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Bimetallic [Ir(COD)Cl] and [Ir(ppy)2] (COD = 1,5-cyclooctadiene; ppy = 2-phenylpyridyl) complexes bridged by 1,7-
dimethyl-3,5-diphenylbenzobis(imidazolylidene) (1), in addition to their monometallic analogues supported by
1-methyl-3-phenylbenzimidazolylidene (2), were synthesized and studied. Electrochemical analyses indicated that
1 facilitated moderate electronic coupling between [Ir(COD)Cl] units (ΔE =∼60 mV), but not [Ir(ppy)2]. The metal-
based oxidation potentials for the bimetallic complexes were within 20 mV of those for their monometallic analogues.
Furthermore, spectroscopic analyses of the [Ir(ppy)2] bimetallic and monometallic complexes revealed nearly identical
phosphorescence profiles, indicating that carbene coordination does not affect the energy of the emissive states.
Collectively, these results suggest that N-heterocyclic carbenes (NHCs) such as 1 could link together two emissive
fragments without altering their fundamental phosphorescence profiles. Ultimately, employing multitopic NHCs as non-
interfering molecular connectors could facilitate the rational design of new phosphorescent materials as well as
second-generation phosphor dopants.

Introduction

Light emission from diodes was first observed nearly a
century ago as an intellectual curiosity; however, this phe-
nomenon did not find widespread commercial applications
until many decades later.1 Since then, light emitting diodes
(LEDs) have become common in applications ranging from
electroluminescent displays to data storage.2 The simplest
LEDs are diodes that emit light upon electron-hole recom-
bination at a semiconductor p-n junction, as opposed
to releasing energy as heat or in some other non-radiative
form.3,4 Not all semiconductors can emit, and in those that
can, the emission wavelength is determined by the bandgap
potential energy difference and thus cannot be easily modified.
Organic light-emitting diodes (OLEDs) are hybrid organic-

inorganic devices that allow tuning of emission wavelength
and lifetime without the need for new semiconductor de-

signs.5-9 Typically, an organic, π-conjugated polymer (CP)
performs the conductor and emitter roles of the classical,
inorganic LED. Tuning of CP spectroscopic and material
properties can then be achieved via modification of the
polymer’s chemical components.10,11 Electron-hole recom-
bination results in singlet and triplet excitons; thus, device
efficiency is enhanced by adding a phosphorescent compo-
nent to the CP layer. Most phosphors are complexes of
second and third-row transition metals, whose spin-orbit
coupling enables emission from triplet excited states. Phos-
phor-functionalized OLEDs can be prepared by either
physical doping of a CP with a phosphorescent inorganic
complex5,7 or via chemical incorporation of a similar moiety
directly into a polymer chain to afford a conducting metallo-
polymer (CMP).6,8,9 The majority of OLED devices com-
prise organic frameworks doped with phosphorescent iri-
dium12-15 or platinum16 complexes. Iridium-based dopants
are more attractive than those based on platinum, given
the reactivity of the latter with water at high potentials to*To whom correspondence should be addressed. E-mail: bielawski@
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form platinum oxide.Whereas CMPs are less common, their
molecular structure is well-defined and allows for the rational
design of materials, a feature not found in doped CPs.
The discovery of stable N-heterocyclic carbenes (NHCs)

enabled access to robust organometallic complexes and
polymers, many of which have been used in a broad range
of applications.17-22 Although there are a variety of well-
characterized phosphorescent complexes comprising rhe-
nium,23 ruthenium,24 iridium,12,25-28 platinum,29,30 and
gold31-35 centers supported by NHCs or diaminocarbenes
(see Figure 1 for selected examples), to the best of our
knowledge, multimetallic complexes or related CMPs are
unknown. This omission is surprising in light of the detailed
studies of polymers36,37 and bimetallic complexes38-46 linked
by non-carbenoid ditopic ligands and their intrinsic phos-
phorescent characteristics.
We have recently developed new classes of bis(NHC)s that

feature two diametrically opposed NHCs connected via a
common aromatic linker. These compounds have enabled

the synthesis of unique bimetallic complexes,47,48 as well as
both organic49-51 and organometallic52-55 polymers, some
ofwhichwere found tobe conductive and luminescent.Given
the synthetic modularity and electronic tunability inherent to
the bis(NHC) scaffold and the existence of both heteroleptic
NHC-based and bimetallic phosphors, we envisioned coor-
dinating emissive components to this ditopic ligand. Subse-
quent analysis would probe how metal-metal and metal-
ligand interactions could facilitate tuning of their respective
electrochemical and luminescent properties.
Iridium(III) complexes bearing κ

2(N,C) heteroaromatic-
aryl ligands have been thoroughly studied12 by electroche-
mical as well as photophysical methods and have been widely
used as dopants in OLED applications. Inspired by the
seminal work of Thompson and co-workers with Ir com-
plexes supported by ppy- and NHC- based ligands (ppy=
2-phenylpyridyl, NHC=1-methyl-7-phenylbenzimidazolyli-
dene; Figure 1),13,15,28,56-62 we chose 1,7-dimethyl-3,5-diphe-
nylbenzobis(imidazolylidene) (1) as a suitable ditopic linker

Figure 1. Representative phosphorescentNHC-basedmetal complexes.
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for our studies (Figure 2). Because the degree of electronic
communication across a linking scaffold can be conveniently
measured via electrochemical analysis of coordinated redox
active centers,63,64 our initial efforts focused on preparing
and studying bimetallic bis(NHC) complexes affixed to
[Ir(COD)Cl] (COD=1,5-cyclooctadiene)moieties.Addition-
ally, many complexes of this type have been crystallographi-
cally characterized,63,65-73 allowing for greater comparison
and interpretation of metric parameters. Building on this
foundation, we pursued the synthesis and photoluminescent
characterization of bimetallic Ir complexes bearing ppy
ligands. To gain greater insight into the fundamental inter-
actions inherent to the aforementioned bis(NHC) complexes,
monometallic analogues supported by 1-methyl-3-phenyl-
benzimidazolylidene (2) were synthesized and studied in
parallel.

Experimental Section

Materials and Methods. Iridium trichloride hydrate and
[Ir(COD)(μ-Cl)]2 were purchased from Strem Chemicals.
2-Methyltetrahydrofuran (MeTHF) was purchased from Aldrich.
Dichloromethane (CH2Cl2) was distilled from CaH2. Sol-
vents were degassed by three consecutive freeze-pump-thaw
cycles. 1,7-Diphenyl-benzobisimidazole,74 [1H2][MeSO4]2,

74 and
[Ir(ppy)2(μ-Cl)]2

62,75 were synthesized as previously described.
Compounds [2H][I],53 5,28 and 628 were prepared by following
literature procedures with minor modifications (vide infra). All
other materials and solvents were of reagent quality and used as
received. 1H and 13C {1H} NMR spectra were recorded using a
Varian 300, 400, 500, or 600MHz spectrometer. Chemical shifts δ
(in ppm) are referenced to tetramethylsilane using the residual
solvent as an internal standard. For 1H NMR: CDCl3, 7.24 ppm;

DMSO-d6, 2.49 ppm. For 13C NMR: CDCl3, 77.0 ppm;
DMSO-d6, 39.5 ppm. Coupling constants are expressed in hertz
(Hz). High-resolutionmass spectra (HRMS) were obtained with a
VGanalytical ZAB2-E instrument (ESI orCI). Elemental analyses
were performed atMidwestMicrolab, LLC, Indianapolis, IN and
Columbia Analytical Services, Tucson, AZ. Whereas complexes
3-6 were prepared under an N2 atmosphere using drybox or
Schlenk techniques, all other syntheses were performed under
ambient conditions.

Electrochemistry. Electrochemical experiments were con-
ducted on CH Instruments Electrochemical Workstations (ser-
ies 630B and 700B) using a gastight, three-electrode cell under an
atmosphere of dry nitrogen. The cell was equipped with plati-
num working and counter electrodes, as well as a silver wire
quasi-reference electrode.Measurements were performed in dry
CH2Cl2 with 0.1 M [tetra-n-butylammonium][PF6] as the elec-
trolyte and decamethylferrocene [Fc*] as the internal standard.
Chronoamperometry experiments were performed using a
30 μmdiameter Pt ultramicroelectrode as the working electrode.
Complexes 3-6 displayed irreversible electrochemical behavior
at all scan rates examined (50 mV s-1 to 5 V s-1). All potentials
listed in the manuscript and the Experimental Section were
determined at 100 mV s-1 scan rates and referenced to SCE by
shifting [Fc*]0/+ to -0.057 V.76

General Spectroscopic Considerations. UV-visible absorp-
tion and fluorescence emission spectra were recorded on a
Perkin-Elmer Lambda 35 spectrometer and a PTI Quanta-
Master 4 L fluorimeter, respectively. All room-temperature
measurements were made using matched 6Q Spectrosil
quartz cuvettes (Starna) with 1 cm path lengths and 3.0 mL of
sample solution volumes. Measurements at 77 K were per-
formed in 5 mm diameter quartz tubes with 0.3 mL sample
solution volumes. Absorption and emission spectra were ac-
quired in water under ambient conditions for [1H2][MeSO4]2
and [2H][MeSO4] or in MeTHF under N2 atmosphere for
complexes 3-6. Extinction coefficients (ε) were determined
from Beer’s law measurements using 10, 20, 30, and 40 μMcon-
centrations of the analyte. Emission spectra were acquired using
1.0 μMsolutions of chromophore. Room-temperature quantum
yieldswere determined relative to 1.0μMquinine sulfate in 0.1N
H2SO4.

77 Quantum yields at 77 K were estimated assuming kr
was temperature-independent and using Φ77=krτ.

77

Syntheses. [3,5-Dimethyl-1,7-diphenylbenzobis(imidazolium)]-
[I]2 [1H2][I]2. A solution of 1,7-diphenylbenzobisbenzimidazole74

(605 mg, 1.95 mmol) in 15 mL of CH3CNwas charged with CH3I
(650 mg, 4.58 mmol) and then heated to 95 �C in a heavy-walled
reaction flask equipped with a gastight Teflon cap, resulting in
gradual formation of a precipitate. After 5 h, the mixture was
allowed to cool to room temperature. The precipitate was then
collected via vacuum filtration and then recrystallized from
refluxing methanol to afford 803 mg (1.78 mmol, 91% yield) of
the desired product as pale yellow crystals. 1H NMR (500 MHz,
DMSO-d6): δ 10.41 (s, 2H), 9.12 (s, 1H), 8.05 (s, 1H), 7.90 (d, J=
8.1, 4H), 7.79-7.70 (m, 6H), 4.30 (s, 6H). 13C NMR (100 MHz,
DMSO-d6): δ 146.9, 132.9, 131.1, 130.6, 130.4, 130.0, 125.2, 99.9,
97.8, 34.6. HRMS Calcd for C22H20N4 ([M2+]÷ 2): 170.0839.
Found 170.08385.

N-Phenyl-2-nitroaniline. 1-Fluoro-2-nitrobenzene (1.82 g,
8.38 mmol) and aniline (1.56 g, 16.8 mmol) were dissolved in
15 mL of isopropanol and then heated to 115 �C in a heavy-
walled reaction flask equipped with a gastight Teflon cap. After
48 h, the solution was allowed to cool to room temperature and
then filtered to remove residual solids. The filtrate was then con-
centrated under reduced pressure to afford a red oil, which was
purified using column chromatography (SiO2, 5:1 hexanes/ethyl

Figure 2. Structures of 1 and 2.
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acetate) to afford 1.08 g (5.04 mmol, 60% yield) of the desi-
red product as a bright red oil that crystallizes upon stand-
ing. Spectral data were consistent with reported literature
values.78

1-Phenylbenzimidazole. N-phenyl-2-nitroaniline (400 mg,
1.87 mmol), sodium formate (430 mg, 6.3 mmol), and Pd/C
(10 mol %, 160 mg, 1.5 mmol) were suspended in 15 mL of
formic acid (88%) and then heated to reflux. After 18 h, the
reaction was allowed to cool to room temperature and then
filtered throughCelite with the aid of 20mL ofH2O. The filtrate
was then concentrated to 10mLunder reduced pressure, and the
remaining solution was neutralized by slow addition of sat.
Na2CO3 (aq). The product was then extracted from the aqueous
solution with CH2Cl2 (2 � 15 mL). The combined organic
fractions were dried with Na2SO4, filtered, and then concen-
trated under reduced pressure to afford 302 mg (1.55 mmol,
83% yield) of the desired product as a brown oil that needed
no additional purification. Spectral data were consistent with
reported literature values.79

[1-Methyl-3-phenylbenzimidazolium][I] [2H][I]. A solution of
1-phenylbenzimidazole (177 mg, 0.913 mmol) in 10 mL of
CH3CN was charged with CH3I (213 mg, 1.50 mmol) and then
heated to 95 �C in a heavy-walled reaction flask equipped with a
gastight Teflon cap. After 18 h, the solution was allowed to cool
to room temperature. The solvent was then removed under
reduced pressure, and the resulting residue was then triturated
with Et2O to give a yellow powder. Recrystallization of
this crude material from refluxing methanol afforded 232 mg
(0.690 mmol, 76% yield) of the desired product as light tan
crystals. 1H NMR (400 MHz, CDCl3): δ 11.03 (s, 1H), 7.89-
7.84 (m, 2H), 7.82-7.78 (m, 1H), 7.74-7.62 (m, 6H), 4.45
(s, 3H). 1H NMR (300 MHz, DMSO-d6): δ 10.18 (s, 1H), 8.17
(d, J=8.1, 1H), 7.87-7.70 (m, 8H), 4.19 (s, 3H). 13C NMR
(75 MHz, DMSO-d6): δ 143.0, 133.1, 131.8, 130.8, 130.4, 127.3,
126.8, 125.0, 113.9, 113.2, 33.6. HRMS Calcd for C14H13N2

[M+]: 209.1075. Found: 209.10732.

[1-Methyl-3-phenylbenzimidazolium][MeSO4] [2H][MeSO4].
A solution of [2H][I] (332 mg, 0.988 mmol) in 5 mL of CH3CN
was charged with Me2SO4 (100 μL, 1.0 mmol) and then heated
to 70 �C. After 8 h, the solution was allowed to cool to room
temperature. The solvent was then removed under reduced
pressure, and the resulting residue was triturated with ethyl
acetate to afford 298 mg (0.930 mmol, 94%) of the desired
product as a gray powder. 1H NMR (500 MHz, DMSO-d6):
δ 10.11 (s, 1H), 8.15 (d, J = 8.0, 1H), 7.85-7.82 (m, 3H),
7.81-7.71 (m, 5H), 4.18 (s, 3H), 3.34 (s, 3H). 13C NMR (100
MHz, DMSO-d6): δ 143.2, 133.2, 131.9, 130.9, 130.5, 127.4,
126.9, 125.1, 114.0, 113.3, 52.8, 33.5. HRMS Calcd for
C14H13N2 [M+]: 209.1077. Found: 209.1079. UV-vis: λmax=
269 nm, ε=1.00�104 M-1 cm-1. Fluorescence: λem=396 nm,
Φ = 0.046.

[{Ir(COD)Cl}2(1)] (3). A solution of NaN(SiMe3)2 (117 mg,
0.638 mmol), [Ir(COD)(μ-Cl)]2 (185 mg, 0.275 mmol) in 15 mL
of THF was charged with [1H2][MeSO4]2 (150 mg, 0.267 mmol)
and then stirred at room temperature for 12 h. Removal of
solvent under reduced pressure afforded a crude product as a
brown solid. Purification by column chromatography (SiO2, 9:1
DCM/Et2O) afforded 61mg (60 μmol, 22% yield) of the desired
product as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 7.87
(br s, 4H), 7.56-7.44 (m, 6H), 7.23 (s, 1H), 7.07 (s, 1H), 4.76-
4.68 (br m, 2H), 4.64-4.54 (br m, 2H), 4.32 (s, 6H), 3.04-2.96
(br m, 2H), 2.34-2.12 (m, 6H), 1.82-1.50 (m, 8H), 1.28-
1.18 (m, 4H). 13C (100 MHz, CDCl3): δ 194.2, 137.5, 132.73,
132.67, 132.4, 132.3, 129.0, 128.6, 128.5, 127.4, 91.9, 91.8,

90.1, 87.3, 87.0, 86.33, 86.26, 52.52, 52.49, 52.3, 52.2, 35.1,
34.1, 34.0, 32.3, 29.2, 29.1, 29.0, 28.9. HRMS Calcd for
C38H42Cl2N4Ir2 [M+]: 1010.2027. Found: 1010.20395. Anal.
Calcd for C38H42Cl2N4Ir2: C, 45.18; H, 4.19; N, 5.55. Found:
C, 45.45; H, 3.95; N, 5.49. UV-vis: λmax=338 nm, ε=1.12�
104 M-1 cm-1.

[Ir(COD)(Cl)(2)] (4).80 A solution of NaN(SiMe3)2 (27 mg,
0.15mmol), [Ir(COD)(μ-Cl)]2 (50mg, 74μmol) in 5mLof THF
was charged with [2H][MeSO4] (48 mg, 0.15 mmol) and then
stirred at room temperature for 12 h. Removal of the solvent
under reduced pressure afforded the crude product as a brown
solid. Purification by column chromatography (SiO2, 1:1 hexanes/
ethyl acetate) afforded 63 mg (0.12 mmol, 78% yield) of the
desired product as a yellow solid. 1H NMR (400MHz, CDCl3):
δ 7.96 (d, J=7.2, 2H), 7.58-7.46 (m, 3H), 7.35 (d, J=7.6, 1H),
7.29 (t, J=7.8, 2H), 7.20 (t, J=7.2, 1H), 4.73-4.68 (m, 1H),
4.60-4.55 (m, 1H), 4.25 (s, 3H), 2.97-2.93 (m, 1H), 2.36-2.31
(m, 1H), 2.25-2.10 (m, 2H), 1.85-1.73 (m, 1H), 1.70-1.52
(m, 3H), 1.34-1.22 (m, 2H). 13C NMR (100 MHz, CDCl3):
δ 191.5, 137.7, 135.4, 135.2, 128.8, 128.2, 127.3, 123.1, 122.8,
110.5, 109.6, 86.4, 85.6, 52.3, 52.1, 34.6, 34.0, 32.3, 29.2, 29.0.
HRMS Calcd for C22H24N2ClIr [M+]: 544.1257. Found
544.1248. Anal. Calcd for C22H24ClIrN2: C, 48.56; H, 4.45; N,
5.15. Found: C, 48.46; H, 4.52; N, 5.02. UV-vis: λmax=302 nm,
ε=1.38 � 104 M-1 cm-1. CCDC: 721646.81

[{Ir(ppy)2}2(1)] (5).Asolutionof [1H2][I]2 (134mg, 0.226mmol),
Ag2O (174 mg, 0.752 mmol) and [Ir(ppy)2(μ-Cl)]2 (184 mg, 0.176
mmol) in 10 mL of 1,2-dichloroethane was heated to 95 �C in the
dark. After 24 h, the solution was allowed to cool to room temp-
erature and then filtered through Celite with the aid of 15 mL
CH2Cl2. Removal of the solvent under reduced pressure afforded
the crude product as a yellow solid. Purification by column chro-
matography (SiO2, 9:1 CH2Cl2/Et2O) afforded 76 mg (57 μmol,
33% yield) of the desired product as a yellow solid. 1H NMR (600
MHz,CDCl3):δ9.01 (2overlapping s, 1H), 8.08 (d,J=6.3, 1H),8.06
(d, J=5.4, 1H), 7.96 (d, J=8.1, 2H), 7.90 (d, J=6.0, 1H), 7.82 (d, J=
6.0, 1H), 7.79-7.72 (m, 4H), 7.68-7.58 (m, 4H), 7.49-7.43 (m, 2H),
7.41-7.36 (m, 2H), 7.18 (t, J=7.2, 2H), 6.95-6.82 (m, 13H), 6.70 (t,
J=7.2, 2H), 6.65 (t, J=6.6, 1H), 6.63 (t, J=6.6, 1H), 6.53 (t, J=6.6,
1H), 6.50 (t, J=6.6, 1H), 6.35 (t, J=6.8, 2H), 3.35 (2 overlapping s,
6H). 13C NMR (150 MHz, CDCl3): δ 191.9, 191.8, 172.6, 172.26,
172.25, 169.92, 169.89, 168.73, 168.72, 156.74, 156.70, 153.09,
153.01, 152.3, 152.2, 150.1, 144.17, 144.16, 143.02, 143.00, 139.1,
134.8, 134.3, 134.2, 133.2, 133.06, 133.05, 130.3, 130.2, 129.6, 129.3,
125.5, 125.4, 124.3, 124.0, 121.9, 121.83, 121.80, 121.61, 121.57,
120.0, 119.0, 118.5, 111.9, 93.54, 93.51, 90.54, 90.49, 33.7. HRMS
Calcd for C66H48N8Ir2 ([M

2+] ÷ 2): 669.1620. Found: 669.16247.
Anal. Calcd for C66H48Ir2N8: C, 59.26; H, 3.62; N, 8.38. Found: C,
58.95; H, 3.52; N, 8.19. UV-vis: λmax=343 nm, ε=2.95� 104M-1

cm-1.Fluorescenceat 298K:λem=497nm,Φ=0.11, τ=0.79μs,kr=
1.7�105 s-1, knr=1.1�106 s-1. At 77K: λem=482 nm,Φ=0.45, τ=
3.4 μs, knr=1.6� 105 s-1.

[Ir(ppy)2(2)] (6).
82 Compound [2H][I] (48 mg, 0.14 mmol),

Ag2O (60mg, 0.26mmol), and [Ir(ppy)2(μ-Cl)]2 (60mg, 56μmol)
were dissolved in 10 mL of 1,2-dichloroethane; the reaction was
heated to 90 �C in the dark. After 16 h, the solution was allowed
to cool to room temperature and filtered throughCelite with the
aid of 10 mL of CH2Cl2. Removal of solvent under reduced
pressure afforded the crude product as a yellow powder. Pur-

(78) Rao,H.; Jin, Y.; Fu, H.; Jiang, Y.; Zhao, Y.Chem.;Eur. J. 2006, 12,
3636–3646.

(79) Xie, Y.-X.; Pi, S.-F.; Wang, J.; Yin, D.-L.; Li, J.-H. J. Org. Chem.
2006, 71, 8324–8327.

(80) Fuchs, E.; Egen, M.; Kahle, K.; Lennartz, C.; Molt, O.; Nord, S.;
Kowalsky, W.; Schildknecht, C.; Johannes, H.-H. Patent: WO 2007115970,
October 18, 2007.

(81) X-ray crystal structure data was collected for 4 and 6 (CCDC 721646
and 721647, respectively) and deposited with the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.

(82) Thompson, M. E.; Tamayo, A.; Djurovich, P.; Sajoto, T.; Forrest,
S. R.; Mackenzie, P. B.; Walters, R.; Brooks, J.; Li, X.-C.; Alleyne, B.; Tsai,
J.-Y.; Lin, C.; Ma, B.; Barone, M. S.; Kwong, R. Patent: WO 2005113704,
January 12, 2005.
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ification by column chromatography (SiO2, 3:1 hexanes/ethyl
acetate) afforded 55 mg (78 μmol, 69% yield) of the desired
product as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 8.22
(d, J=8.3, 1H), 8.09 (d, J=5.6, 1H), 7.92 (d, J=5.6, 1H), 7.90 (d,
J=8.0, 1H), 7.82 (d, J=8.0, 1H), 7.76 (d, J=8.0, 1H), 7.72 (d, J=
7.1, 1H), 7.67 (d, J=8.3, 1H), 7.51 (t, J=7.1, 1H), 7.43 (t, J=7.1,
1H), 7.38 (t, J=6.6, 1H), 7.31-7.27 (m, 2H), 7.08 (t, J=6.8, 1H),
6.95-6.86 (m, 6H), 6.74 (d, J=6.8, 1H), 6.68 (t, J=6.1, 1H), 6.60
(t, J=6.1, 1H), 6.40 (d, J=8.3, 1H), 3.39 (s, 3H). 13C NMR
(100 MHz, CDCl3): δ 186.8, 170.2, 170.0, 167.5, 166.3, 154.6,
151.1, 150.5, 148.3, 142.4, 141.4, 137.3, 135.1, 133.2, 132.6, 131.6,
131.5, 128.9, 128.2, 127.9, 123.9, 123.0, 122.7, 121.9, 120.8, 120.7,
120.4, 118.7, 117.8, 117.3, 111.2, 110.6, 109.2, 34.5. HRMSCalcd
for C36H28IrN4 [M

+]: 709.1947. Found: 709.19377. Anal. Calcd
for C36H28IrN4: C, 61.00; H, 3.98; N, 7.90. Found: C, 61.18; H,
3.89; N, 7.88. UV-vis: λmax=258 nm, ε=5.13� 104 M-1 cm-1.
Fluorescence at 298 K: λem=497 nm,Φ=0.19, τ=0.69 μs, kr=
2.8�105 s-1, knr=1.2�106 s-1.At 77K: λem=482nm,Φ=0.87, τ=
3.0 μs, knr=4.4�104 s-1. CCDC: 721647.81

Results and Discussion

N-Heterocyclic carbenes 1 and 2 cannot be isolated in their
free forms because of polymerization51 or dimerization side
reactions,83 and were therefore generated in situ from their
respective benzimidazolium precursors. The requisite iodide
salts of [1H2] and [2H] were synthesized via alkylation of
1,7-diphenylbenzobis(imidazole)74 or 1-phenylbenzimida-
zole,79 respectively, with CH3I in CH3CN in good isolated
yields (>75%). Upon methylation, the diagnostic 1H signals
for the 2,20-positions shifted downfield from δ=8.14 ppm
in the benzobis(imidazole) precursor to 10.41 ppm (DMSO-
d6) in [1H2][I]2. Similarly, the 1H peaks for the 2-position
in the benzimidazole precursor shifted from δ = 8.13 to
11.03 ppm (CDCl3) in [2H][I]. These changes are consistent
with the addition of positive charge to the respective
π systems.
Deprotonation of [1H2][I]2 or [2H][I] with NaN(SiMe3)2

in the presence of [Ir(COD)(μ-Cl)]2 gave a mixture of
complexes comprising both [Ir(COD)Cl] and [Ir(COD)I]
fragments. To preclude halide scrambling with the Ir pre-
cursor, compounds [1H2][MeSO4]2 and [2H][MeSO4] were
prepared by treating the corresponding iodide salts with
Me2SO4.

84 Alternatively, these benzimidazolium salts could
also be prepared via direct alkylation of the appropriate
imidazole precursor with Me2SO4.

74 The 1H NMR spectra
for these benzimidazoliums are sensitive to the nature of
the counterion.84 For example, the protons at the 2,20- or
2-positions in [1H2][MeSO4]2 and [2H][MeSO4] were shifted
relatively upfield (δ = 10.41 to 10.37 ppm and 10.18 to
10.11 ppm in DMSO-d6, respectively) compared to their
iodide analogues. These changes are consistent with the
higher affinity of the “hard” methysulfates for the benz-
imidazolium cation than the “soft” iodides in the respective
salts.
As shown in Scheme 1, deprotonation of the methylsulfate

salts with NaN(SiMe3)2 in the presence of [Ir(COD)(μ-Cl)]2
afforded the desired complexes [{Ir(COD)Cl}2(1)] (3) and
[Ir(COD)Cl(2)] (4), respectively, in moderate to good yields.
With complex 3, the 1H signals for the 2,20-positions had

disappeared and distinct multiplets from the olefinic COD
protons were observed at δ=4.72 and 4.60 ppm (CDCl3),
respectively. In addition, the 13C NMR signal for the
2,20-position for [1H2][MeSO4]2 had dramatically shifted
downfield to 194.2 ppm for 3, consistent with the formation
of a metal-bound NHC. Similar behavior was noted for 4
with nearly identical olefinic multiplets appearing at δ=4.71
and 4.56 ppmand a significant downfield shift in the 13Cpeak
for the 2-position in [2H][MeSO4] to 191.5 ppm in 4. The
diagnostic 1H and 13CNMRsignals for 3 and 4 are consistent
with other NHC-supported [Ir(COD)Cl] complexes.63,85

Single crystals of 4 were grown from a saturated CH2Cl2
solution by vapor diffusion of pentane at room temperature.
X-ray diffraction confirmed the structural assignment of 4
as [Ir(COD)Cl(2)] (Figure 3). Bond distances for Ir-Cl
and Ir-C2 (2.3712(6) and 2.022(2) Å, respectively) com-
pare well with those measured in other [Ir(COD)Cl(NHC)]

Scheme 1. Syntheses of 3-6a

a (i) and (ii): X=MeSO4
-, 1.0 equiv NaN(SiMe3)2 and 0.5 equiv

[Ir(COD)Cl]2 per NHC-unit; (iii) and (iv): X=I-, 2.0 equiv Ag2O and
0.5 equiv [Ir(ppy)2Cl]2 per NHC-unit.

Figure 3. ORTEP diagram showing 50% probability thermal ellipsoids
and selected atom labels for 4. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (Å) and angles (deg): Ir-Cl, 2.3712(6); Ir-
C2, 2.022(2); Ir-C5, 2.108(2); Ir-C6, 2.112(2); Ir-C7, 2.183(2); Ir-C8,
2.184(2); N1-C1, 1.456(3); N1-C2, 1.346(3); N2-C2, 1.374(3); N2-C3,
1.436(3); C2-Ir-Cl, 87.97(6); C2-Ir-C7, 158.14(9); C2-Ir-C8, 164.74
(9); Cl-Ir-C5, 156.43(7); Cl-Ir-C6, 164.31(7); N1-C2-Ir-Cl, 76.62
(19); C2-N2-C3-C4, 58.5(2). The COD bite angle is 87.3�.

(83) Kamplain, J. W.; Lynch, V. M.; Bielawski, C. W. Org. Lett. 2007, 9,
5401–5404.

(84) Vu, P. D.; Boydston, A. J.; Bielawski, C. W. Green Chem. 2007, 9,
1158–1159.

(85) Chianese, A. R.; Mo, A.; Datta, D. Organometallics 2009, 28, 465–
472.
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complexes, which range from 2.335 to 2.39 Å (avg= 2.365(
0.012 Å) and 1.99 to 2.091 Å (avg = 2.041 ( 0.027 Å),
respectively.63,65-71 For Ir-C bonds trans to an NHC, the
average length is 2.183(0.025 Å (range = 2.134-2.227 Å),
greater than the average (2.112( 0.018 Å) distance for Ir-C
bonds cis to an NHC (range=2.081-2.155 Å). The corre-
sponding lengths of 2.183(2) and 2.184(2) Å for the trans
Ir-C bonds, and 2.108(2) and 2.112(3) Å for the cis fall
outside these ranges. Presumably, the Ir-C7 and Ir-C8
bonds in 4 are longer than analogous bonds in other
complexes because of a relatively strong trans influence from
2. Because the bite angle of the COD ligand is highly
conserved across a variety of complexes (avg=87.1(0.7�,
range=85.4-88.2�) including 4 (87.3�), any increase in trans
Ir-C bond distances must be accompanied by a correspond-
ing decrease in cis Ir-C bond distances. Relative to the [Ir-
(COD)Cl] plane, ligand 2 is rotated by 76.62(19)�, less than
the average value of 88.8( 17.1� (range=61.76-122.81�)
observed for complexes of this type, but within one standard
deviation.
Having attached redox active [Ir(COD)Cl] moieties to

NHCs 1 and 2, we then studied the respective complexes 3
and 4 using a variety of electroanalytical techniques; key
electrochemical properties are summarized in Table 1.
Cyclic voltammetry of 3 in CH2Cl2 revealed irreversible
cathodic peaks at Epc=-0.33 and +0.76 V versus SCE,
with a prominent irreversible anodic peak atEpa=+0.93V
likely arising from the IrI/II oxidation (Figure 4A). Other
complexes bearing [Ir(COD)Cl] moieties supported by
NHCs display metal-centered oxidations at potentials

ranging from 0.65 to 0.92 V, whereas NHCs with more
electron-deficient N-substituents exhibit higher poten-
tials.63 As these substituents become more electron-defi-
cient, the NHC can withdraw more electron density from
the Ir via π-backbonding86 and thus cause the oxidation to
occur at higher potentials. Differential pulse voltammetry
(DPV) for this oxidation in 3 showed only one broad peak.
However, signal deconvolution revealed two overlapping
peaks at +0.91 and +0.97 V of equal intensity
(Figure 4B). Given this ∼60 mV separation, complex 3
appears to be a Class II compound according to the Robin-
Day classification system, indicating the two metal centers
are weakly electronically coupled.64 Monoiridium com-
plex 4 exhibited one irreversible metal-based oxidation at
nearly the same potential (Epa=0.95 V); however, decon-
volution of the DPV afforded only one peak.
Chronoamperometry (CA) using a Pt ultramicroelectrode

facilitated measurement of the time-dependent and steady-
state current, i(t) and iss, of the metal-centered redox process.
Plotting i(t)/iss versus t-1/2 for the oxidation of 3 enab-
led determination of the diffusion coefficient D0 = 7.2 �
10-6 cm2 s-1 and number of electrons involved n= 2.1
(Figure 4C). Because the two overlapping peaks at this
potential have equal intensity, each represents a one-electron
oxidation. In contrast, analysis of 4 by CA revealed D0=
1.9�10-5 cm2 s-1 and n=0.91, indicating that the benzimi-
dazolylidene-bound [Ir(COD)Cl] unit undergoes a one-elec-
tron oxidation. A larger value of D0 for 4 than 3 is expected,
given that 4 is effectively the “monometallic half” of 3.47

From these results,we conclude that theone-electronoxidation
of one iridium in 3 causes the other to occur at a potential
∼60 mV higher in energy, consistent with results previously
observed for other benzobis(imidazolylidene)-linked bimetal-
lic (Fe and Ru) complexes.87 Because the oxidation of one
iridium in 3 influences the other across bis(NHC) 1, we
hypothesized that a bimetallic complex supported by this
ligand should display properties distinct from its monome-
tallic analogue.
To complement the electrochemical analyses of 3 and 4, we

investigated their spectroscopic properties, with the key room
temperature characteristics summarized in Table 2. Complex
3 displayed a highly featured absorption spectrum, with the
most intense peak at 338 nm assigned as a πfπ* transition
(Figure 5A). The UV-vis profile of 4 was nearly identical,
with the strongest absorption occurring at 302 nm. Subtract-
ing the absorbance spectrum of 4 from the absorbance
spectrum of 3 clearly illustrates this shift, with a sharp
negative peak at 302 nm and an intense positive peak at
338 nm and adjoining shoulder at 357 nm (Figure 5A inset).
This 36 nm bathochromic shift in λmax going from 3 to 4 is
consistent with a more-delocalized π system of the former.
Further evidence that the major feature is derived from the
benzimidazolylidene fragment can be found by comparing
the absorption spectra for [1H2][MeSO4]2 and [2H][MeSO4].
The absorption peak for the former is broad and maximizes
at λmax = 289 nm, whereas that from the latter is more
structured with λmax=269 nm (Figure 5B). In the optical
difference spectrum, one negative and one positive peak are
observed at 269 and 289 nm, respectively (Figure 5B inset).

Table 1. Electrochemical Properties

Epa (V) D0 � 105 (cm2 s-1) n

3 0.93 0.72 2.1
4 0.95 1.9 0.91
5 0.81 1.1 2.0
6 0.79 2.6 1.2

Figure 4. (A) CV of 3 with [Fc*] as an internal standard (100 mV s-1

scan-rate, referenced to SCE), showing a major oxidation peak (Epa)
and minor reduction features (*). (B) DPV of the oxidation of 3 at
0.93 V (]) showing deconvolution into two peaks (gray lines) and the
fitted peak (black line). (C) Plot of i(t)/iss vs t-1/2 data (]) for the
same oxidation and linear fit (black line, slope=0.25, y-intercept =
0.069,R2= 0.99) allowed determination ofD0= 7.2� 10-6 cm2 s-1 and
n= 2.1.

(86) Khramov, D. M.; Lynch, V. M.; Bielawski, C. W. Organometallics
2007, 26, 6042–6049.

(87) Mercs, L.; Neels, A.; Albrecht, M. Dalton Trans. 2008, 5570–5576.
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Presumably, the source of the 20 nm bathochromic shift in
the πfπ* transition for [1H2][MeSO4]2 versus [2H][MeSO4]
is the same source of the 36 nm difference in the πfπ*
transition energy for 4 versus 3. Neither complex 3 nor 4
exhibited measurable phosphorescence at room temperature
or 77 K, consistent with literature precedent for related
NHC-supported [Ir(COD)Cl] complexes.25 The presence
of the chloride atoms could promote non-radiative decay
or intersystem crossover to a non-emissive triplet excited
state.88 For example, chloride ligands have been shown to
significantly depress both quantum yields and lifetimes of
iridium-centered phosphorescence relative to other anionic
ligands.89

Having studied the metal-metal and metal-ligand
communication in complexes 3 and 4, we sought to pre-
pare analogues bearing components capable of emission,
namely [Ir(ppy)2] (ppy=2-phenylpyridyl) units. Treatment of
[1H2][I]2 or [2H][I] with Ag2O and [Ir(ppy)2(μ-Cl)]2 in 1,2-
dichloroethane afforded [{Ir(ppy)2}2(1)] (5) and [Ir(ppy)2(2)]
(6), respectively (Scheme 1). Theoretically, complex 5
could exist as a mixture of many isomers (cis or trans pyri-
dyls, Λ or Δ metal centers, etc.). In the [Ir(ppy)2(μ-Cl)]2

precursor, the ppy ligands display a trans-N arrangement,
a configuration often preserved during complexation reac-
tions.90-92

Unfortunately, all efforts to obtain single crystals of
complex 5 have been unsuccessful; however, X-ray qua-
lity crystals were obtained through slow evaporation of a
saturated solution of 6 in hexanes/ethyl acetate (3:1 v/v).
Structural analysis confirmed the retention of the trans-
pyridyl configuration from the [Ir(ppy)2(μ-Cl)]2 precur-
sor (Figure 6). Furthermore, no significant bond length
differences were observed between ligands 2 in complexes 4
or 6, despite the rotation of the N-phenyl group into the
NHC plane and formation of an organometallic bond
therein. The Ir-C2 bond in 6 was ∼0.04 Å longer than
that in 4, presumably because of the trans-influence of the
Ir-C4 bond. In addition, the N-phenyl substituent had
rotated from 58.5(2)� in 4 to become nearly coplanar (179.4
(10)�) with the benzimidazolylidene in 6. No equivalent
of 6 is known, but homoleptic analogues mer-[Ir(2)3]

28

and mer-[Ir(tpy)3]
61 (tpy=2-(p-tolyl)-pyridyl) have been

structurally characterized. The Ir-C2 and Ir-C5 bond
distances of 2.064(8) and 2.111(8) Å, respectively, are
∼0.03 Å greater than the corresponding average values
in mer-[Ir(2)3] (2.031 and 2.088 Å, respectively),28 presum-
ably a consequence of the trans-aryl ligands. Additionally,
the C2-Ir-C5 angle of 77.9(3)� is nearly identical to the
average bite angle of 78.3� in mer-[Ir(2)3]. Similarly, the
average Ir-Cppy and Ir-Nppy bond lengths observed in 6
(2.082 and 2.054 Å, respectively) compare well with those
that inmer-[Ir(tpy)3] (2.061 and 2.087 Å, respectively).61 In
addition, the N3-Ir-N4 and C3-Ir-C4 angles (171.0(3)�
and 90.4(3)�, respectively) are in good agreement with the
trans-N and cis-C angles in mer-[Ir(tpy)3] (171.1� and
92.8�, respectively). Presumably, the Ir-C3 and Ir-C5
bond lengths of 2.096(9) Å and 2.111(8) Å are slightly

Figure 5. NormalizedUV-visible absorption spectra at room tempera-
ture for: (A) complex 3 (black trace) and 4 (gray trace) inMeTHFwith the
optical difference spectrum for 3 minus 4 (inset, dashed line: ΔA=0);
(B) [1H2][MeSO4]2 (black trace) and [2H][MeSO4] (gray trace) in water
with the difference spectrum for [1H2][MeSO4]2 minus [2H][MeSO4]
(inset, dashed line: ΔA=0).

Table 2. Room-Temperature Spectroscopic Propertiesa

λmax (nm) ε � 10-4 (M-1 cm-1) λem (nm) Φ

[1H2][MeSO4]2
b 289 1.45 396 0.23

[2H][MeSO4]
b 269 1.00 396 0.046

3c 338 1.23 ; ;
4c 302 1.38 ; ;
5c 343 2.95 497 0.11
6c 258 5.13 497 0.19

aMolar extinction coefficients (ε) were determined from Beer’s law
plots. Quantum efficiencies (Φ) were determined relative to quinine
bisulfate. bMeasured in water under ambient conditions. cMeasured in
MeTHF under N2 atm.

Figure 6. ORTEP diagram showing 50% probability thermal ellipsoids
and selected atom labels for 6. Hydrogen atoms have been omitted
for clarity. Selected bond lengths (Å) and angles (deg): Ir-N3, 2.056(7);
Ir-N4, 2.051(7); Ir-C2, 2.064(8); Ir-C3, 2.096(9); Ir-C4, 2.067(8);
Ir-C5, 2.111(8); N1-C1, 1.458(12); N1-C2, 1.352(11); N2-C2,
1.373(10); N2-C6, 1.439(10); N3-Ir-N4, 171.0(3); C2-Ir-C4, 171.0
(3); C3-Ir-C4, 90.4(3); C3-Ir-C5, 174.0(3); C2-N2-C6-C5,
179.4(10).
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larger than the Ir-C4 bond (2.067(8) Å) because of mutual
trans-influence. Overall, the metric parameters of 6 are in
good agreement with those of its closest analoguesmer-[Ir-
(2)3] and mer-[Ir(tpy)3].
Structures for other trans-pyridyl [Ir(ppy)2(Ln)] complexes

have been obtained for a variety of ancillary ligands (Ln)
other than NHCs.15,37,56,59,61,62,93-106 Lengths observed
for Ir-Cppy bonds range from 1.938 to 2.067 Å (avg=2.00(
0.02 Å) and from 2.01 to 2.084 Å for Ir-Nppy bonds (avg=
2.04(0.01 Å). The corresponding average distances observed
in 6 (2.082 and 2.054 Å, respectively) compare well with these
values. Both the C3-Ir-C4 and N3-Ir-N4 angles in 6
(90.4(3)� and 171.0(3)�, respectively) are very close to the
average values for cis-Cppy of 89.3( 2.9 (range=82.0-95.2�)
and for trans-Nppy of 173.9( 2.1 (range= 169.2-177.8�).
Some variation in the topology of 6 can be measured, most
likely because of of the trans-influence of the aryl groups, but
the overall metric parameters are highly representative of Ir
complexes bearing benzimidazolylidene or ppy ligands.
With evidence that the trans-pyridyl configuration is con-

served upon NHC binding, we conclude that each iridium
center in 5will feature trans-pyridyls and thus can have either
Λ or Δ stereochemistry. Four possible permutations of
complex 5 can be drawn that satisfy these criteria, but the
C2-symmetricΛ,Λ configuration forms an enantiomeric pair
withΔ,Δ. Furthermore, theΛ,Δ isomer hasCs symmetry and
is the same asΔ,Λ. Consequently, 5 will be a mixture of only
two distinguishable components: the Λ,Λ/Δ,Δ enantiomeric
pair and themesoΛ,Δ diastereomer. Although the 1HNMR
spectrum for 5 exhibits extremely complex aryl features, the
N-methyl groups are well-separated from this region at δ=
3.35 ppm (CDCl3) and are diagnostic for benzimidazolyli-
denes. Two overlapping N-methyl peaks were observed for
an analytically pure sample of 5, confirming the presence of
theC2 enantiomeric pair andCs diastereomer in roughly a 1:1
ratio. All attempts to separate these isomers via crystal-
lization or column chromatographywere unsuccessful; there-
fore, all measurements of 5 were performed on this mixture.
Isomeric resolution in a non-carbenoid diiridium system has
been achieved by anion metathesis with a chiral salt followed
by chromatography, but the room temperature emission
spectra of the individual isomers were identical.39 Addition-

ally, our electrochemical and phosphorescence measure-
ments (vide infra) suggest that the metal centers in 5 are
electronically isolated fromeach other, and thus their proper-
ties depend only on their ligand set and not their absolute
stereochemistry.
After determining the structural composition of 5 and 6,

we then investigated their electrochemical properties, whose
key characteristics are summarized in Table 1. As observed
with 3, the CV of 5 showed an irreversible reduction at Epc=
-0.73 V and an irreversible oxidation at Epa=+0.81 V,
tentatively assigned as the IrIII/IV couple (Figure 7A). De-
convolution of the DPV for this oxidation revealed only one
peak (Figure 7B), suggesting the redox events at one metal
center do not influence those of the other and that complex 5
is therefore aClass I compound.Despite comprising the same
bridging ligand 1, electronic communication between iridium
centers occurs in complex 3 but not complex 5. One possible
explanation is that themetal-centeredorbitals in 5 are too low
in energy for effective overlap with 1, whereas those in 3 are a
better match. Increasing the overlap between the frontier
orbitals on the metal and the bis(NHC) will increase the
degree of interaction and intermixing. As a result, the
electronic environment at the metal will be more sensitive
to changes in the electron density of the bis(NHC), such as
the oxidation state of the distal metal.
As observed for 4, an irreversible oxidation for 6 was

observed at nearly the same potential as its bimetallic
analogue (0.79 V), whose deconvoluted DPV also contained
only one peak. No complexes directly equivalent to 5 or 6 are
known, but the oxidation of [Ir(ppy)2(acac)] (acac = 2-
acetylacetonate) occurs at roughly 0.83 V,62 consistent with
the diminished electron-donating ability of acac versus an
NHC. For the purely homoleptic mer-[Ir(ppy)3], this poten-
tial shifts to 0.75 V,61 slightly lower than the values observed
for 5 and 6. Presumably, the greater electron-donating abi-
lity of pyridine versus benzimidazolylidene lowers the IrIII/IV

oxidation potential.
Plotting the values of i(t)/iss versus t

-1/2 obtainedbyCA for
the oxidation of 5 revealedD0=1.1�10-5 cm2 s-1 and n=2.0

Figure 7. (A) CV of 5 with [Fc*] as an internal standard (100 mV s-1

scan-rate, referenced to SCE), showing a major oxidation peak (Epa) and
minor reduction feature (*). (B) DPV of the oxidation of 5 at 0.81 V (])
showing deconvolution into two peaks (gray lines) and the fitted peak
(black line). (C) Plot of i(t)/iss vs t

-1/2 data (]) for the same oxidation and
linear fit (black line, slope=0.17, y-intercept=0.882, R2=0.99) allowed
determination of D0 and n.

(93) Fu, H.; Ding, Y.; Chen, G. Acta Crystallogr. E 2008, 64, m731.
(94) Graf, M.; Gancheva, V.; Thesen, M.; Kr

::
uger, H.; Mayer, P.; S

::
unkel,

K. Inorg. Chem. Commun. 2008, 11, 231–234.
(95) Li, W.-Y.; Mao, L.-S.; Lu, L.; He, H.-W. Acta Crystallogr. E 2008,

64, m490.
(96) Sie, W.-S.; Jian, J.-Y.; Su, T.-C.; Lee, G.-H.; Lee, H. M.; Shiu, K.-B.

J. Organomet. Chem. 2008, 693, 1510–1517.
(97) Zhao, Q.; Li, L.; Li, F.; Yu, M.; Liu, Z.; Yi, T.; Huang, C. Chem.

Commun. 2008, 685–687.
(98) Chen, L.-Q. Acta Crystallogr. E 2007, 63, m2078.
(99) Han, L.-P.; Li, B.; Liu, J.; Ying, J. Acta Crystallogr. E 2007, 63,

m2031–m2032.
(100) Kappaun, S.; Eder, S.; Sax, S.; Mereiter, K.; List, E. J. W.; Slugovc,

C. Eur. J. Inorg. Chem. 2007, 4207–4215.
(101) Kim, T.-J.; Lee, U. Acta Crystallogr. E 2006, 62, m2244–m2245.
(102) Yi, C.; Cao, Q.-Y.; Yang, C.-J.; Huang, L.-Q.;Wang, J. H.; Xu,M.;

Liu, J.; Qiu, P.; Gao, X.-C.; Li, Z.-F.; Wang, P. Inorg. Chim. Acta 2006, 359,
4355–4359.

(103) Lau,M.-K.; Cheung, K.-M.; Zhang, Q.-F.; Song, Y.;Wong,W.-T.;
Williams, I. D.; Leung, W.-H. J. Organomet. Chem. 2004, 689, 2401–2410.

(104) Wang, Y.; Teng, F.; Tang, A.;Wang, Y.; Xu, X.Acta Crystallogr. E
2005, 61, m778–m780.

(105) DeRosa, M. C.; Mosher, P. J.; Yap, G. P. A.; Focsaneanu, K.-S.;
Crutchley, R. J.; Evans, C. E. B. Inorg. Chem. 2003, 42, 4864–4872.

(106) Marsh, R. E.; Kapon, M.; Huc, S.; Herbstein, F. H. Acta Crystal-
logr. B 2002, 58, 62–77.



6932 Inorganic Chemistry, Vol. 48, No. 14, 2009 Tennyson et al.

(Figure 7C). Analysis of 6 by CA allowed determination of
D0=2.6�10-5 cm2 s-1 and n=1.2, which compare well to
those observed for 4. Because both metal-based one-electron
oxidations in 5 occur at the same potential, we conclude that
the two iridium centers in 5 are non-interacting. Further-
more, because this oxidation is nearly identical to that in 6
andmer-[Ir(ppy)3],

61 we conclude that the metals are electro-
chemically dominated by their ppy ligands. Given that the
emission from complexes of these ligands typically involves
metal-to-ligand charge-transfer (MLCT), the spectroscopic
properties of 5 and 6 should be very similar.
With the knowledge of electronic communication in 5 and

6 gained by electroanalytical methods, we then studied their
spectroscopic properties at room temperature and 77 K; key
data are summarized in Tables 2 and 3. Complex 5 displayed
a broad set of absorption peaks centered at 343 nm and an
intense absorption at 264 nm, whereas 6 exhibited only one
broad peak at 258 nm and several weak shoulders (Figure 8).
As observedwith 3 and 4, the difference in the optical profiles
of 5 and 6 presumably arises from the difference in πfπ*
transitionwavelength inherent to theNHCscaffold.Whereas
3 was non-luminescent, the ppy analogue 5 displayed emis-
sion at 497 nm (Φ=0.11), identified as phosphorescence by
lifetime measurements (τ=0.79 μs). Complex 6 displayed
emission at the same wavelength and with the same peak-
shape as 6, albeit with greater efficiency (Φ= 0.19) and
shorter lifetime (τ=0.69 μs). Upon exposure to oxygen, the
phosphorescence from both 5 and 6was rapidly quenched to
immeasurable levels. Indistinguishable emission wavelengths
for the mono- and bimetallic complexes are expected, given

the nearly identical electrochemical characteristics. These
results demonstrate that the two [Ir(ppy)2] units in 5 are
non-interacting. Because the non-radiative decay rates knr of
5 and 6 are similar (1.1 and 1.2�106 s-1, respectively), the
lower quantum yield and longer lifetime of 5 are primarily
due to a slower radiative decay rate kr (1.7 vs 2.8�105 s-1 for
5 vs 6, respectively). Collectively, these results suggest that
the phosphorescence of 5 and 6 originates solely from the
[Ir(ppy)2] fragments, whereby the benzimidazolylidene li-
gands perturb the symmetry-forbidden emissive relaxation
rates without altering the phosphorescence energies.
At 77 K, the broad phosphorescence observed from 5

at room temperature becomes structured, with maximum
emission at λmax= 482 nm. In addition, the emission lifetime
(τ=3.4 μs) exhibited a 4-fold increase with respect to the
value obtained at room temperature. Assuming kr as tem-
perature-independent, Φ77 and knr

77 can be estimated as
0.45 and 1.6� 105 s-1, respectively. Complex 6 displayed
an emission profile identical to 5 at 77 K, with similar
increases in τ and Φ (3.0 μs and 0.87, respectively). The
smaller non-radiative decay rate for 6 than 5 (0.44 vs 1.6�
105 s-1, respectively) at 77 K, despite being nearly equivalent
at room temperature, suggests that thermal motion contri-
butes more to non-radiative decay in 6 than in 5. Qualita-
tively, this hypothesis is supported by the CA analyses,
wherein the diffusion coefficient for the bimetallic complex
is smaller than that for the monometallic complex. As
observed at room temperature, the phosphorescence wave-
length and peakshape at 77Kwere independent of the nature
of the imidazolylidene ligand bound to the [Ir(ppy)2] frag-
ments. Only the excited state decay was influenced by repla-
cing 1 with 2.
To place these luminescence results in greater context, we

compared our observations of 6 to known homoleptic
and heteroleptic complexes bearing NHC and ppy ligands
(see Figure 9 and Table 3). Homoleptic NHC analogue
mer-[Ir(2)3] exhibits weak emission at ∼390 nm, with Φ=
0.002 and τ=15 ns, when measured at room temperature

Table 3. Luminescence Properties of 5-6a and I-IV at Room Temperature and 77 Kb

RT 77 K

λem (nm) Φ τ (μs) knr � 10-4 (s-1) kr � 10-5 (s-1) λem (nm) Φ τ (μs) knr � 10-5 (s-1)

5 497 0.11 0.79 1.1 1.7 482 0.45 3.4 1.6
6 497 0.19 0.69 1.2 2.8 482 0.87 3.0 0.44
I28 390 0.002 0.015 65 1.3 380 0.31 2.4 2.9
II26 460 0.22 0.22 3.5 10 ; ; ; ;
III61 512 0.036 0.15 6.4 2.4 493 ∼1 4.2 low
IV62 516 0.34 1.6 0.41 2.1 ; 0.67 3.2 1.0

aMeasured inMeTHFunderN2 atmosphere. bQuantumefficiencies (Φ) at room temperaturewere determined relative to quinine bisulfate.Radiative
(kr) and non-radiative (knr) decay rates at room temperature determined by lifetimemeasurements. Values ofΦ and knr at 77 K estimated as described in
Experimental Section.

Figure 8. (A) Normalized UV-visible absorption spectra at room
temperature for complex 5 (black trace) and 6 (gray trace) in MeTHF.
(B) Normalized emission spectra for 5 at room temperature (black line)
and at 77 K (gray line) in MeTHF.

Figure 9. Homo- and heteroleptic NHC and ppy complexes.
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(I, Figure 9).28 These values correspond to values for kr and
knr of 1.3�105 and 6.5�107 s-1, respectively.Upon cooling to
77K, the emissionmaximum shifts to∼380 nm, and the peak
becomes structured, with the lifetime increasing to 2.4 μs
(knr=2.9� 105 s-1). For a heteroleptic complex with two
NHC ligands (II), emission occurs at 460 nm,with a quantum
efficiency of 0.22 and a lifetime of 0.22 μs, corresponding to
values for kr and knr of 1.0 and 3.5�106 s-1, respectively.26

When compared with I and II, complex 6 shares more
features with the latter, particularly with respect to Φ and
knr. However, the radiative decay rate inherent to I and
emissive lifetime at 77K are closer to the valuesmeasured for
6. Although the difference in ligands between I and II
precludes detailed analysis, a general trend can be inferred:
as the number of NHCs coordinated to Ir decreases, the rates
of radiative decay increase and non-radiative decay decrease.
At the other extreme, homoleptic ppy analogue mer-

[Ir(ppy)3] (III, Figure 9) displays a broad luminescence profile
at room temperature that maximizes at 512 nm, with corre-
sponding values for Φ and τ of 0.036 and 0.15 μs, respec-
tively.61 Thus, the underlying radiative and non-radiative
decay rates are 2.4�105 and 6.4�106 s-1, respectively. In a
77 K MeTHF glass, the emission peak becomes structured
and undergoes a slight hypsochromic shift to 493 nm. Under
these conditions, the lifetime increases dramatically to 4.2 μs,
and the quantumyield approaches unity. For the heteroleptic
derivative with two ppy ligands [Ir(ppy)2(acac)] (IV), room
temperature phosphorescence is observed at 516 nm, with
Φ=0.34 and τ=1.6 μs, whereby the latter increases to 3.2 μs
at 77K.62 These measurements indicate kr=2.1�105 s-1 and
knr= 4.1� 105 s-1 at room temperature (1.0� 105 s-1 at
77 K). Between III and IV, complex 6 exhibits photophysical
properties (i.e.,Φ, τ, kr) that compare well with those of the
latter. A trend is observed for the ppy-based complexes
similar to that with theNHC analogues, whereby going from
III to IV affords a dramatic increase in quantum yield and
lifetime, primarily because of the decrease in non-radiative
decay rate.
Of the homoleptic and heteroleptic NHC- and ppy-based

complexes presented in Figure 9, complex 6 is most similar to
[Ir(ppy)2(acac)]. Therefore, we believe that the [Ir(ppy)2]
components in 5 and 6 are effectively functioning as insulated
emissive units, whereby coordination of 1 or 2 merely
perturbs intrinsic properties without significant changes to
emission energy. Because the frontier orbitals for 1 and 2 are
similar, considering the emission profiles of [1H2][MeSO4]2
and [2H][MeSO4] are identical, the [Ir(ppy)2] moieties in 5
and 6 are perturbed in similar ways and therefore exhibit
identical phosphorescence profiles.

Conclusions

Twonewbimetallic Ir complexes supported by 1,7-dimeth-
yl-3,5-diphenylbenzobis(imidazolylidene) (1) were synthe-
sized and compared with monometallic analogues bearing
1-methyl-3-phenylbenzimidazolylidene (2). Although elec-
trochemical analyses of [{Ir(COD)Cl}2(1)] (3) demonstrated
the oxidation of one [Ir(COD)Cl] unit influenced the other
(ΔE= ∼60 mV), no such interaction was observed between

the [Ir(ppy)2] moieties in [{Ir(ppy)2}2(1)] (5). This lack of
electronic communication was also observed in the phos-
phorescence of 5, whose emission profile was superimposable
with that of its monometallic analogue, [Ir(ppy)2(2)] (6), with
the only distinction arising from their different decay rates.
We believe the electronic communication in the Ir(I) complex
3 and lack thereof in the Ir(III) complex 5 are consequences of
greater bis(NHC)-MLn orbital overlap in 3 than in 5, owing
to the better match in energy levels between 1 and [Ir(COD)
Cl] than 1 and [Ir(ppy)2].
We initially pursued complex 5 to determine the extent of

metal-metal electronic communication across ditopic bis
(NHC) 1 and how this interaction affected the luminescent
properties (e.g., emission wavelength, quantum yield, life-
time, etc.) but were surprised that no such communication
was observed. Because the emission energies of 5 and 6 were
identical, we conclude that benzimidazolylidene coordina-
tion to an [Ir(ppy)2] fragment neither perturbs the emissive
state nor facilitates interaction between units thereof. Thus,
multiple units could be chained together with derivatives of 1
without altering the fundamental phosphorescence energy or
peakshape inherent to the fundamental [Ir(ppy)2] unit.
On the basis of these observations, we believe that novel

phosphorescent materials could be obtained via incorpora-
tion of knownMLCT-phosphors into bimetallic or polymeric
systems with bis(NHC)s functioning as non-interfering
molecular connectors, an invaluable tool in the emerging
fields of nano- and molecular electronics.107 Essentially, a
monometallic complex [(MLn)L

0] (where MLn is the MLCT
chromophore andL0 is exchangeablewith anNHC)would be
selected from known phosphors or prepared de novo for
desired phosphorescence characteristics. Then, a multimetal-
lic complex or organometallic CMP could be prepared,
without altering the emission wavelength, by linkingmultiple
MLn units with a multitopic NHC: the non-interfering mole-
cular connector. We believe this novel strategy could facil-
itate the rational design of new phosphorescent materials
from established phosphors, as well as second-generation
bimetallic dopants, for use in a wide variety of optoelectronic
applications.
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