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ABSTRACT: Cyclometalated (C^C*) platinum(II) N-hetero-
cyclic carbene (NHC) complexes are emerging as a new class of
phosphorescent emitters for the application in organic light-
emitting devices (OLEDs). We present the synthesis of six new
complexes of this class to investigate the influence of extended π
systems. Therefore, six different NHC ligands with a varying
number of additional phenyl substituents were used in
combination with the monoanionic acetylacetonate (acac)
ligand to obtain complexes of the general formula [(NHC)Pt-
(II)(acac)]. The complexes were fully characterized by standard techniques and advanced spectroscopic methods (195Pt NMR).
For all complexes the solid-state structure determination revealed a square-planar coordination of the platinum atom. Absorption
and emission spectra were measured in thin amorphous poly(methyl methacrylate) films at room temperature. Four compounds
emit in the blue-green region of the visible spectrum with quantum yields of up to 81%.

■ INTRODUCTION

The development of new functional materials has contributed
much to the growing demand for energy conservation in
everyday life over the past decade.1 One of the key areas is the
modernization of display technologies and domestic lighting,2,3

where organometallic chemistry plays an important role. Third-
row transition metal complexes have been identified as
potential phosphorescent emitters for organic light emitting
diodes (OLEDs) with excellent photophysical properties based
on the spin−orbit coupling (SOC) induced by the transition-
metal atoms,4−7 which leads to higher quantum yields.
Especially iridium8,9 and platinum10−15 complexes have
attracted much attention in recent years because of their
extraordinary photophysical properties.16−18 It was found that
bi- or tridentate monoanionic ligands, for example, those based
on the 2-phenylpyridine fragment, could be cyclometalated to
the central metal atom forming (C^N) cyclometalated
complexes, often with β-diketonate auxiliary ligands (A, Scheme
1).12,19,20 In the past years extensive studies of the effect of

modifications of the phenylpyridine ligands on the photo-
physical properties have been carried out. By extending the π
system in the ligand backbone, energy levels can be tuned,21,22

and the emission wavelength can be red-shifted as far as the
near-infrared region of the spectrum. While the incorporation
of aryl systems with low rotational barriers (“soft” dihedrals)
bound to the central metal containing fragment often leads to
lower quantum yields or ligand-to-ligand charge transfer
(LLCT) emission, more rigid systems have shown superior
photophysical properties.23

Complexes of type B (Scheme 1) are a new class of
phosphorescent emitters with the carbene carbon atom
replacing the nitrogen atom of the C^N cyclometalated
complexes (A, Scheme 1).24 It has been shown that by
incorporation of a heterocyclic π system (C, Scheme 1) the
quantum yields of these complexes increased up to 90%.25,26

Therefore, we designed a series of complexes bearing ligands
with π systems of different sizes to investigate the influence of
those systems and kept acetylacetonate as the auxiliary ligand
because of its large highest occupied molecular orbital−lowest
unoccupied molecular orbital (HOMO−LUMO) gap to
facilitate a N-heterocyclic carbene (NHC)-centered, metal-
perturbed intraligand charge transfer (ILCT) or rather metal-
to-ligand charge transfer (MLCT) emission. The results are
compared to the unsubstituted complex of this class of emitters
(1, Scheme 1 type B with R = H, R′ = Me).25
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Scheme 1. General Structure of Cyclometalated Pt(II)
Acetylacetonate Complexes

Article

pubs.acs.org/IC

© 2014 American Chemical Society 6346 dx.doi.org/10.1021/ic500971z | Inorg. Chem. 2014, 53, 6346−6356

pubs.acs.org/IC


■ RESULTS AND DISCUSSION
Design, Synthesis, and Characterization. Ligands with

large π systems are known from a number of patents to be of
interest for phosphorescent iridium(III) emitters.27 All NHC
precursors of this work were designed with specific extensions
of the π system in mind regarding the number and position of
phenyl rings. To rule out steric or electronic effects from
functional groups, only unsubstituted phenyl rings were chosen.
Ligand precursor 2 has an additional phenyl ring at the N2
position compared to the 3-methyl-1-phenyl-imidazolium salt
that was used for the preparation of the reference complex
[(MeImiPh)Pt(acac)] 1 (acac = acetylacetonate).25 This
phenyl group with a low rotational barrier was incorporated
in 6, 7, and 8 as well, while these three ligands feature
additional extensions of the π system in the heterocyclic
backbone. The synthesis of all four compounds starts from a
commercially available diamine or α-diketone, which already
contains the ligand backbone and thus part of the π extension.
Both N-substituents in the heterocyclic ring are readily
introduced in one reaction step either by condensation with
aniline or palladium(0) coupling with an aryl halide (Scheme
2). Both routes would allow for further studies by variation of

the starting aniline or aryl halide source. The ring closure was
accomplished using different reagents. For the synthesis of 2
the intermediate was heated together with paraformaldehyde
and HCl, while in the case of 8 the chloromethyl methyl ether
was used. Reaction with triethyl orthoformate and ammonium
tetrafluoroborate led to compounds 6 and 7.
For the synthesis of 4 and 5 we used a different approach.

The synthesis of 4 involves an Ullmann-type copper(I)
catalyzed coupling of benzimidazole and iodobenzene followed
by methylation with iodomethane at the N2 position. The

naphthyl substituent in 5 is introduced via a palladium(0)
catalyzed coupling of bromonaphthalene and the commercially
available N-methyl-1,2-phenylenediamine, followed again by
ring closure with triethyl orthoformate and ammonium
tetrafluoroborate.
For the synthesis of complexes 9−14 we followed a

previously developed route25 (Scheme 3): reaction of the

imidazolium salt with silver(I) oxide to form the silver(I) NHC
complex, transmetalation with dichloro(1,5-cyclooctadiene)-
platinum(II) (Pt(COD)Cl2) without further purification, and
treatment with excess acetylacetone and potassium tert-
butanolate (KOtBu) after solvent exchange. The crude product
was then washed with water and purified by flash chromatog-
raphy with methylene chloride on silica gel. The yield of
complex 9 turned out to be remarkably high (72%) for such a
tedious one-pot reaction. Since the reaction worked quite well
with this platinum(II) precursor we used the same route to
synthesize the other complexes (Scheme 4). Unfortunately the

yields dropped significantly for the complexes with larger π
systems, and while they were still good for 10 (52%) and 12
(53%) and acceptable for 11 (19%) and 14 (11%), complex 13
could only be obtained in traces using dichloro(1,5-cyclo-
octadiene)-platinum(II). Therefore, we decided to use a
different platinum(II) precursor, dichlorobis(dimethyl sulfide)-
platinum(II), to obtain 13 in better yields of 18%.
All complexes (Scheme 4) were characterized by standard

techniques. The formation of the cyclometalated complexes
was verified by the disappearance of the imidazolium protons
and the formation of a specific coupling pattern for the
cyclometalated rings in the 1H NMR (see Supporting
Information, Figures S1−S6). The 195Pt NMR spectra for all
complexes show chemical shifts from −3335 ppm to −3402
ppm and are characteristic for complexes of this new class of
emitters. To assign the different NMR signals a detailed two-
dimensional (2D) NMR (COSY, HSQC, HMBC, ROESY)
investigation was conducted for complex 11 (see Supporting

Scheme 2. Synthesis of Ligand Precursors 2−8

Scheme 3. Synthesis of Complexes 9−14

Scheme 4. Synthesized Complexes 9−14
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Information, Figures S7−S10). This compound was chosen to
confirm the configuration of the cyclometalated ring because of
its good solubility in deuterated dimethyl sulfoxide (DMSO-
d6). We prefer to measure in DMSO-d6 over CDCl3 as we
observed partial decomposition of our complexes in CDCl3,
similar to a recently discussed case in the literature.28 The
chemical shifts for the carbene carbon atoms, and thus the
deshielding, depend strongly on the size of the NHC π system.
The signals are observed at 150 ppm for 9, 161 ppm for 10, 160
ppm for 11, 167 ppm for 13, and 155 ppm for 14 (no signal
detected for 12).
Solid-State Structure Determination. Single crystals

suitable for X-ray solid-state determination were obtained for
all complexes by slow evaporation of saturated methylene
chloride or methylene chloride/acetonitrile solutions. All
compounds are 16-valence-electron (16-VE) complexes and
exhibit a square-planar geometry around the tetracoordinated
platinum(II) center (Figures 1 and 2). For all complexes the
phenyl substituents at the N2 position with free dihedral angles
are twisted out of the plane of the central metallacycle (C1−
N1−C2−C3−Pt1) by 49.0−71.2 degrees. The shortest

platinum-to-ligand contact is the Pt(II) carbene carbon bond
(Pt−C1, 1.906−1.955 Å), which is slightly shorter than the Pt−
C3 bond to the cyclometalated aryl ring (1.967−2.003 Å). The
two Pt−O bonds are just over 2 Å, with the bond opposite of
the platinum carbene bond being always a little shorter (Pt1−
O1 2.072−2.094 Å, Pt1−O2 2.032−2.060 Å). The differences
in the bond lengths around the central metal atom mainly arise
from the σ-donating cyclometalated ring and the π-acceptor
qualities of the NHC (see Table 1).
Depending on the number of phenyl rings attached to the

NHC and especially at the N2 position the complexes exhibit a
different packing in the crystal (see Table 2 and Supporting
Information, Figures S11−S16). For 9 each complex has two
neighboring molecules, one where the acac moieties lie directly
above each other (O···H contact of 2.59 Å) with a separation of
3.25 Å and a Pt···Pt distance of 5.79 Å and another molecule,
which is slightly shifted, rotated about 180° and separated by
3.80 Å, while the corresponding Pt···Pt distance is only 4.74 Å.
The complexes are arranged in two stacks, which themselves
form a zigzag pattern throughout the crystal along the c axis and
meet at an angle of 55° (Supporting Information, Figure S11).

Figure 1. ORTEP29,30 representation of 9−11 in the solid state. Thermal ellipsoids are drawn at the 50% probability level.

Figure 2. ORTEP29,30 representation of 12−14 in the solid state. Thermal ellipsoids are drawn at the 50% probability level.

Table 1. Selected Bond Lengths [Å], Angles, and Dihedral Angles [deg] of Complexes 9−14

bonds [Å], angles [deg] 9 10 11 12 13 14

Pt(1)−C(1) 1.951(5) 1.927(10) 1.927(4) 1.925(3) 1.906(8) 1.955(4)
Pt(1)−C(3) 1.985(5) 2.003(10) 1.973(4) 1.981(2) 1.967(9) 1.975(4)
Pt(1)−O(1) 2.084(4) 2.089(7) 2.094(3) 2.082(2) 2.072(6) 2.086(3)
Pt(1)−O(2) 2.032(3) 2.060(7) 2.047(3) 2.0376(19) 2.034(5) 2.042(3)
O(1)−Pt(1)−O(2) 89.81(4) 89.1(3) 89.42(12) 89.71(8) 90.6(2) 89.38(12)
C(1)−Pt(1)−C(3) 80.1(2) 78.7(4) 80.59(17) 79.87(10) 80.3(3) 80.40(17)
C(2)−N(1)−C(1)−Pt(1) −0.5(5) −0.3(11) 0.6(4) −4.0(3) −4.5(9) 3.1(5)
N(1)−C(1)−Pt(1)−O(1) −174.3(3) −174.1(7) 177.9(3) −179.30(18) −170.6(6) 175.2(3)
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The structure of complex 10 is relatively planar, as the methyl
group at the N2 atom allows for an ordered structure that
forms only one stack along the a axis, wherein the complexes
form pairs (Supporting Information, Figure S12). These are
separated by 3.38 Å with a Pt···Pt distance of 3.30 Å, which is
slightly below the sum of the van der Waals radii, indicating a
weak metal−metal interaction. The distance to the next
platinum atom in the stack is 4.94 Å. Within the pairs, the
NHC moiety of one complex is oriented toward the acac ligand
of the second molecule. The solid-state structure of 11 also
forms a layered packing of two complexes, each in a distance of
just 3.37 Å with a Pt···Pt contact of 5.45 Å (Supporting
Information, Figure S13). They interact with the surrounding
molecules via their respective acac auxiliary ligands, which are
aligned on top of each other with an O···H contact of 2.67 Å.
Complexes 12 and 13 crystallize in a similar way as 9, with

two stacks again forming a zigzag pattern and a superstructure
of the two complexes oriented toward each other with a long
Pt···Pt distance of 6.20/5.04 Å (plane-to-plane 3.42/3.74 Å,
Supporting Information, Figures S14 and S15). Compound 14
has a similar molecular structure as 12 and 13 but forms layers
along the c axis (Supporting Information, Figure S16). Each
molecule has two different neighboring complexes in the next
layer. To one of them the respective NHC moieties are aligned
above each other, while for the other complex the acac ligands
interact (O···H contact 2.68 Å).
In summary the more planar complexes 10 and 11 with only

methyl groups at the N2 position are more densely packed and
show the shortest Pt···Pt contacts. The bond lengths and angles
around the central platinum atom found for these new
complexes are in good agreement with the few previously
published structures of this type.15,25,26,31−35

Photophysical Studies. The ultraviolet−visible (UV−vis)
absorption and emission spectra of all complexes were studied

at room temperature (rt). To investigate intermolecular
interactions arising from the different π systems during the
photoluminescence process, efforts were made to create pure
amorphous emitter films (100%) from solution. Unfortunately
early crystallization was observed for 13 and 14, therefore no
emission data could be obtained. Absorption spectra of the
amorphous (9−12) and crystallized (13, 14) pure films show a
different number of peaks between 220 and 355 nm
(Supporting Information, Figure S17). The intense high-energy
transitions (<250 nm) might be ascribed to spin-allowed NHC-
centered 1π−π* transitions followed by mixed MLCT
transitions. While complexes 9−13 show similar spectra, the
spectrum of complex 14 is quite different since it does not
display a defined fine structure and shows only two bands (236
and 328 nm).
Furthermore, the absorption spectra were also measured in

thin poly(methyl methacrylate) (PMMA) films doped with 2
wt % emitter (Figure 3). The individual spectra are all very
similar compared to the measurements in pure films.
Because of the premature crystallization of 13 and 14

emission spectra for pure films could only be measured of 9−
12 (Supporting Information, Figure S18). While 9, 10, and 12
each show a single broad emission band in the green region,
indicating excimer formation or even direct Pt−Pt interaction,
the spectrum of 11 is typical for an ILCT emission showing
vibronic coupling. To investigate these effects in more detail
concentration-dependent measurements in PMMA films were
done for complex 10 (see Supporting Information, Figure S19).
For the different concentrations a change in the shape of the
curves was observed. The higher concentrations show a more
prominent emission toward 550 nm, similar to the emission in
the 100% film. The quantum yields obtained were remarkably
high for the pure emitter films: 3% (9), 14.2% (10, τ0 = 2.9 μs),

Table 2. Crystal Data and Crystallographic Details for Complexes 9−14

complex 9 10 11 12 13 14

formula C20H18N2O2Pt C19H18N2O2Pt C23H20N2O2Pt C24H20N2O2Pt C28H22N2O2Pt C30H22N2O2Pt
fw [g/mol] 513.46 501.44 551.50 563.50 613.57 637.59
T [K] 198(2) 198(2) 198(2) 198(2) 198(2) 198(2)
wavelength [Å] 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73
crystal system monoclinic triclinic triclinic monoclinic monoclinic triclinic
space group C2/c P1̅ P1̅ P21/c P21/c P1̅
a [Å] 21.566(4) 7.6770(15) 7.7870(7) 10.8150(7) 11.274(2) 7.5370(6)
b [Å] 7.8870(16) 10.391(2) 11.3990(5) 15.8080(13) 13.035(3) 9.7140(11)
c [Å] 20.3000(4) 11.254(2) 12.1500(9) 11.7930(14) 18.632(3) 15.372(4)
α [deg] 90 73.86(3) 62.580(4) 90 90 93.589(13)
β [deg] 96.59(3) 78.58(3) 84.406(9) 99.603(7) 126.24(3) 91.396(11)
γ [deg] 90 72.26(3) 78.739(6) 90 90 98.144(7)
U [Å3] 3430.0(12) 815.0(3) 938.85(12) 1987.9(3) 2208.3(7) 1111.3(3)
Z 8 2 2 4 4 2
Dcalc [Mg/m3] 1.989 2.043 1.951 1.883 1.845 1.905
μ (Mo Kα)
[mm−1]

8.197 8.622 7.494 7.081 6.383 6.346

crystal size [mm3] 0.50 × 0.39 × 0.22 0.34 × 0.27 × 0.25 0.53 × 0.27 × 0.17 0.26 × 0.35 × 0.53 0.58 × 0.41 × 0.37 0.57 × 0.35 × 0.18
F(000) 1968 480 532 1088 1192 620
refl. collected 39 889 13 929 19 731 45 152 46 959 27 548
independent refl. 3511 [Rint = 0.042] 2978 [Rint = 0.118] 3825 [Rint = 0.033] 4059 [Rint = 0.027] 4448 [Rint = 0.079] 4574 [Rint = 0.047]
GOF on F2 1.251 1.094 1.300 1.210 1.199 1.166
R1 [I > 2σ(I)] 0.0208 0.0532 0.0164 0.0142 0.0326 0.0249
wR2 0.0598 0.1209 0.0569 0.0339 0.0954 0.0552
data/restr/param 3511/0/228 2978/0/220 3825/0/256 4059/0/264 4448/0/300 4574/0/318
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21.7% (11, τ0 = 66.4 μs), and 31% (12, τ0 = 9.2 μs) (τ0 = decay
lifetime).
The emission spectra of complexes 9−13 in 2 wt % PMMA

films (Figure 4) exhibit at least three distinct emission maxima.

The quantum yield of complex 14 was below the detection
limit of the quantum yield measurement system (ca. 1−2%).
For the complexes 9 (Commission Internationale de l’Éclairage
(CIE) 0.155; 0.110) and 10 (0.197; 0.238) with the smallest π
extension, the first emission peak lies in the deep blue region,
with the emission maximum at around 450 nm and additional
shoulders reaching into the green region of the spectrum. With
even larger π systems the emission is subsequently red-shifted
with the exception of 12, which remains a true blue emitter
(CIE 0.158; 0.147). The emission maximum for complex 11
(CIE 0.235; 0.458) with two additional phenyl rings compared
to the reference complex 1 (CIE 0.190; 0.190) is considerably
red-shifted to 476 nm, with weaker peaks at 508 and 550 nm.

With the addition of another phenyl ring to the NHC the
emission becomes even more red-shifted for complex 13 (CIE
0.323; 0.628) with emissions at 515, 554, and 600 nm. The
color changes with increasing size of the π system to higher
wavelengths can be explained by the resulting stabilization of
the LUMO and thus a smaller energy gap between the singlet
ground state and the first excited emissive state. As can be seen
in the emission profiles, all complexes show vibronic coupling,
which is in good agreement with an NHC ligand-centered
ILCT process. The distance between the individual peaks is in
the range of 1200 to 1430 cm−1 and corresponds to NHC-
centered vibrations as determined by density functional theory
(DFT) calculations.
In Table 3 the photophysical results for the measurements in

PMMA are given. It is interesting to note that the highest
quantum yield was found for complex 13 with the largest π
system accessible for measurement. Even the incorporation of
only one phenyl ring at the N2 position of the NHC increases
the quantum yield from 7%25 for 1 to nearly 17% for 9. As
expected, the addition of a phenyl ring in the NHC backbone
instead of the N2 position has a greater effect due to a higher
contribution of π electrons to the frontier molecular orbitals
(FMOs) increasing the quantum yield to 40% (10). Further
extension can again increase the quantum efficiency but has a
strong impact on the emission color. Complexes 11 and 13
(with the larger π system) were found to have significantly
longer decay lifetimes (11, 183 μs; 13, 405 μs). The values for
9, 10, and 12 are similar to those measured before for this class
of emitters.25

Electrochemistry. For all complexes cyclic voltammetry
and differential pulse voltammetry experiments were conducted
in anhydrous dimethylformamide (DMF) under inert con-
ditions with 0.1 M n-Bu4NPF6 (TBAPF6) as supporting
electrolyte to improve the conductivity. All presented potentials
derived from differential pulse voltammetry are relative to the
ferrocene/ferrocenium (Fc/Fc+) redox couple used as an
internal reference. Ionization potentials (IP) and electron
affinities (EA) were calculated according to a relationship
developed by Forrest and co-workers.36,37 Complex 9, with
only one additional phenyl ring attached at the N2 position in
comparison to a reference complex 1 (Scheme 1, R = H, R′ =
Me),25 was found to have the most cathodic reduction potential
and thus the least electron affinity (EA = 1.31 eV,
quasireversible), while complexes 10−12, with a π extension
in the imidazole backbone, showed EAs of 1.44 eV (10,
reversible), 1.47 eV (11, irreversible), and 1.45 eV (12,
irreversible). Since the reduction is considered to involve the
LUMO, which is according to DFT calculations mainly
localized on the NHC ligand, the lower EA values of 10−12
can be attributed to the expanded π system of the cyclo-
metalated NHC ligands, which can more easily accommodate

Figure 3. Absorption spectra of complexes 9−14 (2 wt % in PMMA at
rt).

Figure 4. Emission spectra of complexes 9−13 (2 wt % in PMMA at
rt).

Table 3. Photoluminescence Data (2 wt % in PMMA, rt) of the Cyclometalated Complexes 9−13

λexc [nm]
a CIE x;yb λem [nm]c ϕd τo [μs]

e kr [10
3 s−1]f knr [10

3 s−1]g

9 355 0.155;0.110 446 0.17 18.3 54.8 275.2
10 330 0.197;0.238 454 0.40 8.0 124.4 189.0
11 355 0.235;0.458 476 0.58 183.0 5.5 3.9
12 340 0.158;0.147 457 0.41 9.2 108.4 154.7
13 370 0.323;0.628 515 0.81 404.6 2.5 0.6

aExcitation wavelength. bCIE coordinates at rt. cMaximum emission wavelength. dQuantum yield at λexc, N2 atmosphere.
eDecay lifetimes (excited

by laser pulses (355 nm, 1 ns)) given as τo = τv/ϕ.
fkr = ϕ/τv.

gknr = (1 − ϕ)/τv.
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the negative charge. In this regard, the highest EAs were found
for the complexes with the greatest π extension, namely, 13
(1.76 eV, reversible) and 14 (2.46 eV, first cycle reversible;
second cycle irreversible). These observations are in line with
related Pt(II) systems that bear C^N cyclometalated
ligands.12,21,38 All compounds undergo an irreversible oxidation
with ionization potentials of 5.59 (9), 5.68 (10), 5.41 (11), 5.72
(12), 5.64 (13), and 5.40 eV (14). DFT calculations show a
participation of platinum d orbitals in the HOMO, which is
otherwise delocalized over the NHC ligand. Thus, a metal
oxidation (Pt(II) → Pt(III)) is possible, and the irreversibility
of the oxidation could be explained by nucleophilic attack of
solvents at the square-planar Pt(III) center, which usually
defines the redox properties of Pt(II).12 Although the
irreversibility of the electrochemical processes might be a
problem when using the data to estimate the HOMO−LUMO
separation, a decreasing gap is found with an expansion of the π
system at the NHC ligand as is consistent with the
expectations. The cyclic voltammograms are given in the
Supporting Information, Figures S20−S25.
Computational Studies. Geometry optimizations for the

singlet and triplet states were performed using DFT methods
(B3LYP/6-31G(d)). To gain further insight into the photo-
physical properties of the complexes, frontier molecular orbitals
(FMOs) (Supporting Information, Figure S26) and spin
densities (Supporting Information, Figure S27) were computed
for the optimized structures (based on Kohn−Sham orbitals) to
better understand the photophysical process and derive the
participation of the ligands and the platinum atom in the
emission process. The HOMO for each complex is mainly
composed of the cyclometalated aryl group and platinum d
orbitals, with some differing contributions from the imidazole
fragment and the acac ligand. When comparing the HOMOs of
the complexes it becomes obvious that the phenyl substituents
at the N2 atom seem to be taking no part. This is quite feasible
since the HOMO is of π orbital character and the phenyl
substituents are twisted out of the complex plane. We found
that with an increasing size of the π system the contribution
from the acac ligand to the FMOs becomes less notable.
With the changes in the ligand backbone (mainly an

extension of the π system) the calculated HOMO−LUMO
gap decreases significantly. The calculated S0−S1 gap follows
the order 9 (4.67 eV) > 10 (4.27 eV) > 12 (4.23 eV) > 11
(4.05 eV) > 13 (3.72 eV) and 14 (3.03 eV). This is in excellent
agreement with the experimentally observed emission maxima,
which are 446 nm (9), 454 nm (10), 457 nm (12), 476 nm
(11), and 515 nm (13). The energy gaps between the S0 and T1
states (both at their optimized geometries) were found to be
2.49 eV (9), 2.80 eV (10), 2.54 eV (11), 2.78 eV (12), 2.02 eV
(13), and 1.61 eV (14). With the exception of the value for
complex 9, these follow the same order as above.
The DFT-optimized geometries are also in good agreement

with the data from the solid-state structure determination (see
Supporting Information, Tables S1−S6). Upon excitation to
the triplet state most complexes retain their geometry with the
exception of 9 and 12, which bend significantly out of planarity
(see Supporting Information, Figure S28).
The quite different photophysical properties of these six

complexes depend on the number of phenyl groups and the
size of the π system. With an increasing number of phenyl rings
the quantum yield generally increases, and the emission
maximum is red-shifted in agreement with a smaller
HOMO−LUMO gap of the complexes. Comparing the

influence of a phenyl ring at the N2 atom or at the backbone
of the ligand we found that the former is less pronounced. The
rigidity of the system plays an important role for the observed
quantum yields, as geometry changes between the singlet and
triplet state seem to reduce it (see Photophysical Studies).23

■ CONCLUSION
We present the synthesis and characterization of six new C^C*
cyclometalated platinum(II) NHC complexes and their ligands.
The solid-state structure determination revealed a square-planar
coordination of the central platinum atom for all complexes.
Five of the complexes were found to be phosphorescent
emitters with an emission in the blue to green region of the
visible spectrum, characteristic band structures, and good to
very good quantum yields of up to 81%. The number of phenyl
groups attached to the NHC ligand and their position exhibit a
significant effect on the photophysical properties. Quantum-
chemical DFT calculations are in good agreement with the
experimentally observed properties. Our results demonstrate
that changing the size of the π system and the right choice of
aryl substituents allows the tuning of the photophysical
properties of this class of novel C^C* cyclometalated
platinum(II) emitters.

■ EXPERIMENTAL SECTION
General Comments. Solvents of 99.5% purity were used

throughout this study. 1,4-Dioxane and DMF were dried using
standard techniques and stored under an argon atmosphere over
molecular sieves (4 Å). Dichloro(1,5-cyclooctadiene)platinum(II)39

was prepared following a modified literature procedure.25 Dichlorobis-
(dimethyl sulfide)platinum(II) was prepared according to a literature
procedure.40 Potassium tetrachloroplatinate(II) was obtained from
Pressure Chemicals Co. All other chemicals were obtained from
common suppliers and used without further purification. 1H, 13C, and
195Pt NMR spectra were recorded on a Bruker NMR spectrometer
(300 MHz, 500 MHz, 600 MHz). 1H and 13C NMR spectra were
referenced internally using the resonances of the solvent (1H: 7.26,
13C: 77.0 for CDCl3;

1H: 2.50, 13C: 39.43 for DMSO-d6).
19F NMR

spectra were referenced externally against trifluoromethylbenzene
(F3C−C6H5).

195Pt NMR spectra were referenced externally using
potassium tetrachloroplatinate(II) in D2O (−1617.2 (PtCl4

2−),
−2654.1 (PtCl2)). Shifts are given in ppm, and coupling constants J
are given in Hz. Elemental analyses were performed by the
microanalytical laboratory of our institute on a Hekatech elemental
analyzer. Melting points have been determined using a Wagner and
Munz Poly Therm A system and are not corrected.

Photoluminescence. The photoluminescence of the complexes
was measured in thin PMMA films doped with 2 wt % emitter and in
100% emitter films. The 2 wt % films were prepared by doctor blading
a solution of emitter (2 mg/mL) in a 10 wt % PMMA solution in
dichloromethane on a substrate with a 60 μm doctor blade. The film
was dried, and the emission was measured under nitrogen. The
excitation was carried out at a wavelength of 330−370 nm (Xe lamp
with monochromator), and the emission was detected with a
calibrated quantum-yield detections system (Hamamatsu, model
C9920−02). The phosphorescence decay was measured by excitation
with pulses of a third harmonic generation Nd:YAG laser (355 nm, 1
ns) and time-resolved photon counting in the multichannel scaling
(MCS) technique.

Electrochemistry. Cyclic voltammetry and differential pulsed
voltammetry were performed using a computer-controlled Metrohm
Autolab PGSTAT12 potentiostat in a three-electrode single-compart-
ment cell with a platinum working electrode, a platinum wire counter
electrode, and a Ag/AgCl reference electrode. Anhydrous DMF
(distilled over P2O5) was used as the solvent under an inert
atmosphere, and 0.1 M TBAPF6 was used as the supporting
electrolyte. The measurements were conducted with 1 mM solutions
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of the corresponding complex at rt with a scan rate of 0.1 V/s. All
potentials were internally referenced to the ferrocene/ferrocenium
(Fc/Fc+) couple. The IP (HOMO) and EA (LUMO) levels were
calculated using the following equations: (1) IP [eV] = 1.4*(1.OxEonset
− Fc/Fc+Eonset) + 4.636 and (2) EA [eV] = 1.19*(1.RedE1/2 − Fc/
Fc+E1/2) + 4.78.37

Synthesis. 1,3-Diphenyl-1H-imidazolium tetrafluoroborate (2).
The ligand precursor 2 was synthesized by modifying a known
literature procedure.41 Aniline (4.66 g, 50 mmol) was dissolved in 80
mL of methanol, and 40 wt % aqueous glyoxal solution (2.82 mL, 25
mmol) was added before the mixture was stirred for 72 h at rt. The
mixture was evaporated to dryness, and the residue was dissolved in 70
mL of ethyl acetate. Paraformaldehyde (0.94 g, 31.3 mmol) was added
before 4 M hydrochloric acid in 1,4-dioxane (9.4 mL, 37.5 mmol) was
slowly added. After it was stirred for 3 h, the reaction was quenched by
addition of a saturated sodium bicarbonate solution. The aqueous
phase was extracted twice with 100 mL of diethyl ether before 50 wt %
fluoroboric acid (5.5 mL) was slowly added to the aqueous phase. The
precipitated solid was collected, washed with water, and dried in vacuo.
Yield: 0.77 g, 10%. 1H NMR (DMSO-d6, 300.13 MHz): δ 10.34 (s,
1H, NCHN), 8.58 (d, J = 1.4 Hz, 2H, NCH), 7.92 (d, J = 7.6 Hz, 4H,
CCHarom), 7.72 (t, J = 7.6 Hz, 4H, CHarom), 7.64 (t, J = 7.6 Hz, 2H,
CHarom) ppm. 13C NMR (DMSO-d6, 75.475 MHz): δ 134.6 (Ci),
134.5 (NCHN), 130.1 (CHarom), 130.0 (CHarom), 122.0 (CHarom),
121.9 (CHarom) ppm. 19F NMR (DMSO-d6, 282.4 MHz): δ −148.9
ppm. Melting poing (mp) 132−134 °C. Anal. Calcd for C15H13BF4N2
(308.1 g mol−1): C, 58.48; H, 4.25; N, 9.09. Found: C, 58.23; H, 4.01;
N, 8.92%.
1-Phenyl-1H-benzo[d]imidazole (3). A literature procedure42 was

modified in a way that benzimidazole (1.77 g, 15.0 mmol),
iodobenzene (2.04 g, 10.0 mmol), potassium hydroxide (1.12 g, 20.0
mmol), and copper(I) oxide (0.22 g, 1.5 mmol) were suspended in 25
mL of dry DMSO and stirred under argon for 24 h at 120 °C. After it
was cooled, the reaction mixture was poured into 30 mL of water and
extracted with 3 × 50 mL of ethyl acetate. The combined organic
layers were washed with 50 mL of brine and dried over MgSO4. The
crude product was purified by flash chromatography using silica gel
with ethyl acetate as eluent. Yield: 1.31 g, 67%. Analytical data are in
agreement with the literature. 1H NMR (CDCl3, 300.13 MHz): δ 8.14
(s, 1H, NCHN), 7.89 (m, 1H, CHarom), 7.52 (m, 6H, CHarom), 7.35
(m, 2H, CHarom) ppm.
3-Methyl-1-phenyl-1H-benzo[d]imidazolium iodide (4). A known

literature procedure43 was modified in a way that compound 3 (388
mg, 2.0 mmol) and iodomethane (426 mg, 3.0 mmol) were dissolved
in 3 mL of tetrahydrofuran (THF) in a pressure tube and heated to
100 °C. The reaction was stirred for 24 h, and the resulting solid was
filtered off, washed with THF and diethyl ether, and dried in vacuo.
Yield: 616 mg, 92%. Analytical data are in agreement with the
literature. 1H NMR (DMSO-d6, 300.13 MHz): δ 10.12 (s, 1H,
NCHN), 8.16 (d, J = 8.0 Hz, 1H, CHarom), 7.77 (m, 8H, CHarom), 4.17
(s, 3H, CH3) ppm. 13C NMR (DMSO-d6, 75.475 MHz): δ 143.0
(NCHN), 133.1 (Ci), 131.8 (Ci), 130.8 (Ci), 130.3 (CHarom), 127.3
(CHarom), 126.8 (CHarom), 125.0 (CHarom), 113.8 (CHarom), 113.2
(CHarom), 33.4 (CH3) ppm.
3-Methyl-1-(naphthalene-2-yl)-1H-benzo[d]imidazolium tetra-

fluoroborate (5). In an argon-flushed Schlenk tube 2-bromonaph-
thalene (42.80 g, 206.7 mmol) and N-methyl-1,2-phenylenediamine
(25.00 g, 204.6 mmol) were dissolved in 500 mL of dry toluene.
Tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3, 1.88 g, 2.1
mmol), 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene (xantphos,
3.56 g, 6.1 mmol), and sodium tert-butanolate (27.70 g, 285.4 mmol)
were added, and the resulting mixture was heated to reflux for 15 h.
After it was cooled to rt, water was added to the reaction mixture,
which was extracted, and the combined organic phases were washed
with water, dried over sodium sulfate, filtered, and evaporated to
dryness. Flash chromatography with cyclohexane, toluene, and ethyl
acetate gave the corresponding intermediate. Part of the intermediate
(3.10 g, 12.5 mmol) was suspended in triethyl orthoformate (26.00 g,
174.8 mmol) under inert conditions before addition of ammonium
tetrafluoroborate (1.30 g, 12.5 mmol). The mixture was heated to

reflux for 6 h, cooled to rt, and the yellow precipitate was filtered off,
washed with petroleum ether, triethyl orthoformate, and 3 mL of
dichloromethane (DCM). The crude product was further purified by
dissolving the dried solid in DCM, filtration, and removal of all volatile
compounds. Yield: 2.55 g, 59%. 1H NMR (DMSO-d6, 500.13 MHz): δ
10.23 (s, 1H, NCHN), 8.45 (d, J = 2.1 Hz, 1H, CHarom), 8.33 (d, J =
8.7 Hz, 1H, CHarom), 8.19 (d, J = 8.3 Hz, 1H, CHarom), 8.16 (m, 2H,
CHarom), 7.96 (d, J = 8.3 Hz, 1H, CHarom), 7.91 (dd, J = 2.1 Hz, J = 8.3
Hz, 1H, CHarom), 7.82 (t, J = 7.7 Hz, 1H, CHarom), 7.76 (d, J = 7.5 Hz,
1H, CHarom), 7.74 (m, 2H, CHarom), 4.22 (s, 3H, CH3) ppm.

13C NMR
(DMSO-d6, 125.75 MHz): δ 143.3 (NCHN), 133.0 (Ci), 132.7 (Ci),
131.9 (Ci), 130.9 (Ci), 130.6 (Ci), 130.5 (CHarom), 128.3 (CHarom),
128.0 (CHarom), 127.9 (CHarom), 127.8 (CHarom), 127.4 (CHarom),
126.9 (CHarom), 124.0 (CHarom), 122.2 (CHarom), 113.9 (CHarom),
113.5 (CHarom), 33.4 (CH3) ppm.

19F NMR (DMSO-d6, 282.4 MHz):
δ −148.89 ppm. mp 160−161 °C. Anal. Calcd for C18H15BF4N2
(346.1 g mol−1): C, 62.46; H, 4.37; N, 8.09. Found: C, 62.25; H, 4.14;
N, 8.05%.

1,3-Diphenyl-1H-benzo[d]imidazolium tetrafluoroborate (6). To
a mixture of 1,2-phenylenediamine (97.30 g, 882.0 mmol) and distilled
bromobenzene (283.10 g, 1785.0 mmol) in degassed toluene,
Pd2(dba)3 (8.00 g, 8.7 mmol), xantphos (15.30 g, 25.6 mmol),
distilled water (23.2 mL, 1287.0 mmol), and sodium tert-butanolate
(170.00 g, 1764.0 mmol) were added, and the resulting mixture was
heated to reflux for 5 h. After it was cooled to rt, the precipitate was
filtered off and washed with toluene. Flash chromatography with
toluene gave the corresponding intermediate. Part of the intermediate
(140.0 g, 537.8 mmol) was suspended in 1.62 L of triethyl
orthoformate under inert conditions before addition of ammonium
tetrafluoroborate (58.10 g, 537.8 mmol). The mixture was heated to
reflux for 18 h and then cooled to rt, and the precipitate was filtered off
and washed with petroleum ether and triethyl orthoformate. The crude
product was further purified by dissolving the dried solid in DCM,
filtration, and removal of all volatile compounds. Yield: 174.88 g, 91%.
1H NMR (DMSO-d6, 300.13 MHz): δ 10.57 (s, 1H, NCHN), 7.95 (m,
6H, CHarom), 7.79 (m, 8H, CHarom) ppm. 13C NMR (DMSO-d6,
75.475 MHz): δ 142.7 (NCHN), 132.9 (Ci), 131.1 (Ci), 130.6
(CHarom), 130.4 (CHarom), 127.7 (CHarom), 125.3 (CHarom), 113.7
(CHarom) ppm.

19F NMR (DMSO-d6, 282.4 MHz): δ −148.92 ppm.
1,3-Diphenyl-1H-naphtho[2,3-d]imidazolium tetrafluoroborate

(7). In an argon-flushed Schlenk tube, 2,3-diaminonaphthalene (26.5
g, 167.5 mmol) and distilled bromobenzene (57.85 g, 368.5 mmol)
were dissolved in 500 mL of dry toluene. Pd2(dba)3 (1.53 g, 1.7
mmol), xantphos (2.91 g, 5.0 mmol), and sodium tert-butanolate
(32.20 g, 335.0 mmol) were added to the solution. The mixture was
then heated to reflux for 12 h. After cooling to rt, water was added to
the reaction mixture, which was extracted, and the combined organic
phases were washed with water, dried over sodium sulfate, filtered, and
evaporated to dryness. Flash chromatography with DCM gave the
corresponding intermediate. The intermediate (43.30 g, 139.5 mmol)
was suspended in triethyl orthoformate (290.00 g, 1950.0 mmol)
under inert conditions before addition of ammonium tetrafluoroborate
(14.60 g, 24.7 mmol). The mixture was heated to reflux for 8 h and
then cooled to rt, and the precipitate was filtered off and washed with
petroleum ether and triethyl orthoformate. The crude product was
further purified by dissolving the dried solid in DCM, filtration, and
removal of all volatile compounds. Yield: 42.75 g, 75%. 1H NMR
(DMSO-d6, 500.13 MHz): δ 10.75 (s, 1H, NCHN), 8.61 (s, 2H,
CHarom), 8.30 (dd, J = 3.3 Hz, J = 6.4 Hz, 2H, CHarom), 8.05 (d, J = 7.8
Hz, 4H, CHarom), 7.87 (t, J = 7.8 Hz, 4H, CHarom), 7.80 (t, J = 7.6 Hz,
2H, CHarom), 7.69 (dd, J = 3.3 Hz, J = 6.4 Hz, 2H, CHarom) ppm.

13C
NMR (DMSO-d6, 125.75 MHz): δ 146.5 (NCHN), 133.1 (Ci), 131.4
(Ci), 130.6 (CHarom), 130.4 (CHarom), 130.2 (Ci), 128.4 (CHarom),
126.9 (CHarom), 125.4 (CHarom), 111.2 (CHarom) ppm. 19F NMR
(DMSO-d6, 282.4 MHz): δ −148.92 ppm. mp 256−258 °C. Anal.
Calcd for C23H17BF4N2 (408.2 g mol−1): C, 67.67; H, 4.20; N, 6.86.
Found: C, 67.33; H, 4.16; N, 6.78%.

7,9-Diphenyl-7H-acenaphtho[1,2-d]imidazolium chloride - BIAN
(8). The ligand precursor 8 was prepared according to a literature
procedure44 in two steps. In a 10 mL glacial acetic acid solution
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acenaphthenequinone (0.91 g, 5.0 mmol), aniline (1.16 g, 12.5 mmol,
1.14 mL), and zinc chloride (1.36 g, 10.0 mmol) were heated to reflux
and stirred for 1 h. After it was cooled to rt, the reaction mixture was
filtered and washed with acetic acid and diethyl ether. The dried solid
was suspended in 12 mL of water and heated to reflux with 12 g of
potassium carbonate for 2 h under intense stirring. The red solid was
collected by filtration, washed with water, and dried in vacuo. Then
0.33 g (1.0 mmol) of the obtained solid was heated to 100 °C in
chloromethyl methyl ether (2.01 g, 25.0 mmol, 1.90 mL) in a pressure
tube for 16 h. After it was cooled to rt the product was precipitated
with diethyl ether, filtered, washed with diethyl ether, and dried in
vacuo. Yield: 0.37 g, 96%. Analytical data are in agreement with the
literature. 1H NMR (DMSO-d6, 300.13 MHz): δ 10.21 (s, 1H,
NCHN), 8.23 (d, J = 8.1 Hz, 2H, CHarom), 8.13 (d, J = 7.5 Hz, 4H,
CHarom), 7.92−7.76 (m, 10H, CHarom) ppm.
(SP-4-3)-[1,3-Diphenyl-1H-imidazol-2-ylidene-κC2,κC2′](2,4-pen-

tanedionato-κO2,κO4) platinum(II) (9). A dried and argon-flushed
Schlenk tube was charged with compound 2 (246 mg, 0.8 mmol) and
silver(I) oxide (94 mg, 0.4 mmol). After addition of 20 mL of dry 1,4-
dioxane the reaction mixture was stirred under argon in the dark at rt
for 21 h. Pt(COD)Cl2 (299 mg, 0.8 mmol) and 10 mL of 2-butanone
were added, and the mixture was heated to 115 °C and stirred for
another 21 h. Afterward, all volatiles were removed under reduced
pressure, and KOtBu (366 mg, 3.2 mmol), acetylacetone (0.33 mL, 3.2
mmol), and 20 mL of dry DMF were added under argon. After this
was stirred for 20 h at rt and 6 h at 100 °C, all volatiles were again
removed under reduced pressure, leaving the crude product, which was
washed with water and purified by flash chromatography with
methylene chloride (silica gel KG60). After drying in vacuo a pale
yellow solid was obtained. Yield: 296 mg, 72%. 1H NMR (CDCl3,
300.13 MHz): δ 7.81 (dd, pseudo-triplet, J1 = 1.9 Hz, J2 = 7.0 Hz, JH,Pt
= 26.4 Hz, 1H, PtCCHarom), 7.59 (m, 2H, CHarom), 7.45 (m, 3H,
CHarom), 7.38 (d, J = 2.1 Hz, 1H, NCCHarom), 7.03 (m, 4H, CHarom),
5.3 (s, 1H, CH), 1.98 (s, 3H, CH3), 1.36 (s, 3H, CH3) ppm.

13C NMR
(CDCl3, 75.475 MHz): δ 184.9 (CO), 184.0 (CO), 150.4 (NCN),
146.6 (CPt), 138.4 (Ci), 131.7 (CHarom), 128.7 (CHarom), 128.5
(CHarom), 126.8 (CHarom), 125.5 (Ci), 124.4 (CHarom), 123.4 (CHarom),
121.3 (CHarom), 114.5 (CHarom), 110.2 (CHarom), 101.6 (CH), 27.6
(CH3), 27.1 (CH3) ppm.

195Pt NMR (CDCl3, 64.52 MHz): δ −3402
ppm. mp 197−199 °C. Anal. Calcd for C20H18N2O2Pt (513.5 g
mol−1): C, 46.78; H, 3.53; N, 5.46. Found: C, 46.91; H, 3.31; N,
5.36%.
(SP-4-3)-[3-Methyl-1-phenyl-1H-benzo[d]imidazol-2-ylidene-

κC2,κC2′](2,4-pentanedionato-κO2,κO4)platinum(II) (10). A dried
and argon-flushed Schlenk tube was charged with compound 4 (269
mg, 0.8 mmol) and silver(I) oxide (94 mg, 0.4 mmol). After addition
of 20 mL of dry 1,4-dioxane the reaction mixture was stirred under
argon in the dark at rt for 21 h. Pt(COD)Cl2 (299 mg, 0.8 mmol) and
10 mL of 2-butanone were added, and the mixture was heated to 115
°C and stirred for another 21 h. Afterward, all volatiles were removed
under reduced pressure, and KOtBu (366 mg, 3.2 mmol),
acetylacetone (0.33 mL, 3.2 mmol), and 20 mL of dry DMF were
added under argon. After this was stirred for 20 h at rt and for 6 h at
100 °C, all volatiles were again removed under reduced pressure,
leaving the crude product, which was washed with water and purified
by flash chromatography with methylene chloride (silica gel KG60).
After drying in vacuo a yellow solid was obtained. Yield: 209 mg, 52%.
1H NMR (CDCl3, 300.13 MHz): δ 7.89 (m, 2H, PtCHarom, CHarom),
7.47 (d, J = 7.8 Hz, 1H, CHarom), 7.35 (m, 3H, CHarom), 7.13 (dt, J1 =
1.3 Hz, J2 = 7.6 Hz, 1H, CHarom), 7.03 (dt, J1 = 1.0 Hz, J2 = 7.4 Hz, 1H,
CHarom), 5.52 (s, 1H, CH), 4.26 (s, 3H, NCH3), 2.08 (s, 3H, CH3),
2.01 (s, 3H, CH3) ppm. 13C NMR (CDCl3, 75.475 MHz): δ 185.2
(CO), 160.7 (NCN), 148.1 (CPt), 135.5 (Ci), 131.3 (Ci), 131.2
(CHarom), 125.3 (Ci), 124.1 (CHarom), 123.7 (CHarom), 123.4 (CHarom),
122.7 (CHarom), 111.3 (CHarom), 110.8 (CHarom), 110.4 (CHarom),
102.0 (CH), 31.2 (NCH3), 28.0 (CH3), 27.9 (CH3) ppm.

195Pt NMR
(CDCl3, 64.52 MHz): δ −3395 ppm. mp 177−179 °C. Anal. Calcd for
C19H18N2O2Pt (501.4 g mol

−1): C, 45.51; H, 3.62; N, 5.59. Found: C,
45.48; H, 3.74; N, 5.62%.

(SP-4-3)-[3-Methyl-1-(naphthalene-3-yl)-1H-benzo[d]imidazol-2-
ylidene-κC2,κC2′](2,4-pentanedionato-κO2,κO4)platinum(II) (11). A
dried and argon-flushed Schlenk tube was charged with compound 5
(277 mg, 0.8 mmol) and silver(I) oxide (94 mg, 0.4 mmol). After
addition of 20 mL of dry 1,4-dioxane the reaction mixture was stirred
under argon in the dark at rt for 21 h. Pt(COD)Cl2 (299 mg, 0.8
mmol) and 10 mL of 2-butanone were added, and the mixture was
heated to 115 °C and stirred for another 21 h. Afterward, all volatiles
were removed under reduced pressure, and KOtBu (366 mg, 3.2
mmol), acetylacetone (0.33 mL, 3.2 mmol), and 20 mL of dry DMF
were added under argon. After this was stirred for 20 h at rt and for 6 h
at 100 °C, all volatiles were again removed under reduced pressure,
leaving the crude product, which was washed with water and purified
by flash chromatography with methylene chloride (silica gel KG60).
After drying in vacuo a yellow-green solid was obtained. Yield: 85 mg,
19%. 1H NMR (DMSO-d6, 600.16 MHz): δ 8.52 (d, J = 8.1 Hz, 1H,
CHarom), 8.22 (s, 1H, CHarom), 8.06 (s, 1H, CHarom), 7.98 (d, J = 7.6
Hz, 1H, CHarom), 7.76 (m, 2H, CHarom), 7.54 (dt, J1 = 1.1 Hz, J2 = 8.0
Hz, 1H, CHarom), 7.50 (t, J = 7.3 Hz, 1H, CHarom), 7.38 (m, 2H,
CHarom), 5.67 (s, 1H, CH), 4.29 (s, 3H, NCH3), 2.12 (s, 3H, CH3),
2.02 (s, 3H, CH3) ppm.

13C NMR (DMSO-d6, 150.91 MHz): δ 185.3
(CO), 184.9 (CO), 159.6 (NCN), 146.4 (CPt), 135.4 (Ci), 131.6 (Ci),
130.3 (Ci), 130.0 (Ci), 128.6 (CHarom), 127.7 (CHarom), 126.3
(CHarom), 124.8 (CHarom), 124.6 (CHarom), 124.4 (Ci), 124.2 (CHarom),
123.6 (CHarom), 111.6 (CHarom), 111.5 (CHarom), 108.1 (CHarom),
101.9 (CH), 31.2 (NCH3), 27.7 (CH3), 27.6 (CH3) ppm.

195Pt NMR
(DMSO-d6, 128.56 MHz): δ −3335 ppm. mp 245−246 °C. Anal.
Calcd for C23H20N2O2Pt (551.5 g mol−1): C, 50.09; H, 3.66; N, 5.08.
Found: C, 50.33; H, 3.72; N, 5.09%.

(SP-4-3)-[1,3-Diphenyl-1H-benzo[d]imidazol-2-ylidene-κC2,κC2′]-
(2,4-pentanedionato-κO2,κO4)platinum(II) (12). A dried and argon-
flushed Schlenk tube was charged with compound 6 (287 mg, 0.8
mmol) and silver(I) oxide (94 mg, 0.4 mmol). After addition of 20 mL
of dry 1,4-dioxane the reaction mixture was stirred under argon in the
dark at rt for 21 h. Pt(COD)Cl2 (299 mg, 0.8 mmol) and 10 mL of 2-
butanone were added, and the mixture was heated to 115 °C and
stirred for another 21 h. Afterward, all volatiles were removed under
reduced pressure, and KOtBu (366 mg, 3.2 mmol), acetylacetone (0.33
mL, 3.2 mmol), and 20 mL of dry DMF were added under argon.
After this was stirred for 20 h at rt and for 6 h at 100 °C, all volatiles
were again removed under reduced pressure, leaving the crude
product, which was washed with water and purified by flash
chromatography with methylene chloride (silica gel KG60). After
drying in vacuo a light yellow solid was obtained. Yield: 241 mg, 53%.
1H NMR (CDCl3, 300.13 MHz): δ 8.04 (d, J = 8.2 Hz, 1H, CHarom),
7.92 (dd, pseudo-triplet, J1 = 1.4 Hz, J2 = 7.4 Hz, JH,Pt = 27.0 Hz, 1H,
PtCCHarom), 7.57 (m, 6H, CHarom), 7.41 (t, J = 7.8 Hz, 1H, CHarom),
7.27 (t, J = 7.8 Hz, 1H, CHarom), 7.19 (dt, J1 = 1.4 Hz, J2 = 7.6 Hz, 1H,
CHarom), 7.12 (d, J = 7.4 Hz, 1H, CHarom), 7.09 (dt, J1 = 1.4 Hz, J2 =
7.6 Hz, 1H, CHarom), 5.31 (s, 1H, CH), 2.01 (s, 3H, CH3), 1.31 (s, 3H,
CH3) ppm. 13C NMR (CDCl3, 75.475 MHz): δ 185.4 (CO), 184.1
(CO), 148.0 (CPt), 136.5 (Ci), 136.2 (Ci), 131.5 (CHarom), 131.0 (Ci),
129.2 (CHarom), 129.1 (CHarom), 128.4 (CHarom), 126.2 (Ci), 124.5
(CHarom), 123.8 (CHarom), 123.7 (CHarom), 123.1 (CHarom), 111.8
(CHarom), 111.5 (CHarom), 110.9 (CHarom), 101.7 (CH), 27.6 (CH3),
27.1 (CH3) ppm.

195Pt NMR (CDCl3, 64.52 MHz): δ −3379 ppm. mp
231−233 °C. Anal. Calcd for C24H20N2O2Pt (563.5 g mol−1): C,
51.15; H, 3.58; N, 4.97. Found: C, 51.38; H, 3.63; N, 4.87%.

(SP-4-3)-[1,3-Diphenyl-1H-naphtho[2,3-d]imidazol-2-ylidene-
κC2,κC2′](2,4-pentanedionato-κO2,κO4)platinum(II) (13). A dried
and argon-flushed Schlenk tube was charged with 1,3-diphenyl-1H-
naphtho[2,3-d]imidazolium tetrafluoroborate 7 (327 mg, 0.8 mmol)
and silver(I) oxide (94 mg, 0.4 mmol). After addition of 20 mL of dry
1,4-dioxane the reaction mixture was stirred under argon in the dark at
rt for 21 h. Dichlorobis(dimethyl sulfide)platinum(II) (312 mg, 0.8
mmol) and 10 mL of 2-butanone were added, and the mixture was
heated to 115 °C and stirred for another 21 h. Afterward, all volatiles
were removed under reduced pressure, and KOtBu (366 mg, 3.2
mmol), acetylacetone (0.33 mL, 3.2 mmol), and 20 mL of dry DMF
were added under argon. After this was stirred for 20 h at rt and for 6 h
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at 100 °C, all volatiles were again removed under reduced pressure,
leaving the crude product, which was washed with water and purified
by flash chromatography with methylene chloride (silica gel KG60).
After drying in vacuo a yellow solid was obtained. Yield: 89 mg, 18%.
1H NMR (CDCl3, 300.13 MHz): δ 8.41 (s, 1H, CHarom), 8.06 (d, J =
8.0 Hz, 1H, CHarom), 7.96 (dd, J1 = 1.0 Hz, J2 = 7.4 Hz, 1H, CHarom),
7.82 (d, J = 8.4 Hz, 1H, CHarom), 7.75 (d, J = 7.8 Hz, 1H, CHarom),
7.67 (m, 2H, CHarom), 7.62 (m, 3H, CHarom), 7.50 (m, 3H, CHarom),
7.26 (t, 1H, CHarom), 7.12 (t, J = 7.3 Hz, 1H, CHarom), 5.33 (s, 1H,
CH), 2.02 (s, 3H, CH3), 1.33 (s, 3H, CH3) ppm.

13C NMR (CDCl3,
75.475 MHz): δ 185.5 (CO), 184.2 (CO), 166.8 (NCN), 147.9 (CPt),
136.7 (Ci), 136.4 (Ci), 131.4 (CHarom), 131.0 (Ci), 130.5 (Ci), 129.7
(Ci), 129.3 (CHarom), 129.2 (CHarom), 128.6 (CHarom), 128.1 (CHarom),
127.9 (CHarom), 126.0 (Ci), 125.8 (CHarom), 125.3 (CHarom), 123.9
(CHarom), 123.7 (CHarom), 111.8 (CHarom), 108.0 (CHarom), 107.3
(CHarom), 101.7 (CH), 27.5 (CH3), 27.1 (CH3) ppm. 195Pt NMR
(CDCl3, 64.52 MHz): δ −3336 ppm. mp 285−289 °C. Anal. Calcd for
C28H22N2O2Pt (613.6 g mol

−1): C, 54.81; H, 3.61; N, 4.57. Found: C,
54.70; H, 3.56; N, 4.62%.
(SP-4-3)-[7,9-Diphenyl-7H-acenaphtho[1,2-d]imidazol-2-ylidene-

κC8,κC2′](2,4-pentanedionato-κO2,κO4)platinum(II) (14). A dried
and argon-flushed Schlenk tube was charged with compound 8 (305
mg, 0.8 mmol) and silver(I) oxide (94 mg, 0.4 mmol). After addition
of 20 mL of dry 1,4-dioxane the reaction mixture was stirred under
argon in the dark at rt for 21 h. Pt(COD)Cl2 (299 mg, 0.8 mmol) and
10 mL of 2-butanone were added, and the mixture was heated to 115
°C and stirred for another 21 h. Afterward, all volatiles were removed
under reduced pressure, and KOtBu (366 mg, 3.2 mmol),
acetylacetone (0.33 mL, 3.2 mmol), and 20 mL of dry DMF were
added under argon. After this was stirred for 20 h at rt and for 6 h at
100 °C, all volatiles were again removed under reduced pressure,
leaving the crude product, which was washed with water and purified
by flash chromatography with methylene chloride (silica gel KG60).
After drying in vacuo a red crystalline solid was obtained. Yield: 55 mg,
11%. 1H NMR (CDCl3, 300.13 MHz): δ 8.19 (d, J = 7.2 Hz, 1H,
CHarom), 7.92 (dd, J1 = 1.4 Hz, J2 = 7.5 Hz, 1H, CHarom), 7.81 (m, 4H,
CHarom), 7.67 (m, 2H, CHarom), 7.59 (m, 3H, CHarom), 7.40 (dd, J1 =
7.0 Hz, J2 = 8.2 Hz, 1H, CHarom), 7.22 (dd, J1 = 1.4 Hz, J2 = 7.5 Hz,
1H, CHarom), 7.14 (d, J = 6.7 Hz, 1H, CHarom), 7.09 (dd, J1 = 1.4 Hz, J2
= 7.5 Hz, 1H, CHarom), 5.31 (s, 1H, CH), 2.00 (s, 3H, CH3), 1.34 (s,
3H, CH3) ppm. 13C NMR (CDCl3, 150.91 MHz): δ 185.0 (CO),
184.0 (CO), 155.3 (NCN), 146.9 (CPt), 137.4 (Ci), 131.8 (CHarom),
130.0 (Ci), 129.6 (Ci), 129.4 (CHarom), 129.1 (CHarom), 128.2
(CHarom), 127.7 (CHarom), 127.6 (CHarom), 127.4 (CHarom), 127.3
(CHarom), 126.0 (Ci), 125.8 (Ci), 125.7 (Ci), 124.3 (CHarom), 123.7
(CHarom), 123.6 (CHarom), 120.5 (CHarom), 111.8 (CHarom), 101.7
(CH), 27.6 (CH3), 27.1 (CH3) ppm. 195Pt NMR (CDCl3, 64.52
MHz): δ −3376 ppm. mp 312−315 °C. Anal. Calcd for C30H22N2O2Pt
(637.6 g mol−1): C, 56.51; H, 3.48; N, 4.39. Found: C, 56.12; H, 3.36;
N, 4.39%.
X-ray Crystallography. Preliminary examination and data

collection were carried out on an area detecting system (Kappa-
CCD; Nonius, FR590) using graphite monochromated Mo Kα
radiation (λ = 0.710 73 Å) with an Oxford Cryosystems cooling
system at the window of a sealed fine-focus X-ray tube. The reflections
were integrated. Raw data were corrected for Lorentz, polarization,
decay, and absorption effects. The absorption correction was applied
using SADABS.45 After merging, the independent reflections were
used for all calculations. The structure was solved by a combination of
direct methods46 and difference Fourier syntheses.47 All non-hydrogen
atom positions were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in ideal positions using the SHELXL
riding model. Full-matrix least-squares refinements were carried out by
minimizing Σw(Fo2 − Fc

2)2 with the SHELXL-97 weighting scheme
and stopped at shift/err < 0.001. Details of the structure
determinations are given in the Supporting Information. Neutral-
atom scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from International
Tables for Crystallography.48 All calculations were performed with the
programs COLLECT,49 DIRAX,50 EVALCCD,51 SIR92,46 SADABS,45

PLATON,52 and the SHELXL-97 package.47,53 For the visualization,
Mercury54 and ORTEP-III29,30 were used, and for the preparation of
the Supporting Information, ENCIFER55 and the WinGX56 suite were
used.

Computational Details. All calculations were performed with the
Gaussian09 package.57 The density functional hybrid model
B3LYP58−62 was used together with the 6-31G(d)63−68 basis set. No
symmetry or internal coordinate constraints were applied during
optimizations. All reported intermediates were verified as true minima
by the absence of negative eigenvalues in the vibrational frequency
analysis. Harmonic force constants were calculated for all geometries
to verify them as ground states. In all cases platinum was described
using a decontracted Hay−Wadt (n + 1) effective core potential and
basis set.69−71 HOMO and LUMO FMOs were computed on the
singlet ground-state structure, while the spin densities were calculated
based on the ground-state structure of the optimized triplet state.
Approximate free energies were obtained through thermochemical
analysis, using the thermal correction to Gibbs free energy as reported
by Gaussian09. This takes into account zero-point effects, thermal
enthalpy corrections, and entropy. All energies reported in this paper,
unless otherwise noted, are free energies at standard conditions (T =
298 K, p = 1 atm), using unscaled frequencies. For visualization,
GaussView72 and CYLview73 were used.
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