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ABSTRACT: We report on the efficient synthesis of tris-heteroleptic iridium (Ir) complexes based on the degradation of tris-
cyclometalated Ir complexes (IrL3, L: cyclometalating ligand) in the presence of Brønsted and Lewis acids such as HCl (in 1,4-
dioxane), AlCl3, TMSCl, and ZnX2 (X = Br or Cl), which affords the corresponding halogen-bridged Ir dimers (μ-complexes).
Tris-cyclometalated Ir complexes containing electron-withdrawing groups such as fluorine, nitro, or CF3 moieties on the ligands
were less reactive. This different reactivity was applied to the selective degradation of heteroleptic Ir complexes such as fac-
Ir(tpy)2(F2ppy) (fac-12) (tpy: 2-(4′-tolyl)pyridine and F2ppy: 2-(4′,6′-difluorophenyl)pyridine), mer-Ir(tpy)2(F2ppy) (mer-12),
and mer-Ir(mpiq)2(F2ppy) (mer-15) (mpiq: 1-(4′-methylphenyl)isoquinoline). For example, the reaction of mer-12 with ZnBr2
gave the heteroleptic μ-complex [{Ir(tpy)(F2ppy)(μ-Br)}2] 27b as a major product, resulting from the selective elimination of
the tpy ligand of mer-12, and treatment of 27b with acetylacetone (acacH) afforded the corresponding tris-heteroleptic Ir
complex Ir(tpy)(F2ppy)(acac)18. In addition, another tris-heteroleptic Ir complex 35a having 8-benzenesulfonylamidoquinoline
(8BSQ) ligand was synthesized. Mechanistic studies of this degradation reaction and the photochemical properties, especially a
dual emission, of these newly synthesized tris-heteroleptic Ir complexes are also reported.

■ INTRODUCTION

Cyclometalated iridium(III) (Ir(III)) complexes have received
considerable attention as phosphorescent emitters1 and have
been applied in broad research areas related to organic light
emitting diodes (OLEDs),2 bioimaging probes,3 oxygen
sensors,4 anticancer agents,5 photoredox catalysts,6 pH
sensors,7 and so on.8 Over the past decade, the preparation
of numerous Ir complexes by ligand functionalization, most of
which can be classified into IrL3, IrL2L′, and IrL2A (where L
and L′ are different cyclometalating ligands and A is an ancillary
ligand), have been reported. However, the efficient synthesis
and photophysical properties of tris-heteroleptic Ir complexes
represented by IrLL′A are yet to be studied.
As shown in Chart 1, the synthesis of tris-heteroleptic Ir

complexes (IrLL′A) is typically carried out by the reaction of a
chloro-bridged dimer, prepared from IrCl3 and two different
cyclometalating ligands (L and L′), with a corresponding
ancillary ligand (A).9 This method gives a mixture of IrLL′A
with IrL2A and IrL′2A, making their purification difficult, which
usually results in low chemical yields. Because the reactions of

heteroleptic μ-complexes with nonsymmetric ancillary ligands
provide its diastereomers,9a,b,f examples of isolated tris-
heteroleptic Ir complexes (a mixture of enantiomers (Δ and
Λ forms)) have been limited to compounds that contain
symmetric ancillary ligands.9c−g Baranoff and co-workers have
recently reported on the synthesis of the tris-heteroleptic Ir
complex, Ir(ppy)(F2ppy)(acac) (ppy 2-phenylpyridine, F2ppy
2-(4′,6′-difluorophenyl)pyridine, and acac acetylacetonate), by
reacting an Ir complex [{Ir(COD)(μ-Cl)}2] with ppy and
F2ppy ligands.

9d,e Moreover, they reported that the degradation
of Ir(ppy)(F2ppy)(acac) induced by HCl (2 M in Et2O)
provided a heteroleptic μ-complex [{Ir(ppy)(F2ppy)(μ-Cl)}2],
which is a useful intermediate for the synthesis of other tris-
heteroleptic Ir complexes containing ppy and F2ppy ligands.
Although this method is also accompanied by burdensome
purification and low product yields, it is the only reported
method to date for preparing tris-heteroleptic Ir complexes.
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We previously reported on regioselective substitution
reactions (e.g.; halogenations, nitration, and Vilsmeier−Haack
formylation) of fac-tris-homoleptic cyclometalated Ir com-
plexes, fac-Ir(ppy)3 (fac-1), (ppy 2-phenylpridine), fac-Ir(tpy)3
(fac-2) (tpy 2-(4′-tolyl)pyridine), and fac-Ir(mppy)3 (fac-3)
(mppy 2-(4′-methoxyphenyl)pyridine), at the 5′-position (the
p-position with respect to the C−Ir bond) on 2-phenylpyridine
ligands and their subsequent conversions to produce 4
containing a variety of functional groups (Chart 2).10,11

These findings allowed us to design and synthesize pH-
responsive Ir complexes that contain basic groups,10a,11a,c,d

blue-colored Ir complexes,10b and amphiphilic Ir complexes
containing cationic peptides that have cytotoxic activity against
cancer cells.11b,e

During these experiments, it was found that the reaction of
fac-2 with acetyl chloride in the presence of AlCl3 (Friedel−
Crafts acylation conditions) afforded the chloro-bridged Ir
dimer 6a in 68% yield, and not an acetyl derivative 5 (Chart
3).10a This finding prompted us to examine the reactions of tris-
cyclometalated Ir complexes with a variety of Lewis acids.
In this manuscript, we report that Lewis acids such as zinc

halides (ZnX2), AlCl3, and TMSCl promote the degradation of
tris-cyclometalated homoleptic Ir complexes including fac-

Ir(ppy)3 (fac-1), mer-Ir(ppy)3 (mer-1), fac-Ir(tpy)3 (fac-2),
mer-Ir(tpy)3 (mer-2), fac-Ir(mppy)3 (fac-3), fac-Ir(Br-tpy)3
(fac-7) (Br-tpy 2-(5′-bromo-4′-tolyl)pyridine), fac-Ir(mpiq)3
(fac-10) (mpiq 1-(4′-methylphenyl)isoquinoline), and mer-
Ir(mpiq)3 (mer-10) to provide the corresponding halogen-
bridged Ir dimers (μ-complexes) such as 6a from fac- and mer-
2 (Charts 4 and 5). In contrast, tris-cyclometalated Ir

complexes that contain cyclometalated ligands containing an
electron-withdrawing group such as fac-Ir(F2ppy)3 (fac-8), fac-
Ir(tpy-NO2)3 (fac-9) (tpy-NO2 2-(5′-nitro-4′-tolyl)pyridine),
and fac-Ir(tfpiq)3 (fac-11) (tfpiq 1-(4′-trifluoromethylphenyl)-
isoquinoline) were less reactive. The μ-complex 6a was reacted
with acetylacetone (acacH) to afford Ir(tpy)2(acac) 17 (Chart
5). Because these types of Ir complexes that contain two
identical ligands are readily available (for example, 17 can be
synthesized from tpy via 6a), we examined the ligand-selective
degradation reactions of tris-cyclometalated heteroleptic Ir
complexes, fac-12 and mer-12-16, containing two different
ligands such as tpy, mppy, mpiq, and F2ppy (Chart 4), in the
presence of Brønsted and Lewis acids. As a result, it was found
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that the reaction of fac-12 with ZnBr2 gives the heteroleptic μ-
complex [{Ir(tpy)(F2ppy)(μ-Br)}2] as the major product due
to the selective elimination of its tpy ligand and the product, on
reaction with acetylacetone (acacH), afforded the tris-
heteroleptic Ir complex Ir(tpy)(F2ppy)(acac) 18 (Chart 5).
Moreover, novel tris-heteroleptic Ir complexes containing an
ancillary ligand (e.g.; 8-benzenesulfonylamidoquinoline
(8BSQ)) were obtained. Mechanistic studies of this degrada-
tion reaction and photochemical properties of these newly
synthesized tris-heteroleptic Ir complexes are also described.12

■ EXPERIMENTAL PROCEDURES
General Information. IrCl3·3H2O was purchased from KANTO

CHEMICAL Co. Glycerol and AgOTf was purchased from NACALAI
TESQUE, INC. Anhydrous 1,2-dichloroethane was obtained by
distillation from calcium hydride and 1,2-dichloroethane-d4 was
purchased from SIGMA-Aldrich. 1H NMR spectra (300 and 400
MHz) were recorded on a JEOL Always 300 spectrometer and a JEOL
Lambda 400 spectrometer, and IR spectra were recorded on a
PerkinElmer FTIR Spectrum 100 (ATR). Electrospray ionization
(ESI) mass spectra were recorded on a Varian 910-MS spectrometer.
Thin-layer chromatographies (TLC) and silica gel column chromatog-
raphies were performed using Merck 5554 (silica gel) TLC plates and
Fuji Silysia Chemical FL-100D, respectively. Emission lifetimes were
determined using a TSP-1000 spectrometer (Unisoku Co., Ltd.).
Commercially available DMSO (spectrophotometric grade, WAKO
CHEMICAL Co.) was used for the measurement of photophysical
data. Elemental analyses of the Ir complexes, except for mer-10 and 36
were not carried out because the metal and/or halogen contents of
these compounds are >25%. Density functional theory (DFT)
calculations were also carried out using the Gaussian09 program13

(B3LYP, the LanL2DZ basis set for a Ir and Br atoms and the 6-31G
basis set for H, C, F, S, O, N atoms).14 Time-dependent DFT (TD-
DFT) calculations were carried out based on all the ground state
geometries. The chromaticity values obtained from emission spectra of
Ir complexes were plotted on a color diagram using a ColorAC
software.

Synthesis. The compounds fac-1,1h,15 mer-1,1h fac-2,1h,10a mer-2,1h

fac-3,10b mer-3,1h fac-7,10a fac-8,1h,15 mer-8,1h fac-9,10a fac-10,11a fac-
11,11a 17,16 and 22b16 were prepared in the form of a racemic mixture
of Λ and Δ forms and their spectral data were in good agreement with
reported data.

[{Ir(tpy)2(μ-Br)}2] (6b).
17 A solution of fac-2 (30 mg, 43 μmol) and

ZnBr2 (0.50 g, 2.2 mmol) in 1,2-dichloroethane (2.0 mL) was refluxed
for 3 h. After cooling to room temperature, the insoluble materials
were removed by filtration and the filtrate was concentrated under
reduced pressure. The crude residue was purified by silica gel column
chromatography using CHCl3 as the eluent to give 6b as a yellow
powder (24 mg, 93% yield). mp >300 °C. IR (ATR): ν = 1604, 1587,
1560, 1476, 1462, 1426, 1152, 1065, 769, 747, 664, 427 cm−1. 1H
NMR (300 MHz, CDCl3/Si(CH3)4) δ = 9.43 (d, J = 5.7 Hz, 4H), 7.82
(d, J = 6.9 Hz, 4H), 7.74 (td, J = 6.9, 1.2 Hz, 4H), 7.36 (d, J = 8.1 Hz,
4H), 6.81 (td, J = 6.3, 1.8 Hz, 4H), 6.55 (d, J = 7.2 Hz, 4H), 5.72 (s,
4H), 1.93 (s, 12H). ESI-MS (m/z). Calcd for C48H40N4Br2Ir2 (M

+):
1216.0841. Found: 1216.0841.

mer-Ir(mpiq)3 (mer-10):17 A mixture of chloro-bridged Ir dimer
[{Ir(mpiq)2(μ-Cl)}2] (19a) (prepared from 1-(4′-methylphenyl)-
isoquinoline (mpiq) and IrCl3·3H2O as shown in Chart 6) (0.20 g,
0.18 mmol), K2CO3 (0.56 g, 4.0 mmol), and mpiq (0.26 mg, 0.12
mmol) in glycerol (5.0 mL) was stirred at 150 °C for 8 h. After cooling
to room temperature, water was added to the reaction mixture and
extracted with CHCl3. The combined organic layer was dried over
Na2SO4 and filtered to obtain the filtrate, to which hexanes and

Chart 5

Chart 6. Synthesis of fac-2, mer-2, fac-10, mer-10, fac-12, mer-
12 and mer-15
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CH2Cl2 were added to obtain mer-10 as a red powder (0.13 g, 52%
yield). mp 219−220 °C. IR (ATR): ν = 2917, 1580, 1499, 1438, 1347,
1311, 1269, 1206, 1146, 1120, 1040, 868, 811, 737, 672, 581, 418
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.99−8.87 (m,
3H), 8.20 (d, J = 8.4 Hz, 1H), 8.09 (t, J = 6.6 Hz, 3H), 7.70−7.56 (m,
10H), 7.52 (d, J = 6.3 Hz, 1H), 7.10 (d, J = 6.3 Hz, 1H), 6.97 (d, J =
6.9 Hz, 1H), 6.90 (d, J = 6.6 Hz, 1H), 6.85 (d, J = 8.1 Hz, 2H), 6.78
(d, J = 8.7 Hz, 1H), 6.74 (s, 1H), 6.47 (s, 1H), 6.32 (s, 1H), 2.13 (s,
3H), 2.11 (s, 3H), 2.09 (s, 3H). ESI-MS (m/z). Calcd for
C48H36N3

191Ir (M+): 845.2510. Found: 845.2514. Anal. Calcd for
C48H36N3Ir: C, 68.06; H, 4.28; N, 4.96. Found: C, 67.70; H, 4.19; N,
4.89.
fac-Ir(tpy)2(F2ppy) (fac-12).

17 A solution of the F2ppy ligand (0.15
g, 0.76 mmol), the chloro-bridged Ir dimer [{Ir(tpy)2(μ-Cl)}2] 6a16

(0.20 g, 0.18 mmol), and AgOTf (90 mg, 0.35 mmol) in 2-
ethoxyethanol (3.0 mL) was refluxed for 3 h. The yellow precipitate
was filtrated on a filter and dried for 1 h. The combined bright yellow
powder was purified by silica gel column chromatography using
hexanes/CH2Cl2 (2/1) as the eluent to afford fac-12 as a yellow
powder (0.12 g, 46% yield). mp >300 °C. IR (ATR): ν = 1597, 1554,
1470, 1397, 1264, 1237, 1159, 1098, 982, 829, 808, 769, 748, 725, 717,
567, 523, 429 cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.26
(d, J = 8.4 Hz, 1H), 7.83 (dd, J = 7.8, 3.3 Hz, 2H), 7.62−7.50 (m, 6H),
7.44 (d, J = 5.4 Hz, 1H), 7.39 (d, J = 5.4 Hz, 1H), 6.88−6.79 (m, 3H),
6.73 (td, J = 7.2, 1.8 Hz, 2H), 6.64 (s, 1H), 6.61 (s, 1H), 6.39−6.30
(m, 2H), 2.17 (s, 3H), 2.12 (s, 3H). ESI-MS (m/z). Calcd for
C35H26N3F2

191Ir (M+): 717.1695. Found: 717.1702.
mer-Ir(tpy)2(F2ppy) (mer-12).17 A mixture of 6a (0.20 g, 0.18

mmol), K2CO3 (0.25 g, 1.8 mmol) and the F2ppy ligand (0.14 g, 0.72
mmol) in glycerol (5.0 mL) was stirred at 150 °C for 24 h. After
cooling to room temperature, water was added to the reaction mixture
and extracted with CHCl3. The combined organic layer was dried over
Na2SO4, filtered, and the resulting filtrate was concentrated under
reduced pressure and then purified by silica gel column chromatog-
raphy using hexanes/CHCl3 (2/1) as the eluent to afford mer-12 as a
yellow powder (0.19 g, 74% yield). mp >300 °C. IR (ATR): ν = 1588,
1552, 1466, 1420, 1392, 1281, 1262, 1231, 1158, 1095, 1054, 977, 872,
806, 769, 750, 717, 569, 522, 426 cm−1. 1H NMR (400 MHz, CDCl3/
Si(CH3)4) δ = 8.29 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 6.0 Hz, 1H), 7.94
(d, J = 5.2 Hz, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.62−7.46 (m, 6H), 6.88
(t, J = 6.4 Hz, 1H), 6.78−6.68 (m, 4H), 6.39−6.33 (m, 3H), 6.18 (s,
1H), 2.14 (s, 3H), 2.12 (s, 3H). ESI-MS (m/z). Calcd for
C35H26N3F2

191Ir (M+): 717.1695. Found: 717.1696.
mer-Ir(F2ppy)2(tpy) (mer-13).17 A mixture of AgOTf (0.32 g, 1.2

mmol), chrolo-bridged Ir dimer [{Ir(F2ppy)2(μ-Cl)}2]
16 (0.30 g, 0.25

mmol), the tpy ligand (0.12 g, 0.75 mmol), and triethylamine (0.14 g,
0.75 mmol) in 1,2-dichloroethane (50 mL) was refluxed for 2 h. The
mixture was then cooled to room temperature, and the precipitate was
removed by filtration. The filtrate was evaporated under reduced
pressure and purified by silica gel column chromatography using
CHCl3 as the eluent to afford mer-13 as a yellow powder (0.26 g, 72%
yield), mp >300 °C. IR (ATR): ν = 1595, 1564, 1551, 1469, 1397,
1285, 1237, 1157, 1096, 981, 834, 807, 772, 749, 711, 566, 524 cm−1.
1H NMR (400 MHz, CDCl3/Si(CH3)4) δ = 8.21−8.19 (m, 2H), 8.09
(d, J = 5.1 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.82 (d, J = 4.8 Hz, 1H),
7.65−7.50 (m, 5H), 6.89 (td, J = 6.0, 1.2 Hz, 1H), 6.83 (dd, J = 7.5,
1.5 Hz, 1H), 6.75 (q, J = 7.5 Hz, 2H), 6.69 (s, 1H), 6.46−6.30 (m,
2H), 5.98 (dd, J = 6.9, 2.1 Hz, 1H), 5.81 (dd, J = 9.6, 2.1 Hz, 1H), 2.17
(s, 3H). ESI-MS (m/z). Calcd for C34H22N3F4

191Ir (M+): 739.1350.
Found: 739.1358.
mer-Ir(mppy)2(F2ppy) (mer-14).17 mer-14 was obtained as a yellow

powder (67 mg, 17% yield) from [{Ir(mppy)2(μ-Cl)}2]
18 (0.30 g, 0.25

mmol), K2CO3 (0.35 g, 2.5 mmol), glycerol (15 mL) and F2ppy ligand
(0.14 g, 0.76 mmol) using a precedure similar to that for mer-12. The
product was purified by silica gel column chromatography with CHCl3
as the eluent. mp >300 °C. IR (ATR): ν = 1579, 1508, 1476, 1427,
1399, 1278, 1213, 1158, 1101, 1042, 984, 835, 768, 589, 567, 525, 420
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.30 (dd, J = 8.1,
2.1 Hz, 1H), 7.98−7.96 (m, 2H), 7.68−7.43 (m, 8H), 6.89 (t, J = 6.9
Hz, 1H), 6.71−6.63 (m, 2H), 6.56−6.34 (m, 4H), 6.10 (d, J = 2.7 Hz,

1H), 5.91 (d, J = 2.7 Hz, 1H), 3.62 (s, 3H), 3.58 (s, 3H). ESI-MS (m/
z). Calcd for C35H26N3O2F2

191Ir (M+): 749.1593. Found: 749.1578.
mer-Ir(mpiq)2(F2ppy) (mer-15).17 mer-15 was prepared as a red

powder (0.20 g, 81% yield) from 19a (0.20 g, 0.15 mmol), K2CO3
(0.42 g, 3.0 mmol), glycerol (5 mL), and F2ppy ligand (0.22 g, 0.90
mmol) using a precedure similar to that for mer-12. The product was
purified by silica gel column chromatography with hexanes/CH2Cl2
(2/1) as the eluent. mp 252−253 °C. IR (ATR): ν = 1583, 1554,
1500, 1470, 1440, 1391, 1348, 1264, 1231, 1159, 1148, 1122, 1096,
1043, 978, 867, 810, 751, 737, 717, 672, 579, 567, 522 cm−1. 1H NMR
(300 MHz, CDCl3/Si(CH3)4) δ = 8.98−8.89 (m, 2H), 8.31 (d, J = 8.1
Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 8.1 Hz, 1H), 7.95 (d, J
= 6.3 Hz, 1H), 7.78−7.73 (m, 3H), 7.66−7.57 (m, 5H) 7.43 (d, J = 6.3
Hz, 1H), 7.07−7.01 (m, 2H), 6.85−6.77 (m, 3H), 6.45−6.24 (m, 4H),
2.09 (s, 3H), 2.08 (s, 3H). ESI-MS (m/z). Calcd for C43H30N3F2

191Ir
(M+): 817.2008. Found: 817.2008.

mer-Ir(F2ppy)2(mpiq) (mer-16).17 The chloro-bridged Ir dimer
[{Ir(F2ppy)2(μ-Cl)}2] (0.10 g, 78 μmol), AgOTf (0.10 g, 0.39 mmol),
triethylamine (23 mg, 0.24 mmol), the mpiq ligand (52 mg, 0.24
mmol) were reacted in 1,2-dichloroethane (15 mL) using a precedure
similar to that for mer-13. The crude product was purified by silica gel
column chromatography with hexanes/CHCl3 (4/1) as the eluent to
give mer-16 as an orange powder (60 mg, 48% yield). mp >300 °C. IR
(ATR): ν = 1594, 1567, 1552, 1471, 1397, 1286, 1237, 1157, 1112,
1097, 1039, 981, 807, 783, 752, 740, 711, 676, 567, 524, 383 cm−1. 1H
NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.94−8.91 (m, 1H), 8.21−
8.19 (m, 2H), 8.10 (d, J = 8.1 Hz, 1H), 8.06 (d, J = 5.7 Hz, 1H), 7.80−
7.76 (m, 2H), 7.70−7.63 (m, 2H), 7.56−7.49 (m, 3H), 7.21 (d, J = 5.7
Hz, 1H), 6.90 (dd, J = 7.8, 1.5 Hz, 1H), 6.84 (s, 1H), 6.75−6.65 (m,
2H), 6.48−6.37 (m, 2H), 5.98 (dd, J = 8.1, 2.4 Hz, 1H), 5.81 (dd, J =
8.1, 2.4 Hz, 1H), 2.22 (s, 3H). ESI-MS (m/z). Calcd for
C38H24N3F4

191Ir (M+): 789.1507. Found: 789.1503.
Ir(tpy)(F2ppy) (acac) (18).

17 A solution of mer-12 (20 mg, 28 μmol)
and ZnBr2 (0.31 g, 1.4 mmol) in 1,2-dichloroethane (2.0 mL) was
refluxed for 3 h. After cooling to room temperature, the insoluble
materials were removed by filtration washing with CHCl3 and the
filtrate was concentrated under reduced pressure. The crude product
was purified by silica gel column chromatography using CHCl3 as the
eluent to give the mixture of 6b and 27b (18 mg, quant. assuming that
only 27b was obtained) as a yellow powder.

As reported by Baranoff and co-workers,9d a mixture of 6b and 27b
obtained above (18 mg, 14 μmol), tetrabutylammonium hydroxide
(TBAH) (30 mg, 42 μmol) and acetylacetone (6.0 mg, 56 μmol) in
CH2Cl2/MeOH (10/1, 1.1 mL) was refluxed for 1 h. After cooling to
room temperature, water was added to the reaction mixture and the
resulting solution was extracted with CHCl3. The combined organic
layer was dried over Na2SO4. After filtration, the solvent was
concentrated under reduced pressure and the resulting residue was
purified by silica gel chromatography using hexanes/CH2Cl2 (4/1) as
the eluent to give 18 as a yellow powder (10 mg, 63% yield from mer-
12). mp >300 °C. IR (ATR): ν = 2923, 1579, 1508, 1477, 1399, 1101,
985, 836, 768, 587, 567, 422, 413 cm−1. 1H NMR (400 MHz, CDCl3/
Si(CH3)4) δ = 8.51 (dd, J = 6.4, 0.8 Hz, 1H), 8.40 (d, J = 5.6 Hz, 1H),
8.22 (d, J = 8.0 Hz, 1H), 7.80−7.68 (m, 3H), 7.43 (d, J = 7.6 Hz, 1H),
7.14 (td, J = 6.8, 1.2 Hz, 1H), 7.10 (td, J = 5.2, 1.2 Hz, 1H), 6.66 (dd, J
= 8.0, 1.2 Hz, 1H), 6.28 (td, J = 10.8, 2.4 Hz, 1H), 6.00 (s, 1H), 5.71
(dd, J = 9.0, 2.4 Hz, 1H), 5.22 (s, 1H), 2.06 (s, 3H), 1.81 (s, 3H), 1.79
(s, 3H). ESI-MS (m/z). Calcd for C28H23N2O2F2

191Ir (M+): 648.1328.
Found: 648.1327.

[{Ir(mpiq)2(μ-Br)}2] (19b).
17 19b was obtained as a red powder (25

mg, 98% yield) from fac-10 (30 mg, 35 μmol) and ZnBr2 (0.38 g, 1.7
mmol) using a precedure similar to that for 6b (2.0 mL of 1,2-
dichloroethane was used as the solvent). mp >300 °C. IR (ATR): ν =
1585, 1501, 1444, 1378, 1348, 1271, 1148, 1124, 1045, 867, 812, 782,
738, 671, 579, 483, 414 cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4)
δ = 9.22 (d, J = 6.3 Hz, 4H), 8.93 (d, J = 8.4 Hz, 4H), 8.00−7.93 (m,
8H), 7.82 (t, J = 7.2 Hz, 4H), 7.76 (t, J = 7.2 Hz, 4H), 6.70 (d, J = 6.0
Hz, 4H), 6.62 (d, J = 6.6 Hz, 4H), 5.85 (s, 4H), 1.86 (s, 12H). ESI-MS
(m/z). Calcd for C64H48N4Br2Ir2 (M

+): 1416.1470. Found: 1416.1514.
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fac-Ir(Cl-tpy)3 (fac-20).
17 A solution of fac-2 (30 mg, 43 μmol) and

FeCl3 (58 mg, 2.2 mmol) in 1,2-dichloroethane (2.0 mL) was stirred
at room temperature for 2 h. The solvent was removed by evaporation.
The crude residue was purified by silica gel column chromatography
using CHCl3 as the eluent to give fac-20 as a yellow powder (3.1 mg,
9% yield). mp >300 °C. IR (ATR): ν = 1598, 1467, 1421, 1255, 1063,
1043, 882, 779, 741, 614 cm−1. 1H NMR (300 MHz, CDCl3/
Si(CH3)4) δ = 7.79 (d, J = 7.8 Hz, 3H), 7.59 (t, J = 9.0 Hz, 3H), 7.58
(s, 3H), 7.42 (d, J = 5.7 Hz, 3H), 6.86 (t, J = 5.7 Hz, 3H), 6.63 (s,
3H), 2.16 (s, 9H). ESI-MS (m/z). Calcd for C36H27N3

35Cl3
191Ir (M+):

797.0871. Found: 797.0871.
[{Ir(F2ppy)2(μ-Br)}2] (23b).

17 23b was obtained as a yellow powder
(12 mg, 55% yield) from mer-8 (25 mg, 33 μmol) and ZnBr2 (0.46
mg, 2.0 mmol) using a precedure similar to that for 6b (2.0 mL of 1,2-
dichloroethane was used as the solvent). mp > 300 °C. IR (ATR): ν =
1599, 1572, 1557, 1478, 1402, 1293, 1248, 11660, 1102, 988, 829, 782,
753, 715, 708, 568, 527 cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4)
δ = 9.40 (d, J = 5.1 Hz, 4H), 8.33 (d, J = 8.4 Hz, 4H), 7.87 (td, J = 8.1,
1.8 Hz, 4H), 6.91 (td, J = 6.9, 0.9 Hz, 4H), 6.33 (td, J = 11.1, 2.1 Hz,
4H), 5.28 (dd, J = 9.3, 2.1 Hz, 4H). ESI-MS (m/z). Calcd for
C44H24N4F8Br2Ir2 (M

+): 1303.9460. Found: 1303.9467.
[{Ir(ppy)2(μ-Br)}2] (24).

17 24 was obtained as a yellow powder (13
mg, 50% yield) from fac-1 (30 mg, 46 μmol) and ZnBr2 (0.51 g, 2.3
mmol) using a precedure similar to that for 6b (2.0 mL of 1,2-
dichloroethane was used as the solvent). mp >300 °C. IR (ATR): ν =
1605, 1580, 1477, 1421, 1157, 1030, 754, 740, 732, 724, 670, 629, 420
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 9.51 (d, J = 5.4 Hz,
4H), 7.89 (d, J = 7.8 Hz, 4H), 7.78 (td, J = 7.2, 1.2 Hz, 4H), 7.48 (d, J
= 7.8 Hz, 4H), 6.86 (td, J = 6.6, 1.5 Hz, 4H), 6.74 (td, J = 6.9, 1.2 Hz,
4H), 6.58 (td, J = 5.1, 1.5 Hz, 4H), 5.92 (d, J = 7.8 Hz, 4H). ESI-MS
(m/z). Calcd for C44H32N4Br2Ir2 (M

+): 1160.0214. Found: 1160.0210.
[{Ir(mppy)2(μ-Br)}2] (25).

17 25 was obtained as a yellow powder (20
mg, 80% yield) from fac-3 (30 mg, 40 μmol) and ZnBr2 (0.45 g, 2.0
mmol) using a precedure similar to that for 6b (2.0 mL of 1,2-
dichloroethane was used as the solvent). mp >300 °C. IR (ATR): ν =
1581, 1547, 1459, 1425, 1277, 1209, 1158, 1033, 769, 748, 586 cm−1.
1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 9.44 (d, J = 6.3 Hz, 4H),
7.76−7.68 (m, 8H), 7.41 (d, J = 8.7 Hz, 4H), 6.77 (td, J = 6.3, 1.8 Hz,
4H), 6.35 (dd, J = 8.4, 2.4 Hz, 4H), 5.43 (d, J = 2.7 Hz, 4H), 3.41 (s,
12H). ESI-MS (m/z). Calcd for C48H40N4O4Br2Ir2 (M

+): 1280.0637.
Found: 1280.0628.
[{Ir(Br-tpy)2(μ-Br)}2] (26).

17 26 was obtained as a yellow powder (20
mg, 83% yield) from fac-7 (30 mg, 32 μmol) and ZnBr2 (0.36 g, 1.6
mmol) using a precedure similar to that for 6b (2.0 mL of 1,2-
dichloroethane was used as the solvent). mp >300 °C. IR (ATR): ν =
1606, 1574, 1558, 1471, 1422, 1358, 1267, 1221, 1156, 1068, 1039,
1016, 866, 776, 748, 604, 422 cm−1. 1H NMR (300 MHz, CDCl3/
Si(CH3)4) δ = 9.41 (d, J = 5.7 Hz, 4H), 7.82−7.77 (m, 8H), 7.62 (s,
4H), 6.89−6.85 (m, 4H), 5.69 (s, 4H), 1.98 (s, 12H). ESI-MS (m/z).
Calcd for C48H36N4Br6Ir2 (M

+): 1527.7238. Found: 1527.7202.
Ir(mppy)(F2ppy)(acac) (28) and Ir(mppy)2(acac) (29).17 28

(yellow powder, 9.1 mg, 54% yield) and 29 (yellow powder, 2.0 mg,
13% yield) was obtained from mer-14 (20 mg, 27 μmol), ZnBr2 (0.30
g, 1.3 mmol), acetylacetone (6.0 mg, 54 μmol), and tetrabutyl-
ammonium hydroxide (TBAH) (25 mg, 40 μmol) using a procedure
similar to that for 18. The product was purified by silica gel column
chromatography with hexanes/CH2Cl2 (4/1) as the eluent.
28. mp 261−263 °C. IR (ATR): ν = 2925, 1579, 1508, 1476, 1399,

1278, 1213, 1158, 1101, 1042, 984, 835, 768, 588, 567, 525, 420, 412
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.51 (dd, J = 5.4,
1.2 Hz, 1H), 8.36 (d, J = 5.7 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 7.75−
7.69 (m, 3H), 7.50 (d, J = 8.7 Hz, 1H), 7.14 (td, J = 6.3, 1.2 Hz, 1H),
7.08 (td, J = 6.3, 2.1 Hz, 1H), 6.66 (dd, J = 8.0, 1.2 Hz, 1H), 6.28 (td, J
= 10.8, 2.4 Hz, 1H), 5.72 (dd, J = 8.7, 2.7 Hz, 1H), 5.69 (d, J = 2.7 Hz,
1H), 5.20 (s, 1H), 3.55 (s, 3H), 1.80 (s, 3H), 1.79 (s, 3H). ESI-MS
(m/z). Calcd for C28H23N2O3F2

191Ir (M+): 664.1277. Found:
664.1282.
29. mp >300 °C. IR (ATR): ν = 2923, 1579, 1508, 1477, 1399,

1101, 985, 836, 768, 587, 567, 422, 413 cm−1. 1H NMR (300 MHz,
CDCl3/Si(CH3)4) δ = 8.43 (d, J = 5.4 Hz, 2H), 7.72−7.63 (m, 4H),

7.47 (d, J = 8.7 Hz, 2H), 7.04 (td, J = 6.3, 1.8 Hz, 2H), 6.40 (dd, J =
8.7, 2.4 Hz, 2H), 5.77 (d, J = 2.7 Hz, 2H), 5.20 (s, 1H), 3.53 (s, 6H),
1.78 (s, 6H). ESI-MS (m/z). Calcd for C29H27N2O4

191Ir (M+):
658.1571. Found: 658.1578.

Ir(mpiq)(F2ppy)(acac) (30).
17 30 was prepared as an orange powder

(12 mg, 67% yield from mer-15) from mer-15 (20 mg, 24 μmol),
ZnBr2 (0.27 g, 1.2 mmol), acetylacetone (6.0 mg, 54 μmol), and
tetrabutylammonium hydroxide (TBAH) (25 mg, 40 μmol) using a
precedure similar to that for 18. The product was purified by silica gel
column chromatography with hexanes/CH2Cl2 (2/1) as the eluent.
mp >300 °C. IR (ATR): ν = 1566, 1557, 1515, 1391, 1290, 1265,
1245, 1100, 985, 835, 813, 782, 753, 737, 714, 672, 588, 574, 567, 526
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 8.98−8.94 (m,
1H), 8.52 (d, J = 5.4 Hz, 1H), 8.33 (d, J = 6.3 Hz, 1H) 8.27 (d, J = 8.4
Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.93−7.90 (m, 1H), 7.77 (t, J = 7.5
Hz, 1H), 7.72−7.69 (m, 2H), 7.44 (d, J = 6.0 Hz, 1H), 7.18 (td, J =
6.6, 1.2 Hz, 1H), 6.76 (dd, J = 7.8, 2.1 Hz, 1H), 6.28 (td, J = 10.2, 2.1
Hz, 1H), 6.15 (s, 1H), 5.70 (dd, J = 8.7, 2.4 Hz, 1H), 5.21 (s, 1H),
2.12 (s, 3H), 1.82 (s, 3H), 1.73 (s, 3H). ESI-MS (m/z). Calcd for
C32H25N2O2F2

191Ir (M+): 698.1484. Found: 698.1476.
Ir(mpiq)2(acac) (31).

17 31 was prepared for the characterization of
the products of degradation reaction of mer-15 (to prove that only 30
was produced, not 31, from mer-15). A solution of 19b (10 mg, 7.0
μmol), tetrabutylammonium hydroxide (TBAH) (13 mg, 21 μmol)
and acetylacetone (5 mg, 50 μmol) in CH2Cl2/MeOH (10/1, 1.1 mL)
was refluxed for 14 h. After cooling to room temperature, water was
added to the reaction mixture and extracted with CHCl3. The
combined organic layer was dried over Na2SO4. After filtration, the
filtrate was evaporated under reduced pressure and the resulting
residue was purified by silica gel chromatography using hexanes/
CH2Cl2 (5/1) as the eluent to give 31 as a red powder (8.9 mg, 89%
yield). mp >300 °C. IR (ATR): ν = 3021, 1576, 1513, 1502, 1437,
1395, 1373, 1350, 1271, 1252, 1148, 1123, 1049, 1014, 869, 813, 741,
733, 671, 584, 576, 415, 396 cm−1. 1H NMR (300 MHz, CDCl3/
Si(CH3)4) δ = 9.00−8.97 (m, 2H), 8.41 (d, J = 6.3 Hz, 2H), 8.10 (d, J
= 8.4 Hz, 2H), 7.93−7.90 (m, 2H), 7.73−7.68 (m, 4H), 7.42 (d, J =
6.6 Hz, 2H), 6.71 (dd, J = 9.0, 1.8 Hz, 2H), 6.23 (s, 2H), 5.16 (s, 1H),
2.02 (s, 6H), 1.73 (s, 6H). ESI-MS (m/z). Calcd for C37H31N2O2

191Ir
(M+): 726.1986. Found: 726.1979.

Ir(tpy)(F2ppy)(8BSQ
−) (35a).17 A solution of mer-12 (10 mg, 14

μmol) and ZnBr2 (0.20 g, 0.89 mmol) in 1,2-dichloroethane (1.0 mL)
was refluxed for 4 h. After the precipitate was filtered off and the
filtrate was concentrated under reduced pressure, the resulting residue
was purified by silica gel column chromatography using CHCl3 as the
eluent to give the mixture of 6b and 27b as a yellow powder (6.4 mg,
72% yield assuming that only 27b was obtained).

The next step was carried out according to our previous report.19

The obtained mixture of 6b and 27b (6.4 mg, 5.2 μmol) was dissolved
in a mixture of CH2Cl2/EtOH (4/1, 1.3 mL), and 8-benzenesulfonyl-
amidoquinoline (5.0 mg, 18 μmol) and triethylamine (38 mg, 0.37
mmol) were then added. The reaction mixture was refluxed at 80 °C
for 1 h. The solvent was evaporated under reduced pressure and the
residue purified by silica gel chromatography with CHCl3 as the eluent
to give the stereoisomer mixture of 35 as a brown powder (4.1 mg,
36% yield from mer-12). The stereoisomer mixture of 35 was
subjected to further purification by silica gel column chromatography
eluted with hexanes/CHCl3/THF (4/1/1) to afford 35a as a brown
powder (1.0 mg, 10% yield from mer-12). mp >300 °C. IR (ATR): ν =
2923, 1579, 1508, 1477, 1399, 1101, 985, 836, 768, 587, 567, 422, 413
cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ = 9.20 (dd, J = 5.7,
0.6 Hz, 1H), 8.22−8.16 (m, 2H), 8.06 (dd, J = 8.7 1.5 Hz, 1H) 7.75−
7.64 (m, 3H), 7.54−7.52 (m, 1H), 7.46 (t, J = 8.1 Hz, 1H), 7.36 (d, J =
8.1 Hz, 1H), 7.25−7.12 (m, 6H), 7.04−6.96 (m, 3H), 6.71−6.68 (m,
2H), 6.41 (td, J = 10.8, 2.4 Hz, 1H), 6.05 (s, 1H), 5.64 (dd, J = 8.7, 2.1
Hz, 1H), 2.12 (s, 3H). ESI-MS (m/z). Calcd for C38H27N4O2F2S

191Ir
(M+): 832.1423. Found: 832.1426.

Ir(tpy)2(8BSQ
−) (36).17 The authentic sample of 36 was prepared as

described in our previous report to characterize the products of the
degradation reactions of mer-12 (Table 7).19 A solution of the chloro-
bridged Ir dimer [{Ir(tpy)2(μ-Cl)}2] 6a (52 mg, 45 μmol), 8-
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benzenesulfonylamidoquinoline (28 mg, 97 μmol), and triethylamine
(0.20 mg, 2.0 mmol) in CH2Cl2/EtOH (4/1, 2.5 mL) was stirred at
room temperature for 10 min. The solvent was evaporated under
reduced pressure and the residue was purified by silica gel
chromatography with CHCl3 as the eluent to give 36 as a brown
powder (68 mg, 95% yield), mp >300 °C. IR (ATR): ν = 1588, 1562,
1475, 1459, 1381, 1311, 1138, 1109, 1086, 942, 849, 822, 746, 689,
580, 566, 528, 427 cm−1. 1H NMR (300 MHz, CDCl3/Si(CH3)4) δ =
9.12 (dd, J = 4.8, J = 0.9 Hz, 1H), 8.15 (dd, J = 7.8, 1.2 Hz, 1H), 8.00
(dd, J = 8.4, 1.2 Hz, 1H), 7.73−7.66 (m, 3H), 7.61−7.52 (m, 2H),
7.46−7.36 (m, 3H), 7.29 (d, J = 6.6 Hz, 1H), 7.19−7.09 (m, 5H),
7.00−6.91 (m, 3H), 6.74−6.64 (m, 3H), 6.13 (s, 1H), 5.97 (s, 1H),
2.10 (s, 3H), 2.08 (s, 3H). ESI-MS (m/z). Calcd for C39H31N4O2S

191Ir
(M+): 810.1768. Found: 810.1759. Anal. Calcd for C39H31N4O2SIr·
0.1CHCl3: C, 57.00; H, 3.80; N, 6.80. Found: C, 56.73; H, 3.78; N,
6.56.
mer-Ir(tpy) (Br-tpy)(F2ppy) (mer-43).17 A solution of mer-12 (11

mg, 15 μmol) and NBS (3.0 mg, 17 μmol) in CH2Cl2 (2 mL) was
stirred at room temperature for 1 h. The solvent was removed under
reduced pressure and the resulting residue was purified by silica gel
chromatography using hexanes/CHCl3 (4/1) as the eluent to give
mer-43 as a yellow powder (7.1 mg, 64% yield), mp >300 °C. IR
(ATR): ν = 1581, 1552, 1469, 1420, 1391, 1261, 1233, 1157, 1096,
980, 874, 771, 748, 603, 568, 522, 428 cm−1. 1H NMR (300 MHz,
CDCl3/Si(CH3)4) δ = 8.30 (d, J = 11 Hz, 1H), 7.98 (dd, J = 5.7, 0.9
Hz, 1H), 7.93 (dd, J = 5.7, 0.9 Hz, 1H), 7.75 (t, J = 5.7 Hz, 3H), 7.66−
7.49 (m, 5H), 6.88 (td, J = 6.6, 1.2 Hz, 1H), 6.81−6.71 (m, 3H),
6.42−6.34 (m, 2H), 6.30 (s, 1H), 6.23 (s, 1H), 2.16 (s, 3H), 2.14 (s,
3H). ESI-MS (m/z). Calcd for C35H25N3F2

79Br191Ir (M+): 795.0800.
Found: 795.0800.
X-ray Data Collection and Refinement. All crystalline samples

of the Ir complexes were recrystallized from hexanes/CH2Cl2 (for fac-
12, mer-12, mer-15, 6b, and 35a) or hexanes/CHCl3 (for mer-43) to
give crystals suitable for single-crystal X-ray analysis. Single-crystal X-
ray studies were performed on a Bruker APEX CCD diffractometer
equipped with a Bruker Instruments low-temperature attachment.
Data were collected at 103 K (for 35a), 173 K (for fac-12, mer-12,
mer-15, and mer-43), or 296 K (for 6b) using graphite-
monochromated Mo−K α radiation (λ = 0.71073 Å). The frames
were indexed, integrated, and scaled using the SMART and SAINT
software packages.20 An empirical absorption correction was applied to
the collected reflections with SADABS21 using XPREP.22 All of the
structures were solved by the direct method using the program
SHELXS-97 and were refined on F2 by the full-matrix leastsquares
technique using the SHELXL-97 program package.23 All non-
hydrogen atoms were refined anisotropically in the structure. All
crystal data in this manuscript can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
Crystal Data for 6b. C48H40Br2Ir2N4, Mr = 1217.06, monoclinic,

P21/n, a = 11.6206(6), b = 14.8110(7), c = 25.0132(13) Å, β =
96.241(2), V = 4279.6(4) Å3, Z = 4, ρcalc = 1.889 g·cm−3, R = 0.0650
(for 5375 reflection with I > 2σ(I)), Rw = 0.1570 (for 7525
reflections), GOF = 1.139. CCDC 1501488 contains the supple-
mentary crystallographic data for the paper.
Crystal Data for fac-12. C35H26F2IrN3, Mr = 718.79, monoclinic,

C2/c, a = 34.105(16), b = 9.227(4), c = 17.928(8) Å, β = 99.7100(2),
V = 5561(5) Å3, Z = 8, ρcalc = 1.717 g.cm−3, R = 0.0484 (for 5437
reflections with I > 2σ(I)), Rw = 0.1094 (for 6249 reflections), GOF =
1.137. CCDC 1501443 contains the supplementary crystallographic
data for the paper.
Crystal Data for mer-12. C35H26F2IrN3·CH2Cl2, Mr = 803.71,

monoclinic, P2/c, a = 19.6105(16), b = 8.6627(7), c = 17.9826(15) Å,
β = 96.5980(1), V = 3024.6(4) Å3, Z = 4, ρcalc = 1.759 g·cm−3, R =
0.0366 (for 5970 reflection with I > 2σ(I)), Rw = 0.0972 (for 6870
reflections), GOF = 1.042. CCDC 1502134 contains the supple-
mentary crystallographic data for the paper.
Crystal Data for mer-15. C43H30F2IrN3·CH2Cl2, Mr = 903.83,

triclinic, P1 ̅, a = 10.878(3), b = 12.483(4), c = 13.740(4) Å, α =
76.509(5), β = 73.212(5), γ = 89.340(6)°, V = 1733.9(9) Å3, Z = 2,

ρcalc = 1.731 g·cm−3, R = 0.0582 (for 5600 reflection with I > 2σ(I)),
Rw = 0.1103 (for 6426 reflections), GOF = 1.140. CCDC 1501444
contains the supplementary crystallographic data for the paper.

Crystal Data for 35a. C38H27F2IrN4O2S, Mr = 833.90, triclinic, P1̅,
a = 10.215(5), b = 10.959(5), c = 16.413(5) Å, α = 80.353(5), β =
86.921(5), γ = 71.791(5)°, V = 1720.7(13) Å3, Z = 2, ρcalc = 1.610
g.cm−3, R = 0.0623 (for 5131 reflection with I > 2σ(I)), Rw = 0.1380
(for 6240 reflections), GOF = 1.050. CCDC 1501455 contains the
supplementary crystallographic data for the paper.

Crystal Data for mer-43. C35H25BrF2IrN3·1.5H2O, Mr = 821.69,
triclinic, P1̅, a = 9.5171(7), b = 12.9204(9), c = 13.0846(10) Å, α =
70.745(1), β = 86.152(1), γ = 84.710(1)°, V = 1511.32(19) Å3, Z = 2,
ρcalc = 1.806 g·cm−3, R = 0.0311 (for 5767 reflection with I > 2σ(I)),
Rw = 0.0893 (for 5992 reflections), GOF = 1.066. CCDC 1504245
contains the supplementary crystallographic data for the paper.

Measurements of UV/vis Absorption and Luminescence
Spectra. UV/vis spectra were recorded on a JASCO V-550 UV/vis
spectrophotometer and emission spectra were recorded at 298 K on
JASCO FP-6200 and FP-6500 spectrofluorometers, respectively.
Sample solutions in quartz cuvettes equipped with Teflon septum
screw caps were degassed by bubbling Ar through the solution for 10
min prior to conducting the luminescence measurements. Phosphor-
escence quantum yields (Φ) were determined using quinine sulfate (Φ
= 0.55 in 0.1 M H2SO4)

24 or fac-Ir(mpiq)3 (fac-10) (Φ = 0.26 in
toluene).25 Equation 1 was used to calculate the emission quantum
yields, in which Φs and Φr denote the quantum yields of the sample
and the reference compound, respectively. The ηs and ηr terms are the
refractive indexes of the solvents used for the measurements of the
sample and the reference (η: 1.477 for DMSO, 1.333 for H2O, and
1.497 for toluene). The As and Ar terms are the absorbance of the
sample and the reference, and the Is and Ir terms stand for the
integrated areas under the emission spectra of the sample and
reference, respectively (all of the Ir compounds were excited at 366 nm
for luminescence measurements in this study).

η ηΦ = Φ A I A I( )/( )s r s
2

r s r
2

s r (1)

The luminescence lifetimes of sample solutions of Ir(III) complexes
in degassed DMSO at 298 K were measured on a TSP1000-M-PL
(Unisoku, Osaka, Japan) instrument by using THG (355 nm) of
Nd:YAG laser, Minilite I (Continuum, CA, USA) as excitation source.
The signals were monitored with an R2949 photomultiplier. Data were
analyzed using a single exponential decay equation (for mer-12−16,
fac-12, 17, 18, 22b, and 28-31) or a biexponential decay equation (for
33, 35a, and 36). Sample solutions in quartz cuvettes equipped with
Teflon septum screw caps were degassed by bubbling Ar through the
solution for 20 min prior to measuring the lifetime.

■ RESULTS AND DISCUSSION
Synthesis of Cyclometalated Ir Complexes. The

substrates for the decomposition reactions, bis- or tris-
cyclometalated Ir complexes, were synthesized from IrCl3·
3H2O and cyclometalating ligands. The facial ( fac) isomers of
the cyclometalated homoleptic Ir complexes, Ir(ppy)3 (fac-1),
Ir(tpy)3 (fac-2), and Ir(F2ppy)3 (fac-8) were synthesized at 200
°C and their meridional (mer) isomers were obtained at ca. 150
°C, as reported by Thompson and co-workers.1h For example,
the synthesis of fac-2, mer-2, fac-10, mer-10, fac-12, mer-12 and
mer-15 is shown in Chart 6. Although negligible amounts of fac-
Ir(tpy)2(F2ppy) (fac-12) were obtained by Thompson’s
method (a mixture of chloro-bridged Ir dimer [{Ir(tpy)2(μ-
Cl)}2] 6a, which was prepared from IrCl3·3H2O and tpy,26 and
F2ppy in glycerol was refluxed at 200 °C) due to ligand
sclambling,27 it was successfully obtained from the same
substrates by using AgOTf in 2-ethoxyethanol.28 Meridional
isomers of heteroleptic Ir complexes, mer-12, mer-14, and mer-
15, were obtained in 74%, 17%, and 81% yields, respectively,
from the corresponding μ-complexes and ligands and mer-13
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and mer-16 were synthesized according to a method reported
in a patent,29 in which the μ-complex [Ir(F2ppy)2(μ-Cl)]2 was
reacted with tpy (for mer-13) or mpiq (for mer-16) in the

presence of AgOTf and NEt3. The synthesis of fac- and mer-10
was carried out as shown in Chart 6.
All the Ir complexes were structurally characterized by 1H

NMR, ESI-MS and related techniques, and X-ray structure
analyses were carried out for fac-12, mer-12, and mer-15
(ORTEP drawings30 in Figure 1). As summarized in Table 1,
selected bond lengths of fac-12 are quite similar to those of fac-
Ir(tpy)3 (fac-2) (Ir−C 2.02 Å and Ir−N 2.13 Å).1h It should be
noted that the Ir−C and Ir−N bond lengths of F2ppy ligand in
mer-12 (Ir−C 2.07 Å and Ir−N 2.11 Å) and mer-15 (Ir−C 2.08
Å and Ir−N 2.12 Å) are somewhat longer than those between
Ir and tpy ligands (Ir−C 1.99, 2.04 Å and Ir−N 2.02, 2.03 Å)
and Ir and mpiq ligands (Ir−C 1.97, 2.05 Å and Ir−N 2.02,
2.03 Å). For these Ir complexes, the Ir−C and Ir−N bond
lengths were estimated by DFT calculations and are listed in
Table 1, because these calculated values are important in terms
of the mechanism of the degradation reactions, as described
below (the results of DFT calculations of other tris-cyclo-
metalated homoleptic Ir complexes, fac-2, fac-3, fac-7, fac-8,
and fac-9, are shown in Figure S23 in the Supporting
Information). The experimental Ir−C and Ir−N bond lengths
of fac-12, mer-12, and mer-15 are in good agreement with the
calculated Ir−C and Ir−N bond lengths (DFT calculations in
Table 1).

Degradation Reaction of fac-Ir(tpy)3 by Brønsted or
Lewis Acids. The results for the Brønsted or Lewis acid-
promoted degradation reactions of fac-Ir(tpy)3 (fac-2) in 1,2-
dichloroethane are summarized in Table 2. The reaction of fac-
2 with AlCl3 gave the corresponding chloro-bridged Ir dimer,
6a, in 84% yield (Entry 1). It was found that ZnCl2 and ZnBr2
promoted the degradation of fac-2 at reflux temperature to
provide 6a and the bromo-bridged Ir dimer 6b, respectively, in
reasonably good yields, while that reaction negligibly proceeds
at room temperature (Entries 2−4). In Entry 3, the tpy ligand
was recovered in ca. 30% yield, as determined by 1H NMR

Figure 1. ORTEP drawings of single crystal structures of (a) fac-12,
(b) mer-12, and (c) mer-15 with 50% probability ellipsoids. For clarity,
the CH2Cl2 in b and c is omitted.

Table 1. Selected Bond Lengths (Å) of (a) fac-12, (b) mer-
12, and (c) mer-15 in X-ray Crystal Structure (left) and
Those Obtained by DFT Calculations (right)

(a)
X-ray structure bond lengths

(Å)
calculated bond lengths

(Å)

Ir−C(l) (tpy) 2.01 2.04
Ir−C(2) (tpy) 1.99 2.04
Ir−C(3) (F2ppy) 1.99 2.03
Ir−N(l) (tpy) 2.12 2.17
Ir−N(2) (tpy) 2.12 2.16
Ir−N(3) (F2ppy) 2.13 2.16

(b)
X-ray structure bond lengths

(Å)
calculated bond lengths

(Å)

Ir−C(l) (tpy) 1.99 2.02
Ir−C(2) (tpy) 2.04 2.09
Ir−C(3) (F2ppy) 2.07 2.11
Ir−N(l) (tpy) 2.02 2.07
Ir−N(2) (tpy) 2.03 2.08
Ir−N(3) (F2ppy) 2.11 2.19

(c)
X-ray structure bond lengths

(Å)
calculated bond lengths

(Å)

Ir−C(l) (mpiq) 1.97 2.02
Ir−C(2) (mpiq) 2.05 2.08
Ir−C(3) (F2ppy) 2.08 2.10
Ir−N(l) (mpiq) 2.02 2.09
Ir−N(2) (mpiq) 2.03 2.08
Ir−N(3) (F2ppy) 2.12 2.20
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(when 20−30 equiv of ZnCl2 was used, tpy was recovered in
71−90%). Characterization of 6b obtained in Entry 4 was
carried out by 1H NMR, ESI-MS, and X-ray structure analysis
(See Figure 2). The representative parameters for the crystal
structure of 6b in Table 3 indicate that two Ir atoms of 6b

adopt a slightly distorted octahedral coordination geometry
about the Ir(III) centers, at which two Ir−N bonds connected
to the same Ir atom are in a trans configuration and the Ir−C
bonds have cis configuration.31 The degradation reaction of fac-
2 was not promoted by ZnO in the absence or the presence of
(nBu)4NBr as a bromide source (Entries 5 and 6). In Entries
7−9, the reaction of fac-2 with Zn(ClO4)2 or ZnCl2 in EtOH
and CCl4 gave 6a in negligible or very low yields. Trimethylsilyl
chloride (TMSCl) also promoted the degradation of fac-2 to
give 6a in 71% (Entry 10) and FeCl3 gave the chlorinated fac-2
( fac-Ir(Cl-tpy) (fac-20)) and the chlorinated tpy ligand in 9%
and 4% yields and other organic compounds could not be
isolated (Entry 11), suggesting a possibility that fac-2 was
decomposed after chlorination, while CuCl2 and PdCl2 afforded
complex mixtures, the characterization of which was difficult
(Entries 12 and 13).32 A negligible amount of 6a was obtained
after the reaction of CdCl2·2.5H2O and Zn2+−1,4,7,10-
tetraazacyclodecane (Zn2+-cyclen) complex (21a, b)33,34 and
afforded byproducts, characterization of which were difficult
(Entries 14−16). The reaction with TFA and (nBu)4NCl

Table 2

entry reagents
reaction
conditions

recovery yield of
fac-2 ( fac-Ir(tpy)3)

(%)
yield of 6

(%)

1 AlCl3 (5.0 equiv) r.t.,
30 min

trace 84 (6a)

2 ZnCl2 (50 equiv) r.t., 1.5 h 88 trace
3 ZnCl2 (80 equiv) reflux, 2 h trace 52 (6a)
4 ZnBr2 (50 equiv) reflux, 3 h trace 93 (6b)
5 ZnO (50 equiv) reflux,

48 h
66 trace

6 ZnO (25 equiv),
(nBu)4NBr (50
equiv)

reflux,
96 h

90 trace

7 Zn(ClO4)2·6H2O
(10 equiv)a

r.t., 48 h 85 trace

8 ZnCl2 (50 equiv)a reflux,
13 h

15 trace

9 ZnCl2 (50 equiv)b reflux,
10 h

trace 14

10 Me3SiCl (50 equiv) r.t., 2.5 h trace 71 (6a)
11 FeCl3 (50 equiv) r.t., 2 h trace tracec

12 CuCl2 (5 equiv) reflux,
44 h

trace traced

13 PdCl2 (5 equiv) reflux,
28 h

trace trace

14 CdCl2·2.5H2O (5
equiv)

reflux,
48 h

58 trace

15 Zn2+-cyclen(H2O)
(21a) (10 equiv)

reflux,
12 h

100 trace

16 Cyclen·ZnCl2 (21b)
(10 equiv)

reflux,
16 h

23 trace

17 TFA (60 equiv),
(nBu)4NCl (10
equiv)

r.t. 20 min trace <42e (6a)

18 TFA (60 equiv),
ZnCl2 (60 equiv)

r.t. 10 min trace trace

19 HCl (4 M in 1,4-
dioxane) (50
equiv)

r.t., 1 h trace 68 (6a)

20 BF3·Et2O (5 equiv),
(nBu)4NCl (10
equiv)

r.t., 6 h trace tracef

aEtOH was used as the solvent. bCCl4 was used as the solvent.
cfac-20

was obtained in 9%. dSee ref 32. eA mixture contaning 6a was
obtained. fSee ref 35.

Figure 2. ORTEP drawing of single crystal structure of 6b with 50%
probability ellipsoids.

Table 3. Selected Bond Lengths (Å) and Selected Bond
Angles (deg) of 6b

(a) bond length (Å)

Ir−C (tpy) 2.01, 2.01, 2.02, 2.02
Ir−N (tpy) 2.04, 2.04, 2.05, 2.06
Ir−Br 2.62, 2.62, 2.65, 2.65

(b) bond angles (deg)

N (tpy)−Ir−Br 91.2, 91.3, 93.4, 93.7
Br−Ir−Br 84.1, 84.3
Ir−Br−Ir 95.7, 95.8

Chart 7
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afforded 6a in less than 42% yield, as determined by 1H NMR
(Entry 17). On the other hand, the treatment with TFA and
ZnCl2 resulted in negligible amounts of 6a (Entry 18).
Baranoff and co-workers reported that HCl (2 M in Et2O)

and BF3·Et2O promote the degradation of heteroleptic Ir
complexes that contain an ancillary ligand, such as Ir-
(F2ppy)2(pic) (pic picolinate) 22a or Ir(F2ppy)2(acac) 22b
to give the corresponding Ir dimer [Ir(F2ppy)2(μ-Cl)]2 23a
(Chart 7).9d For comparison, the degradation of fac-2 by
hydrochloric acid (4 M HCl in 1,4-dioxane) gave 6a in 68%
yield (Entry 19 of Table 2), while the treatment of fac-2 with 2
M HCl aq. in THF/H2O (2/1) was negligible, suggesting that
H3O

+ (pKa = −1.74) generated by leveling effect is not a
sufficiently strong acid to decompose fac-2. Only trace amount
of 6a was obtained in the case of BF3·Et2O and (nBu)4NCl
(added as a Cl− source) (Entry 20).35 In this work, it was found
that 22b undergoes decomposition in the presence of ZnCl2
(60 equiv) in 1,2-dichroloethane at room temperature to give

23a in 93% yield (Chart 7). These results indicate that AlCl3,
ZnCl2, ZnBr2, TMSCl, and HCl/1,4-dioxane promote the
degradation of fac-2 to give 6a or 6b in moderate good yields
and that the reactivity of tris-cyclometalated Ir complexes such
as fac-2 is different from bis-cyclometalated Ir complexes such
as 22.

Degradation Reaction of Tris-Cyclometalated Homo-
leptic Ir Complexes by ZnBr2. The reactivity of other tris-
cyclometalated Ir complexes with ZnBr2 or HCl (4 M in 1,4-
dioxane) was examined and the results are summarized in
Tables 4 and 5. The decomposition of fac-1, mer-1, fac-2, mer-
2, and fac-3 by ZnBr2 provided the corresponding bromo-
bridged Ir dimers 24, 6b, and 25 as major products (Entries 1−
6 in Table 4). The μ-complex 26 was obtained from fac-7 and
ZnBr2 in 25% yield after 5 h and in 83% yield after 25 h
(Entries 7 and 8 in Table 4). It was found that fac-3 and fac-7
required longer reaction times than those of fac-1 and fac-2
(Entries 5−8 vs Entries 1 and 3 in Table 4). A comparison of

Table 4

entry
tris-cyclometalated Ir

complex R1 R2 R3 reagents
reaction time

(h)
yield of halogen-bridged Ir dimer

(%)
recovery of S.M.

(%)

1 fac-1 H H H ZnBr2 (50 equiv) 4.5 50 (24) trace
2 mer-1 H H H ZnBr2 (50 equiv) 1 47 (24) trace
3 fac-2 Me H H ZnBr2 (50 equiv) 3 93 (6b) trace
4 mer-2 Me H H ZnBr2 (50 equiv) 2 33 (6b) trace
5 fac-3 OMe H H ZnBr2 (50 equiv) 5 70 (25) 13
6 fac-3 OMe H H ZnBr2 (50 equiv) 20 80 (25) trace
7 fac-7 Me Br H ZnBr2 (50 equiv) 5 25 (26) 60
8 fac-7 Me Br H ZnBr2 (50 equiv) 25 83 (26) trace
9 fac-8 F H F ZnBr2 (60 equiv) 24 trace 74
10 fac-8 F H F HCl (60 equiv)a 19 trace 78
11 mer-8 F H F ZnBr2 (60 equiv) 25 55 (23b) 23
12 fac-9 Me NO2 H ZnBr2 (60 equiv) 28 trace 100
13 fac-9 Me NO2 H HCl (60 equiv)a 19 trace 95

a4 M HC1 in 1,4-dioxane was used.

Table 5

entry tris-cyclometalated Ir complex R1 ZnBr2 (equiv) reaction time (h) yield of halogen-bridged Ir dimer 19 (%) recovery of S.M. (%)

1 fac-10 Me 60 3 98 (19b) trace
2 mer-10 Me 60 1 67 (19b) trace
3 fac-11 CF3 60 24 <49a (19c) 51

aA mixture contaning 19c was obtained.
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the reactivity between fac- and mer-forms were inconclusive
(Entry 1 vs Entry 2, Entry 3 vs Entry 4 in Table 4 and Entry 1
vs Entry 2 in Table 5). Interestingly, the degradation of fac-8
and fac-9 containing electron-withdrawing groups (two F and
NO2) on the phenyl rings of the ppy ligands negligibly
proceeded (Entries 9 and 12 in Table 4), while the mer-form of
8 underwent decomposition to give 23b in 55% (Entry 11).
Similarly, fac-11 having CF3 groups on the phenyl rings had a
lower reactivity than that of fac-10 and mer-10 (Entry 3 vs
Entries 1 and 2 in Table 5). As shown in Table 2, HCl (4 M in
1,4-dioxane) is a stronger promoter of the degradation reaction
than ZnBr2, because the reaction of fac-2 in the presence of
HCl proceeds at room temperature, while ZnBr2 requires a
refluxing temperature (Entry 4 vs Entry 19 in Table 2). It
should be noted that fac-8 and fac-9 have a low reactivity in the
presence of HCl/1,4-dioxane under refluxing conditions
(Entries 10 and 13 in Table 4) and mer-8 is more reactive
than fac-8 (Entry 11 vs Entry 9 in Table 4).
These results indicate that electron-withdrawing groups on

the phenyl ring of cyclometalating ligands stabilize the
corresponding Ir complexes. From the results shown in Tables
4 and 5, the order of susceptibility to degradation for the
ligands against ZnBr2 is assumed to be: mpiq, tpy, and ppy >
mppy > Br-tpy > tfpiq > F2ppy > NO2-tpy.

Degradation of Tris-Cyclometalated Heteroleptic Ir
Complexes in the Presence of Brønsted or Lewis Acids.
The aforementioned findings prompted us to examine the
ligand-selective degradation of heteroleptic Ir complexes such
as fac- and mer-Ir(tpy)2(F2ppy) (fac- and mer-12) by ZnBr2,
ZnCl2, TMSCl, AlCl3, and HCl/1,4-dioxane) (Chart 8 and
Table 6). Because it was assumed that the degradation of fac-12
and mer-12 with ZnBr2 would likely provide a mixture of 6b
and 27b, the degradation products were reacted with acacH to
convert to 17 (from 6b) and 18 (from 27b), respectively, in
order to characterize the products more accurately (Chart 8).
As shown in Entries 1 and 2 of Table 6, Ir(tpy)2(acac) 17 and
Ir(tpy)(F2ppy)(acac) 18 were obtained in 20% and 40% yields,
respectively, from fac-12, and the chemical yields of 17 and 18
from mer-12 were 13% and 63%, respectively. 1H NMR spectra
in Figures S24a and S24b in the Supporting Information
support the conclusion that the main products of the reaction
of mer-12 with ZnCl2 or ZnBr2 are the corresponding
heteroleptic μ-complexes [{Ir(tpy)(F2ppy)(μ-X)}2] 27a (X =
Cl)9f or 27b (X = Br), respectively.36 In Entry 3 of Table 6, the
crude products containing 6a and 27a were reacted with acacH
to afford 17 in 6% and 18 in 63% yields. Importantly, 17, but
not 18, was obtained as a major product of the degradation of

Chart 8

Table 6

entry substrates 1) reagents 1) conditions yield of 17 (%) yield of 18 (%) recovery of 12 (%)

1 fac-12 ZnBr2 (50 equiv) reflux, 20 h 20 40 trace
2 mer-12 ZnBr2 (50 equiv) reflux, 3 h 13 63 trace
3 mer-12 ZnCl2 (50 equiv) reflux, 3 h 6 63 trace
4 mer-12 TMSCl (50 equiv) r.t., 10 min 49 trace 21
5 mer-12 AlCl3 (5.0 equiv) r.t., 30 min 44 6 29
6 mer-12 HCl (3.0 equiv)a r.t., 1 h 66 trace 15

a4 M HCl in 1,4-dioxane was used.
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mer-12 with TMSCl, AlCl3, or HCl (4 M in 1,4-dioxane)
(Entries 4−6 in Table 6). The aromatic region in the 1H NMR
spectrum of 18 (obtained from fac- and mer-12 as a mixture of
enantiomers (Δ and Λ forms)) is shown in Figure S25a in the
Supporting Information. These results indicate that only ZnX2
(X = Cl or Br) promotes the selective elimination of a tpy
ligand on mer-12, while TMSCl, AlCl3, and HCl selectively
remove the F2ppy ligand from the same complex.37

The ligand-selective degradation reactions by ZnBr2 were
further examined using various mer-tris-cyclometalated hetero-
leptic Ir complexes, mer-Ir(F2ppy)2(tpy) (mer-13), mer-Ir-
(mppy)2(F2ppy) (mer-14), mer-Ir(mpiq)2(F2ppy) (mer-15),
and mer-Ir(F2ppy)2(mpiq) (mer-16) (Chart 9). The reaction of
mer-13, which is composed of two F2ppy ligands and one tpy
ligand, with ZnBr2 afforded Ir(F2ppy)2(acac) 22b in 43% yield
and a trace amount of 18, implying that the tpy ligand is

selectively released from mer-13 under these reaction
conditions. The reaction of mer-14 consisting of two mppy
and one F2ppy ligands provided Ir(mppy)(F2ppy)(acac) 28 in
54% yield and Ir(mppy)2(acac) 29 in 13% yield, as predicted by
the higher reactivity of tpy and mppy compared to that of
F2ppy. Similar results were obtained for the reactions of mer-15
and mer-16 with ZnBr2. Namely, Ir(mpiq)(F2ppy)(acac) 30
and Ir(mpiq)2(acac) 31 were obtained in 67% yield and trace
amounts from mer-15, due to the elimination of the mpiq
ligand and 22b was the major product produced from mer-16.
Aromatic regions of the 1H NMR spectra of 28 and 30
(obtained from mer-14 and mer-15 as a mixture of enantiomers
(Δ and Λ forms)) are shown in Figures S25b and S25c in the
Supporting Information in comparison with that of 18 (Figure
S25a in the Supporting Information).
We recently reported on the preparation of dual-emissive

cyclometalated Ir complexes such as 32 and 33 containing
8BSQ ligand 34 as an ancillary ligand (Chart 10).19,38 These Ir
complexes exhibit two different emission peaks (dual emission)
at ca. 475−500 nm (blue to green-color emission) and ca. 600
nm (red-color emission). It was concluded that the F2ppy unit
and the deprotonated 8BSQ group in 32 and 33 contribute to
the blue-color emission and red-color emission, respectively, to
produce a near-to-white emission.
With the aforementioned method in hand, we synthesized

the tris-heteroleptic Ir complexes 35a and 35b containing
F2ppy as a blue-emitting ligand, tpy as a green-emitting ligand,
and a 8BSQ ligand 34 as a red-emitting ligand. After reacting
mer-12 with ZnBr2 or ZnCl2, the resulting μ-complexes were

Chart 9

Chart 10
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treated with 34 to afford 35 (a mixture of diastereomers 35a
and 35b) in 36% or 24% yields, respectively, as summarized in
Table 7, with a trace amount of 36. In contrast, 36 was
obtained as the major product when TMSCl, AlCl3, or HCl was
used (Entries 3, 4, and 6). In Entry 5, treatment with FeCl3
afforded trace amounts of 35 or 36.
As shown in Figure S26a in the Supporting Information, the

1H NMR spectrum of 35 shows two sets of signals, indicating
that it is composed of a mixture of two diastereomers (35a and
35b) in a 1:0.4 ratio, among seven possible diastereomers (the

enantiomers of all the diastereomers are not considered).
Careful separation of these diastereomers by silica gel column
chromatography (hexanes/CHCl3/THF) afforded 35a as the
major product (Figure S26b in the Supporting Information). Its
structure was determined by X-ray single crystal analysis, as
shown in Figure 3 and Table 8, in which two N atoms in tpy
and F2ppy units connected to Ir atom exhibit trans
configuration, N(1) of quinolone (N(3) in Figure 3) and
C(2) of tpy (C(1) in Figure 3) are trans, and NSO2Ph (N(4) in
Figure 3) and C(2) of F2ppy are also trans.

39 To the best of our
knowledge, 35a is the first example of tris-heteroleptic Ir
complexes containing a nonsymmetric ancillary ligand isolated
as a single stereoisomer (a mixture of Δ and Λ enantiomers).40

Mechanistic Study of the Degradation of Ir Com-
plexes Promoted by Brønsted and Lewis Acids. As
described above, Baranoff and co-workers reported on the
degradation of heteroleptic Ir complexes containing ancillary
ligands such as Ir(F2ppy)2(pic) 22a and Ir(F2ppy)2(acac) 22b
with HCl (2 M in Et2O) and BF3·Et2O to give the
corresponding Ir dimer [Ir(F2ppy)2(μ-Cl)]2 23a (Chart 7).9d

In contrast, our findings reported herein are that (1) AlCl3,
ZnCl2, ZnBr2, TMSCl, and HCl/1,4-dioxane promote the
degradation of tris-cyclometalated Ir complexes such as fac-2 to
afford the corresponding halogen-bridged Ir dimers (Table 2),
(2) fac-8, fac-9, and fac-11 having electron-withdrawing groups
confer a lower reactivity than that of fac-1 and fac-2 (Tables 4
and 5), (3) ZnX2 (X = Cl or Br) promotes the selective
elimination of tpy, mppy, or mpiq ligands from fac- or mer-12,
mer-14, and mer-15, respectively, and the successive reaction
with acacH affords heteroleptic Ir complexes that contain three
different ligands, such as 18 (Chart 8), 28, and 30 (Chart 9),
while AlCl3, TMSCl, and HCl/1,4-dioxane cause the F2ppy
ligand to be removed from mer-12 (Table 6), (4) the order of
reactivity of the fac- and mer-forms is not conclusive, (5) the
order of reactivity of acid promoters is assumed to be HCl/1,4-
dioxane, TMSCl, AlCl3 ≫ ZnX2 (Tables 2 and 4), and (6) the
optimized structures of mer-13, mer-14, and mer-16 were
obtained by DFT calculations (Figure S27 in the Supporting
Information), because sufficient crystals of these Ir complexes
were not obtained for X-ray crystal structure analysis. The Ir−C
and Ir−N bond lengths of fac-12, mer-12, and mer-15 observed

Table 7

entry reagents conditions yield of 35 (%) (35a:35b)a yield of 36 (%)

1 ZnBr2 (50 equiv) reflux, 4 h 36 (1:0.4) <5
2 ZnCl2 (60 equiv) reflux, 22 h 24 (1:0.4) <5
3 TMSCl (60 equiv) r.t., 10 min trace 61c

4 AlCl3 (5 equiv) r.t., 10 min trace 71c

5 FeCl3 (5 equiv) r.t., 10 min trace trace
6 HCl (3 equiv)b r.t., 10 min trace 35c

aRatios were determined by 1H NMR. b4 M HCl in1,4-dioxane was used. cThe products were identical to 36 that was prepared according to ref 19.

Figure 3. ORTEP drawing of single crystal structure of 35a with 50%
probability ellipsoids.

Table 8. Selected Bond Lengths (Å) of 35a

bond lengths (Å)

Ir−C(1) 1.99
Ir−C(2) 1.99
Ir−N(1) 2.05
Ir−N(2) 2.04
Ir−N(3) 2.13
Ir−N(4) 2.16
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by these crystal structures and those obtained by DFT
calculation are nearly identical (Table 1), suggesting that the
calculated structures of mer-13, mer-14, and mer-16 in Figure
S27 in the Supporting Information are sufficiently close to
those for the intristic structures (crystal structures, if obtained).
Based on the aforementioned data, we assume two

mechanisms for the degradation of tris-cyclometalated Ir
complexes (typically, mer-12) according to the used acids, as
shown in Chart 11. In hard and soft acids and bases (HSAB)
theory, H+, Al3+, and Si4+ are categorized as hard Lewis acids
and Zn2+ is categorized as borderline acids.41 When H+, AlCl3,

Chart 11

Figure 4. HOMOs of tris-cyclometalated Ir complexes fac-12, mer-12, and mer-13 calculated by the Gaussian09 program using the B3LYP hybrid
functional together with the LanL2DZ basis for the Ir atom and the 6-31G basis sets for the H, C, N, and F atoms.

Chart 12
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or TMSCl are used for the degradation, the nitrogen atom on
the F2ppy ligand in the mer-12 reacts with H+, Al3+ (of AlCl3),
or Si4+ (of TMSCl), which are hard acids (37), resulting in the
formation of the intermediate 39 via 38 (Chart 11a). This can
be attributed to the fact that the Ir−N bond of F2ppy is longer
(namely weaker) than the other Ir−N bonds between Ir and
the tpy ligand (Table 1b). Cleavage of the Ir−C bond of 38
affords 39, which may easily dimerize to give 6a.
In the case of Zn2+-promoted degradation reactions, on the

other hand, we hypothesize an interaction between the
molecular orbital of the phenyl ring of mer-12 and that of
Zn2+ (40 in Chart 11b), because Zn2+ is one of the borderline
acids. This reaction is considered to initiate the metal exchange

reaction from Ir−C to Zn−C to give the intermediate 42 via
41, resulting in the production of 27 and tpy (30−70%)
(Entries 3 and 4 in Table 2 and Entries 2 and 3 in Table 6).
The decomposition reaction of fac-2 with ZnX2 (X = Cl or

Br) was carried out in the presence of aldehyde to trap the
Zn2+-coordinated species such as 42. It was hypothesized that
Reformatsky reagent-like species in 42 (Chart 11) may undergo
C−C bond formation reaction with benzaldehyde, considering
an analogy to the nucleophilic C(sp2)−H addition of
manganase reagents to aldehyde, as reported by Wang and
co-workers.42 In a typical experiment, a solution of
benzaldehyde in THF was added to a degradation reaction
mixture of fac-2 and ZnBr2 after cooling to room temperature.
It should be noted that THF was used as a cosolvent to
dissociate 42 and activate organozinc species in it. In this
reaction, however, 6b was obtained in 53% and benzaldehyde
was recovered in 73%. After the decomposition in the presence
of p-nitrobenzaldehyde, fac-2 was recovered in 58% and a
complex mixture was obtained.
Next, we carried out the quenching experiments of the Zn2+-

promoted degradation reaction with D2O/DCl or MeOD to
check the formation of the deuterated tpy ligand. The reaction
mixture of fac-2 and ZnCl2 was refluxed for 2 h, to which D2O/
DCl or MeOD was added and refluxed again for 30 min. In
these experiments, tpy was recovered in 30−70% without
substitution with deuterium (D). Futhermore, the degradation
of fac-2 with ZnCl2 in 1,2-dichloroethane-d4 (ClCD2CD2Cl)
gave tpy in 28% without deuteriumation, denying that 1,2-
dichloroethane functions as a proton donor to 42. These
experimental results suggest that a very small amount of H2O
contained in ZnX2 may function as a proton donor to the
organozinc species in 42. Further study is now in progress.

Figure 5. Electronegativity values for carbon and several metals.

Figure 6. Energy diagram for the HOMO and LUMO of tris-cyclomatalated Ir complexes (fac-2, mer-2, fac-3, fac-7, fac-8, mer-8, fac-9, fac-10, fac-
11, fac-12, and mer-12−16), ZnCl2, and ZnBr2 calculated by the Gaussioan09 program using the B3LYP hybrid functional together with the
LanL2DZ basis for the Ir, Zn, Cl, and Br atoms and the 6-31G basis sets for the H, C, N, O, and F atoms.
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The energy levels and shapes of HOMO of fac-12, mer-12,
and mer-13 are presented in Figure 4. The same parameters of
mer-14, mer-15, and mer-16 are shown in Figure S28 in the
Supporting Information. The successive cleavage of Ir−N may
afford 42, which could exist as a hetero μ-complex between
them (41) and are then decomposed to tpy and 27b after
quenching.
In support of the reactivity of their phenyl groups, the

treatment of mer-12 with NBS afforded mer-43, whose 5′-
position is brominated (Chart 12),10,11 as confirmed by X-ray
structure (Figure S29 in the Supporting Information). Note
that mer-43 is, to the best of our knowledge, the first example
of tris-heteroleptic tris-cyclometalated Ir complex that is
synthesized without the formation of other diastereomers. As
shown in Figure 2, two Ir atoms in 6a have N,N-trans
configuration and the same product 6a is obtained from fac-12
and mer-12, in which Ir has N,N-cis configuration and N,N-trans
configuration, although this mechanism is yet to be studied.
The data in Table 4 indicate, that fac-8 and fac-9, which

include the electron-withdrawing groups, have lower reactivity
in the presence of ZnX2 and HCl. For reference, it has been
reported that the bonds between metal (M) and the oxygen
atom of the M(8-hydroxyquinolyl)3 complex (M = Al(III) or In
(III)) are stabilized by the introduction of Br and NO2 groups
on the 8-hydroxyquinolyl ligand.43 We then asked ourselves
why Ir complexes having electron-withdrawing groups such as
fac-8, fac-9, and fac-11 are less reactive than fac-1 and fac-2.

It is well described that Ir complexes are one of most
kinetically inert class of metal complexes44 and the significant
stability of cyclometalated Ir complexes in comparison with
organometallic reagents such as organolithium and organo-
magnesium reagents can be explained by the difference of
electronegativity of the carbon (χc) and the corresponding
metals (χIr, χLi, and χMg).

45 The electronegativity values for
carbon and iridium are 2.55 (χc) and 2.20 (χIr), respectively,
from which the Δχ value between C and Ir is calculated to be

Table 9. Photophysical Properties of mer-10, mer-12−16, fac-
12, 17, 18, 22b, and 28−31 in Degassed DMSO Solutions at
298 Ka

compounds λabs (nm)
λem
(nm)

quantum
yield Φ

emission
lifetime τ (μs)

mer-10 (mer-
Ir(mpiq)3)

303, 350,
486

614 2.0 × 10−2b 0.17d

fac-12 ( fac-
Ir(tpy)2(F2ppy))

281, 362 516 0.57c 1.9e

mer-12 (mer-
Ir(tpy)2(F2ppy))

336, 366,
400

528 4.7 × 10−2c 0.30f

mer-13 (mer-
Ir(F2ppy)2(tpy))

278, 389 504 0.31c l.0e

mer-14 (mer-
Ir(mppy)2(F2ppy))

278, 409 512 8.3 × 10−2c 0.25e

mer-15 (mer-
Ir(mpiq)2(F2ppy))

281, 343,
470

603 0.22b 1.1d

mer-16 (mer-
Ir(F2ppy)2(mpiq))

272, 354,
395

581 0.31b 4.7g

17 (Ir(tpy)2(acac)) 408, 462 518 0.42c 1.4e

18 (Ir(tpy)(F2ppy)
(acac))

400, 450 508 0.51c 1.3e

22b
(Ir(F2ppy)2(acac))

330, 389,
437

489 0.53c 1.0e

28 (Ir(mppy)(F2ppy)
(acac))

283, 395,
472

507 0.52c 1.3e

29 (Ir(mppy)2(acac)) 286, 401 505 0.46c 1.2e

30 (Ir(mpiq)(F2ppy)
(acac))

280, 340,
455

493,
602

0.38b 1.9,e2.0d

31 (Ir(mpiq)2(acac)) 289, 345,
474

616 0.25b 1.3d

aExcitation at 366 nm; [Ir complex] = 10 μM. bQuantum yields were
determined using fac-Ir(mpiq)3 as a standard reference (Φ = 0.26 in
toluene). cQuantum yields were determined using quinine sulfate as a
standard reference (Φ = 0.55 in 0.1 M H2SO4 aq.).

dA 590 nm long
wave pass filter was used. eA 475 nm long wave pass filter was used. fA
515 nm long wave pass filter was used. gA 550 nm long wave pass filter
was used.

Figure 7. Normalized emission spectra of Ir complexes. (a) 17
(dashed curve), 18 (bold curve), and 22b (plain curve) in degassed
DMSO at 298 K ([Ir complex] = 10 μM and excitation at 366 nm).
(inset) Photograph showing DMSO solution of 18 (10 μM) excited by
UV light at 365 nm. (b) 22b (dashed curve), 28 (bold curve), and 29
(plain curve). (inset) Photograph showing DMSO solution of 28 (10
μM) excited by UV light at 365 nm. (c) 22b (dashed curve), 30 (bold
curve), and 31 (plain curve). (inset) Photograph showing DMSO
solution of 30 (10 μM) excited by UV light at 365 nm.
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0.35, as displayed in Figure 5. This value is smaller than the
corresponding values for reactive organometallic reagents like
organolithium, organomagnesium, and organozinc reagents,
which explains the higher stability of C−Ir bonds in Ir
complexes in comparison with C−Li, C−Mg, and C−Zn
bonds. It is possible that electron-withdrawing groups (R in
Figure 5) on the phenyl rings of fac-8, mer-8, fac-9, and fac-11
(Tables 4 and 5) would decrease the electronegativity of carbon
atoms in Ir−C bonds indicated in Figure 5, resulting in a
decrease in the Δχ value and the higher stability of these
complexes compared to fac-1 and fac-2.

The HOMO and LUMO energy levels of the Ir complexes
were also considered. Figure 6 provides information on the
HOMO and LUMO levels of the Ir complexes used in the
decomposition reactions. In the left half of Figure 6, the
HOMO and LUMO levels of the more reactive Ir complexes
are shown and the less reactive complexes are listed in the right
half.46 We next focused on the relationship between HOMO
levels of Ir complexes and LUMO levels of ZnBr2. Among the
reactive Ir complexes, mer-13 (mer-Ir(F2ppy)2(tpy)) has the
most negative HOMO level (−5.27 eV) and the less reactive Ir
complexes (e.g.; 8 and 9) possess more negative HOMO levels
(<−5.4 eV).
The LUMO level of the optimized structure of ZnBr2 is

estimated to be ca. −1 eV by DFT calculation (B3LYP/
LanL2DZ). Thus, we assume that orbital interactions between
the LUMO of ZnBr2 (ca. −1 eV) and the HOMOs (more
positive than ca. −5.2 eV) of the Ir complexes are important for
these degradation reactions. LUMO energy level of ZnBr2
(−0.99 eV) is lower than that of ZnCl2 (−0.85 eV) and we
assume that this is the reason why higher yield was obtained in
the decomposition of fac-2 with ZnBr2 than that with ZnCl2. At
the same time, ZnX2 functions as a halide source to afford μ-
complex.
Regarding the mechanism of the selective-degradation

reaction of mer-tris-cyclometalated heteroleptic Ir complexes
such as fac-12, mer-12, and mer-13 promoted by ZnBr2 (Charts
8 and 9), the HOMOs of these complexes are located on the
major ligand in each complex (Figure 4). Namely, mer-12 and
fac-12 contain two tpy and one F2ppy ligands and its HOMO is
located on tpy as well as the Ir metal core. Mer-13 includes two
F2ppy and one tpy groups and its HOMO is located on the
F2ppy unit and the Ir core. Therefore, we assume that the
HOMO on tpy ligands in 12 and that on the F2ppy of 13
interact with the LUMO of ZnBr2, as speculated in 40 of Chart
11b, thus initiating the selective decomposition of the
corresponding ligand (similarly, the HOMOs of mer-14, mer-
15, and mer-16 are shown in Figure S28 in the Supporting
Information, in which similar behavior is observed). It should
be noted that mer-13 and mer-16 are exceptions, from which
the minor ligand (tpy or mpiq) is ejected faster than the major
ligand (F2ppy).

Photophysical Properties of the Ir Complexes. UV/vis
absorption spectra of mer-10, mer-12−16, fac-12, 17, 18, 22b,
and 28−31 (10 μM) in DMSO at 298 K are shown in Figure
S30 in the Supporting Information, and their photochemical
properties are summarized in Table 9. These complexes exhibit
a weak absorption in the region of ca. 350−500 nm, which are
due to spin-allowed and spin-forbidden metal-to-ligand change
transfer (MLCT) transitions and spin-forbidden π−π*
transitions.
Emission spectra of the substrates of degradation, mer-10,

mer-12−16, fac-12, and products obtained in this work, 17, 18,
22b, and 28−31 (10 μM in degassed DMSO), were measured
at 298 K (excitation at 366 nm), as shown in Figure S31 in the
Supporting Information and Figure 7, respectively, and their
quantum yields were determined based on the Φ value of
quinine sulfate in 0.1 M H2SO4 (Φ = 0.55) or fac-Ir(mpiq)3 in
toluene (Φ = 0.26) used as a standard reference (see Table
9).47 The emission maxima of 17, 18, and 22b are 518, 508,
and 489 nm, respectively, indicating that the emission maxima
of tris-heteroleptic Ir complex 18 is located between those of
17 and 22b. As expected, it was found that 30 exhibits a dual
emission at ca. 493 nm and ca. 602 nm, respectively, because

Figure 8. (a) UV/vis spectra of Ir complexes 33 (plain curve), 35a
(bold curve), and 36 (dashed bold curve) in DMSO at 298 K. (b)
Normalized emission spectra of 33 (plain curve), 35a (bold curve), 36
(dashed bold curve) in degassed DMSO at 298 K ([Ir complex] = 10
μM and excitation at 366 nm). (inset) Photograph showing DMSO
solution of 35a (10 μM) excited by UV light at 365 nm.

Table 10. Photophysical Properties of 33, 35a, and 36 in
Degassed DMSO Solutions at 298 Ka

λem (nm)

compounds λabs (nm) HEBb LEBb
quantum
yield (Φ)

emission
lifetime τ (μs)

33 331, 366,
417

474,
493

613 9.8 × 10−2 1.4, 9.3c

35a 299, 381,
424

485,
515

613 2.5 × 10−2 1.9, 13d

36 304, 335,
386, 446

497,
525

617 1.5 × 10−2 1.6, 10d

aExcitation at 366 nm; [Ir complex] = 10 μM). bHEB = higher energy
emission band, LEB = lower energy emission band. cA 435 nm long
wave pass filter was used. dA 475 nm long wave pass filter was used.
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the F2ppy and mpiq ligands emit a blue and a red color,
respectively. It should be noted that 30 was recrystallized twice
in order to minimize contamination by 22b and 31 and the
exactly the same spectra were observed after recrystallization.
The UV/vis absorption spectra and emission spectra of 33,

35a, and 36 (10 μM in degassed DMSO solutions at 298 K) are
shown in Figure 8, and their photochemical properties are
summarized in Table 10. These complexes also exhibited a
weak absorption in the region of ca. 350−530 nm, which are
due to spin-allowed and spin-forbidden metal−ligand charge
transfer (MLCT) transitions and spin-forbidden π−π*
transitions.
Since these Ir complexes contain 8BSQ ligand as an ancillary

ligand, they exhibit dual emissions at ca. 475−525 nm (HE
(high energy) emission band) and ca. 610 nm (LE (low
energy) emission band) (Φ = 2.5 × 10−2 for 35a, 9.8 × 10−2 for
33, and 1.5 × 10−2 for 36; Figure 8b and Table 10).19 The
maxima of HEB of 35a was found to be observed between
those of 36 and 33. As shown in the inset of Figure 8b, 35a
exhibits a pale-pink emission color. The CIE of representative
Ir complexes synthesized in this work is presented in Figure
S32 in the Supporting Information.

Mechanistic Studies of Dual Emission of Ir complexes
(30 and 35a). TD-DFT calculations were performed for 30
and 35a using the Gaussian09 program.13 For 30, the calculated
triplet energies T1 and T3 are close to the experimentally
determined values (T1 2.06 eV (602 nm) and T3 2.52 eV (493
nm); Table 11). The HOMO and HOMO−2 of 30 are mainly
localized on the Ir center and mpiq ligands and HOMO−1 is
mainly localized on the Ir centers and acac ligands, as shown in
Figure 9a. The LUMO and LUMO+1 are localized on the mpiq
and F2ppy ligands, respectively. TD-DFT calculations show that
3MLmpiqCT (d(π)(Ir) → π*(mpiq)), 3LmpiqC (π(mpiq) →
π*(mpiq)), and 3LacacLmpiqCT transitions (π(acac) → π*-
(mpiq)) (Table 11) are included in the lowest-energy triplet
excited state T1. The third lowest-energy state T3 of 30 is
identical to its experimentally determined HEB, indicating that

Table 11. Calculated Triplet Transition States and Characteristics of the Transitions of 30 and 35a Using TD-DFT Calculation
at B3LYP (the LANL2DZ/6-31G Level)

compound
λem (nm)

exp
E (eV)
exp

E (eV) TD-
DFT state assignment main transition charactera

30 602 2.06 1.91 T1 HOMO − 2→ LUMO (17%) 3MLmpiqCT + 3LmpiqC + 3LacacLmpiqCT

HOMO − 1 → LUMO (8%)
HOMO → LUMO (69%)

2.40 T2 HOMO − 2→ LUMO (23%) 3MLmpiqCT + 3LmpiqC + 3LacacLmpiqCT

HOMO − 1→ LUMO (42%)
HOMO → LUMO (25%)

493 2.52 2.57 T3 HOMO − 1 → LUMO + 1
(6%)

3MLF2ppyCT + 3LmpiqLF2ppyCT + 3LacacLF2ppyCT

HOMO → LUMO + 1 (79%)
35a 613 2.02 1.94 T1 HOMO − 1→ LUMO (13%) 3MLquinCT + 3LquinC + 3ILquinCT + 3LtpyLquinCT

HOMO → LUMO (79%)
485 2.56 2.59 T2 HOMO − 2 → LUMO + 2

(11%)

3MLtpyCT + 3MLF2ppyCT + 3LtpyC + 3LtpyLF2ppyCT + 3LquinLtpyCT +
3LquinLF2ppyCT

HOMO − 1 → LUMO + 1
(4%)

HOMO − 1 → LUMO + 2
(33%)

HOMO → LUMO + 1 (6%)
HOMO → LUMO + 2 (34%)

aThe metal-to-ligand charge transfer, interligand charge transfer, intraligand charge transfer, and ligand centered are represented by MLxCT, LxLyCT,
ILxCT, and LCx, respectively. quin: quinoline ligand.

Figure 9. Selected molecular orbitals of (a) 30 and (b) 35a obtained
from DFT calculations at B3LYP (the LANL2DZ/6-31G level).
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T3 is a mixture of 3MLF2ppyCT (d(π)(Ir) → π*(F2ppy)),
3LmpiqLF2ppyCT (π(mpiq) → π*(F2ppy)), and

3LacacLF2ppyCT
transitions (π(acac) → π*(F2ppy)).
The calculated triplet energies T1 and T2 of 35a were 1.94

and 2.59 eV, respectively, which are in fairly good agreement
with the experimentally determined values (T1: 2.02 eV (613
nm) and T2: 2.56 eV (485 nm). As shown in Figure 9b, the
HOMO of 35a is mainly localized on the Ir center, the
quinoline ring (quin), and the nitrogen atom (n) of the
sulfonamide group of quinoline, and the HOMO−1 and
HOMO−2 are mainly localized on the Ir centers and tpy
ligands. On the other hand, its LUMO is localized on the
quinoline ring, and LUMO+1 and LUMO+2 are mainly
localized on the F2ppy and tpy ligands, respectively. The results
of TD-DFT calculations suggest that the lowest-energy triplet
excited state T1 is a mixture of 3MLquinCT (d(π)(Ir) →
π*(quin)), 3LquinC (π(quin) → π*(quin)), 3ILquinCT (n-
(sulfonamide) → π*(quin)), and 3LtpyLquinCT transitions
(π(tpy) → π*(quin)) (Table 11). Furthermore, the second
lowest-energy state T2 of 35a is a mixture of 3MLtpyCT
(d(π)(Ir) → π*(tpy)), 3MLF2ppyCT (d(π)(Ir) → π*(F2ppy)),
3LtpyC (π(tpy) → π*(tpy)), 3LtpyLF2ppyCT (π(tpy) → π*-
(F2ppy)),

3LquinLtpyCT (π(quin) → π*(tpy)), and
3LquinLF2ppyCT transitions (π(quin) → π*(F2ppy)). These
results indicate the contribution of each of the three different
ligands (F2ppy, tpy, and 8BSQ) to the triplet emission states of
35a.

■ CONCLUSION

In this manuscript, we report on the degradation of tris-
cyclometalated Ir complexes (IrL3, L = cyclometalating ligand)
promoted by Brønsted acids such as HCl/1,4-dioxane and
Lewis acids such as ZnX2 (X = Br or Cl), TMSCl, and AlCl3.
Among the various Lewis acids, ZnBr2 exhibited a good
reactivity for Ir(ppy)3 1, Ir(tpy)3 2, and Ir(mppy)3 3 to provide
the corresponding halogen-bridged Ir dimers (μ-complexes). It
was also found that the reactivity of tris-cyclometalated Ir
complexes containing electron-withdrawing groups such as
fluorine atoms, nitro or CF3 groups on the ligands is quite low.
This reaction was applied to the selective degradation of mer-
tris-cyclometalated Ir complexes such as mer-Ir(tpy)2(F2ppy)
(mer-12). The reaction of mer-12 with ZnBr2 gave a mixture of
a halogen-bridged Ir dimer 6b and 27b, and the tris-
heteroleptic Ir complex 18 (IrLL′A, A = ancillary ligand) was
then obtained by treatment with acetylacetone. Furthermore,
we successfully isolated a novel tris-heteroleptic Ir complex 35a
having a nonsymmetric ancillary ligand after careful separation
of its diastereomers. Mechanistic studies suggest that the
formation of different products from some Ir complexes by H+,
TMSCl, and AlCl3 and ZnX2 is due to the hardness and
softness of these Brønsted and Lewis acids used. The reactivity
and selectivity in the ZnX2-promoted degradation can be
explained by the interaction of the HOMO of Ir complexes
with the LUMO of ZnX2 and by the difference of electro-
negativity of iridium and carbon in the ligand part. Further
mechanistic study is now underway. Such selective degradation
reactions of tris-cyclometalated Ir complexes represents a
potentially useful synthetic method for preparing a variety of
metal complexes.
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Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
Revision D.01; Gaussian, Inc., Wallingford CT, 2009.
(14) (a) Fantacci, S.; De Angelis, F. A Computational Approach to
the Electronic and Optical Properties of Ru(II) and Ir(III) Polypyridyl
Complexes: Applications to DSC, OLED and NLO. Coord. Chem. Rev.
2011, 255, 2704−2726. (b) Hay, P. J. Theoretical Studies of the
Ground and Excited Electronic States in Cyclometalated Phenyl-
pyridine Ir(III) Complexes Using Density Functional Theory. J. Phys.
Chem. A 2002, 106, 1634−1641.
(15) Konno, H.; Ito, T.; Sugita, Y. Preparation of Facial Trisortho-
Metalated Iridium Complexes as Light-Emitting Metals for Organic
Electroluminescent Devices. PCT. Patent. WO2012/057139A1.
(16) Dumur, F.; Lepeltier, M.; Siboni, H. Z.; Gigmes, D.; Aziz, H.
Phosphorescent Organic Light-Emitting Devices (PhOLEDs) Based
on Heteroleptic Bis-Cyclometalated Complexes Using Acetylacetonate
as the Ancillary Ligand. Synth. Met. 2014, 198, 131−136.
(17) The 1H NMR spectra of 6b, mer-10, fac-12, mer-12, mer-13,
mer-14, mer-15, mer-16, 18, 19b, fac-20, 23b, 24, 25, 26, 28, 29, 30,
31, 35a, 36, and mer-43 are shown in Figures S1−S22 in the
Supporting Information.
(18) Agarwal, N.; Nayak, P. K. Synthesis, Characterization,
Photophysical and Electrochemical Properties of New Phosphorescent
Dopants for OLEDs. Tetrahedron Lett. 2008, 49, 2710−2713.
(19) Kumar, S.; Hisamatsu, Y.; Tamaki, Y.; Ishitani, O.; Aoki, S.
Design and Synthesis of Heteroleptic Cyclometalated Iridium(III)
Complexes Containing Quinoline-Type Ligands that Exhibit Dual
Phosphorescence. Inorg. Chem. 2016, 55, 3829−3843.
(20) Smart & SAINT Software Reference Manuals, Version 6.45;
Bruker Analytical X-ray Systems, Inc., Madison, WI, 2003.
(21) Sheldrick, G. M. SADABS, Software for Empirical Absorption
Correction, Ver.2.05; University of Göttingen, Göttingen, Germany,
2002.
(22) XPREP, 5.1 ed.; Siemens Industrial Automation Inc., Madison,
WI, 1995.
(23) Sheldrick, G. M. SHELXL97, Program for Crystal Structure
Refinement; University of Göttingen, Göttingen, Germany, 2008.
(24) (a) Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of
Photochemistry, 2nd ed.; Marcel Dekker, Inc.: New York, 1993.
(b) DeBernardo, S.; Weigele, M.; Toome, V.; Manhart, K.;
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