
Phosphorescent Thiazol-2-ylidene Platinum(II) Complexes with
β‑Ketoiminates: Single Isomer Formation by Ligand Architecture
Hendrik Leopold and Thomas Strassner*

Physikalische Organische Chemie, Technische Universitaẗ Dresden, Bergstrasse 66, 01069 Dresden, Germany
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ABSTRACT: We present the synthesis and photophysical
properties of six novel N-phenyl-1,3-thiazol-2-ylidene
platinum(II) complexes with sterically demanding N-aryl-β-
ketoiminate ligands. Diverse aryl substituents at the coordinat-
ing nitrogen atom (phenyl, mesityl, 2,6-diisopropylphenyl, 4-
cyanophenyl, 1-naphthyl, and 2,4-difluorophenyl) of the N-
aryl-(3Z)-4-amino-3-penten-2-ones exclusively yielded the SP-
4-3 coordinated C∧C* cyclometalated platinum(II) complexes
as single isomers as a consequence of the low steric demand of
the C∧C* cyclometalating thiazole ligand and the bulkiness of
the β-ketoiminate ligands. The formation of this isomer was
confirmed by 195Pt NMR and extensive 2D NMR experiments, two solid-state structures, and the results of DFT calculations. As
a proof of principle, two complexes with the sterically less demanding β-ketoiminate ligands (3Z)-4-amino-3-penten-2-onato and
(2Z)-3-amino-1-phenyl-2-buten-1-onato were synthesized and isolated as an isomeric mixture.

■ INTRODUCTION

Photoluminescent, organometallic compounds attract great
interest due to their interesting properties and numerous
applications.1 In particular, transition metal complexes are used
as high-performance materials for the fabrication of photo-
electronic devices such as dye-sensitized solar cells2 and organic
light-emitting diodes (OLEDs),3 next to being valuable
synthetic tools in photocatalysis.4 The use of diverse ligand
architectures to modify different electronic effects onto the
metal atom and to establish defined steric environments has
emerged into a widespread research area in photophysics and
photochemistry.5

With the development of OLEDs based on phosphorescent
transition metal complexes,6 the need to achieve defined
excited states is met by using specifically designed ligands.7 In
particular, cyclometalated complexes with phenylpyridines8 or
arylimidazole-based N-heterocyclic carbenes (NHCs)9 show an
excellent photophysical performance. Among the auxiliary
ligands used in combination with bidentate C∧N or C∧C*
cyclometalating ligands, the monoanionic, bidentate acetyl-
acetonate (acac) and its derivatives were investigated in several
studies, and different highly phosphorescent emitters with O∧O
coordinating ligands have been presented.5d,e,10

Compared to typical acac ligand systems, β-ketoimines
(acnac) have the advantage of applying electronic and steric
effects via the (substituted) nitrogen atom while still keeping
the monoanionic, bidentate ligand structure. N-Aryl-β-ketoimi-
nates have previously been used as coordination compounds for
different photoluminescent complexes with gallium (Scheme 1,
I)11 and aluminum (Scheme 1, II)12 and in phosphorescent
iridium(III) emitters (Scheme 1, III and IV).13

In addition, coordination compounds of platinum(II) with
similar β-ketoiminate structures have been presented with
interesting photophysical properties,14 but problems of isomer
formation and subsequent separation, due to the unsymmetrical
nature of the β-ketoiminate ligand, were reported.15

Recently, cyclometalated 1,3-thiazol-2-ylidene-based NHC
platinum(II) complexes with acetylacetonate ligands were
reported as phosphorescent emitters.16 The 1,3-thiazole motif
provides variable electronic effects and a different steric
environment compared to typical imidazole- and triazole-
based heterocycles and their complexes. By using the C∧C*
cyclometalating N-aryl-1,3-thiazol-2-ylidene motif we wanted to
take advantage of the reduced steric demand to exclusively yield
single isomers from the complex synthesis even with unsym-
metrical β-ketoiminate ligands. We therefore studied the steric
effect of bulky groups attached to the nitrogen atom of the β-
ketomine ligand on the complex formation and the photo-
physical properties. We herein present the synthesis of six novel
N-phenyl-1,3-thiazol-2-ylidene platinum(II) complexes with
sterically demanding N-aryl-(3Z)-4-amino-3-penten-2-onato
ligands. In addition, the corresponding complexes based on
the (3Z)-4-amino-3-penten-2-one motif, with no further steric
demand at the nitrogen atom, were synthesized. Two solid-state
structures unambiguously confirm the formation of the
proposed isomers. Density functional theory (DFT) calcu-
lations using different functionals (B3LYP, BP86, B97D) agree
with the experimental results.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization. The N-phenyl-4,5-

dimethyl-1,3-thiazol-2-ylidene motif was chosen as the C∧C*
cyclometalating NHC ligand in the platinum(II) complex
synthesis because of the lower steric demand next to the sulfur
atom in comparison to imidazole or triazole compounds (see
Scheme 2). NHC precursor 1 was prepared starting from the

aniline, by synthesis of the N-phenyl-1,3-thiazol-2-thione and
the oxidation to the corresponding 1,3-thiazolium salt followed
by a salt metathesis.16

The synthesis of the sterically and electronically different N-
aryl-substituted β-ketoimine compounds 2−7 was accom-
plished by reaction of Hacac with the corresponding aniline
derivatives using a Dean−Stark trap for the azeotropic removal
of water.17

The synthesis of the platinum(II) complexes followed a
modified literature procedure.10c,16 The N-phenyl-1,3-thiazo-
lium salt 1 was reacted with silver(I) oxide (Ag2O) in dry
dimethylformamide (DMF) to in situ generate the silver(I)-
carbene complex, which was transmetalated to dichloro(1,5-
cyclooctadiene)platinum(II) (Pt(COD)Cl2). Cyclometalation
at elevated temperatures and reaction with the β-ketoimine
auxiliary ligands under basic conditions using potassium tert-
butanolate (KOtBu) as the base (Scheme 2) led to complexes
8−13.
We were pleased to find that the use of the sterically

demanding N-aryl-substituted β-ketoimine ligands 2−7 led to
the exclusive formation of single isomers of 8−13. In detail, the
SP-4-3 coordinated isomers with the N-aryl substituents of the
β-ketoiminate ligand oriented to the 1,3-thiazole moiety were
isolated (see the characterization vide inf ra for further details).
Overall, complexes 8−13 were obtained in analytically pure
form, after further washing with isohexanes and diethyl ether, in
yields of 18% to 40%.

All complexes have been characterized by standard
techniques including 19F (for 13) and 195Pt NMR, as well as
extensive 2D NMR investigations to confirm the identity of the
expected preferred isomers (see Figure 1 for the structures of
the synthesized complexes).

1H and 195Pt NMR spectra of compounds 8−13 reveal the
exclusive formation of only a single isomer. All complexes show
a single 195Pt NMR resonance with a chemical shift of −3394
(8) to −3417 (11) ppm, which is in the typical range of similar
C∧C* cyclometalated platinum(II) complexes.10b,f We meas-
ured additional 2D NMR spectra for 8−13 and focused on the
NOESY experiments. As an example we will discuss the
determination of the isolated SP-4-3 isomer for complex 8
(Figure 2, for additional NMR spectra see the Supporting
Information, Figures S1−S31).
The most defining interaction in the NOESY spectrum

consists of a coupling of the auxiliary ligand’s methyl group at
2.14 ppm with the characteristic, most deshielded proton of the
cyclometalating aryl system at 8.27 ppm (Figure 2, red). In
addition, a coupling of said methyl group at 2.14 ppm with the
single proton of the β-ketoiminate ligand at 5.18 ppm is
observed (Figure 2, orange). In agreement with this orientation
of the β-ketoiminate ligand, we see the coupling of the second
β-ketoiminate’s methyl group at 1.63 ppm, not only with the
single proton of the β-ketoiminate ligand at 5.18 ppm (Figure
2, green) but also with the nitrogen-bound phenyl ring of the β-
ketoiminate at 7.13 ppm (Figure 2, blue).
With this, we can conclude that the synthesized and isolated

isomer is indeed the SP-4-3 coordinated platinum(II) complex
8. The formation of only this isomer is a result of the steric

Scheme 1. Overview of Different Photoluminescent β-Ketoiminate-Based Metal Complexes

Scheme 2. Synthesis of Complexes 8−13a

aConditions: (i) Ag2O, rt to 50 °C, DMF; (ii) Pt(COD)Cl2, rt to 115
°C, DMF; (iii) KOtBu, N-arylketoimine 2−7, rt to 100 °C, DMF.

Figure 1. Synthesized complexes 8−13.

Organometallics Article

DOI: 10.1021/acs.organomet.6b00710
Organometallics XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00710/suppl_file/om6b00710_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00710/suppl_file/om6b00710_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.6b00710


demand of the nitrogen-bound aryl ring of the β-ketoiminate
ligand in combination with the steric demand of the thiazole
heterocycle. For complexes 9−13 the same characteristic
NOESY couplings are observed (see Supporting Information,
Figures S26−S31), supporting the preferred formation of the
SP-4-3 isomers for this new class of complexes.
We additionally calculated the ground-state geometries of

both isomers of complex 8 with DFT methods to investigate
the distances of defining hydrogen−hydrogen through-space
interactions in both isomers (see Supporting Information,
Figure S32). For the SP-4-3 coordinated isomer 8 short
distances and therefore possible interactions of the protons at
the β-ketoiminate methyl group with the proton adjacent to the
cyclometalating carbon atom are found. In addition, inter-
actions between the second methyl group and the protons at
the nitrogen-bound phenyl ring of the β-ketoiminate ligand are
observed. These results agree well with the observed couplings
from the NOESY experiment for compound 8 (Figure 2). The
corresponding signals can also be observed for complexes 9−
13.
We then chose to calculate the free energy differences of the

isomers with different functionals (BP86, B3LYP, B97D)
together with the 6-31G(d) basis set. For a summary of the
results and selected structural data see the Supporting
Information, Figures S33 and S34 and Tables S1−S6. For
complexes 8−13 the SP-4-3 coordinated isomers are generally
favored, with average energy differences of −1.9 to −2.3 kcal/

mol, which is in good agreement with the experimental results
from the NMR studies.
Additionally, we were able to obtain single crystals of

complexes 8 and 12 (Figures 3 and 4). Both structures
unambiguously confirm the expected orientation of the β-
ketoiminate ligand. Selected bond lengths and angles are given
in the figure legends; for further information refer to the
Supporting Information Tables S7 and S8 and Figure S35. The
solid-state structures of complexes 8 and 12 show a square-
planar coordination environment for the platinum(II) center.
The C1−Pt1−C7 angle in the five-membered ring is smaller at
79.0(3)° for 8 and 78.9(5)° for 12 compared to the nearly
rectangular N1−Pt1−O1 angle of 88.9(2)° for 8 and 89.3(4)°
for 12 in the six-membered ring. The bond length between the
platinum atom and the electronically different coordinating
atoms follow the expectation: the Pt1−N2 distances are the
longest platinum contacts (2.112(5) Å for 8 and 2.109(9) Å for
12), whereas those to the carbene carbon atom (Pt1−C1) are
the shortest (1.944(7) Å for 8 and 1.959(12) Å for 12).
Compared to other solid-state structures of C∧C* cyclo-
metalated complexes from the literature, the observed bond
lengths and angles in this study are in very good agreement
with previously reported data. Additionally, the N-bound aryl
systems of the β-ketoiminate ligand are almost orthogonally
oriented to the coordination plane, with 70.8(7)° for 8 and
83.0(1)° for 12, preventing molecular aggregation. In agree-
ment with the higher steric demand of the aryl substituents,

Figure 2. NOESY spectrum of compound 8 with highlighted CH3−Haryl interactions.
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large intermolecular Pt···Pt-distances of 7.895(2) Å for 8 and
7.833(2) Å for 12 (above the sum of their van der Waals radii)
are observed, indicating no Pt···Pt interaction in the solid state.
In summary, the NOESY spectra and the calculated

structures support the formation of the SP-4-3 isomers (8−
13) over the SP-4-4 isomers. This fact was unambiguously
proven by the solid-state structures of complexes 8 and 12. The
formation of the SP-4-3 isomers can be explained by the low
steric demand of the 1,3-thiazole moiety of the C∧C*
cyclometalating ligand and the high steric demand of the
N∧O coordinating β-ketoiminate ligand. These findings can
also be confirmed by DFT calculations, which show an average

free energy difference that is >1.9 kcal/mol in favor of the SP-4-
3 isomers.
To test the hypothesis, we also synthesized the sterically less

demanding β-ketoimines (3Z)-4-amino-3-penten-2-one (14)
and (2Z)-3-amino-1-phenyl-2-buten-1-one (15)15,18 by reac-
tion of Hacac (for 14) or respectively of 1-phenyl-1,3-
butandione (for 15) with ammonium carbamate.33,35 Synthesis
and isolation of the complexes followed the same route as
described for complexes 8−13. As anticipated, both complexes
(16 and 17) were isolated as a mixture of two isomers (see
Scheme 3 and the Experimental Section for further details).

Next to an additional second signal set in the 1H and 13C
NMR spectra, the isomeric mixture of compound 16 shows two
separate 195Pt resonances at −3351 and −3375 ppm, which
reveals the formation of two isomers. Even the use of an
additional phenyl group at the C1 position of the β-ketoiminate
ligand, as in complex 17 with an (2Z)-3-amino-1-phenyl-2-
buten-1-onato ligand, leads to two signal sets and two 195Pt
NMR signals at −3322 and −3349 ppm. DFT calculations
show smaller free energy differences for the isomers, with the
SP-4-3 coordinated complex disfavored over its SP-4-4
coordinated isomer.
By using sterically demanding N-aryl-β-ketoiminates as

ligands, the formation of isomerically pure C∧C* cyclo-
metalated complexes can be controlled, even with unsym-
metrical ligands.

Photophysical Properties. Frequently photophysical data
in the literature report the absorption and emission spectra of
mixtures when the isomers are difficult to separate. In our case
the synthesis and isolation of only one isomer of 8−13 allowed
for a detailed investigation of the photophysical properties of
this novel class of (SP-4-3)-1,3-thiazol-2-ylidene platinum(II)
complexes with N-aryl-substituted β-ketoiminate auxiliary
ligands. We first recorded the absorption spectra in diluted
dichloromethane (DCM) solutions, which are shown in Figure
5.
For complexes 8−13 strong absorptions in the high-energy

region below 275 nm can be observed, which are typically
attributed to π−π* transitions for this class of C∧C*
cyclometalated platinum(II) complexes.10g Small maxima at
about 340 nm together with stronger absorptions at about 370
nm are found for all complexes. These absorptions are referred
to as metal-to-ligand charge transfer (1MLCT) states in the
literature.10g Interestingly, despite the electronically and
sterically diverse substituents present at the coordinating
nitrogen atom of the platinum(II) environment, almost no
change in their absorption behavior is observed.

Figure 3. ORTEP representation of complex 8. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths (Å), angles
(deg), and dihedral angles (deg): C1−Pt1 1.944(7); C7−Pt1
1.986(7); Pt1−N2 2.112(5); Pt1−O1 2.041(5); N2−C17 1.441(9);
C1−Pt1−C7 79.0(3); N1−Pt1−O1 88.9(2); C1−N1−C6−C7−
2.3(8).

Figure 4. ORTEP representation of complex 12. Thermal ellipsoids
are drawn at the 50% probability level. Selected bond lengths (Å),
angles (deg), and dihedral angles (deg): C1−Pt1 1.959(12); C7−Pt1
1.991(12); Pt1−N2 2.109(9); Pt1−O1 2.033(10); N2−C17
1.433(16); C1−Pt1−C7 78.9(5); N1−Pt1−O1 89.3(4); C1−N1−
C6−C7 1.9(14).

Scheme 3. Synthesis of Complexes 16 and 17a

aConditions: (i) Ag2O, rt to 50 °C, DMF; (ii) Pt(COD)Cl2, rt to 115
°C, DMF; (iii) KOtBu, ketoimine 14 or 15, rt to 100 °C, DMF.
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In addition, we measured the emission spectra of amorphous
2 wt % emitter films of the corresponding complexes 8−13 in
poly(methyl methacrylate) (PMMA) at room temperature
(Figure 6). All complexes show broad, unstructured emission

bands with a stable maximum emission wavelength of about
500 nm (see Table 1). The use of different aryl systems at the
coordinating nitrogen atom does not change the band form or
the maximum emission wavelength, showing an interesting
dominant electronic effect of the 1,3-thiazole NHC ligand over

the different β-ketoiminate ligands (for the individual spectra of
compounds 8−13 refer to the Supporting Information, Figures
S36−S41).
The photoluminescence data for complexes 8−13 are

summarized in Table 1 and reveal quantum yields (QY) from
7% (8) up to 26% (10) with decay lifetimes between 22.5 μs
(10) and 71.9 μs (8). The decay lifetime of complex 12 could
not be determined because of the detection limit of the
instrumental setup (τ0 > 350 μs). The complex with the 2,6-
diisopropylphenyl-substituted β-ketoimine ligand 10 shows the
highest quantum yield. The lowest quantum yield is observed
for the unsubstituted phenyl ring (8), while ortho-substituents
(9, methyl; 10, isopropyl), which due to steric requirements
reduce the conjugation between the plane of the acnac system
and the substituent, lead to a higher quantum yield. Electron-
withdrawing substituents (11, cyano; 13, fluoro) also improve
the quantum yields (11, 19%; 13, 23%) and are beneficial for
shorter decay lifetimes.
For photophysical data for the isomeric mixtures of

complexes 16 and 17 refer to the Supporting Information,
Figures S42 and S43 and Table S9.
To further investigate the emission process, we calculated the

Kohn−Sham orbitals of the singlet-state geometries and spin
densities of the triplet-state geometries using DFT methods
(see Supporting Information, Figure S44). All calculated triplet-
state geometries show strong distortions of the β-ketoimine
auxiliary ligand at the platinum(II) complexes. The relatively
low quantum yields of the complexes can therefore be
attributed to thermal quenching effects that result from
geometrical changes in the excited states.15

■ CONCLUSIONS
We present the synthesis of the first bidentate C∧C*
cyclometalated platinum(II) complexes based on 1,3-thiazol-
2-ylidene ligands with unsymmetrical N-aryl-functionalized β-
ketoiminate ligands. All six complexes were exclusively obtained
as the SP-4-3 coordinated isomers due to the high steric
demand of the N-aryl-β-ketoiminate ligand and the use of N-
aryl-1,3-thiazol-2-ylidenes as the C∧C* cyclometalating ligands.
2D NOESY spectra show long-range couplings between the
methyl group proton of the β-ketoiminate and the proton of
the cyclometalating aryl system. The N-aryl moiety of the β-
ketoiminate is oriented to the 1,3-thiazole heterocycle of the
NHC ligand, which was additionally proven by two solid-state
structures. For comparison, systems with no steric demand at
the coordinating nitrogen atom were synthesized, which as
expected yielded only an isomeric mixture. Their photophysical
properties were measured and revealed bluish-green phosphor-
escence with emission maxima of about 500 nm at room
temperature in 2 wt % PMMA films. DFT calculations support
the formation of the isolated SP-4-3 isomers.

■ EXPERIMENTAL SECTION
General Experimental Procedures. All syntheses of the

platinum(II) complexes were performed under an argon atmosphere
and the exclusion of light, using flame-dried Schlenk tubes. Solvents of
at least 99.0% purity were used in this study. DMF was dried using
standard techniques and stored under an argon atmosphere over
molecular sieves (3 Å). Dichloro(1,5-cyclooctadiene)platinum(II)
(Pt(COD)Cl2)

19 was prepared according to a modified literature
procedure.10c Compound 1 was synthesized according to a previously
described literature procedure.16 Compounds 4-(phenylamino)pent-3-
en-2-one (2),17a 4-(2,4,6-trimethylphenylamino)pent-3-en-2-one
(3),17b and 4-(2,6-diisopropylphenylamino)pent-3-en-2-one (4)17b

Figure 5. Absorption spectra of complexes 8−13 at room temperature
(10−4 mol L−1 in DCM).

Figure 6. Emission spectra of complexes 8−13 at room temperature
(2 wt % in PMMA).

Table 1. Photoluminescence Data (2 wt % in PMMA, Room
Temperature) of Complexes 8−13

no.
λexc

[nm]a CIE x;yb
λem

[nm]c
ϕ

[%]d
τo

[μs]e
kr [10

3

s−1]f
knr [10

3

s−1]g

8 370 0.24;0.45 503 7 71.9 13.9 4681.2
9 370 0.24;0.47 506 23 25.3 39.6 4477.2
10 370 0.25;0.49 509 26 22.5 44.4 4334.8
11 370 0.26;0.50 507 19 29.2 34.2 4494.9
12 370 0.25;0.47 504 14 −h −h −h

13 370 0.26;0.50 509 23 23.1 43.4 4084.0

aExcitation wavelength. bCIE coordinates at room temperature.
cMaximum emission wavelength. dQuantum yield at λexc; N2
atmosphere. eDecay lifetimes (excited by laser pulses (360 nm, 20
kHz)) given as τo = τv/ϕ.

fkr = ϕ/τv.
gknr = (1 − ϕ)/τv.

hDecay lifetime
above detection limit.
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were prepared according to the literature procedures. Compounds 4-
(N-(4-cyanophenyl)amino)pent-3-en-2-one (5), 4-(N-(naphthyl)-
amino)pent-3-en-2-one (6), and 4-(N-(2,4-difluorphenyl)amino)-
pent-3-en-2-one (7) were prepared following a modified literature
procedure as described below.17b Compounds 4-aminopent-3-en-2-
one (14)15,18 and 3-amino-1-phenylbut-2-en-1-one (15)15,18 were
prepared according to the literature procedures. Chemicals were
obtained from common suppliers and used without further
purification. 1H, 13C, 19F, and 195Pt NMR spectra were recorded on
Bruker NMR spectrometers. 1H and 13C NMR spectra were referenced
internally by using the resonances of the solvent (1H, 7.26 ppm; 13C,
77.0 ppm for CDCl3).

19F NMR spectra are referenced externally
against trifluoromethylbenzene as the standard signal. 195Pt NMR
spectra were referenced externally by using potassium
tetrachloroplatinate(II) in D2O (−1617.2 ppm (PtCl4

2−), −2654.1
ppm (PtCl2)). Shifts are given in ppm; coupling constants J in Hz.
Mass spectra of ligands 5−7 were recorded on an Agilent 6890N GC
coupled with a 5973N MSD system using electron ionization (EI) as
the ionization method. The reported masses are assigned to the
matching fragments and referenced to the basis peak. Electrospray
ionization mass spectra of compounds 8−13, 16, and 17 were
measured on a Bruker Esquire MS with ion trap detector. Elemental
analyses were performed on a Hekatech elemental analyzer by the
microanalytical laboratory of our institute. Uncorrected melting points
have been determined using a Wagner and Munz Poly Therm A
system. Photoluminescence measurements were performed in thin
PMMA films doped with 2 wt % emitter. The emitter films were
prepared by doctor blading a solution of emitter in a 10 wt % PMMA
solution in dichloromethane on a quartz substrate with a 60 μm doctor
blade. The film was dried, and the emission was measured under
nitrogen. Excitation was conducted at wavelengths of 370 nm (Xe
lamp with a monochromator), and the emission was detected with a
calibrated quantum yield detection system (Hamamatsu, model
C9920-02). The uncertainty of the quantum yield is ±2% for
quantum yields of >10%. The phosphorescence decay was measured
with an Edinburgh Instruments Mini-τ by excitation with pulses of an
EPLED (360 nm, 20 kHz) and time-resolved photon counting.
Absorption spectra were measured on a PerkinElmer Lambda 25 UV−
VIS spectrometer.
Computational Details. The Gaussian09 package20 was used to

perform all quantum chemical calculations employing the density
functional hybrid model B3LYP,21 gradient-corrected BP86,22 and
dispersion-corrected B97D.23 All functionals were combined with a 6-
31G(d) basis set.24 In all calculations platinum was described with a
decontracted Hay-Wadt(n+1) ECP and basis set.25 All given structures
were verified as true minima by vibrational frequency analysis and the
absence of negative eigenvalues. By applying thermochemical analysis
approximate free energies could be obtained. Thermal corrections to
Gibbs free energy, as reported by Gaussian09, were taken into account
including zero-point effects, thermal enthalpy corrections, and entropy.
All presented energies, unless otherwise stated, are free energies at
standard conditions (T = 298 K, p = 1 atm) using unscaled
frequencies. Frontier molecular orbitals and spin densities were
visualized by GaussView.26 Calculated geometries were visualized with
CYLview.27

X-ray Crystallography. Yellow single crystals of compound 8
were grown by slow evaporation of a saturated dichloromethane
solution. Slow infusion of a saturated dichloromethane solution of
complex 12 with diethyl ether yielded the corresponding yellow single
crystals.
Preliminary examination and data collection were carried out on a

Nonius κ-CCD diffraction system (FR590) equipped with an Oxford
Cryosystem cooling system at the window of a fine-focus sealed tube
using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).
The reflections were merged and corrected for Lorentz, polarization,
and decay effects. Absorption correction was applied using SADABS.28

The structures were solved by a combination of direct methods29 with
the aid of difference Fourier synthesis and were refined against all data
using SHELXL-97.30 Hydrogen atoms were assigned to ideal positions
using the SHELXL-97 riding model. All non-hydrogen atoms were

refined with anisotropic displacement parameters. Full-matrix least-
squares refinements were carried out by minimizing ∑w(Fo

2 − Fc
2)2

with the SHELXL-97 weighting scheme. Neutral-atom scattering
factors for all atoms and anomalous dispersion corrections for the non-
hydrogen atoms were taken from the International Tables for
Crystallography.31 All calculations were performed with the programs
COLLECT,32 DIRAX,33 EVALCCD,34 SIR92,29b SIR97,29a

SADABS,28 the SHELXL-97 package,35 and PLATON.36 Images of
the solid-state structures were generated with ORTEP-337 and
Mercury.38

Synthesis of Ligands 5−7. 4-(N-(4-Cyanophenyl)amino)pent-3-
en-2-one (5). In a 50 mL round-bottom flask with a Dean−Stark
apparatus 5.01 g (50 mmol) of acetylacetone and 6.63 g (55 mmol, 1.1
equiv) of 4-aminobenzonitrile in 30 mL of benzene are combined,
before 15 drops of concentrated hydrochloric acid (37 wt %) are
added. The reaction mixture is stirred at 110 °C for 24 h. The resulting
black suspension is filtered, and the remaining solid is washed with 10
mL of isohexanes. The filtrate is collected and treated with 100 mL of
diethyl ether. After 4 h at room temperature a yellow solid precipitates.
The solid is filtered, washed with 50 mL of diethyl ether, and dried
under high vacuum (3.71 g, 37.0%). Mp: 94−95 °C. 1H NMR
(CDCl3, 25 °C, 300 MHz, tautomer A): δ 12.67 (s, 1H, NH), 7.59
(dd, J = 8.3 Hz, 2H, CHarom), 7.14 (d, J = 8.4 Hz, 2H, CHarom), 5.27 (s,
1H, CHacnac), 2.11 (2 s, 6H, CH3) ppm.

1H NMR (CDCl3, 25 °C, 300
MHz, tautomer B): δ 15.45 (s, 1H, OH), 7.39 (dd, J = 8.7, 1.1 Hz, 2H,
CHarom), 6.63 (d, J = 8.7 Hz, 2H, CHarom), 5.48 (s, 1H, CHacnac), 2.02
(2 s, 6H, CH3) ppm. The tautomeric ratio of 20:1 (A:B) was determined
based on the 1H NMR integrations for the NH-proton resonance at 12.67
ppm and the OH-proton resonance at 15.45 ppm. 13C NMR (CDCl3, 25
°C, 75 MHz, tautomeric mixture): δ 202.0 (CO/CN), 197.5 (CO/
CN), 191.2 (CO/CN), 157.5 (Ci), 150.4 (Ci), 143.3 (Ci), 133.7
(CHarom), 133.2 (CHarom), 122.8 (CHarom), 120.1 (Ci), 118.6 (Ci),
114.4 (CHarom), 107.3 (Ci), 100.4 (CHarom), 100.4 (CHarom), 100.1
(Ci), 58.5 (CH2), 30.8 (CH3), 29.5 (CH3), 24.8 (CH3), 20.3 (CH3)
ppm. GC-MS (EI, m/z, fragment, %): 200 (M+, 32), 185 (M+ − Me,
100). Anal. Calcd for C12H12N2O: C, 71.98; H, 6.04; N, 13.99. Found:
C, 72.35; H, 6.25; N, 14.04.

4-(N-Naphthylamino)pent-3-en-2-one (6). In a 50 mL round-
bottom flask with a Dean−Stark apparatus 2.50 g (25 mmol) of
acetylacetone and 3.53 g (28 mmol, 1.1 equiv) of 1-naphthylamine in
30 mL of toluene are combined, before 15 drops of concentrated
hydrochloric acid (37 wt %) are added. The reaction mixture is stirred
at 130 °C for 24 h. The resulting black solid is filtered off, and the
filtrate is treated with 100 mL of diethyl ether. Again a dark solid is
formed and filtered off to remove side products. The remaining diethyl
ether−benzene mixture is evaporated using a rotary evaporator. The
product is then isolated via flash column chromatography using an
ethyl acetate−isohexanes mixture (1:3) and obtained as a red-orange
oil (2.58 g, 22.9%). 1H NMR (CDCl3, 25 °C, 300 MHz): δ 12.75 (s,
1H, NH), 8.07−7.98 (m, 1H, CHarom), 7.91−7.83 (m, 1H, CHarom),
7.77 (d, J = 8.3 Hz, 1H, CHarom), 7.58−7.49 (m, 2H, CHarom), 7.48−
7.41 (m, 1H, CHarom), 7.28 (dd, J = 7.3 Hz, J = 0.7 Hz, 1H, CHarom),
5.31 (s, 1H, CHacnac), 2.18 (s, 3H, CH3), 1.88 (s, 3H, CH3) ppm.

13C
NMR (CDCl3, 25 °C, 75 MHz): δ 196.5 (CO/CN), 161.8 (Ci), 134.8
(Ci), 134.2 (Ci), 130.0 (Ci), 128.2 (CHarom), 126.9 (2C, CHarom), 126.5
(CHarom), 125.2 (CHarom), 123.4 (CHarom), 122.8 (CHarom), 97.4
(CHarom), 29.2 (CH3), 19.6 (CH3) ppm. GC-MS (EI, m/z, fragment,
%): 225 (M+, 100), 210 (M+ − Me, 81). Anal. Calcd for C15H15NO:
C, 79.97; H, 6.71; N, 6.22. Found: C, 79.88; H, 6.76; N, 6.46.

4-(N-(2,4-Difluoroyphenyl)amino)pent-3-en-2-one (7). In a 50 mL
round-bottom flask with a Dean−Stark apparatus 2.50 g (25 mmol) of
acetylacetone and 3.55 g (28 mmol, 1.1 equiv) of 2,4-difluoroaniline in
30 mL of toluene are combined, before 15 drops of concentrated
hydrochloric acid (37 wt %) are added. The reaction mixture is stirred
at 130 °C for 24 h. The resulting black solid is filtered off, and the
filtrate is treated with 100 mL of diethyl ether. Again a dark solid is
formed and filtered off to remove side products. The remaining diethyl
ether−benzene mixture is evaporated using a rotary evaporator. The
product is then isolated via flash column chromatography using an
ethyl acetate−isohexanes mixture (1:3) and obtained as a light yellow
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solid (1.77 g, 16.8%). Mp: 36−39 °C. 1H NMR (CDCl3, 25 °C, 300
MHz): δ 12.07 (s, 1H, NH), 7.21−7.08 (m, 1H, CHarom), 6.96−6.76
(m, 2H, CHarom), 5.26 (s, 1H, CHacnac), 2.11 (s, 3H, CH3), 1.88 (d, J =
0.6 Hz, 3H, CH3) ppm. 13C NMR (CDCl3, 25 °C, 75 MHz,
tautomeric mixture): δ 196.9 (CO/CN), 191.2 (CO/CN), 160.8 (dd, J
= 248.8 Hz, J = 11.0 Hz, CF), 160.7 (Ci), 157.1 (dd, J = 250.7 Hz, J =
12.4 Hz, CF), 128.5 (dd, J = 9.6 Hz, J = 1.8 Hz, CHarom), 123.0 (dd, J =
12.9 Hz, J = 4.0 Hz, Ci), 116.9 (dd, J = 9.0 Hz, J = 4.7 Hz, CHarom),
111.3 (dd, J = 22.2 Hz, J = 4.0 Hz, CHarom), 110.8 (dd, J = 22.0 Hz, J =
3.8 Hz, CHarom), 104.7 (dd, J = 26.2 Hz, J = 24.3 Hz, CHarom), 103.7
(dd, J = 26.4 Hz, J = 22.7 Hz, CHarom), 100.4 (CHarom), 98.0 (CHarom),
29.2 (CH3), 24.8 (CH3), 19.3 (CH3), 19.2 (CH3) ppm. 19F NMR
(CDCl3, 25 °C, 75 MHz, tautomeric mixture): δ −131.26 (s, CF),
−124.39 (s, CF), −117.7 (d, J = 6.4 Hz, CF), −112.1 (d, J = 6.7 Hz,
CF) ppm. GC-MS (EI, m/z, fragment, %): 211 (M+, 44), 196 (M+ −
Me, 100). Anal. Calcd for C11H11F2NO: C, 62.55; H, 5.25; N, 6.63.
Found: C, 62.44; H, 5.23; N, 6.66.
Synthesis of Complexes 8−13, 16, and 17. General Procedure

A. Dry DMF is added to a mixture of the N-phenyl-4,5-dimethyl-1,3-
thiazolium hexafluorophosphate salt 1 and 0.55 equiv of Ag2O in a dry
Schlenk tube. The resulting solution is stirred at room temperature for
2 h and for 22 h at 50 °C under the exclusion of light. After addition of
1 equiv of Pt(COD)Cl2 stirring is continued for another 2 h at room
temperature and 22 h at 115 °C, followed by addition of the described
equivalents of the corresponding N-aryliminopentan-2-one and the
base (KOtBu). Afterward the mixture is stirred at room temperature
for another 24 h and then heated to 100 °C for 6 h. All volatiles are
removed in vacuo, and the remaining solid is dispersed in 50 mL of
distilled water and filtered. The solid residue is dissolved in
dichloromethane, and the complex isolated by flash column
chromatography using pure dichloromethane as the eluent. Sub-
sequent washing with isohexanes and diethyl ether yielded the pure
complexes.
[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-phenyl-

4-aminopent-3-en-2-onato-κN,κO]platinum(II) (8). According to the
general procedure A 20 mL of dry DMF is added to a mixture of 268
mg (0.8 mmol) of the N-phenyl-4,5-dimethyl-1,3-thiazolium hexa-
fluorophosphate salt 1 and 102 mg (0.44 mmol, 0.55 equiv) of Ag2O.
Stepwise addition of 299 mg (0.8 mmol, 1.0 equiv) of Pt(COD)Cl2,
280 mg (1.6 mmol, 2.0 equiv) of 4-(N-phenylamino)pent-3-en-2-one
(2), and 180 mg (1.6 mmol, 2.0 equiv) of KOtBu while following the
general procedure A yielded complex 8 as a yellow powder (100 mg,
22.3%). Mp: 257−260 °C. 1H NMR (CDCl3, 25 °C, 500 MHz): δ
8.29−8.15 (m, 1H, CHarom), 7.42−7.31 (m, 3H, CHarom), 7.30−7.23
(partially omitted by solvent signal, m, 1H, CHarom), 7.13 (td, J = 7.4 Hz,
J = 0.9 Hz, 1H, CHarom), 7.10−7.03 (m, 2H, CHarom), 7.03−6.98 (m,
1H, CHarom), 5.18 (s, 1H, CHacnac), 2.58 (s, 3H, CH3;NHC), 2.14 (s, 3H,
CH3;acnac), 2.00 (s, 3H, CH3;NHC), 1.63 (s, 3H, CH3;acnac) ppm. 13C
NMR (CDCl3, 25 °C, 125 MHz): δ 179.4 (CN), 176.3 (CO), 162.7
(NCS), 153.5 (Ci-Pt), 150.7 (Ci), 136.3 (Ci), 134.2 (Ci), 131.8
(CHarom), 129.6 (2C, CHarom), 126.0 (2C, CHarom), 125.7 (CHarom),
125.1 (CHarom), 123.8 (Ci), 123.2 (CHarom), 113.0 (CHarom), 100.5
(CHarom), 26.7 (CH3), 24.7 (CH3), 14.6 (CH3), 12.5 (CH3) ppm.

195Pt
NMR (65 MHz, 25 °C, CDCl3): δ −3394 ppm. MS (ESI+, m/z,
fragment): 558.3 (M + H)+. Anal. Calcd for C22H22N2OPtS: C, 47.39;
H, 3.98; N, 5.02; S, 5.75. Found: C, 47.06; H, 3.97; N, 4.96; S, 5.74.
[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-(2,4,6-

trimethylphenyl)-4-aminopent-3-en-2-onato-κN,κO]platinum(II)
(9). According to the general procedure A 20 mL of dry DMF was
added to a mixture of 268 mg (0.8 mmol) of the N-phenyl-4,5-
dimethyl-1,3-thiazolium hexafluorophosphate salt 1 and 102 mg (0.44
mmol, 0.55 equiv) of Ag2O. Stepwise addition of 299 mg (0.8 mmol, 1
equiv) of Pt(COD)Cl2, 348 mg (1.6 mmol, 2 equiv) of 4-(N-(2,4,6-
trimethylphenyl)amino)pent-3-en-2-one (3), and 180 mg (1.6 mmol,
2 equiv) of KOtBu (1.6 mmol, 2.0 equiv) while following the general
procedure A yielded complex 9 as a yellow powder (159 mg, 33.1%).
Mp: >318 °C (dec). 1H NMR (CDCl3, 25 °C, 500 MHz): δ 8.35−
8.18 (m, 1H, CHarom), 7.36 (d, J = 8.1 Hz, 1H, CHarom), 7.14 (t, J = 7.4
Hz, 1H, CHarom), 7.05−6.96 (m, 3H, CHarom), 5.22 (s, 1H, CHarom),
2.58 (s, 3H, CH3;NHC), 2.41 (s, 3H, CH3;mesityl), 2.15 (s, 3H, CH3;acnac),

2.11 (s, 6H, CH3;mesityl), 2.00 (s, 3H, CH3;NHC), 1.47 (s, 3H, CH3;acnac)
ppm. 13C NMR (CDCl3, 25 °C, 125 MHz): δ 179.2 (CO/CN), 175.9
(CO/CN), 162.5 (NCS), 150.9 (Ci-Pt), 148.0 (Ci), 136.6 (Ci), 135.3
(Ci), 134.7 (Ci), 131.6 (2C, CHarom), 130.3 (2C, CHarom), 125.2
(CHarom), 123.6 (Ci), 123.1 (CHarom), 113.0 (CHarom), 100.4 (CHarom),
26.7 (CH3), 23.4 (CH3), 20.9 (CH3), 18.1 (2C, CH3), 14.7 (CH3),
12.5 (CH3) ppm.

195Pt NMR (65 MHz, 25 °C, CDCl3): δ −3390 ppm.
MS (ESI+, m/z, fragment): 600.3 (M + H)+. Anal. Calcd for
C25H28N2OPtS: C, 50.07; H, 4.71; N, 4.67; S, 5.35. Found: C, 49.76;
H, 4.69; N, 4.61; S, 5.13.

[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-(2,6-bis-
(methylethyl)phenyl)-4-aminopent-3-en-2-onato-κN,κO]platinum-
(II) (10). According to the general procedure A 20 mL of dry DMF was
added to a mixture of 268 mg (0.8 mmol) of the N-phenyl-4,5-
dimethyl-1,3-thiazolium hexafluorophosphate salt 1 and 102 mg (0.44
mmol, 0.55 equiv) of Ag2O. Stepwise addition of 299 mg (0.8 mmol,
1.0 equiv) of Pt(COD)Cl2, 415 mg (1.6 mmol, 2.0 equiv) of 4-(N-
(2,6-diisopropylphenyl)amino)pent-3-en-2-one (4), and 180 mg (1.6
mmol, 2.0 equiv) of KOtBu while following the general procedure A
yielded complex 10 as a yellow powder (203 mg, 39.5%). Mp: >330
°C (dec). 1H NMR (CDCl3, 25 °C, 500 MHz): δ 8.36−8.20 (m, 1H,
CHarom), 7.39 (d, J = 8.1 Hz, 1H, CHarom), 7.35−7.28 (m, 1H,
CHarom), 7.28−7.25 (partially omitted by solvent signal, m, 1H, CHarom),
7.24 (d, J = 1.0 Hz, 1H, CHarom), 7.16 (td, J = 7.4, 0.8 Hz, 1H,
CHarom), 7.05−7.00 (m, 1H, CHarom), 5.26 (s, 1H, CHarom), 3.31
(hept, J = 6.8 Hz, 2H, CH(CH3)2), 2.60 (s, 3H, CH3;NHC), 2.19 (s, 3H,
CH3;acnac), 2.02 (s, 3H, CH3;NHC), 1.57 (s, 3H, CH3;acnac), 1.12 (d, J =
6.9 Hz, 6H, CH(CH3)2), 1.02 (d, J = 6.8 Hz, 6H, CH(CH3)2) ppm.
13C NMR (CDCl3, 25 °C, 125 MHz): δ 180.4 (CO/CN), 175.7 (CO/
CN), 163.1 (NCS), 150.9 (Ci-Pt), 148.3 (Ci), 141.3 (Ci), 136.2 (Ci),
134.0 (Ci), 131.5 (CHarom), 126.5 (CHarom), 125.2 (2C, CHarom), 125.1
(CHarom), 123.5 (Ci), 123.2 (CHarom), 113.0 (CHarom), 100.1 (CHarom),
27.3 (2C, CH), 26.7 (2C, CH3), 24.5 (2C, CH3), 23.9 (2C, CH3), 14.7
(CH3), 12.6 (CH3) ppm. 195Pt NMR (65 MHz, 25 °C, CDCl3): δ
−3412 ppm. MS (ESI+, m/z, fragment): 642.3 (M + H)+. Anal. Calcd
for C28H34N2OPtS: C, 52.41; H, 5.34; N, 4.37; S, 5.00. Found: C,
52.43; H, 5.08; N, 4.35; S, 4.74.

[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-(4-cya-
nophenyl)-4-aminopent-3-en-2-onato-κN,κO]platinum(II) (11). Ac-
cording to the general procedure A 20 mL of dry DMF was added to a
mixture of 268 mg (0.8 mmol) of the N-phenyl-4,5-dimethyl-1,3-
thiazolium hexafluorophosphate salt 1 and 102 mg (0.44 mmol, 0.55
equiv) of Ag2O. Stepwise addition of 299 mg (0.8 mmol, 1 equiv) of
Pt(COD)Cl2, 641 mg (3.2 mmol, 4.0 equiv) of 4-(N-(4-cyanophenyl)-
amino)pent-3-en-2-one (5), and 359 mg (3.2 mmol, 4.0 equiv) of
KOtBu while following the general procedure A yielded complex 11 as
a yellow powder (85 mg, 18.2%). Mp: 286−288 °C. 1H NMR (CDCl3,
25 °C, 500 MHz): δ 8.32−8.07 (m, 1H, CHarom), 7.73 (d, J = 8.4 Hz,
2H, CHarom), 7.46−7.32 (m, 1H, CHarom), 7.23 (partially omitted by
solvent signal, d, J = 8.5 Hz, 2H, CHarom), 7.15 (td, J = 7.4 Hz, J = 0.9
Hz, 1H, CHarom), 7.03 (td, J = 8.1 Hz, J = 1.5 Hz, 1H, CHarom), 5.22 (s,
1H, CHarom;acac), 2.61 (s, 3H, CH3;NHC), 2.16 (s, 3H, CH3;acnac), 2.06
(s, 3H, CH3;NHC), 1.63 (s, 3H, CH3;acnac) ppm.

13C NMR (CDCl3, 25
°C, 125 MHz): δ 178.1 (CO/CN), 177.5 (CO/CN), 161.9 (NCS),
157.8 (CN), 150.3 (Ci-Pt), 136.8 (Ci), 133.7 (2C, CHarom), 133.3
(Ci), 131.7 (CHarom), 127.4 (CHarom), 125.3 (CHarom), 123.7 (Ci),
123.5 (CHarom), 122.9 (Ci), 118.8 (Ci), 113.2 (CHarom), 109.3 (Ci),
100.9 (CHarom), 26.9 (CH3), 24.8 (CH3), 14.6 (CH3), 12.5 (CH3)
ppm. 195Pt NMR (65 MHz, 25 °C, CDCl3): δ −3417 ppm. MS (ESI+,
m/z, fragment): 583.2 (M + H)+. Anal. Calcd for C23H21N3OPtS: C,
47.42; H, 3.63; N, 7.21; S, 5.50. Found: C, 47.13; H, 3.33; N, 7.03; S,
5.50.

[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-(4-
naphthylphenyl)-4-aminopent-3-en-2-onato-κN,κO]platinum(II)
(12). According to the general procedure A 20 mL of dry DMF was
added to a mixture of 268 mg (0.8 mmol) of the N-phenyl-4,5-
dimethyl-1,3-thiazolium hexafluorophosphate salt 1 and 102 mg (0.44
mmol, 0.55 equiv) of Ag2O. Stepwise addition of 299 mg (0.8 mmol, 1
equiv) of Pt(COD)Cl2, 721 mg (3.2 mmol, 4 equiv) of 4-(N-
(naphthyl)amino)pent-3-en-2-one (6), and 359 mg (3.2 mmol, 4.0

Organometallics Article

DOI: 10.1021/acs.organomet.6b00710
Organometallics XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.organomet.6b00710


equiv) of KOtBu while following the general procedure A yielded
complex 12 as a yellow powder (93 mg, 19.1%). Mp: >325 °C (dec).
1H NMR (CDCl3, 25 °C, 500 MHz): δ 8.40−8.15 (m, 1H, CHarom),
8.09 (d, J = 8.4 Hz, 1H, CHarom), 7.86 (dd, J = 13.5 Hz, J = 8.0 Hz, 2H,
CHarom), 7.53 (t, J = 7.8 Hz, 1H, CHarom), 7.45 (dd, J = 10.9 Hz, J =
4.0 Hz, 1H, CHarom), 7.37 (ddd, J = 6.8 Hz, J = 4.9 Hz, J = 1.0 Hz, 1H,
CHarom), 7.30 (d, J = 8.1 Hz, 1H, CHarom), 7.20 (d, J = 7.2 Hz, 1H,
CHarom), 7.17−7.11 (m, 1H, CHarom), 6.99 (m, 1H, CHarom), 5.30 (s,
1H, CHacnac), 2.48 (s, 3H, CH3;NHC), 2.22 (s, 3H, CH3;acnac), 1.82 (s,
3H, CH3;NHC), 1.52 (s, 3H, CH3;acnac) ppm.

13C NMR (CDCl3, 25 °C,
125 MHz): δ 179.1 (CO/CN), 176.9 (CO/CN), 163.7 (NCS), 150.7
(Ci-Pt), 149.7 (Ci), 136.1 (Ci), 135.1 (Ci), 133.9 (Ci), 131.7 (CHarom),
129.7 (Ci), 127.7 (CHarom), 126.5 (CHarom), 126.4 (CHarom), 126.2
(CHarom), 126.0 (CHarom), 125.2 (CHarom), 123.5 (2C, CHarom), 123.2
(CHarom), 122.2 (CHarom), 113.0 (CHarom), 100.6 (CHarom), 26.9
(CH3), 24.3 (CH3), 14.5 (CH3), 12.3 (CH3) ppm. 195Pt NMR (65
MHz, 25 °C, CDCl3): δ −3397 ppm. MS (ESI+, m/z, fragment): 608.3
(M + H)+. Anal. Calcd for C26H24N2OPtS: C, 51.39; H, 3.98; N, 4.61;
S, 5.28. Found: C, 51.03; H, 3.90; N, 4.46; S, 5.07.
[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[N-(2,4-di-

fluorophenyl)-4-aminopent-3-en-2-onato-κN,κO]platinum(II) (13).
According to the general procedure A 20 mL of dry DMF was
added to a mixture of 268 mg (0.8 mmol) of the N-phenyl-4,5-
dimethyl-1,3-thiazolium hexafluorophosphate salt 1 and 102 mg (0.44
mmol, 0.55 equiv) of Ag2O. Stepwise addition of 299 mg (0.8 mmol, 1
equiv) of Pt(COD)Cl2, 676 mg (3.2 mmol, 4 equiv) of 4-(N-(2,4-
difluorphenyl)amino)pent-3-en-2-one (7), and 59 mg (3.2 mmol, 4
equiv) of KOtBu while following the general procedure A yielded
complex 13 as a yellow powder (85 mg, 17.9%). Mp: 274−276 °C. 1H
NMR (CDCl3, 25 °C, 500 MHz): δ 8.34−8.05 (m, 1H, CHarom), 7.38
(d, J = 8.0 Hz, 1H, CHarom), 7.14 (tt, J = 14.4 Hz, J = 7.2 Hz, 1H),
7.10−6.83 (m, 4H, CHarom), 5.25 (s, 1H, CHacnac), 2.61 (s, 3H,
CH3;NHC), 2.15 (s, 3H, CH3;acnac), 2.07 (s, 3H, CH3;NHC), 1.67 (s, 3H,
CH3;acnac) ppm.

13C NMR (CDCl3, 25 °C, 125 MHz): δ 178.4 (CO/
CN), 178.0 (CO/CN), 164.3 (NCS), 161.2 (dd, J = 248.3 Hz, J = 10.8
Hz, Ci), 155.8 (dd, J = 248.3 Hz, J = 10.9 Hz, Ci), 150.6 (Ci-Pt), 137.3
(dd, J = 13.3 Hz, J = 3.8 Hz, CHarom), 136.9 (Ci), 133.8 (Ci), 131.7
(CHarom), 129.0 (dd, J = 10.9 Hz, J = 2.4 Hz, CHarom), 125.6 (CHarom),
123.5 (Ci), 123.3 (CHarom), 113.2 (CHarom), 112.1 (dd, J = 21.8 Hz, J =
3.8 Hz, CHarom) 105.1 (dd, J = 25.8 Hz, J = 24.4 Hz, CHarom) 100.9
(CHarom), 26.9 (CH3), 24.1 (CH3), 14.6 (CH3), 12.5 (CH3) ppm.

19F
NMR (CDCl3, 25 °C, 75 MHz): δ −118.1 (d, J = 6.1 Hz, CF), −114.3
(d, J = 6.1 Hz, CF) ppm. 195Pt NMR (65 MHz, 25 °C, CDCl3): δ
−3395 ppm. MS (ESI+, m/z, fragment): 594.2 (M + H)+. Anal. Calcd
for C22H20F2N2OPtS: C, 44.52; H, 3.37; N, 4.72; S, 5.40. Found: C,
44.88; H, 3.33; N, 4.59; S, 5.31.
[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[4-amino-

pent-3-en-2-onato-κN,κO]platinum(II) (16). According to the general
procedure A 20 mL of dry DMF was added to a mixture of 268 mg
(0.8 mmol) of the N-phenyl-4,5-dimethyl-1,3-thiazolium hexafluor-
ophosphate salt 1 and 102 mg (0.44 mmol, 0.55 equiv) of Ag2O.
Stepwise addition of 299 mg (0.8 mmol, 1.0 equiv) of Pt(COD)Cl2,
317 mg (3.2 mmol, 4 equiv) of 4-aminopent-3-en-2-one (14), and 359
mg (3.2 mmol, 4.0 equiv) of KOtBu while following the general
procedure A yielded complex 16 as a mixture of two regioisomers as a
green powder (141 mg, 36.6%). Mp: 252−254 °C. 1H NMR (isomeric
mixture, CDCl3, 25 °C, 300 MHz): δ 8.19−7.94 (m, 1H, CHarom),
7.72−7.29 (m, 5.6H, CHarom), 7.22−7.11 (m, 1H, CHarom), 7.11−6.94
(m, 1H, 3.4H, CHarom), 5.07 (s, 2.2H, CHacnac), 2.68 (s, 6.6H, CH3),
2.26 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.07 (s, 7.2H, CH3), 2.04 (s,
3.6H, CH3), 2.01 (s, 3H, CH3) ppm. The isomeric ratio was determined
to be 1:1.2 af ter investigation of the 1H NMR integral for the CHacnac-
proton signal at 5.07 ppm and the CHarom-proton signal at about 8.07
ppm. 13C NMR (isomeric mixture, CDCl3, 25 °C, 75 MHz): δ 190.3
(CN), 178.7 (CO), 177.4 (CO), 176.5 (CO), 164.4 (NCS), 164.1
(NCS), 152.4 (Ci-Pt), 150.9 (Ci-Pt), 138.7 (Ci), 137.4 (Ci), 136.8 (Ci),
132.4 (CHarom), 130.8 (CHarom), 126.8 (Ci), 125.7 (CHarom), 125.1
(CHarom), 123.8 (Ci), 122.9 (CHarom), 122.8 (Ci), 122.5 (Ci), 114.1
(CHarom), 113.1 (CHarom), 98.9 (CHarom), 28.5 (CHarom), 28.3 (CH3),
27.2 (2C, CH3), 14.4 (CH3), 14.3 (CH3), 12.7 (2C, CH3) ppm.

195Pt

NMR (isomeric mixture, 65 MHz, 25 °C, CDCl3): δ −3351, −3375
ppm. MS (ESI+, m/z, fragment): 482.3 (M + H)+. Anal. Calcd for
C16H18N2OPtS: C, 39.91; H, 3.77; N, 5.82; S, 6.66. Found: C, 39.91;
H, 3.78; N, 5.80; S, 6.46.

[4,5-Dimethyl-3-phenyl-κC′-1,3-thiazol-2-ylidene-κC]-[3-amino-
1-phenyl-but-2-en-1-onato-κN,κO]platinum(II) (17). According to
the general procedure A 20 mL of dry DMF was added to a mixture of
268 mg (0.8 mmol) of the N-phenyl-4,5-dimethyl-1,3-thiazolium
hexafluorophosphate salt 1 and 102 mg (0.44 mmol, 0.55 equiv) of
Ag2O. Stepwise addition of 299 mg (0.8 mmol, 1.0 equiv) of
Pt(COD)Cl2, 516 mg (3.2 mmol, 4 equiv) of 3-amino-1-phenylbut-2-
en-1-one (15), and 359 mg (3.2 mmol, 4.0 equiv) of KOtBu while
following the general procedure A yielded complex 17 as a mixture of
two regioisomers as a yellow powder (124 mg, 28.4%). Mp: >317 °C
(dec). 1H NMR (isomeric mixture, CDCl3, 25 °C, 300 MHz): δ 8.28−
8.15 (m, 0.3H, CHarom), 8.06−8.00 (m, 2.6H, CHarom), 7.51−7.46 (m,
2H, CHarom), 7.44−7.38 (m, 4.2H, CHarom), 7.11−7.01 (m, 2.6H,
CHarom), 5.79 (d, J = 2.1 Hz, 1H, CHarom), 5.76 (d, J = 2.2 Hz, 0.3H,
CHarom), 2.70 (s, 3.9H, CH3), 2.30 (s, 3H, CH3), 2.26 (s, 0.9H, CH3),
2.20 (s, 0.9H, CH3) ppm. The isomeric ratio was determined to be 1:0.3
af ter investigation of the 1H NMR integrals for the CHacnac-proton signals
at 5.79 and 5.78 ppm. 13C NMR (isomeric mixture, CDCl3, 25 °C, 75
MHz): δ 190.3 (CN), 172.4 (CO), 165.4 (NCS), 152.5 (Ci-Pt), 140.6
(Ci), 136.9 (Ci), 130.9 (CHarom), 129.4 (CHarom), 128.2 (CHarom),
126.9 (CHarom), 125.2 (CHarom), 124.0 (Ci), 122.9 (CHarom), 114.2
(CHarom), 96.6 (CHarom), 29.0 (CH3), 14.4 (CH3), 12.8 (CH3) ppm.
195Pt NMR (isomeric mixture, 65 MHz, 25 °C, CDCl3): δ −3322,
−3349 ppm. MS (ESI+, m/z, fragment): 544.3 (M + H)+. Anal. Calcd
for C21H20N2OPtS: C, 46.32; H, 3.71; N, 5.15; S, 5.90. Found: C,
46.37; H, 3.66; N, 5.17; S, 5.92.
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M.; Carreras, J.; Sicilia, V. ACS Appl. Mater. Interfaces 2016, 8, 16160−
16169. (h) Zhang, Y.; Blacque, O.; Venkatesan, K. Chem. - Eur. J.
2013, 19, 15689−15701. (i) Bachmann, M.; Suter, D.; Blacque, O.;
Venkatesan, K. Inorg. Chem. 2016, 55, 4733−4745. (j) Zhang, Y.;
Clavadetscher, J.; Bachmann, M.; Blacque, O.; Venkatesan, K. Inorg.
Chem. 2014, 53, 756−771. (k) Balzani, V.; Campagna, S. Top. Curr.
Chem. 2007, 280. (l) Balzani, V.; Campagna, S. Top. Curr. Chem. 2007,
281.
(6) (a) Baldo, M. A.; O’Brien, D. F.; You, Y.; Shoustikov, A.; Sibley,
S.; Thompson, M. E.; Forrest, S. R. Nature 1998, 395, 151−154.
(b) Chi, Y.; Chou, P.-T. Chem. Soc. Rev. 2010, 39, 638−655.
(7) Yang, X.; Zhou, G.; Wong, W.-Y. Chem. Soc. Rev. 2015, 44,
8484−8575.
(8) (a) Chang, S.-Y.; Cheng, Y.-M.; Chi, Y.; Lin, Y.-C.; Jiang, C.-M.;
Lee, G.-H.; Chou, P.-T. Dalton Trans. 2008, 6901−6911. (b) Komiya,
N.; Kashiwabara, T.; Iwata, S.; Naota, T. J. Organomet. Chem. 2013,
738, 66−75. (c) Liu, S.; Sun, H.; Ma, Y.; Ye, S.; Liu, X.; Zhou, X.;
Mou, X.; Wang, L.; Zhao, Q.; Huang, W. J. Mater. Chem. 2012, 22,
22167−22173. (d) Xu, H.; Chen, R.; Sun, Q.; Lai, W.; Su, Q.; Huang,
W.; Liu, X. Chem. Soc. Rev. 2014, 43, 3259−3302.
(9) (a) Visbal, R.; Gimeno, M. C. Chem. Soc. Rev. 2014, 43, 3551−
3574. (b) Strassner, T. Acc. Chem. Res. 2016, http://dx.doi.org/10.
1021/acs.accounts.6b00240.
(10) (a) Shigehiro, T.; Yagi, S.; Maeda, T.; Nakazumi, H.; Fujiwara,
H.; Sakurai, Y. J. Phys. Chem. C 2013, 117, 532−542. (b) Tenne, M.;
Metz, S.; Münster, I.; Wagenblast, G.; Strassner, T. Organometallics
2013, 32, 6257−6264. (c) Unger, Y.; Meyer, D.; Molt, O.;
Schildknecht, C.; Münster, I.; Wagenblast, G.; Strassner, T. Angew.
Chem., Int. Ed. 2010, 49, 10214−10216. (d) Lamansky, S.; Djurovich,
P.; Murphy, D.; Abdel-Razzaq, F.; Lee, H.-E.; Adachi, C.; Burrows, P.
E.; Forrest, S. R.; Thompson, M. E. J. Am. Chem. Soc. 2001, 123,
4304−4312. (e) Blight, B. A.; Ko, S.-B.; Lu, J.-S.; Smith, L. F.; Wang, S.
Dalton Trans. 2013, 42, 10089−10092. (f) Fuertes, S.; García, H.;
Peraĺvarez, M.; Hertog, W.; Carreras, J.; Sicilia, V. Chem. - Eur. J. 2015,
21, 1620−1631. (g) Tronnier, A.; Heinemeyer, U.; Metz, S.;
Wagenblast, G.; Muenster, I.; Strassner, T. J. Mater. Chem. C 2015,
3, 1680−1693.
(11) Shen, Y.; Han, J.; Gu, H.; Zhu, Y.; Pan, Y. J. Organomet. Chem.
2004, 689, 3461−3467.
(12) Feng, T.; Peng, H.; Yao, Y.; Zhang, Y.; Shen, Q.; Cheng, Y. Chin.
Sci. Bull. 2011, 56, 1471−1475.
(13) Radwan, Y. K.; Maity, A.; Teets, T. S. Inorg. Chem. 2015, 54,
7122−7131.
(14) (a) Ghedini, M.; Golemme, A.; Aiello, I.; Godbert, N.; Termine,
R.; Crispini, A.; La Deda, M.; Lelj, F.; Amati, M.; Belviso, S. J. Mater.
Chem. 2011, 21, 13434−13444. (b) Komiya, N.; Muraoka, T.; Iida, M.;
Miyanaga, M.; Takahashi, K.; Naota, T. J. Am. Chem. Soc. 2011, 133,
16054−16061. (c) Komiya, N.; Okada, M.; Fukumoto, K.; Jomori, D.;
Naota, T. J. Am. Chem. Soc. 2011, 133, 6493−6496.
(15) Tronnier, A.; Poethig, A.; Herdtweck, E.; Strassner, T.
Organometallics 2014, 33, 898−908.
(16) Leopold, H.; Tronnier, A.; Wagenblast, G.; Münster, I.;
Strassner, T. Organometallics 2016, 35, 959−971.

(17) (a) Bryndin, V. E.; Smolentsev, A. I.; Stabnikov, P. A.;
Igumenov, I. K. J. Struct. Chem. 2008, 49, 556−559. (b) Ricci, G.;
Sommazzi, A.; Leone, G.; Boglia, A.; Masi, F. WO2013037911A1 -
Oxo-nitrogenated complex of lanthanides, catalytic system comprising
said oxo-nitrogenated complex and process for the (co)polymerization
of conjugated dienes, 2013.
(18) Litvic, M.; Filipan, M.; Pogorelic, I.; Cepanec, I. Green Chem.
2005, 7, 771−774.
(19) Drew, D.; Doyle, J. R.; Shaver, A. G. In Inorganic Syntheses; John
Wiley & Sons, Inc., 2007; pp 346−349.
(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,
N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
Rev. B 0.1; Gaussian, Inc.: Wallingford, CT, 2009.
(21) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648−5652. (b) Lee,
C.; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter Mater. Phys.
1988, 37, 785−789. (c) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H.
Chem. Phys. Lett. 1989, 157, 200−206. (d) Vosko, S. H.; Wilk, L.;
Nusair, M. Can. J. Phys. 1980, 58, 1200−1211.
(22) (a) Becke, A. D. Phys. Rev. A: At., Mol., Opt. Phys. 1988, 38,
3098−3100. (b) Perdew, J. P. Phys. Rev. B: Condens. Matter Mater.
Phys. 1986, 33, 8822−8824. (c) Perdew, J. P. Phys. Rev. B: Condens.
Matter Mater. Phys. 1986, 34, 7406.
(23) Grimme, S. J. Comput. Chem. 2006, 27, 1787−1799.
(24) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971,
54, 724−728. (b) Hariharan, P. C.; Pople, J. A. Chem. Phys. Lett. 1972,
16, 217−219. (c) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973,
28, 213−222. (d) Hariharan, P. C.; Pople, J. A. Mol. Phys. 1974, 27,
209−214. (e) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys.
1972, 56, 2257−2261. (f) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.;
Windus, T. L. J. Chem. Phys. 1998, 109, 1223−1229. (g) Rassolov, V.
A.; Ratner, M. A.; Pople, J. A.; Redfern, P. C.; Curtiss, L. A. J. Comput.
Chem. 2001, 22, 976−984.
(25) (a) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299−310.
(b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270−283.
(c) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 284−298.
(26) Dennington, R. D., II; Keith, T.; Millam, J.; Eppinnett, K.;
Hovell, W. L.; Gilliland, R. GaussView, 3.09; Semichem Inc.: Shawnee
Mission, 2003.
(27) Legault, C. Y. CYLview, 1.0b; Universite ́ de Sherbrooke, 2009.
(28) Sheldrick, G. M. SADABS, Version 2.10; University of
Goettingen: Goettingen, Germany, 2002.
(29) (a) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.;
Spagna, R. J. Appl. Crystallogr. 1999, 32, 115−119. (b) Altomare, A.;
Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, M. C.; Polidori,
G.; Camalli, M. J. Appl. Crystallogr. 1994, 27, 435.
(30) (a) Sheldrick, G. M. Acta Crystallogr., Sect. C: Struct. Chem.
2015, 71, 3−8. (b) Sheldrick, G. M. Acta Crystallogr., Sect. A: Found.
Crystallogr. 2008, 64, 112−122.
(31) Wilson, A. J. C. Mathematical, Physical and Chemical Tables,
International Tables for Crystallography; Kluwer, 1992; Vol. C.
(32) Hooft, R. W. W.; Nonius, B. V. Data Collection Software for
Nonius-Kappa CCD; Delft, The Netherlands, 1999.
(33) Duisenberg, A. J. M. J. Appl. Crystallogr. 1992, 25, 92−96.
(34) Duisenberg, A. J. M.; Kroon-Batenburg, L. M. J.; Schreurs, A. M.
M. J. Appl. Crystallogr. 2003, 36, 220−229.

Organometallics Article

DOI: 10.1021/acs.organomet.6b00710
Organometallics XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.accounts.6b00240
http://dx.doi.org/10.1021/acs.accounts.6b00240
http://dx.doi.org/10.1021/acs.organomet.6b00710


(35) Sheldrick, G. M. SHELXL-97, Program for the Refinement of
Structures; University of Goettingen: Goettingen, Germany, 1997.
(36) Spek, A. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65,
148−155.
(37) (a) Burnett, M. N.; Johnson, C. K. ORTEP-III, Oak Ridge
National Laboratory: Oak Ridge, TN, USA, 2000. (b) Farrugia, L. J. J.
Appl. Crystallogr. 1997, 30, 565.
(38) Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.;
McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.; Taylor, R.; van de
Streek, J.; Wood, P. A. J. Appl. Crystallogr. 2008, 41, 466−470.

Organometallics Article

DOI: 10.1021/acs.organomet.6b00710
Organometallics XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acs.organomet.6b00710

