wR2 = [
P

w(Fo
2 � Fc

2)2/
P

w(Fo
2)]1/2.
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other four complexes was discovered. The result is dependent on
the fluorination on the bpbo ligand. For solid state emissions
(Fig. 3b), all these complexes have a stronger bathochromic
effect than those in the solution state, which is consistent with
the excimer formation arising from p–p stacking interactions in
the solid state.28

Phosphorescence relative quantum yields (F) of 3a–3e in
dichloromethane solution were measured to be 3.6–53.5%
(Table 2) at room temperature using typical phosphorescent
fac-Ir(ppy)3 as a standard (F = 0.40). Compared with the parent
complex 3a (F = 0.036), the introduction of the electron-
withdrawing group (–F) in complexes 3b, 3d and 3e result in

the significant increase of the phosphorescence quantum yield.
Relatively, the electron-donating group (–CH3) leads to a weak
increase in the phosphorescence quantum yield for complex 3c.
This is probably because the presence of the C–F bonds could
reduce the radiationless deactivation rate in comparison with
C–H bonds.34,35 Remarkably, the emission quantum yield for
3d is 0.535, which makes it distinctive as the most strongly
emissive one in the family of complexes.

Phosphorescence (solution) is observed in all cases with
microsecond lifetimes at room temperature, ranging from 0.282
to 0.382 ms, which suggests a possible triplet nature of the emissive
excited state. The relatively short ‘‘triplet’’ lifetimes arise from spin–
orbit coupling-induced mixing of singlet spin character into the
excited state, which, in turn, enhances mixing with the ground
state.36

Theoretical calculations

Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed for complexes 3a–3e to explore the
origin of each band in the ultraviolet absorption spectra. The
HOMO–LUMO energy-level diagrams for these complexes and the
energy gap are presented in Fig. 4. The calculated spin-allowed
electronic transitions are provided in Table 3 and Table S2 (ESI†),
as well as compared with the experimental absorption spectra
data. The electron density distributions are summarized in
Table S3 (ESI†).

We mainly focus on the lowest-energy electronic transition
(430 nm for 3a, 438 nm for 3b, 438 nm for 3c, 440 nm for 3d and

Fig. 2 Absorbance spectra of 3a–3e in degassed CH2Cl2 solution at room
temperature.

Table 2 Photophysical and electrochemical data for complexes 3a–3e

Complex

Emission

Absorptiona

labs (nm)

Solution Solid

lem
a/nm ta/ms Fem

b/% lem/nm

3a 227, 270, 313, 349, 378, 430 562 0.382 3.6 565
3b 225, 270, 312, 353, 390, 438 560 0.282 11.7 560
3c 227, 271, 316, 357, 390, 438 561 0.295 6.0 559
3d 225, 271, 309, 355, 389, 440 566 0.294 31.2 570
3e 226, 271, 309, 355, 388, 438 562 0.313 53.5 560

a Data were collected from degassed CH2Cl2 solutions at room temperature. b fac-Ir(ppy)3 as referenced standard (0.4).42

Fig. 3 Normalized emission spectra of 3a–3e in degassed CH2Cl2 solution (a) and solid state (b) at room temperature.
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438 nm for 3e). For all species, the electron density in HOMO is
mainly dominated by iridium d orbitals and p-orbitals of
biphenyl parts of the bpbo ligands, whereas the LUMO is mainly
located on the whole bpbo ligands. The TD-DFT-derived optical
band gap (HOMO–LUMO) is overestimated for all complexes (Fig. 4
and Table 4), as is expected for such DFT calculations. From
Table 3, it can be seen that the HOMO–LUMO transitions of these
Ir(III) complexes show a mixed character of the MLCT and the
intraligand p–p* transitions. In the cases of 3d, the fluorination at
the 3,5-positions of bpbo moiety lowers the energy levels of HOMO/
LUMO and reduces the HOMO–LUMO energy gap, thereby leading
to a red-shifted emission. This observation correlates well with the
photophysical properties discussed above.

Time-dependent DFT (TDDFT) calculations were performed at
the ground state geometries to derive vertical excitation energies

and hence simulated optical absorption spectra. TDDFT derived
spectra for 3a–3e (with experimental spectra overlaid) are given in
Fig. S1 (ESI†). From Fig. S1 and Table S2 (ESI†), it can be seen that
the energies of the calculated transitions are in good agreement
with the experimentally recorded spectra.

Electrochemical properties

The electrochemical behaviors of these iridium complexes were
investigated by cyclic voltammetry, and the electrochemical
waves are shown in Fig. 5. On the basis of these results, the
HOMO and LUMO energy levels are also estimated and summarized
in Table 4. As depicted in Fig. 5, the complexes 3a–3e exhibit a
reversible one-electron oxidation peak around 1.16–1.26 V, which are
attributed to the oxidation of Ir(III) to Ir(IV).37,38 On the basis of the
potentials of the oxidation, the HOMO energy is deduced by the
equation EHOMO =�(Eox + 4.8 eV).39 From the results (Table 4), it can
be seen that complexes 3b and 3e have the close HOMO values
(�6.00 and �6.01 eV), which are lower than that of 3a (�5.98 eV),
and 3d has the lowest one of all (�6.06 eV). On the contrary, 3c has
the highest HOMO values (�5.96 eV). These findings indicate that
the electron-donating group (–CH3) can improve the HOMO energy
levels, whereas the electron-withdrawing fluorine atoms lower them
effectively, particularly the substitution of F at the 3,5-position. As
compared with the theoretical calculation results, it can be seen that
the HOMO orbital energy also reveals the order as 3c 4 3a 4 3b E
3e 4 3d. The energy levels of the lowest unoccupied molecular
orbital (LUMO) were obtained from the HOMO and Eopt,g values.

Fig. 4 Molecular orbital energy-level diagrams of HOMOs and LUMOs in the iridium complexes 3a–3e.

Table 3 Main experimental and calculated optical transitions for complexes 3a–3e

Complex Orbital excitations Nature of transition Oscillation strength Calcd (nm) Exptl (nm)

3a HOMO - LUMO Ir(dp)/Lbpbo(p) - Lbpbo(p*) 0.1231 439 430
3b HOMO - LUMO Ir(dp)/Lfbpbo(p) - Lfbpbo(p*) 0.1246 438 438
3c HOMO - LUMO Ir(dp)/LMebpbo(p) - LMebpbo(p*) 0.1287 438 438
3d HOMO - LUMO Ir(dp)/L3,5-f2bpbo(p) - L3,5-f2bpbo(p*) 0.1192 443 440
3e HOMO - LUMO Ir(dp)/L2,4-f2bpbo(p) - L2,4-f2bpbo(p*) 0.1171 440 438

Table 4 Experimental and theoretical HOMO, LUMO, energy band gaps
of complexes 3a–3e (eV)

Complex Eox HOMOa Eopt,g
b LUMOc HOMOd LUMOd

3a 1.18 �5.98 2.39 �3.59 �5.33 �1.80
3b 1.20 �6.00 2.33 �3.67 �5.35 �1.82
3c 1.16 �5.96 2.35 �3.61 �5.31 �1.78
3d 1.26 �6.06 2.30 �3.76 �5.42 �1.93
3e 1.21 �6.01 2.31 �3.70 �5.35 �1.83

a HOMO energies are deduced from the equation HOMO = �(Eox + 4.8 eV).
b Optical band gaps obtained from the absorption edge. c LUMO = HOMO +
Eopt.g. d Obtained from theoretical calculations.
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It can be observed that 3d has the lowest LUMO energy level
compared with other complexes based on experimental and
theoretical data, indicating the stabilization of the LUMO orbital.
In addition, the Eopt,g values obtained from the absorption edge
have similar values ranging from 2.30 to 2.39 eV. The variation
tendency of band gaps obtained from experimental characteriza-
tion is approximately consistent with those obtained from DFT
calculations (Fig. 4).

Conclusion

In summary, a new family of cyclometalated [(C4N)2Ir(acac)]
iridium(III) complexes 3a–3e with two bpbo-based main ligands
and one acac ancillary ligand, has been synthesized and
characterized. Their photophysical properties, theoretical calcula-
tions and electrochemical behaviors have been investigated. The
molecular structures of complexes 3a–3d reveal that they all possess
pseudo-octahedral coordination geometry. Each Ir(III) complex
exhibits a yellow emission with a maximum main peak and a
shoulder peak, which is suggested to be a mixture of 3LC (3p–p*)
and 3CT (3MLCT) excited states. The theoretical calculations have
also been performed to rationalize the photophysical and electro-
chemical properties.

Experimental section
General methods
1H NMR spectra were recorded using a Bruker AM 400 MHz
instrument. Chemical shifts were reported in ppm relative to
Me4Si as internal standard. ESI-MS and MALDI-TOF-MS spectra
were recorded using an Esquire HCT-Agilent 1200 LC/MS
spectrometer and a Bruker Autoflex IITM TOF/TOF instrument,
respectively. UV-vis spectra were recorded using a Hitachi U3900/
3900H spectrophotometer. Fluorescence spectra were carried out
using a Hitachi F-7000 spectrophotometer. Luminescence lifetime
curves were measured using an Edinburgh Instruments FLS920P
fluorescence spectrometer, and the data were treated as one-order
exponential fitting using OriginPro 8 software.

The luminescence quantum efficiencies were calculated by
comparison of the fluorescence intensities (integrated areas) of a
standard sample fac-Ir(ppy)3 and the unknown sample according
to the equation40–42

Funk ¼ Fstd
Iunk

Istd

� �
Astd

Aunk

� �
Zunk
Zstd

� �2

where Funk and Fstd are the luminescence quantum yield values of
the unknown sample and fac-Ir(ppy)3 solutions (Fstd = 0.4),42

respectively. Iunk and Istd are the integrated fluorescence intensities
of the unknown sample and fac-Ir(ppy)3 solutions, respectively.
Aunk and Astd are the absorbance values of the unknown sample
and fac-Ir(ppy)3 solutions at their excitation wavelengths, respec-
tively. Zunk and Zstd represent the refractive indices of the corre-
sponding solvents (pure solvents were assumed).

Materials

IrCl3�3H2O and other chemicals were obtained from commercial
resources and used without further purification. All solvents were
purified and dried by standard procedures. All of the reactions
dealing with air sensitive reactions were carried out in a nitrogen
atmosphere.

Syntheses

2-(4-Bromophenyl)benzo[d]oxazole (1). A mixture of 2-hydroxy-
benzoic acid (920 mg, 4.58 mmol) and 2-aminophenol (500 mg,
4.58 mmol) in polyphosphoric acid (20 mL) was heated at 180 1C
under nitrogen for 2 h. The reaction mixture was poured into ice-
water and adjusted to pH = 8–9 by addition of solid NaOH. The
mixture was extracted with ethyl acetate, and the combined
organic layers were washed with brine. After drying with anhy-
drous Na2SO4, the crude product was purified by column chro-
matography with petroleum ether/ethyl acetate (100 : 1) to afford
pure product 1 (765 mg, yield: 60.9%) as a white solid. 1H NMR
(400 MHz, CDCl3) d 8.14 (d, J = 7.6 Hz, 2H), 7.77–7.79 (m, 1H), 7.68
(d, J = 8.0 Hz, 2H), 7.59–7.60 (m, 1H), 7.37–7.39 (m, 2H). MS-ESI:
m/z 274.1, 276.1 (M + 1).

2-([Biphenyl]-4-yl)benzo[d]oxazole (bpbo, 2a). A mixture of 1
(150 mg, 0.55 mmol), benzeneboronic acid (80 mg, 0.66 mmol),
Pd(dppf)2Cl2 (25 mg) and potassium acetate (230 mg, 1.66 mmol)
was dissolved in anhydrous 1,4-dioxane (10 mL) and heated at
90 1C under nitrogen for 10 h. After cooling to room tempera-
ture, the mixture was poured into water (20 mL) and extracted
with dichloromethane. The combined organic layers were dried
with anhydrous Na2SO4 and concentrated in vacuum. The crude
product was purified by column chromatography with petroleum
ether/ethyl acetate (50 : 1) eluent to afford pure product 2a
(135 mg, yield: 90.9%) as a white solid. 1H NMR (400 MHz,
CDCl3) d 8.35 (d, J = 8.0 Hz, 2H), 7.77–7.79 (m, 3H), 7.69 (d, J =
7.2 Hz, 2H), 7.59–7.61 (m, 1H), 7.48 (d, J = 7.2 Hz, 2H), 7.39–7.43
(m, 3H). MS-ESI: m/z 272.2 (M + 1).

2-(40-Fluoro-[biphenyl]-4-yl)benzo[d]oxazole (fbpbo, 2b). 2b
was obtained by a method similar to the preparation of 2a
using 4-fluorophenylboronic acid instead of benzeneboronic
acid (152 mg, yield: 92.4%). 1H NMR (400 MHz, CDCl3) d 8.34

Fig. 5 Cyclic voltammograms for complexes 3a–3e in CH2Cl2 solution
containing n-Bu4NClO4 (0.1 M) at a sweep rate of 100 mV s�1.
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(d, J = 8.0 Hz, 2H), 7.79–7.81 (m, 1H), 7.72 (d, J = 8.0 Hz, 2H),
7.61–7.66 (m, 3H), 7.37 (dd, J1 = 2.4 Hz, J = 8.8 Hz, 2H), 7.17
(d, J = 8.4 Hz, 2H). MS-ESI: m/z 290.1 (M + 1).

(40-Methyl-[biphenyl]-4-yl)benzo[d]oxazole (Mebpbo, 2c). 2c
was obtained by a method similar to the preparation of 2a using
4-methylphenylboronic acid instead of benzeneboronic acid
(161 mg, yield: 91.7%). 1H NMR (400 MHz, CDCl3) d 8.32 (d, J =
8.0 Hz, 2H), 7.75–7.80 (m, 3H), 7.57–7.62 (m, 3H), 7.37–7.38 (m, 2H),
7.30 (d, J = 7.6 Hz, 2H), 2.43 (s, 3H). MS-ESI: m/z 286.1 (M + 1).

2-(30,50-Difluoro-[biphenyl]-4-yl)benzo[d]oxazole (3,5-f2bpbo,
2d). 2d was obtained by a method similar to the preparation of
2a using 3,5-difluorophenylboronic acid instead of benzene-
boronic acid (168 mg, yield: 91.6%). 1H NMR (400 MHz, CDCl3)
d 8.34 (d, J = 7.6 Hz, 2H), 7.80 (dd, J1 = 3.2 Hz, J2 = 6.0 Hz, 1H),
7.71 (d, J = 8.4 Hz, 2H), 7.61 (dd, J1 = 3.2 Hz, J2 = 6.0 Hz, 1H)
7.36–7.41 (m, 2H), 7.18 (d, J = 6.8 Hz, 2H), 6.82–6.88 (m, 1H).
MS-ESI: m/z 308.2 (M + 1).

2-(20,40-Difluoro-[biphenyl]-4-yl)benzo[d]oxazole (2,4-f2bpbo,
2e). 2e was obtained by a method similar to the preparation of
2a using 2,4-difluorophenylboronic acid instead of benzene-
boronic acid (153 mg, yield: 90.3%). 1H NMR (400 MHz, CDCl3)
d 8.34 (d, J = 8.0 Hz, 2H), 7.79–7.82 (m, 1H), 7.69 (d, J = 8.0 Hz,
2H), 7.60–7.63 (m, 1H), 7.45–7.51 (m, 1H), 7.37–7.40 (m, 2H),
6.93–7.02 (m, 2H). MS-ESI: m/z 308.2 (M + 1).

(bpbo)2Ir(acac) (3a). A mixture of IrCl3�3H2O (40 mg,
0.13 mmol) and the ligand 2a (76 mg, 0.28 mmol) in 6 mL of
ethoxyethanol and H2O (v : v = 2 : 1) was refluxed for 12 h. Upon
cooling to room temperature, the orange precipitate was collected
by filtration and washed with cooled ether and MeOH. After drying,
the crude product of choloro-bridged iridium dimer was used
directly in the next step without further purification. A mixture of
the abovementioned dimer, pentane-2,4-dione (5.0 equiv.) and
Na2CO3 (8.0 equiv.) was dissolved in ethoxyethanol (5 mL) and
refluxed for 10 h under nitrogen. The mixture was poured into
water, and the precipitate was collected. The crude solid was
purified by column chromatography with petroleum ether/
dichloromethane (10 : 1) eluent to afford pure product 3a (29 mg,
yield: 56.9%) as an orange solid. 1H NMR (400 MHz, CDCl3) d 7.70–
7.74 (m, 7H), 7.40–7.46 (m, 5H), 7.13–7.26 (m, 10H), 6.72 (s, 2H),
5.30 (s, 1H), 1.89 (s, 6H). MS (MALDI-TOF): m/z = 834.52, 735.09
(M-acac).

(fbpbo)2Ir(acac) (3b). 3b was obtained by a method similar to
the preparation of 3a as an orange solid (23 mg, yield: 58.7%).
1H NMR (400 MHz, CDCl3) d 7.70–7.74 (m, 4H), 7.60 (d, J =
7.6 Hz, 2H), 7.42–7.50 (m, 4H), 7.16–7.29 (m, 4H), 7.06 (d, J =
8.0 Hz, 2H), 6.90–6.94 (m, 4H), 6.65 (s, 2H), 5.29 (s, 1H), 1.89
(s, 6H). MS (MALDI-TOF): m/z = 870.55, 771.14 (M-acac).

(Mebpbo)2Ir(acac) (3c). 3c was obtained by a method similar
to the preparation of 3a as an orange solid (22 mg, yield:
53.6%). 1H NMR (400 MHz, CDCl3) d 7.68–7.72 (m, 4H), 7.61
(d, J = 6.8 Hz, 2H), 7.41–7.48 (m, 4H), 7.09–7.26 (m, 8H), 7.05
(d, J = 7.6 Hz, 2H), 6.71 (s, 2H), 5.29 (s, 1H), 2.29 (s, 6H), 1.89
(s, 6H). MS (MALDI-TOF): m/z = 862.62, 763.18 (M-acac).

(3,5-f2bpbo)2Ir(acac) (3d). 3d was obtained by a method similar
to the preparation of 3a as an orange solid (21 mg, yield: 57.7%).
1H NMR (400 MHz, CDCl3) d 7.74 (t, J = 7.2 Hz, 4H), 7.61

(d, J = 7.2 Hz, 2H), 7.44–7.53 (m, 4H), 7.07 (d, J = 7.6 Hz, 2H),
6.71 (d, J = 7.6 Hz, 4H), 6.60–6.65 (m4H), 5.30 (s, 1H), 1.89
(s, 6H). MS (MALDI-TOF): m/z = 906.56, 807.14 (M-acac).

(2,4-f2bpbo)2Ir(acac) (3e). 3e was obtained by a method
similar to the preparation of 3a as an orange solid (23 mg,
yield: 54.2%). 1H NMR (400 MHz, CDCl3) d 7.68–7.73 (m, 4H),
7.59 (d, J = 6.8 Hz, 2H), 7.42–7.47 (m, 4H), 7.03–7.09 (m, 4H),
6.69–6.74 (m, 4H), 6.60 (s, 2H), 5.28 (s, 1H), 1.82 (s, 6H). MS
(MALDI-TOF): m/z = 906.55, 807.13 (M-acac).

X-ray structure determination

X-ray diffraction data were collected with an Agilent Technologies
Gemini A Ultra diffractometer equipped with graphite-
monochromated Mo Ka radiation (l = 0.7107 Å) and Cu Ka
radiation (l = 1.5418 Å) at room temperature. Data collection
and reduction were processed with CrysAlisPro software.43 All
of the structures were solved using Superflip44 and refined
using SHELXL-201445 within Olex2.46 All non-hydrogen atoms were
found in alternating difference Fourier syntheses and least-squares
refinement cycles, and during the final cycles, refined aniso-
tropically. Hydrogen atoms were placed in calculated positions
and refined as riding atoms with a uniform value of Uiso.

Electrochemical measurements

Cyclic voltammetry (CV) was performed using a CHI 1210B
electrochemical workstation, with a glassy carbon electrode as
the working electrode, a platinum wire as the counter electrode,
an Ag/Ag+ electrode as the reference electrode, and 0.1 M
n-Bu4NClO4 as the supporting electrolyte.

Computational details

All calculations were carried out with the Gaussian 09 software
package.47 The density functional theory (DFT) and time-dependent
DFT (TDDFT) were employed with no symmetry constraints to
investigate the optimized geometries and electron configurations
with the Becke three-parameter Lee–Yang–Parr (B3LYP) hybrid
density functional theory.48–50 The LANL2DZ basis set was used
to treat the Ir atom, whereas the 6-31G* basis set was used to treat
C, H, O, N and F atoms. Solvent effects were considered within the
SCRF (self-consistent reaction field) theory using the polarized
continuum model (PCM) approach to model the interaction with
the solvent.51,52
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