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Abstract

A series of bis-cyclometalated Ir(III) complexes (8–10, 12, 15, 17, 19, 21, 23, 25, 28, 29 and 33) bearing two chromophoric N�C
cyclometalated ligands derived from 2-(3,5-bis(trifluoromethyl)phenyl)-4-methylpyridine (1) and a third nonchromophoric ligand has
been synthesized. A palladium-catalyzed cross-coupling reaction between 2-chloro-4-methylpyridine (2) and 3,5-bis(trifluorom-
ethyl)phenylboronic acid (3) was used to prepare 2-(3,5-bis(trifluoromethyl)phenyl)-4-methylpyridine (1). Cyclometalation of (1) by
IrCl3 was carried out in (MeO)3P@O, with the formation of chloro-bridged dimer [N�C]2Ir(l-Cl)2Ir[C�N]2 (8). Reaction of (8) with
lithium 2,4-pentanedionate, lithium 2,2,6,6-tetramethyl-heptane-3,5-dionate (13), dipivaloyltrimethylsilylphosphine (14), 2,2-dimethyl-
6,6,7,7,8,8,8-heptafluoro-3,5-octadione (16), 1,1,1,3,3,3-hexafluoro-2-pyridin-2-yl-propan-2-ol (18), 1,1,1,3,3,3-hexafluoro-2-pyrazol-1-
ylmethyl-propan-2-ol (20), 2-diphenylphosphanylethanol (22), and 1-diphenylphosphanylpropan-2-ol (24), afforded octahedral iridium
complexes 9, 12, 15, 17, 19, 21, 23 and 25, respectively. Complex 10, which contains three different ligands (L1 = N�C of 1;
L2 = N�C of 4,4 0-dimethyl-[2,2 0]bipyridinyl 4; L3 = O�O of 2,4-pentanedione), and complex 11, which contains no cyclometalated
ligands (L1 = 4; L2 = L3 = Cl; L4 = O�O of 2,4-pentanedione) were also isolated as minor products in a one-pot reaction between
a 94:5 mixture of 1 and 4, IrCl3 and lithium 2,4-pentanedionate. Reaction of 8 with diphenylphosphanylmethanol (27) in 1,2-dichlo-
roethane unexpectedly led to complexes 28 and 29. The reactions of 8 with benzoylformic acid resulted in the formation of hydroxyl-
bridged dimer [N�C]2Ir(l-OH)2Ir[C�N]2 (33). According to X-ray analyses, Ir-to-Ir distances in the crystal cell increase from 6.86 Å
for 10 to 13.31 Å for 33. The angle theta, which represents the twisting of two cyclometalated C–Ir–N planes relative to each other,
varies from 97.5� for 21 to 90.76 for complex 28. OLED devices were fabricated from several Ir complexes and preliminary results
are discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Smithson Tennant discovered the element iridium over
200 years ago in the black residues remaining from the
treatment of platinum ores [1]. Since then iridium has been
linked to phenomena ranging from the disappearance of
dinosaurs [2] to organic light emitting diodes [3]. In partic-
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doi:10.1016/j.jorganchem.2007.06.026

* Corresponding author. Tel.: +302 6952968; fax: +302 6958281.
E-mail address: alex.s.ionkin@usa.dupont.com (A.S. Ionkin).

1 This is DuPont contribution #8711.
ular, mono-cyclometalated (N�C) PtII complexes (Type a

in the Scheme 1) and bis-cyclometalated (N�C) complexes
of IrIII with 2-phenylpyridine ligands (Type b in the Scheme
1) have been widely investigated as promising electrolumi-
nescent materials for OLED applications.

Emission colors from these Pt and Ir complexes range
from blue-green, to green and to red, and depend mostly
on the choice of the chromophoric cyclometalated ligand.
The electronic parameters and steric bulk of the second,
nonchromophoric ligands are also important for the color
coordinate and intensity of the emission. For example,
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increasing the steric bulk of the secondary auxiliary ligands
in Pt-complexes (Type a in Scheme 1) shifted the emission
wavelength to higher energies (from 600 nm to 540 nm) [4].
Introduction of P�O ligands was found to shift the emis-
sion to the blue part of the spectrum [5]. Blue emissive
materials are among the most sought after components
for the emerging OLED market.

In this report, we studied the effect of varying the third
ligand in bis-cyclometalated Ir-complexes (Type b in
Scheme 1). An attempt was made to correlate structural
features of the bis-cyclometalated moiety of the iridium
complexes with the final electroluminescent spectra. Such
bis-cyclometalated iridium complexes are highly crystalline
substances, which greatly facilitated X-ray analysis. Fre-
quently, electrochemical and photochemical studies, as well
as theoretical calculations, have been used to interpret the
blue shift in OLED devices [3–5]. 2-(3,5-Bis(trifluorom-
ethyl)-phenyl)-4-methylpyridine 1 was selected as a ligand
for cycloiridation because it is easily prepared and it pro-
vides intensive blue emissive bis-cyclometalated Ir(III)
complexes [5].

2. Results and discussion

2.1. Synthesis of bis-cyclometalated Ir(III) complexes and

structural studies

2.1.1. Synthesis of 2-(3,5-bis(trifluoromethyl)phenyl)-4-

methylpyridine 1
The palladium-catalyzed Suzuki cross-coupling reaction

between 2-chloro-4-methylpyridine (2) and 3,5-bis(trifluo-
romethyl)phenylboronic acid (3) was used to prepare
2-(3,5-bis(trifluoromethyl)phenyl)-4-methylpyridine (1)
(Schemes 2, 3). Two catalytic protocols were tested. The
first one (Scheme 2) involves the tetrakis(triphenylphos-
phine)palladium(0) as the catalyst in the presence of
potassium carbonate and a mixture of monoglyme (1,2-
dimethoxyethane)/water as solvent. This protocol is attrac-
tive for its simplicity and the commercial availability of all
reagents [6].

2-(3,5-Bis(trifluoromethyl)phenyl)-4-methylpyridine (1)
was isolated by the distillation, together with some (<5%)
4,4 0-dimethyl-[2,2 0]bipyridinyl (4). One explanation for
the formation of compound 4 can be found in the general
Suzuki catalytic cycle [6]. The intermediate formed by the
oxidative addition of 2-chloro-4-methylpyridine to tetra-
kis(triphenylphosphine)palladium(0) may undergo elimina-
tion of a 4-methylpyridinyl-2 radical with sequential
dimerization to afford the 4,4 0-dimethyl-[2,2 0]bipyridinyl
(second reaction in Scheme 2). A second possibility is that
2-chloro-4-methylpyridine reacted with the first intermedi-
ate in the Suzuki reaction to yield 4,4 0-dimethyl-
[2,2 0]bipyridinyl.

Bipyridinyl 4 is able to participate in cyclometalation
reactions, as was noted by Lepeltier and coauthors [7].
Consequently, an alternative synthesis of 1 was developed
utilizing di-tert-butyl-trimethylsilylanylmethylphosphine
(5) and Pd2dba3 6 as the catalyst (Scheme 3). This catalytic
protocol has proved to be quite reliable [8]. The di-tert-
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butyl-trimethylsilylanylmethylphosphine (5), used in this
process, was synthesized by prolonged reflux of equimolar
amounts of di-tert-butylchlorophosphine and (trim-
ethylsilylmethyl)lithium in THF, and then purified by dis-
tillation under vacuum.

The above synthetic protocol uses cesium fluoride 7 as a
base and 1,4-dioxane as the solvent [8]. Yield of 2-(3,5-
bis(trifluoromethyl)phenyl)-4-methylpyridine (1) by this
second method was 91.0% after purification by chromatog-
raphy on silica gel. No evidence of contamination by bipy-
ridinyl 4 was observed.
N
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2.1.2. Synthesis of bis-cyclometalated derivatives (8–10, 12,

15, 17, 19, 21, 23, 25, 28, 29 and 33)

Bis-cyclometalation of 2-(3,5-bis(trifluoromethyl)-
phenyl)-4-methylpyridine (1) was carried out in trimethyl-
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Fig. 1. ORTEP drawing of iridium,bis[4,6-bis(trifluoromethyl)-2-(4-
methyl-2-pyridinyl-jN)phenyl-jC](2,4-pentanedionato-jO,jO 0) (10).
Thermal ellipsoids are drawn to the 50% probability level.
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nate, resulted in the isolation of three complexes (9–11,
Scheme 5).

The target bis-cyclometalated complex 9 was the major
product, and was separated by chromatography on silica
gel in 81% yield. Complex 10, which contains three differ-
ent ligands, was isolated with 10% yield. An ORTEP draw-
ing of compound 10 as the trans-N,N-isomer is shown in
Fig. 1.

Complex 11, which contains no cyclometalated ligands,
was a minor product of the one-pot reaction. Its structure
was investigated by X-ray analysis (Fig. 2). The formation
of 11 can be explained by the initial coordination of one
equivalent of bipyridinyl 4 with iridium(III) chloride, and
the sequential Cl/O�O ligand exchange reaction of the
Fig. 2. ORTEP drawing of iridium,dichloro[4,40-dimethyl-[2,2 0]bipyridi-
nyl-jN1,jN1],(2,4-pentanedionato-jO,jO 0) (11). Thermal ellipsoids are
drawn to the 50% probability level.
formed intermediate with one equivalent of lithium 2,4-
pentanedionate.

The rest of the cyclometalated complexes were prepared
from the 2-(3,5-bis(trifluoromethyl)phenyl)-4-methylpyri-
dine (1) synthesized by the second catalytic protocol
(Scheme 3). Syntheses of the additional bis-cyclometalated
complexes from the subclass of O�O auxiliary ligands are
shown in Scheme 6. Thus, iridium, bis[4,6-bis(trifluorom-
ethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC](2,2,6,6-tetra-
methyl-3,5-heptanedionato-jO,jO 0)-(12) was synthesized
by the reaction of complex 8 and lithium 2,2,6,6-tetra-
methyl-heptane-3,5-dionate (13). Complex 12 is analogous
to complex 9, but was designed to have bulkier tert-butyl
groups instead of methyl groups to provide greater separa-
tion of the complexes from each other in the solid state. A
crystal of complex 12 suitable for X-ray analysis was grown
from pentane. An ORTEP drawing of 12 is shown in Fig. 3.
2,2,6,6-Tetramethyl-heptane-3,5-dionate was replaced as
the third ligand with dipivaloyltrimethylsilylphosphine
(14), to test the impact of incorporating a phosphorus lone
pair in the center of acetylacetonate ligand. Compound 14

was prepared by the condensation of tris(trimethylsi-
lyl)phosphine with pivaloyl chloride [10]. Refluxing com-
plex 8 with dipivaloyltrimethylsilylphosphine 14 gave
complex 15 after purification by chromatography on silica
gel. According to the X-ray analysis, 15 contains the two-
coordinated phosphorus atom in an analogue of an acetyl-
acetonate ligand (Fig. 4). The 31P NMR spectrum of 15

contains a downfield chemical shift at 50.97 ppm, which
is similar to two-coordinated phosphorus atoms
incorporated in 2-phospha-1,3-dionate fragments of Ni
and B-complexes [11]. To explore the effect of electron-
withdrawing groups in the third O�O auxiliary ligand, fluo-
rinated derivatives were prepared. Reaction of 2,2-
dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octadione 16 with
complex 8 produced iridium, bis[4,6-bis(trifluoromethyl)-
2-(4-methyl-2-pyridinyl-jN)phenyl-jC],(6,6,7,7,8,8,8-hepta-
fluoro-2,2-di-methyl-3,5-octanedionato-jO,jO 0)- (17).

Syntheses of the bis-cyclometalated complexes belonging
to the subclass with N�O auxiliary ligands are shown in
Scheme 7. Thus, use of 1,1,1,3,3,3-hexafluoro-2-pyridin-2-
yl-propan-2-ol (18) led to the isolation of complex 19 with
a five-membered N�O ring. The reaction between 1,1,1,
3,3,3-hexafluoro-2-pyrazol-1-ylmethyl-propan-2-ol (20)
and complex 8 gave the corresponding pyrazol complex 21

with a six-membered N�O ring. An ORTEP drawing of 21
can be seen in Fig. 5. The compound exists as the
trans-N,N-isomer, which seems to be the predominant
configuration for this particular cyclometalated phenyl-
pyridine.

Syntheses of the bis-cyclometalated complexes belong-
ing to the subclass with P�O auxiliary ligands are shown
in Scheme 8. In order to determine if the fluorinated
phosphine in complex type b (Scheme 1) is the only P�O
ligand to form blue emissive iridium complexes, a few inex-
pensive b-oxyalkyldiphenylphosphines were tested. The
simplest representative of b-oxyalkyldiphenylphosphines
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probability level.
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is 2-diphenylphosphanyl-ethanol (22). It gave complex 23

upon reaction with parent complex 8. A crystal suitable
for X-ray analysis was grown from methanol, which forms
two hydrogen bonds with the oxygen of phospholane cycle
of 23. An ORTEP of 23 is shown in Fig. 6. 1-Diphenyl-
phosphanylpropan-2-ol (24) underwent a cyclization reac-
tion upon the reaction with 8 to give complex 25. An
ORTEP drawing of 25 (Fig. 7) shows the P�O coordination
mode and the formation of a five-membered ring.

To assess the impact of the size of the P�O chelating
ligand on the emission color, the synthesis of a bis-cyclo-
metalated complex with a four-membered ring instead of
a five-membered ring was attempted (compare complex
26 and 23 in following Scheme 9). Diphenylphosphanyl-
methanol (27) was used in a Cl/P�O ligand exchange reac-
tion. Instead of compound 26, photo-emissive complexes
28 and 29 were isolated (Scheme 10 and Figs. 8 and 9).
Complex 28 formed from complexation with diphenylphos-
phine (30), which can be derived from the retro reaction of
diphenylphosphanylmethanol (27), in which formaldehyde
is eliminated (Scheme 11) [12].

The formation of 1,2-ethanediylbis(diphenylphosphine)
complex 29 is not as easy to explain. Presumably, the driv-
ing force for the formation 29 is stabilization of a cationic
iridium complex by the two phosphorus atoms in 1,2-
bis(diphenylphosphino)ethane (31). One possibility is that
in the presence of a strong base (RbOH), diphenylphos-
phine (30) reacted with the solvent (dichloroethane) to
form 1,2-bis(diphenylphosphino)ethane (31). A second
possibility is that diphenylphosphanyl-methanol (27)
reacted with dichloroethane and eliminated formaldehyde
to form biphosphine (31). The formation of tertiary phos-
phines from alkyl halides in the presence strong bases (e.g.,
CsOH) is known [13]. It seems that four-membered ring
systems incorporating Ir are less favorable than five-mem-
bered ring systems.
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In an attempt to make other five-membered rings con-
taining Ir, benzoylformic acid was reacted with compound
8. Iridium, di-l-hydroxytetrakis[4,6-bis(trifluoromethyl)-2-
(4-methyl-2-pyridinyl-jN)phenyl-jC]di- (33) was isolated
as a major product (Scheme 12 and Fig. 10). Decarbony-
lation and decarboxylation of the benzoylformic moiety
of 32 in the presence of water likely account for the for-
mation of 33 [14]. Benzene and benzaldehyde were identi-
fied by the 1H NMR spectrometry during the monitoring
of this reaction. An alternative mechanism for the forma-
tion of 33 is the replacement of Ir–Cl bonds in 8 with Ir-
OH bonds by a strong base (e.g., RbOH). Although the
X-ray and 1H NMR analyses did not locate the hydrogen
atoms at the oxygens, the IR-spectrum of complex 33
contains a broad band at 3445 cm�1 corresponding to
IrOH groups [15].
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2.2. Structural studies of the bis-cyclometalated derivatives

X-ray analysis of bis-cyclometalated complexes contain-
ing ligands derived from 2-(3,5-bis(trifluoromethyl)-
phenyl)-4-methylpyridine reveals that in all cases the two
chromophoric cyclometalated ligands exist in an N,N-trans

configuration (Scheme 13). The third ligand does not alter
the octahedral geometry around the iridium atom. Crystal-
lographic data are presented in Tables 1–5.

Ir–N bond lengths in the analyzed complexes vary from
2.023 to 2.067 Å, and are within the normal range for bis-
cyclometalated complexes based on 2-phenylpyridine
ligands [16]. The Ir–C bond lengths (from 2.012 to
2.111 Å) are also within the range found for other Ir–C
bonds with the same 2-phenylpyridine ligands [17,18].

The angle theta is calculated as 180� minus the angle
between the vectors normal to each of the C–Ir–N planes
as calculated using the SHELXTL-XP program. This represents
the twisting of the C–Ir–N planes relative to each other.
Higher angular values are representative of a greater dis-
tance between the phenyl rings (Table 1).

The Pt–Pt distance in p–p stacked cyclometalated com-
plexes is an important parameter that affects the color
coordinates of OLED devices that incorporate mono-
cyclometalated Pt complexes [4]. It should be pointed out
that there are no p–p stacking interactions in the Ir-com-
plexes discussed in this study. However, Ir–Ir distances of
non-stacked molecules can be useful and can represent ster-
ical bulk around the Ir core created by the three ligands.

3. Electroluminescent properties of Bis-cyclometalated

Ir(III) complexes 9, 12, 19, 21, 23, and 25

Preliminary device work was done using iridium com-
plexes 9, 12, 19, 21, 23, and 25 as the electroluminescent
emitters [3,19–34]. The device configuration consists of



Fig. 8. ORTEP drawing of iridium,chlorobis[4,6-bis(trifluoromethyl)-2-
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Thermal ellipsoids are drawn to the 50% probability level.
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ITO as the anode, MPMP (50 nm) as the hole transport
material, Ir emitters (40 nm), DPA (40 nm) as the electron
transport material, and LiF/Al as the cathode. This device
configuration has been proved to be a very efficient to scout
the Ir-based emitters [8a]. Molecular structures of MPMP,
AlQ and DPA are shown in the Scheme 14.

Electroluminescent spectra are displayed in Fig. 11. All
compounds give bluish electroluminescence, with the short-
est wavelength peak at 470 nm, followed by vibronic pro-
gression with peaks at �505 nm and 540 nm (Fig. 11).
Although the third ligands of these Ir compounds vary con-
siderably, the electroluminescence spectra are dominated
by the luminophore, the 2-(3,5-bis(trifluoromethyl)-phe-
nyl)-4-methylpyridine ligand. The third ligand does, how-
ever, affect the shape of the electroluminescent spectra.
Compounds 9, 23, and 25, in particular, show broadened
spectra. This spectral broadening may be caused by either
interaction of the luminophore in the solid state or the
Fabry–Perot interference effect [35]. The second effect is
an optical effect arising from luminescence circulating in
the cavity formed by the ITO and Al electrode, which
can affect the spectrum due to positive and negative inter-
ference. All devices used the same layer thickness, so this
Fabry–Perot effect should be substantially the same for
all compounds. Nevertheless, there could be a slight differ-
ence in the n and k values for these compounds, which
could cause a small difference of the Fabry–Perot effect
and therefore a small modification to the spectrum. We
expect the major contribution to the spectral broadening
seen in Fig. 11 to have come from the interaction of the
luminophore in the film. The extent of the broadening
can be approximately represented by the full-width-half-
maximum of the spectra, which is listed in Table 1 for var-
ious Ir compounds. Within the same subclasses of the third
ligand, the spectral broadening tends to decrease with
increasing steric bulk of the complexes. For example, mov-
ing from the less sterically hindered methyl-substituted
acac derivative (O�O) 9 to the more sterically hindered
tert-butyl-substituted derivative 12, the full-width-half-
maximum decreased from 80 to 55 nm. The first closest
Ir–Ir distances (Table 1) may be used to approximate the
relative bulk of these complexes. The Ir–Ir distance also
appears to correlate with the full-width-half-maximum of
the spectrum within the same subclass of complexes. For
example, compound 12 has the narrowest luminescence
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band and the longest Ir–Ir distance (9.66 Å); compounds 9,
19, and 25 have broader luminescence bands and shorter
Ir–Ir distances (8.41–8.86 Å).
Fig. 10. ORTEP drawing of iridium, di-l-hydroxytetrakis[4,6-bis(trifluo-
romethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di (33). Thermal ellip-
soids are drawn to the 50% probability level.

N

Ir

N

Y

X

φ

Scheme 13. Notable features of the bis-cyclometalated complexes 9, 12,
19, 21, 23, 25 and 28. The nonchromophoric ligands are marked as ‘‘X’’
and ‘‘Y’’ for the best visual representation of angle theta. The angle theta
represents the orientation of two cyclometalated C�N ligands relative to
each other. All complexes are trans-N,N-isomers and octahedral.
Electroluminescent device data for these compounds are
summarized in Table 1. Compound 21 gives a high electro-
luminescent efficiency of 8 cd/A without any device optimi-



Table 1
Summary of electroluminescent properties of complexes 9, 12, 19, 21, 23,
25 and angle theta, and the first closest Ir–Ir distances (Å) in the crystal
cell

Complex Efficiency
(cd/A)

Peak
radiance
(cd/m2)

Full-width-half-
maximum of
electroluminescence
spectra (nm)

The first
closest
Ir–Ir
distance (Å)

Angle
theta

21 8.5 at
18 V

1800 60 9.44 97.5

19 2 at 15 V 800 70 8.41 95.2
12 2.5 at

19 V
420 55 9.66 94.56

25 2.5 at
17 V

400 75 8.68 94.76

9 3.5 at
21 V

350 80 8.86 94.6

23 0.6 at
21 V

60 80 9.39 92.58
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zation. The efficiency vs. voltage and current vs. voltage
curves are plotted in Fig. 12. There is an interesting quali-
tative correlation between the device efficiency/radiance
and the shape of the spectra. The worst performing emitter,
compound 23, has a rather broad and smeared out spec-
trum, indicating significant interaction in the film. The best
Table 2
Summary of crystal data, data collection, and structural refinement parameter

9 10

Empirical formula C33H23F12IrN2O2 C64

FW 899.73 172
Crystal color, form Gold, irregular block Go
Crystal system Orthorhombi Mo
Space group Pbca C2
a (Å) 15.1425(12) 23.
b (Å) 14.8406(12) 17.
c (Å) 28.037(2) 15.
a (�) 90 90
b (�) 90 105
c (�) 90 90
V (Å3) 6300.6(8) 623
Z 8 4
Density (g/cm3) 1.897 1.8
Absorption l(mm�1) 4.344 4.5
F(000) 3488 337
Crystal size (mm) 0.35 · 0.34 · 0.30 0.1
Temperature (�C) �100 �1
Scan mode x x
Detector Bruker-CCD Bru
hmax (�) 28.48 28.
Number of observed reflections 92832 579
Number of unique reflections 7951 770
Rmerge 0.067 0.0
Number of parameters 475 389
Sa 1.018 1.0
R indices [I > 2r(I)]b wR2 = 0.047, wR

R1 = 0.026 R1

R indices (all data)b wR2 = 0.054, wR

R1 = 0.046 R1

Maximum difference in peak and hole (e/Å3) 0.912, �0.555 1.7

a GooF = S = {
P

[w (Fo
2 � Fc

2)2]/(n-p)}1/2, where n is the number of reflect
b R1=

P
iFoj � jFci/

P
jFoj, wR2 = {

P
[w(Fo

2 � Fc
2)2]/

P
[w(Fo

2)2]}1/2 (sometim
performing emitter, compound 21, shows well-defined vib-
ronic peaks, indicating weaker intermolecular interaction.
Furthermore, there is an apparent correlation between
the radiance and the theta angle. Compound 23 has the
smallest theta angle and the lowest efficiency and radiance,
while compound 21 has the largest theta angle and the
highest efficiency and radiance. The exact reason behind
this apparent correlation is not clear, but may be connected
with the luminescence yield of these compounds.

4. Summary and conclusions

A series of bis-cyclometalated Ir(III) complexes bearing
two chromophoric N�C cyclometalated ligands (2-(3,5-
bis(trifluoromethyl)phenyl)-4-methylpyridine (1)) and a
variety of nonchromophoric O�O, N�O, P�O, P�Cl, P�P
compounds as the third ligands was synthesized. The peak
wavelengths of OLED devices prepared from these Ir com-
plexes (470 nm) are determined by the cyclometalated
ligand. Variation of the third ligand does not change the
peak position, but has some effect on the spectral shape
due to changes in intermolecular packing. Within the same
subclasses of the third ligand, the spectral broadening tends
to decrease with increasing steric bulk of the complexes.
s for 9, 10, 11 and 12

11 12

H56Cl4F12Ir2N6O4 C17H19Cl2IrN2O2 C39H35F12IrN2O2

7.35 546.44 983.89
ld, needle Gold/orange, irregular block Gold, prism
noclinic Monoclinic Triclinic

/c P2(1)/c P�1
272(2) 14.630(5) 9.6552(14)
8223(18) 13.661(4) 12.6354(18)
6177(16) 9.700(3) 16.679(2)

90 92.801(3)
.655(2) 108.921(7) 95.282(3)

90 106.263(3)
7.3(10) 1833.9(10) 1939.1(5)

4 2
39 1.979 1.685
24 7.583 3.537
6 1048 968
8 · 0.03 · 0.03 0.26 · 0.26 · 0.14 0.28 · 0.20 · 0.05
00 �100 �100

x x
ker-CCD Bruker-CCD Bruker-CCD

3 28.35 28.3
73 29810 35385
6 4487 9331
44 0.030 0.048

221 513
37 0.984 1.031

2 = 0.063, wR2 = 0.053, wR2 = 0.076,
= 0.027 R1 = 0.021 R1 = 0.034

2 = 0.069, wR2 = 0.056, wR2 = 0.080,
= 0.050 R1 = 0.026 R1 = 0.045
92, �0.715 1.975, �0.963 2.682, �1.072

ions, and p is the total number of refined parameters.
es denoted as Rw2).



Table 3
Summary of crystal data, data collection, and structural refinement parameters for 15, 17 and 19

15 17 19

Empirical formula C38H34F12IrN2O2P C38H26F19IrN2O2 C36H20F18IrN3O
FW 1001.84 1095.81 1044.75
Crystal color, form Gold, needle Gold, prism Gold, flat needle
Crystal system Monoclinic Orthorhombic Monoclinic
Space group C2/c Pbca P2(1)/c
a (Å) 15.719(7) 20.5488(14) 10.2856(16)
b (Å) 13.295(6) 15.8771(11) 22.089(3)
c (Å) 18.608(9) 23.7910(16) 15.929(3)
a (�) 90 90 90
b (�) 90.862(8) 90 90.221(2)
c (�) 90 90 90
V (Å3) 3888(3) 7761.9(9) 3619.0(10)
Z 4 8 4
Density (g/cm3) 1.711 1.875 1.917
Absorption M (mm�1) 3.569 3.57 3.818
F(000) 1968 4256 2016
Crystal size (mm) 0.26 · 0.05 · 0.03 0.32 · 0.09 · 0.08 0.48 · 0.13 · 0.02
Temperature (�C) �100 �100 �100
Scan mode x x x
Detector Bruker-CCD Bruker-CCD Bruker-CCD
hmax (�) 28.36 28.63 27.4
Number of observed reflections 22701 151983 61857
Number of unique reflections 4701 9933 8207
Rmerge 0.0424 0.1018 0.0928
Number of parameters 258 564 545
Sa 1.061 1.005 1.03
R indices [I > 2r(I)]b wR2 = 0.071, wR2 = 0.059, wR2 = 0.070,

R1 = 0.032 R1 = 0.032 R1 = 0.036

R indices (all data)b wR2 = 0.077, wR2 = 0.069, wR2 = 0.079,
R1 = 0.043 R1 = 0.062 R1 = 0.062

Maximum difference in peak and hole (e/Å3) 1.884, �0.792 1.363, �1.091 2.488, �0.909

a GooF = S = {
P

[w (Fo
2 � Fc

2)2]/(n-p)}1/2, where n is the number of reflections, and p is the total number of refined parameters.
b R1=

P
iFoj � jFci/

P
jFoj, wR2 = {

P
[w(Fo

2 � Fc
2)2]/

P
[w(Fo

2)2]}1/2 (sometimes denoted as Rw2).
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There is also an apparent correlation between the radiance
and the theta angle. Compound 23 has the smallest theta
angle and the lowest efficiency and radiance, while com-
pound 21 has the largest theta angle and the highest effi-
ciency and radiance.

5. Experimental

5.1. General procedures

All operations were carried out under an argon atmo-
sphere using standard Schlenk techniques unless otherwise
indicated. Organic solvents were distilled from drying
agents or passed through alumina columns under an argon
or nitrogen atmosphere. 3,5-Bis(trifluoromethyl)phenylbo-
ronic acid, 2-chloro-4-methylpyridine, Pd2dba3, cesium
fluoride, 1,4-dioxane, lithium 2,4-pentanedionate, lithium
2,2,6,6-tetramethyl-heptane-3,5-dionate, trimethylphosph-
ate, rubidium hydroxide in water, benzoylformic acid,
di-tert-butylchlorophosphine, (trimethylsilylmethyl)lithium,
tris(trimethylsilyl)phosphine, pivaloyl chloride, and 2,2-
dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octadione were pur-
chased from Aldrich. Iridium (III) chloride trihydrate
was purchased from Alfa Aesar. 2,2-Bis(trifluoromethyl)-
oxirane is a DuPont product. 2-[(Diphenylphosphanyl)-
methyl]-1,1,1,3,3,3-hexafluoro-propan-2-ol was synthesized
by the known addition of diphenylphosphine to 2,2-bis(tri-
fluoromethyl)oxirane [36]. 2-Diphenylphosphanylethanol
and 1-diphenylphosphanylpropan-2-ol were synthesized
by the reaction of diphenylphosphine with the appropriate
epoxy compounds [37]. Diphenylphosphanylmethanol was
prepared by reaction of diphenylphosphine and formalde-
hyde [12]. Caution should be taken during the preparation
of complex 30 due to the release of formaldehyde.

5.2. Di-tert-butyltrimethylsilanylmethylphosphine (5)

50.00 g (0.277 mol) of Di-tert-butylchlorophosphine,
304 ml of 1.0 M pentane solution of (trimethylsilylm-
ethyl)lithium and 150 ml of THF were refluxed under
argon for 3 days. The reaction mixture was allowed to cool
to RT, and an aqueous solution of ammonium chloride
was added slowly. The organic phase was separated, and
then dried over magnesium sulfate. After removal of the
solvent, the product was purified by distillation in vacuo.
The yield of di-tert-butyltrimethylsilanylmethylphosphine
was 55.32 g (86%) with b.p. 50–52 �C/0.5 mm. 1H NMR
(C6D6) 0.01 (s, 9H, SiMe3), 0.23 (d, 2JPH = 5.34 Hz, 2H,



Table 4
Summary of crystal data, data collection, and structural refinement parameters for 21, 23 and 25

21 23 25

Empirical formula C36H23Cl2F18IrN4O C44H38F12IrN2O3P C48H44F12IrN2OP
FW 1132.68 1093.93 1116.02
Crystal color, form Yellow, irregular block Gold, prism Yellow, prism
Crystal system Monoclinic Triclinic Monoclinic
Space group P2(1)/n P�1 P2(1)/n
a (Å) 12.2355(14) 11.2224(8) 11.7299(10)
b (Å) 24.179(3) 12.0442(8) 24.012(2)
c (Å) 12.8560(14) 17.2048(12) 17.0363(15)
a (�) 90 80.5150(15) 90
b (�) 96.586(2) 89.7810(15) 106.599(2)
c (�) 90 66.0150(14) 90
V (Å3) 3778.3(7) 2090.5(3) 4598.5(7)
Z 4 2 4
Density (g/cm3) 1.991 1.738 1.612
Absorption l (mm�1) 3.803 3.329 3.025
F(000) 2192 1080 2216
Crystal size (mm) 0.17 · 0.06 · 0.04 0.34 · 0.24 · 0.20 0.23 · 0.20 · 0.20
Tempearture (�C) �100 �100 �100
Scan mode x x x
Detector Bruker-CCD Bruker-CCD Bruker-CCD
hmax (�) 28.28 28.3 28.28
Number of observed reflections 14106 39322 30257
Number of unique reflections 8037 10082 10905
Rmerge 0.0254 0.0224 0.0336
Number of parameters 561 590 558
Sa 1.034 1.021 1.064
R indices [I > 2r(I)]b wR2 = 0.066, wR1 = 0.031 wR2 = 0.043, R1 = 0.017 wR2 = 0.070, R1 = 0.029
R indices (all data)b wR2 = 0.075, R1 = 0.050 wR2 = 0.044, R1 = 0.019 wR2 = 0.073, R1 = 0.039
Maximum difference in peak and hole (e/Å3) 1.676, �0.928 1.174, �0.664 1.763, �1.437

a GooF = S = {
P

[w (Fo
2 � Fc

2)2]/(n-p)}1/2, where n is the number of reflections, and p is the total number of refined parameters.
b R1=

P
iFoj � jFci/

P
jFoj, wR2 = {

P
[w(Fo

2 � Fc
2)2]/

P
[w(Fo

2)2]}1/2 (sometimes denoted as Rw2).
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P-CH2-SiMe3), 0.91 (s, 9H, Me3C), 0.93 (s, 9H, Me3C). 31P
NMR (C6D6) 20.05 (s, 1P). Anal. Calc. for C12H29PSi: C,
62.01; H, 12.58; P, 13.33. Found: C, 61.89; H, 12.53; P,
13.25%.

5.3. 2-(3,5-Bis(trifluoromethyl)phenyl)-4-methylpyridine

(1)

Protocol A: 10.0 g (38 mmol) of 3,5-bis(trifluorom-
ethyl)phenylboronic acid (3), 5 g (38 mmol) of 2-chloro-4-
methylpyridine (2), 15 g of potassium carbonate, 0.5 g of
tetrakis(triphenylphosphine)palladium (0), and 100 ml of
1,2-dimethoxyethane and 150 ml of water were refluxed
(80–90 �C) for 16 h. The reaction mixture was diluted by
300 ml of water, extracted by dichloromethane
(50 ml · 3), and washed by water (200 ml · 2). The organic
layer was dried over magnesium sulfate, the solvent was
removed under vacuum, and the residue was distilled under
vacuum. A fraction with b.p. 66–68 �C/0.01 mm Hg was
isolated (8 g, 52.5%). Based on 1H NMR data, the purity
of compound 1 was 94%.

Protocol B: 15.0 g (58.15 mmol) of 3,5-bis(trifluorom-
ethyl)phenylboronic acid (3), 7.42 g (58.16 mmol) of 2-
chloro-4-methylpyridine (2), 17.43 g (114.8 mmol) of
cesium fluoride 7, 0.53 g (0.579 mmol) of tris(dibenzylide-
neacetone) dipalladium (0) 6, 0.33 g (1.42 mmol) of di-
tert-butyltrimethylsilylmethylphosphine (5) and 100 ml
of 1,4-dioxane were stirred at room temperature for
12 h. The reaction mixture was filtered and the solvent
was removed under vacuo. The resulting mixture was
purified by chromatography on silica gel with an eluent
composed of petroleum ether/ethyl ether at 10/0.5. Yield
of 2-(3,5-bis(trifluoromethyl)phenyl)-4-methylpyridine (1)
was 16.18 g (91%) as a colorless liquid. 1H NMR
(CDCl3) 2.56 (s, 3H, Me), 7.11 (s, 1H, arom-H), 7.51
(s, 1H, arom-H), 7.90 (s, 1H, arom-H), 8.45-8.55 (m,
3H, arom-H). 19F NMR (CDCl3) �63.35 (s, 3F, CF3),
�63.36 (s, 3F, CF3). Anal. Calc. for C14H9F6N: C,
55.09; H, 2.97; N, 4.59. Found: C, 55.01; H, 3.12; N,
4.44%.

5.4. Iridium, di-l-chlorotetrakis[4,6-bis(trifluoromethyl)-2-
(4-methyl-2-pyridinyl-jN)phenyl-jC]di (8)

12.38 g (40.6 mmol) of 2-(3,5-bis(trifluoromethyl)-
phenyl)-4-methylpyridine, 5.47 g (15.5 mmol) of iridium
(III) chloride trihydrate, and 40 ml of trimethylphosphate
were stirred at 90 �C for 6 h under a flow of nitrogen.
The precipitate was filtered and dried in vacuo at 1 mmHg.
The yield of chlorodimer was 16.96 g (84%) as a yellow
powder. The crude chlorodimer was used ‘‘as is’’ in the
next steps.



Table 5
Summary of crystal data, data collection, and structural refinement parameters for 28, 29 and 33

28 29 33

Empirical formula C40H27ClF12IrN2P C56H48ClF12IrN2O2P2 C30H31F12IrN2O3S2

FW 1022.26 1298.55 951.89
crystal color, form Yellow, irreg block Gold, needle Gold, irreg. Block
Crystal system Triclinic Triclinic Triclinic
Space group P�1 P�1 P�1
a (Å) 11.6057(17) 11.364(3) 14.388(7)
b (Å) 11.6433(17) 12.288(3) 14.766(7)
c (Å) 18.297(3) 19.859(5) 17.877(9)
a (�) 88.537(2) 102.765(5) 78.882(9)
b (�) 74.304(2) 103.042(5) 80.718(9)
c (�) 81.146(3) 98.554(4) 76.906(10)
V (Å3) 2351.6(6) 2576.8(12) 3602(3)
Z 2 2 4
Density (g/cm3) 1.444 1.674 1.755
Absorption l(mm�1) 3.004 2.794 3.918
F(000) 996 1292 1864
Crystal size (mm) 0.22 · 0.22 · 0.14 0.15 · 0.02 · 0.01 0.14 · 0.14 · 0.12
Temperature (�C) �100 �100 �100
Scan mode x x x
Detector Bruker-CCD Bruker-CCD Bruker-CCD
hmax (�) 28.3 28.31 28.26
Number of observed reflections 30865 16796 22193
Number of unique reflections 11029 11564 15529
Rmerge 0.0357 0.0275 0.0403
Number of parameters 496 689 876
Sa 1.019 1.043 1.098
R indices[I > 2r(9iI)]b wR2 = 0.113, R1 = 0.044 wR2 = 0.090, R1 = 0.039 wR2 = 0.216, R1 = 0.078
R indices (all data)b wR2 = 0.119, R1 = 0.060 wR2 = 0.099, R1 = 0.058 wR2 = 0.227, R1 = 0.094
Maximum difference in peak and hole (e/Å3) 2.940, �0.881 2.751, �0.919 7.074, �3.185

a GooF = S = {
P

[w (Fo
2 � Fc

2)2]/(n-p)}1/2, where n is the number of reflections, and p is the total number of refined parameters.
b R1=

P
iFoj � jFci/

P
jFoj, wR2 = {

P
[w(Fo

2 � Fc
2)2]/

P
[w(Fo

2)2]}1/2 (sometimes denoted as Rw2).

-0.5

0

0.5

1

1.5

2

2.5

400 450 500 550 600 650 700 750 800

in
te

n
si

ty
 (

ar
b

it
ra

ry
 u

n
it

)

wavelength (nm)

Compd. 9

Compd. 19

Compd. 25

Compd. 21

Compd. 12

Compd. 23

Fig. 11. Electroluminescent spectra of various Ir compounds.
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5.5. Iridium, bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC](2,4-pentanedio-nato-jO,jO 0) (9)

2.5 g (1.50 mmol) of Iridium, di-l-chlorotetrakis[4,
6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-
jC]di- (9) 7.32 g (68.7 mmol) lithium 2,4-pentanedionate,
and 30 ml of THF were refluxed for 2 h under an argon
atmosphere. The reaction mixture was poured into
200 ml of water and extracted twice with 200 ml of diethyl
ether. The extracts were dried over magnesium sulfate
overnight. The solvent was removed on a rotoevaporator
and the residue was purified by chromatography on silica
gel with an eluent composed of petroleum ether/ethyl ether
at 10/0.5. Three Ir complexes were isolated and character-
ized. Yield of iridium, bis[4,6-bis(trifluoromethyl)-2-(4-
methyl-2-pyridinyl-jN)phenyl-jC](2,4-pentanedionato-jO,
jO 0)-, was 2.17 g (81%) as a yellow solid with m.p.
351.48 �C. 1H NMR (CD2Cl2) 1.60 (s, 6H, Me), 2.55 (s,
3H, Me), 5.30 (s, 1H, H–C@), 6.90–8.10 (m, 10H, arom-
H). 19F NMR (CD2Cl2) �60.23 (s, 6F, CF3), �63.00 (s,
6F, CF3), Anal. Calc. for C33H23F12IrN2O2 (Exact Mass:



Fig. 12. (a) Current density vs. voltage curves; and (b) Efficiency vs.
voltage of complex 21.
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900.12): C, 44.05; H, 2.58; N, 3.11. Found: C, 44.01; H,
2.51; N, 2.88%. Yield of iridium, [4,6-bis(trifluoro-
methyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC],[2-(4-methyl-
2-pyridinyl-jN)-6-methyl-3-pyridinyl-jC],(2,4-pentanedio-
nato-jO,jO 0)- (10) was 0.34 g (10%) as a yellow solid with
no m.p. below 200 �C. 1H NMR (CD2Cl2) 1.55 (br, 6H,
Me), 2.45 (br, 3H, Me), 5.20 (s, 1H, H–C@), 6.90–8.10
(m, 9H, arom-H). 19F NMR (CD2Cl2) �60.54 (s, 6F,
CF3), �63.07 (s, 6F, CF3), Anal. Calc. for C31H26F6IrN3O2

(Exact Mass: 779.16): C, 47.81; H, 3.37; N, 5.40. Found: C,
47.83; H, 3.07; N, 5.36%. Yield of iridium, dichloro,[4,4 0-
dimethyl-[2,2 0]bipyridinyl-jN1,jN1], (2,4-pentanedionato-
jO,jO 0)-, (11) was 0.08 g (5%) as a few orange crystals with
no m.p. below 200 �C. 1H NMR (CD2Cl2) 1.55 (br, 6H,
Me), 2.45 (br, 6H, Me), 5.21 (s, 1H, H–Cdbond), 6.85–
8.12 (m, 6H, arom-H). Anal. Calc. for C17H19Cl2IrN2O2
(Exact Mass: 546.05): C, 37.36; H, 3.50; N, 5.13. Found:
C, 37.40; H, 3.73; N, 5.42%.

5.6. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC](2,2,6,6-tetramethyl-3,5-

heptanedionato-jO,jO 0) (12)

2.5 g (1.50 mmol) of Iridium, di-l-chlorotetrakis[4,
6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-
jC]di-, 5.91 g (31.1 mmol) lithium 2,2,6,6-tetramethyl-hep-
tane-3,5-dionate, and 30 ml of THF were refluxed for 2 h
under an argon atmosphere. The reaction mixture was
poured into 200 ml of water and extracted twice with
200 ml of diethyl ether. The extracts were dried over mag-
nesium sulfate overnight. The solvent was removed on a
rotoevaporator and the residue was purified by chromatog-
raphy on silica gel with an eluent composed of petroleum
ether/ethyl ether at 10/0.5. Yield of iridium, bis[4,6-bis(tri-
fluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC](2,2,
6,6-tetramethyl-3,5-heptanedionato-jO,jO 0)-, was 1.97 g
(67%) as a yellow solid with m.p. 306.53 �C. 1H NMR
(CD2Cl2) 0.80 (s, 18H t-Bu), 2.50 (s, 6H, Me), 5.40 (s,
1H, H–C@), 6.40–8.10 (m, 10H, arom-H).19F NMR
(CD2Cl2) �60.26 (s, 6F, CF3), �62.83 (s, 6F, CF3), Anal.
Calc. C39H35F12IrN2O2 (Mol. Wt.: 983.91): C, 47.61; H,
3.59; N, 2.85. Found: C, 47.55; H, 3.60; N, 2.78%. The
structure was determined by X-ray analysis.

5.7. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC],((2,2-dimethyl-1-
oxopropyl)phosphinato-O,O 0) (15)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,6-bis-
(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di-,
0.95 g (3.45 mmol) of dipivaloyltrimethylsilylphosphine,
and 30 ml of THF were refluxed for 2 h under an argon
atmosphere. The solvent was removed on a rotoevaporator
and the residue was purified by chromatography on silica gel
with an eluent composed of petroleum ether/ethyl ether at
10/0.5. Yield of iridium,bis[4,6-bis(trifluoromethyl)-2-
(4-methyl-2-pyridinyl-jN)phenyl-jC],((2,2-dimethyl-1-oxo-
propyl)phosphinato-O,O 0)-, was 0.35 g (30%) as a yellow
solid with no m.p. below 200 �C. 1H NMR (CD2Cl2) 0.75
(s, 18H, Me), 1.65 (s, 6H, Me), 6.00–8.10 (m, 10H, arom-
H). 19F NMR (CD2Cl2) �59.51 (s, 6F, CF3), �62.11 (s,
6F, CF3). 31P NMR (CD2Cl2) 50.97. 13C NMR (CD2Cl2)
(selected signals) + 240.23 (d, 1JCP = 108.8 Hz, C@P).
Anal. Calc. for C38H34F12IrN2O2P (Mol. Wt.: 1001.86): C,
45.56; H, 3.42; N, 2.80. Found: C, 45.50; H, 3.79; N,
3.09%. The structure was determined by X-ray analysis.

5.8. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC], (6,6,7,7,8,8,8-heptafluoro-2,2-

dimethyl-3,5-octanedionato-jO,jO 0) (17)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,6-bis-
(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di-,
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0.51 g (1.72 mmol) of 2,2-dimethyl-6,6,7,7,8,8,8-heptaflu-
oro-3,5-octadione, 0.64 g (6.2 mmol) of rubidium hydrox-
ide in 5 ml of water, and 40 ml of 1,2-dichloroethane
were refluxed for 2 h under an argon atmosphere. The reac-
tion mixture was poured into 200 ml of water and extracted
twice with 200 ml of diethyl ether. The extracts were dried
over magnesium sulfate overnight. The solvent was
removed on a rotoevaporator and the residue was purified
by chromatography on silica gel with an eluent composed
of petroleum ether/ethyl ether at 10/0.5. Yield of iridium,
bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)-
phenyl-jC],(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octane-
dionato-jO,jO 0)-, was 0.37 g (30%) as a yellow solid with
no m.p. below 200 �C. 1H NMR (CD2Cl2) 0.80 (s, 9H,
Me), 2.60 (s, 6H, Me), 5.70 (s, 1H, H–C@), 6.50–8.10 (m,
10H, arom-H). 19F NMR (CD2Cl2) �60.08 (s, 6F, CF3),
�63.03 (s, 6F, CF3), �81.15 (s, 3F, CF3), �119.02 (m,
2F, CF2), �127.07 (m, 2F, CF2). Anal. Calc.
C38H26F19IrN2O2 (Mol. Wt.: 1095.81): C, 41.65; H, 2.39;
F, N, 2.56. Found: C, 41.66; H, 2.39; N, 2.72%.

5.9. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-
pyridinyl-jN)phenyl-jC],[a,a-bis(trifluoromethyl)-2-

pyridinemethanolato-jN1,jO2] (19)

0.9 g (0.54 mmol) of Iridium, di-l-chlorotetrakis[4,
6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-
jC]di-, 0.50 g (2.03 mmol) of 1,1,1,3,3,3-hexafluoro-2-pyri-
din-2-yl-propan-2-ol, 0.60 g (5.9 mmol) of rubidium
hydroxide in 5 ml of water, and 40 ml of 1,2-dichloroethane
were refluxed for 2 h under an argon atmosphere. The reac-
tion mixture was poured into 200 ml of water and extracted
twice with 200 ml of diethyl ether. The extracts were dried
over magnesium sulfate overnight. The solvent was removed
on a rotoevaporator and the residue was purified by
chromatography on silica gel with an eluent composed of
petroleum ether/ethyl ether at 10/0.5. Yield of iridium,
bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)-
phenyl-jC],[a,a-bis(trifluoromethyl)-2-pyridinemethanolato-
jN1,jO2], was 0.73 g (65%) as a yellow solid with no m.p.
below 200 �C. 1H NMR (CD2Cl2) 2.40 (s, 6H, Me), 6.50–
8.70 (m, 14H, arom-H). 19F NMR (CD2Cl2) �59.32 (s, 3F,
CF3), �59.63 (s, 3F, CF3), �62.98 (s, 3F, CF3), �63.01 (s,
3F, CF3), �72.43 (s, 3F, CF3), �76.59 (s, 3F, CF3). Anal.
Calc. for C36H20F18IrN3O (Mol. Wt.: 1044.75): C, 41.39; H,
1.93; N, 4.02. Found: C, 41.49; H, 2.11; N, 4.73%.

5.10. Preparation of 1,1,1,3,3,3-hexafluoro-2-pyrazol-1-

ylmethyl-propan-2-ol (20)

To a mixture of 13 g of KOH (pellets), 100 mL of THF,
and 0.2 g of (C4H9)4N+HSO4

�,pyrazole (13.6 g, 0.2 mol)
was added in one portion. The reaction mixture was agi-
tated at ambient temperature for 1 h and cooled to 5 �C.
38 g (0.21 mol) of 2,2-bis(trifluoromethyl)oxirane was
slowly added (�1 h) at 5–15 �C. The clear solution was agi-
tated for another hour at 15 �C, and then �100 mL 10%
hydrochloric acid was added to the reaction mixture over
a 30 min period to bring pH to 3.5. The reaction mixture
was diluted with 300 ml of water, and extracted with
dichloromethane (100 ml · 2). The extract was dried over
magnesium sulfate, and the solvent was removed under
reduced pressure to give 47 g (95%) of white crystalline
1,1,1,3,3,3-hexafluoro-2-pyrazol-1-ylmethyl-propan-2-ol,
m.p. 80 �C (from hexane, DSC), purity >99%.

1H NMR (CDCl3): 4.62 (s, 2H), 6.31(t, 1H, 2 Hz), 7.24
(s, br, 1H), 7.47 (d, 1H, 2 Hz), 7.64 (d, 1 H, 2 Hz). 19F
NMR (CDCl3): �77.11(s). 13C NMR (CDCl3): 49.08 (hept,
2.2 Hz), 76.83 (hept., 29 Hz), 107 (s), 14.56 (q, 289 Hz),
132.10, 141.78. MS (m/z) 248 (M+, C7H6F6N2O+ ). Anal.
Calc. for C7H6F6N2O: C, 33.88, H2.44, N, 11.11. Found:
C, 33.90, H2.42, N, 11.29%.

5.11. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC],[a,a-bis(trifluoromethyl)-2-

pyrazol-1-ylmethyl- propan-2-olato-jN1,jO2] (21)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,6-bis-
(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di-,
0.43 g (1.73 mmol) of 1,1,1,3,3,3-hexafluoro-2-pyrazol-1-
ylmethyl-propan-2-ol, 0.60 g (5.9 mmol) of rubidium
hydroxide in 5 ml of water, and 40 ml of 1,2-dichloroethane
were refluxed for 2 h under an argon atmosphere. The reac-
tion mixture was poured into 200 ml of water and extracted
twice with 200 ml of diethyl ether. The extracts were dried
over magnesium sulfate overnight. The solvent was
removed on a rotoevaporator and the residue was purified
by chromatography on silica gel with an eluent composed
of petroleum ether/ethyl ether at 10/0.5. Yield of iridium,
bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)-
phenyl-jC],[a,a-bis(trifluoromethyl)-2-pyrazol-1-ylmethyl-
propan-2-olato-jN1,jO2], was 0.74 g (59%) as a yellow
solid with no m.p. below 200 �C. 1H NMR (CD2Cl2) 2.50
(s, 6H, Me), 3.80 (s, 1H, CH2), 4.30 (s, 1H, CH2), 6.10–
8.60 (m, 13H, arom-H). 19F NMR (CD2Cl2) �59.13 (s,
3F, CF3), �59.35 (s, 3F, CF3), �62.96 (s, 3F, CF3),
�63.03 (s, 3F, CF3), �75.17 (s, 3F, CF3), �78.60 (s, 3F,
CF3). Anal. Calc. for C35H21F18IrN4O (Mol. Wt.:
1047.76): C, 40.12; H, 2.02; N, 5.35. Found: C, 39.89; H,
2.27; N, 5.01%. The structure was determined by X-ray
analysis.

5.12. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-
pyridinyl-jN)phenyl-jC],[3-(di-phenylphosphino)-1-

propanolato-O,P] (23)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,6-
bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]
di-, 0.34 g (1.48 mmol) of 2-diphenylphosphanylethanol,
0.60 g (5.9 mmol) of rubidium hydroxide in 5 ml of water,
and 40 ml of 1,2-dichloroethane were refluxed for 2 h under
an argon atmosphere. The reaction mixture was poured
into 200 ml of water and extracted twice with 200 ml of
diethyl ether. The extracts were dried over magnesium sul-
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fate overnight. The solvent was removed on a rotoevapora-
tor and the residue was purified by chromatography on
silica gel with an eluent composed of petroleum ether/ethyl
ether at 10/0.5. Yield of iridium, bis[4,6-bis(trifluoro-
methyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC],[3-(di-phenyl-
phosphino)-1-propanolato-O,P], was 0.44 g (34%) as a
yellow solid with no m.p. below 200 �C. 1H NMR
(CD2Cl2) 2.30 (s, 6H, Me), 2.35 (br, 1H, CH2–P), 2.35
(br, 1H, CH2–P), 3.80–4.10, (m, 2H, CH2–O), 6.10–8.60
(m, 15H, arom-H). 19F NMR (CD2Cl2) �58.76 (s, 3F,
CF3), �60.89 (s, 3F, CF3), �62.57 (s, 3F, CF3), �63.06
(s, 3F, CF3). 31P NMR (CD2Cl2) 11.93 (s, 1P). Anal. Calc.
for C42H30F12IrN2OP (Mol. Wt.: 1029.87): C, 48.98; H,
2.94; N, 2.72. Found: C, 49.10; H, 2.47; N, 3.01%. The
structure was determined by X-ray analysis.

5.13. Iridium,bis[4,6-bis(trifluoromethyl)-2-(4-methyl-2-

pyridinyl-jN)phenyl-jC],[1-(di-phenylphosphino)-2-

propanolato-O,P] (25)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,6-bis-
(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di-
0.37 g (1.51 mmol) of 1-diphenylphosphanylpropan-2-ol,
0.60 g ( 5.9 mmol) of rubidium hydroxide in 5 ml of water,
and 40 ml of 1,2-dichloroethane were refluxed for 2 h under
an argon atmosphere. The reaction mixture was poured
into 200 ml of water and extracted twice with 200 ml of
diethyl ether. The extracts were dried over magnesium sul-
fate overnight. The solvent was removed on a rotoevapora-
tor and the residue was purified by chromatography on
silica gel with an eluent composed of petroleum ether/ethyl
ether at 10/0.5. Yield of iridium, bis[4,6-bis(trifluorom-
ethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC],[1-(di-phenyl-
phosphino)-2-propanolato-O,P], was 0.87 g (70%) as a
yellow solid with no m.p. below 200 �C. 1H NMR (CD2Cl2)
1.20 (s, 3H, Me), 2.30 (s, 6H, Me), 2.35 (br, 1H, CH2–P),
2.35 (br, 1H, CH2–P), 2.80 (m, 1H, CH2–O), 6.10–8.60
(m, 15H, arom-H). 19F NMR (CD2Cl2) �59.93 (s, 3F,
CF3), �60.86 (s, 3F, CF3), �62.63 (s, 3F, CF3), �63.07 (s,
3F, CF3). 31P NMR (CD2Cl2) 9.33 (s, 1P). Anal. Calc. for
C43H32F12IrN2OP (Mol. Wt.: 1043.90): C, 49.47; H, 3.09;
N, 2.68. Found: C, 49.53; H, 3.25; N, 2.88%. The structure
was determined by X-ray analysis.

5.14. Iridium,chlorobis[4,6-bis(trifluoromethyl)-2-(4-methyl-

2-pyridinyl-jN)phenyl-jC],[diphenylphosphine] (28)

1.0 g (0.6 mmol) of Iridium, di-lchlorotetrakis[4,
6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-
jC]di-, 0.32 g (4.8 mmol) of diphenylphosphanylmethanol,
0.60 g (5.9 mmol) of rubidium hydroxide in 5 ml of water,
and 30 ml of 1,2-dichloroethane were refluxed for 2 h under
an argon atmosphere. The reaction mixture was poured
into 200 ml of water and extracted twice with 200 ml of
diethyl ether. The extracts were dried over magnesium sul-
fate overnight. The solvent was removed on a rotoevapora-
tor and the residue was purified by chromatography on
silica gel with an eluent composed of petroleum ether/ethyl
ether at 10/0.5. Yield of iridium, chlorobis[4,6-bis(tri-
fluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC],[di-
phenylphosphine] (28) was 0.33 g (27%) as a yellow solid
with no m.p. below 200 �C. 1H NMR (CD2Cl2) 2.40 (br,
6H, Me), 6.10–8.50 (m, 15H, arom-H). 19F NMR (CD2Cl2)
�60.80 (br, 6F, CF3), �63.09 (br, 6F, CF3). 31P NMR
(CD2Cl2) �12.11 (s, 1P). Anal. Calc. for C40H27Cl-
F12IrN2P (Mol. Wt.: 1022.28): C, 47.00; H, 2.66; N, 2.74.
Found: C, 47.28; H, 2.70; N, 2.89%. The structure was
determined by X-ray analysis. Yield of iridium,bis[4,6-
bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC],
[1,2-ethanediylbis[diphenyl-phosphine]-jP,jP 0], chloride
(29) was 0.58 g (41%) as a yellow solid with no m.p. below
200 �C. 1H NMR (CD2Cl2) 2.40 (br, 6H, Me), 3.10 (br, 4H,
CH2–P), 5.90–8.40 (m, 30H, arom-H). 19F NMR (CD2Cl2)
�61.37 (br, 6F, CF3), �65.73 (br, 6F, CF3). 31P NMR
(CD2Cl2) 23.44 (s, 1P). Anal. Calc. for C54H40ClF12IrN2P2

(Mol. Wt.: 1234.51): C, 52.54; H, 3.27; N, 2.27. Found: C,
52.73; H, 3.49; N, 2.41%. The structure was determined by
X-ray analysis.

5.15. Iridium,di-l-hydroxytetrakis[4,6-bis(trifluoromethyl)-

2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di- (33)

1.0 g (0.6 mmol) of Iridium, di-l-chlorotetrakis[4,
6-bis(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-
jC]di-, 0.35 g (2.3 mmol) of benzoylformic acid, 0.60 g
(5.9 mmol) of rubidium hydroxide in 5 ml of water, and
40 ml of 1,2-dichloroethane were refluxed for 2 h under
an argon atmosphere. The precipitate was filtered off,
washed with 20 ml of water and recrystallized from
DMSO. Yield of iridium, di-l-hydroxytetrakis[4,6-bis-
(trifluoromethyl)-2-(4-methyl-2-pyridinyl-jN)phenyl-jC]di-
, was 0.67 g (69%) as a yellow solid with no m.p. below
200 �C. 1H NMR (CD2Cl2) 2.60 (s, br., 6H, Me), 6.10–
8.50 (m, 15H, arom-H). 19F NMR (CD2Cl2) �58.97 (br,
6F, CF3), �63.11 (br, 6F, CF3). Anal. Calc. for
C56H34F24Ir2N4O2 (Mol. Wt.: 1635.30): C, 41.13; H, 2.10;
N, 3.43. Found: C, 41.20; H, 2.10; N, 3.49%. The structure
was determined by X-ray analysis.

5.16. X-ray diffraction studies

Data for all structures were collected using a Bruker
CCD system at �100 �C. Structure solution and refinement
were performed using the SHELXTL [38] set of programs. The
PLATON-SQUEEZE [39] program was used to correct the data
where the solvent molecules could not be correctly mod-
eled. The structural parameters are reported in Tables 1–4.

5.17. OLED device fabrication and characterization

OLED devices were fabricated by a thermal evaporation
technique. The base vacuum for all thin film deposition was
approximately 10�6 Torr. The deposition chamber was capa-
ble of depositing eight different films without the need to break



4826 A.S. Ionkin et al. / Journal of Organometallic Chemistry 692 (2007) 4809–4827
the vacuum. Patterned indium tin oxide (ITO) coated glass
substrates from Thin Film Devices, Inc. were used. These
ITOs are based on Corning 1737 glass coated with a 1400 Å
ITO coating, and have a sheet resistance of 30 ohms/square
and 80% light transmission. The patterned ITO substrates
were cleaned ultrasonically in an aqueous detergent solution,
rinsed with distilled water, then by 2-propanol, and finally
degreased in toluene vapor for �3 h before use.

The cleaned, patterned ITO substrate was then loaded
into the vacuum chamber, and the chamber was pumped
down to 10�6 Torr. The substrate was then further cleaned
using an oxygen plasma for about 5 min. After cleaning,
multiple layers of thin films were deposited sequentially
onto the substrate by thermal evaporation. Patterned metal
electrodes (Al or LiF/Al) or bipolar electrodes were depos-
ited through a mask. The thickness of the film was mea-
sured during deposition using a quartz crystal monitor
(Sycon STC-200). All film thickness reported in this study
are nominal, calculated assuming the density of the mate-
rial deposited to be one. The completed OLED device
was taken out of the vacuum chamber and characterized
immediately without encapsulation.

The OLED samples were characterized by measuring
their: (1) current–voltage (I–V) curves, (2) electrolumines-
cence radiance versus voltage, and (3) electroluminescence
spectra versus voltage The I–V curves were measured with
a Source-Measurement Unit (Keithley Model 237, USA).
The electroluminescence radiance (in units of cd/m2) vs.
voltage was measured with a luminescence meter (Minolta
LS-110, Japan), while the voltage was scanned using the
Keithley SMU. The electroluminescence spectrum was
obtained by collecting light using an optical fiber, through
an electronic shutter, dispersed through a spectrograph,
and then measured with a diode array detector. All three
measurements were performed at the same time and con-
trolled by a computer. The efficiency of the device at a
certain voltage is determined by dividing the electrolumi-
nescence radiance of the LED by the current density
needed to run the device. The unit is in cd/A.

6. Supplementary material

CCDC 637999, 638000, 638001, 638002, 638003,
638004, 638005, 638006, 638007, 638008, 638009, 638010
and 638011 contain the supplementary crystallographic
data for 9, 10, 11, 12, 15, 17, 19, 21, 23, 25, 28, 29 and
33. These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk.
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