Inorg. Chem. 2002, 41, 3055—3066

Inorganic:Chemistry

* Article

Synthesis and Characterization of Phosphorescent Cyclometalated
Platinum Complexes

Jason Brooks, Yelizaveta Babayan, Sergey Lamansky, Peter I. Djurovich, Irina Tsyba,
Robert Bau, and Mark E. Thompson*

Department of Chemistry, Usrsity of Southern California, Los Angeles, California 90089-0744

Received February 19, 2002

The synthesis, electrochemistry, and photophysics of a series of square planar Pt(ll) complexes are reported. The
complexes have the general structure C*"NPt(O”0),where C”N is a monoanionic cyclometalating ligand (e.g.,
2-phenylpyridyl, 2-(2'-thienyl)pyridyl, 2-(4,6-difluorophenyl)pyridyl, etc.) and 00O is a 3-diketonato ligand. Reaction
of KoPtCl, with a HC”N ligand precursor forms the chloride-bridged dimer, C*NPt(z-Cl),PtC"N, which is cleaved
with 3-diketones such as acetyl acetone (acacH) and dipivaloylmethane (dpmH) to give the corresponding monomeric
C~NPt(0"0) complex. The thpyPt(dpm) (thpy = 2-(2'-thienyl)pyridyl) complex has been characterized using X-ray
crystallography. The bond lengths and angles for this complex are similar to those of related cyclometalated Pt
complexes. There are two independent molecular dimers in the asymmetric unit, with intermolecular spacings of
3.45 and 3.56 A, consistent with moderate 77— interactions and no evident Pt—Pt interactions. Most of the C"NPt-
(0"0) complexes display a single reversible reduction wave between —1.9 and —2.6 V (vs Cp,Fe/Cp,Fe*), assigned
to largely CN ligand based reduction, and an irreversible oxidation, assigned to predominantly Pt based oxidation.
DFT calculations were carried out on both the ground (singlet) and excited (triplet) states of these complexes. The
HOMO levels are a mixture of Pt and ligand orbitals, while the LUMO is predominantly C*N ligand based. The
emission characteristics of these complexes are governed by the nature of the organometallic cyclometalating
ligand allowing the emission to be tuned throughout the visible spectrum. Twenty-three different C*N ligands have
been examined, which gave emission A, values ranging from 456 to 600 nm. Well-resolved vibronic fine structure
is observed in all of the emission spectra (room temperature and 77 K). Strong spin—orbit coupling of the platinum
atom allows for the formally forbidden mixing of the *MLCT with the SMCLT and 37—s* states. This mixing leads
to high emission quantum efficiencies (0.02—0.25) and lifetimes on the order of microseconds for the platinum
complexes.

Introduction liquid crystal optical storage materid@lsnd photochemical
devices for the conversion of light to chemical energy
through photoinduced charge separafi@®ecently, platinum
omplexes have been used as luminescent centers in organic
ght-emitting diodes (OLEDs} A recent breakthrough
using phosphorescent luminophores has demonstrated the
ability to make highly efficient electroluminescent deviéés.
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singlet and triplet states, which can lead to a high quantum
yield of emission from the triplet state. Thus, OLEDs can
be fabricated that utilize all of the electrogenerated singlet
and triplet excitons, thereby approaching an internal ef-
ficiency of 100%°

While the chemistry and photophysics of coordinatively
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have been reported with other ancillary ligands, such as
acetylide!® aryl *® and pyrazolé’ Studies on the photophysi-
cal properties of tridentate terpyriditié® and phenylbipy-
ridine'® derivatives have also been reported. The nature and
energy of the excited state in these complexes varies
depending on the ligand®'’For the dithiolate and tridentate

unsaturated square planar platinum complexes have beemomplexes, the lowest energy excited state has been attributed
extensively explored, it is interesting to note that surprisingly to either a triplet metal-to-ligand charge transfer state
few of them are reported to be emissive in room temperature (3MLCT) or a ligand-based state (either a ligatfijand

solution! Only Pt(ll) species chelated with aromatic ligands,
such as bipyridine, phenanthroline, 2-phenylpyridine, or
similar derivatives, emit in fluid solution from excited states
localized in the aromati@ systems. These Pt(ll) complexes
benefit from having relatively high energy metal centered
(MC) or ligand field excited states when compared with, for
example, their palladium analogu&s-or the Pt complexes,
the MC states lie at higher energy than the intraligand and
MLCT states, a situation advantageous for enhancing lumi-
nous efficiency. If the emitting state (either intraligand or
MLCT) and MC states lie too close in energy, they can

thermally equilibrate, thereby quenching the emission through

charge transfer, LLCT, or single ligand centered triplet
excited states’LC).

Several cyclometalated organometallic platinum com-
plexes, based o€"N aromatic chelate derivatives (e.g.,
2-arylpyridine), have been reported in the literature. Among
the most basic and thoroughly studied complexes are those
based on 2-phenylpyridingy) and 2-(2-thienyl)pyridine
(thpy). Examples of these include homoleptic complexes,
(C"N)2,2° heteroleptic complexesC(N)(C"N'),2t and com-
plexes with a single cyclometalating ligar@'(N) and a non-
cyclometalating, ancillary ligand (LX%. The strong ligand

field influence of the aromatic carbon atom, along with the

fast radiationless decay through the MC states. The €Ner9Y¥,dded stabilization ofr donation from the metal into the

gap between the MC states and lowest energy emitting

excited state may be considered to be one of the limiting
factors for emission efficiency (i.e., a small energy gap

between emitting and MC states leads to poor emission

efficiency)!® Additionally, open coordination sites of the
square planar complex can allow for other deactivating
pathways to occur through metal interactions with the
environment!

A number of early studies of these emissive complexes
were focused on the photophysics of Pt(Il) diimine dithiolate
compounds*4Since then, similar diimine-based complexes
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aromatic ring, helps to make these types of chelates very
stable, while concurrently increasing the energy gap of the
MC excited state®? These cyclometalated complexes are
known to be strongly emissive and have long luminescent
lifetimes (microseconds) in fluid solution indicative of
emission from the triplet excited state. The photoluminescent
spectra for many of these complexes are red-shifted from
those observed for the uncoordinat&tC(*N) ligand precur-
sor. The emission spectra are highly structured with vibra-
tional progressions decreasing in intensity to lower energy.
On the basis of the red shift, structured emission pattern,
and long luminescent lifetime, i.e., microseconds, the emis-
sion is thought to arise from an excited state that is
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Phosphorescent Cyclometalated Platinum Complexes

predominantly &LC state, mixed witHMLCT character by yield of the sample; is the quantum yield of the referenogis

the strong spirorbit coupling?® the refractive index of the solvers andA, are the absorbance of
HeterolepticC*NPtLX complexes offer several advantages the sample and the reference at the wavelength of excitation, and

over the bisc"N derivatives. Physical properties such as the 'sandlrare the integrated areas of emission ba#tiSteady state

charge and solubility of the complexes can be independentlyem'ss'on experiments at room temperature were performed on a

adjusted through proper choice of the ancillary ligand. It has PTI QuantaMaster model C-60 spectrofluorimeter. Phosphorescence

. N lifetime measurements were performed on the same fluorimeter
also been shown that the nature of the ancillary ligand can

o ; equipped with a microsecond Xe flash lamp and were limited to
have profound effects on the lowest emitting excited $t&e.  |ifetimes >2 us. NMR spectra were recorded on Bruker AC 250

The electron-donating or -withdrawing character of the LX \Hz, AM 360 MHz, or AMX 500 MHz instruments. Solid probe
ligand can increase or decrease the amount of electron densityus spectra were taken with Hewlett-Packard GC/MS instrument
at the metal center. The amount of ground state electronwith electron impact ionization and model 5873 mass selective
density on the metal will subsequently affect the amount of detector. The Microanalysis Laboratory at the University of lllinois,
MLCT character mixed into the lowest energy transition, thus Urbana-Champaign, performed all elemental analyses.

altering both the color of emission and radiative lifetime of ~ Electrochemistry. Cyclic voltammetry and differential pulsed
the excited state. A series of mixed cyclometalates based onvoltammetry were performed using an EG&G potentiostat/gal-
2-phenylpyridine and 2-thienylpyridine have been reported vanostat model 28_3. Anhydrous DMF (Aldrich) was used as the
where LX is an ancillary bidentate ligand based on unsatur- SC/Vént under a nitrogen atmosphere, and 0.1 M tewafyl)-
ated a,o"-diimines and saturated diamines, such as 2.2- ammonium hexafluorophosphate was used as the supporting

L o . electrolyte. A Ag wire was used as the pseudoreference electrode,
bipyridine (bpy) or 1,2-diaminoethane (en), respectivety. and a Pt wire was used as the counter electrode. The working

It was shown that emission from complexes with unsaturated gjectrode was glassy carbon. The redox potentials are based on
a,a’-diimine ligands originates from states on the diimine, vajues measured from differential pulsed voltammetry and are
rather than those of the cyclometalate. For complexes with reported relative to a ferrocene/ferrocenium fE/CpFet) redox
saturated LX ligands, the emitting state is strongly governed couple used as an internal reference (0.45 V vs $Cwile
by the3LC transition from the cyclometalate, similar to bis- electrochemical reversibility was determined using cyclic voltam-
homoleptic analogues. metry.

We report here a series of cyclometalated platinum X-ray Crystallography. Diffraction data forthpyPt(dpm) was
complexes of the general structu@NPt(O"0), whereO"O collected at room temperatur ¢ 23 °C) on a Bruker SMART
is a p-diketonate ligand, i.e., acetyl acetonate (acac) or APEX CCD diffractometer with graphite-monochromated Ma K

- radiation ¢ = 0.71073 A). The cell parameters for the Pt complex
dipivolylmethane (dpm). Al of these complexes are strongly were obtained from the least-squares refinement of the spots (from

em!ss!ve !n frozen glass solutions, and severgl are S,tror_]gly60 collected frames) using the SMART program. A hemisphere of
emissive in degassed room temperature solution, with life- i, ¢rystal data was collected up to a resolution of 0.75 A, and the
times on the order of microseconds. We observe that theintensity data was processed using the Saint Plus program. All
nature of the cyclometalating ligand strongly affects the calculations for structure determination were carried out using the
energy of the emissive state and have been able to tune theSHELXTL package (version 5.%5.Initial atomic positions were
emission color throughout the visible spectrum either by located by Patterson methods using XS, and the structure was
modifying the 2-phenylpyridyl ligand with electron-donating refined by least-squares methods using SHELX with 6983 inde-
and -withdrawing substituents or by varying the character pendent reflections and within the range df 1.38-24.7T

of the cyclometalate. The emission for all of these complexes (Completeness 98.8%). Absorption corrections were applied by using

is attributed to a mixedLC—MLCT state SADABS 2% Calculated hydrogen positions were input and refined
’ in a riding manner along with the attached carbons. A summary of
Experimental Section the refinement details and the resulting factors are given in Table
1

Equipment. The UV—visible spectra were recorded on an Aviv Density Functional Calculations.DFT calculations were per-
model 14DS spectrophotometer (a re-engineered Cary 14 SpeCtrosomeq ysing Titan software package (Wavefunction, Inc.) at the
photometer). Photoluminescent spectra were measured using &B3LYP/LACVP** level. The HOMO and LUMO energies were
Photon Technology International fluorimeter. Quantum efficiency jetermined using minimized singlet geometries to approximate the
measurements were carried out at room temperature in a 2-meth-,nq state. The minimized singlet geometries were used to
yltetrahydrofuran solution that was distilled over sodium. Before c5\cjjate the triplet molecular orbitals and approximate the triplet
spectra were measured, the solution was degassed by severglisomo (HSOMO= highest singly occupied molecular orbital).
freeze—pump—_thaw cycles using a diffusion pump. Solutlo_ns of Synthesis of C*N)Pt(0"0) Complexes: General Procedure.
coumarin 47 in ethanold¢ = 0.60) or degassethc Ir(ppy)s n The compounds 2-bromo-4-methoxypyriditie,2-bromo-4-di-
2-MeTHF (@ = 0.40) were used as a reference. The equation methyaminopyriding® 2-(1,5-dimethylpyrrol-2-yl)pyriding? and

2
O =00 s Al (24) (a) GagheR. R.; Koval, C. A,; Lisensky, G. Anorg. Chem 198Q
s "\n2Ad 19, 2854-2855. (b) Sawyer, D. T.; Sobkowiak, A.; Roberts, J. L., Jr.
rosT Electrochemistry for Chemists, 2nd.edohn Wiley and Sons: New
d to calculat tum yields whéreis th t York, 1995, pp 467.
was used to caiculate quantum yieids whereis the quantum (25) Sheldrick, G. M.SHELXTL version5.1; Bruker Analytical X-ray
System, Inc.: Madison, WI, 1997.

(23) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; (26) Blessing, R. HActa Crystallogr 1995 A51, 33—38.

von Zelewsky, ACoord. Chem. Re 1988 84, 85—277. (b) Croshy, (27) Effenberger, F.; Krebs, A.; Willrett, ©&hem. Ber1992 125 1131~
G. A. Acc. Chem. Red975 8, 231-238. 1140.
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Table 1. Crystal Data and Structure Refinement fdwpyPt(dpm)

empirical formula GoH2sNO,PtS
fw 538.56
temp 296(2) K
wavelength 0.71073 A
cryst syst triclinic
space group P1
unit cell dimens
a 10.7376(17) A
b 13.804(2) A
c 15.995(3) A
o 110.487(2)
p 91.959(3)
y 108.925(3)
vol 2071.5(6) B
z 4
density (calcd) 1.727 g/chn
abs coeff 6.886 mmt
F(000) 1048
cryst size 0.35¢< 0.13 x 0.05 mn?
O range for data collection 1.384.7r
index ranges —12<h=<12,-16< k= 15,
—-16=<1=<18
reflns collected 10636
indep reflns 6983R(int) = 0.0212]
completeness (t® = 24.77) 98.8%

min/max ratio 0.663952
full-matrix least squareséh
6983/0/399
0.986
R1=0.0455, wR2=0.1118
R* 0.0637, wR2=0.1215
1.464 an®.699 eA -3

transm factors
refinement meth
data/restraints/params
GOF onF?

final Rindices | > 20(1)]
Rindices (all data)
largest diff peak and hole

2-(2-benzothienyl)pyridin® were prepared following literature
procedures. 2-Phenylpyridine apetolylpyridine were purchased

Brooks et al.

ppyPt(dpm): platinum(ll) (2-phenylpyridinatdy,C?) (2,2,6,6-
tetramethyl-3,5-heptanediona®©). Yield: 30%.H NMR (250
MHz, CDCkL), ppm: 8.98 (d, 1HJ = 6.2 Hz), 7.77 (dd, 1HJ) =
8.4, 9.5, 1.8 Hz), 7.62 (m, 2H), 7.42 (dd, 18= 7.7, 1.1 Hz),
7.19 (ddd, 1HJ = 7.7, 8.8, 1.5 Hz), 7.08 (m, 2H), 5.79 (s, 1H),
1.26 (s, 9H), 1.25 (s, 9H). Anal. forgH,sNO,Pt: found C 49.94,
H 5.11, N 2.69, calcd C 49.62, H 5.11, N 2.63.

tpyPt(acac): platinum(ll) (2-(-tolyl)pyridinatoN,C?) (2,4-pen-
tanedionatd,0). Yield: 42%. 'H NMR (360 MHz, CDC}),
ppm: 8.94 (d, 1H) = 5.9 Hz), 7.74 (d, 1HJ = 6.8 Hz), 7.53 (d,
1H,J = 7.8 Hz), 7.39 (s, 1H), 7.30 (d, 1H,= 7.8 Hz), 7.04 (d,
1H,J = 6.8 Hz), 6.88 (d, 1HJ = 7.8 Hz), 5.45 (s, 1H), 2.00 (s,
3H), 1.98 (s, 3H), 1.95 (s, 3H). Anal. for;@&1;;,NO,Pt: found C
44.10, H 3.89, N 3.32, calcd C 44.16; H 3.71; N 3.03.

tpyPt(dpm): platinum(ll) (2-@-tolyl)pyridinatoN,C?) (2,2,6,6-
tetramethyl-3,5-heptanediona®©). Yield: 40%.'H NMR (250
MHz, CDCL), ppm: 8.94 (d, 1HJ = 5.9 Hz), 7.74 (dd, 1HJ) =
9.1, 8.4, 1.5 Hz), 7.54 (d, 1H,= 8.04 Hz), 7.45 (s, 1H), 7.31 (d,
1H,J = 7.7 Hz), 7.04 (dd, 1H) = 5.9, 8.4, 1.1 Hz), 6.89 (d, 1H,
J=7.7Hz), 5.78 (s, 1H), 2.38 (s, 3H), 1.27 (s, 9H), 1.25 (s, 9H).
Anal. for G3HooNOoPt: found C 49.18, H 5.13, N 2.64, calcd C
50.54, H 5.35, N 2.56.

otpyPt(acac): platinum(ll) (2-@©-tolyl)pyridinatoN,C?) (2,4-
pentanedionat®,0). Yield: 29%.'H NMR (250 MHz, CDC}),
ppm: 9.41 (d, 1HJ) = 5.9 Hz), 7.81 (m, 2H), 7.56 (d, 1R,= 7.7
Hz), 7.06 (m, 2H), 6.87 (d, 1H] = 7.3 Hz), 5.44 (s, 1H), 2.64 (s,
3H), 1.98 (s, 3H), 1.97 (s, 3H). Anal. for;@&1;;,NO,Pt: found C
44.05, H 3.55, N 3.06, calcd C 44.16, H 3.71, N 3.03.

6FppyPt(dpm): platinum(ll) (2-(8-fluorophenyl)pyridinato-
N,C?) (2,2,6,6-tetramethyl-3,5-heptanedion@®). Yield: 25%.
IH NMR (250 MHz, CDC}), ppm: 9.04 d, 1H,J = 5.8 Hz), 8.03

from Aldrich Chemical Co. Other phenylpyridine derivatives were
prepared by Suzuki coupling reaction with commercially available (4 1H.J = 8.2 Hz), 7.81 (dd, 1H]) = 8.2, 8.2 Hz), 7.45 (d, 1H,
boronic acids and the appropriate bromopyriditfeall other J=7.2Hz), 7.15 (m, 2H), 6.77 (ddd, 1R,= 12.3, 8.2, 1.0 Hz),
ligands and materials were purchased from either Aldrich Chemical 2-80 (s, 1H), 1.26 (s, 9H), 1.25 (s, 9H). Anal. fopH26FNOPL:
Co. or Frontier Scientific and used without further purification. ~ found € 48.07, H 4.83, N 2.68, calcd C 48.00, H 4.76, N 2.54.
All procedures were carried out in inert gas atmosphere despite  0UMPPYW(dpm): - platinum(ll) (2-(8-trifluoromethylphenyl)-
the air stability of the complexes, the main concemn being the PYrdinatoN.C%) (2,2,6,6-tetramethyl-3,5-heptanedion&).
oxidative and thermal stability of intermediates at the high Yield: 30%."H NMR (250 MHz, CDCH), ppm: 9.20 (d, 1H) =

temperatures in the reactions. The PtgHjlichloro-bridged dimers 6.1 Hz), 8.08 (d, 1HJ) = 8.5 Hz), 7.99 (d, 1HJ) = 7.5 Hz), 7.84
were prepared by a modified method of LewdsThis involves (ddd, 1H,0=8.8,7.5, 1.7 Hz), 7.47 (d, 18,= 7.8 Hz), 7.12 (m,
heating the KPtCl, salt with 2-2.5 equiv of cyclometalating ligand 2 5:81 (s, 1H), 1.27 (s, 9H), 1.26 (s, 9H). Anal. fo5sRz6Fs-
in a 3:1 mixture of 2-ethoxyethanol (Aldrich) and water to €D NO-Pt: found C 45.86, H 4.32, N 2.38, calcd C 46.00, H 4.36, N
for 16 h. The dimers were isolated in water and were subsequently2'33' ) ) o
reacted with 3 equiv of the chelating diketone derivative and 10 ~ 45dfppyPt(acac): platinum(il) (2-(4,5'-difluorophenyl)pyridi-
equiv of NaCO; in 2-ethoxyethanol at 100 for 16 h. The solvent ~ NatoN,C?) (2,4-pentanedionat®;0). Yield: 37%."H NMR (360
was removed under reduced pressure, and the compound wad1Hz, acetoneds), ppm: 8.99 (d, 1HJ = 5.7 Hz), 8.06 (dd, 1H,
purified by flash chromatography using dichloromethane. The J = 2.3, 8.0 Hz), 7.90 (d, 1H] = 8.0 Hz), 7.62-7.68 (m, 1H),
product was recrystallized with dichloromethane/methanol. 7.37 (ddd, 1H) = 1.7, 5.7 Hz), 7.26.7.25 (m, 1H), 5.58 (s, 1H),

Characterization. ppyPt(acac): platinum(ll) (2-phenylpyridi- 1.99 (s, 3H), 1.98 (s, 3H). Anal. forg:sFNO,Pt: found C 39.40,
natoN,C?) (2,4-pentanedionat®,0). Yield: 36%.H NMR (360 2.91, 2,61, caled C 39.68, H 2.71, N 2.89.
MHz, acetoneds), ppm: 9.00 (d, 1H,) = 5.8 Hz), 8.02 (dd, 1H, 4edfppyPt(acac): platinum(ll) (2-(4,6-difluorophenyl)pyridi-
J=1.6, 7.4 Hz), 7.89 (d, 1H] = 7.9 Hz), 7.57 (dd, 1H) = 1.6, natoN,C?) (2,4-pentanedionat®;0). Yield: 47%.'H NMR (250
7.4 Hz), 7.51 (dd, 1H) = 1.6, 7.4 Hz), 7.32 (dd, 1H/=1.6,6.8 ~ MHz, CDCL), ppm: 8.95(d, 1HJ = 5.8 Hz), 7.91 (d, 1H] = 8.2
Hz), 7.11 (ddd, 1H]) = 1.6, 7.9 Hz), 7.04 (dd, 1H) = 1.6, 7.4  H2),7.79 (m, 2H), 7.08 (m, 2H), 6.54 (ddd, 1B=11.6, 9.3, 2.4
Hz), 5.55 (s, 1H), 1.98 (s, 3H), 1.95 (s, 3H). Anal. fojB;:NO,- Hz), 5.45 (s, 1H), 1.99 (s, 3H), 1.98 (s, 3H). Anal. foreBidF>-
Pt: found C 43.13, H 3.41, N 3.42, calcd C 42.86, 3.37, 3.12.  NO:Pt: found C 39.52, H 2.56, N 2.87, caled C 39.68, H2.71, N
2.89.

46dfppyPt(dpm): platinum(ll) (2-(4,6-difluorophenyl)pyridi-
natoN,C?) (2,2,6,6-tetramethyl-3,5-heptanedion&@@). Yield:
38%. IH NMR (250 MHz, CDC}), ppm: 9.00 (d, 1HJ = 6.1

(28) Sammakia, T.; Hurley, T. Bl. Org. Chem 1999 64, 4652-4664.

(29) Savoia, D.; Concialini, V.; Tarsi, L1. Org. Chem1991, 56, 1822
1827.

(30) (a) Chippendale, K. E.; Iddon, B.; Suschitzky JHChem. Soc., Perkin
Trans.1972 2023-2030. (b) Gilman, H.; Shirley, D. Al. Am. Chem.
Soc 1949 90, 1871.

(31) Lohse, O.; Thevenin, P.; Waldvogel, &ynlett1999 1, 45-48.

(32) Cockburn, B. N.; Howe, D. V.; Keating, T.; Johnson, B. F. G.; Lewis,
J.J. Chem. Soc., Dalton Tran$973 404-410.
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Hz), 7.96 (d, 1HJ= 8.5 Hz), 7.81 (dd, 1H) = 7.5, 7.5 Hz), 7.11
(m, 2H), 6.55 (ddd, 1HJ = 11.7, 9.4, 2.4 Hz), 5.81 (s, 1H), 1.26
(s, 9H), 1.25 (s, 9H). Anal. for £H,sF,NO,Pt: found C 46.33, H
4.35, N 2.55, calcd C 46.48, H 4.43, N 2.46.

46dfp-3Mepyt(dpm): platinum(ll) (2-(4,6'-difluorophenyl)-3-
methylpyridinatoN,C?) (2,2,6,6-tetramethyl-3,5-heptanedionato-
0,0). Yield: 25%.'H NMR (250 MHz, CDC}), ppm: 8.98 (d,
1H,J=5.8 Hz), 7.65 (d, 1HJ = 7.9 Hz), 7.17 (dd, 1HJ = 8.5,
2.7 Hz), 7.07 (dd, 1HJ = 7.8, 5.8 Hz), 6.53 (m, 1H), 5.80 (s,
1H), 2.53 (d, 3HJ = 11.6 Hz), 1.25 (s, 9H), 1.24 (s, 9H). Anal.
for CaogHo7F.NOSPt: found C 47.24, H 4.57, N 2.51, calcd C 47.42,
H 4.67, N 2.46.

46dfp-4Mepyt(dpm): platinum(ll) (2-(4,6-difluorophenyl)-4-
methylpyridinatoN,C?) (2,2,6,6-tetramethyl-3,5-heptanedionato-
0,0). Yield: 30%.'H NMR (250 MHz, CDC}), ppm: 8.80 (d,
1H,J=5.4 Hz), 7.77 (s, 1H), 7.10 (dd, 1d,= 8.2, 2.4 Hz), 6.96
(d, 1H,J =6.8 Hz), 6.55 (ddd, 1H] = 12.2, 9.2, 2.4 Hz), 5.80 (s,
1H), 2.43 (s, 3H), 1.25 (s, 9H), 1.24 (s, 9H). Anal. fogs8,7F2-
NO,Pt: found C 47.22, H 4.05, N 2.41, calcd C 47.42, H 4.67, N
2.40.

46dfp-5MepyPt(dpm): platinum(ll) (2-(4,6'-difluorophenyl)-5-
methylpyridinatoN,C?) (2,2,6,6-tetramethyl-3,5-heptanedionato-
0,0). Yield: 31%.'H NMR (250 MHz, CDC}), ppm: 8.84 (s,
1H), 7.83 (d, 1HJ = 8.5 Hz), 7.62 (d, 1HJ = 8.5 Hz), 7.09 (dd,
1H,J = 8.8, 2.7 Hz), 6.54 (ddd, 1H} = 11.9, 9.5, 2.7 Hz), 5.81
(s, 1H), 2.38 (s, 3H), 1.26 (s, 9H), 1.25 (s, 9H). Anal. foptG/F,-
NO,Pt: found C 47.40, H 4.64, N 2.49, calcd C 47.42, H 4.67, N
2.40.

46dfp-6MepyPt(dpm): platinum(ll) (2-(4,6'-difluorophenyl)-6-
methylpyridinatoN,C?) (2,2,6,6-tetramethyl-3,5-heptanedionato-
0,0). Yield: 5%.*H NMR (250 MHz, CDC}), ppm: 7.86 (d, 1H,
J=7.2 Hz), 7.64 (dd, 1H) = 8.2, 8.2 Hz), 7.20 (dd, 1Hl = 9.6,
2.7 Hz), 6.96 (d, 1HJ = 8.2 Hz), 6.55 (ddd, 1HJ = 11.9, 8.9,
2.4 Hz), 5.85 (s, 1H), 3.04 (s, 3H), 1.26 (s, 9H), 1.19 (s, 9H). Anal.
for Co3H,7FNO-Pt: found C 47.01, H 4.26, N 2.44, calcd C 47.42,
H 4.67, N 2.40.

46dFp-4meopkpt(acac): platinum(ll) (2-(4,6'-difluorophenyl)-
4-methoxypyridinatdN,C?) (2,4-pentanedionat®;0). Yield: 21%.
1H NMR (250 MHz, CDC}), ppm: 8.70 (d, 1HJ = 7.0 Hz), 7.45
(dd, 1H,J = 2.9 Hz), 7.06 (dd, 1H) = 8.8, 2.6 Hz), 6.68 (dd, 1H,
J = 6.6, 2.9 Hz), 6.53 (ddd, 1H] = 11.7, 9.1, 2.6 Hz), 5.45 (s,
1H), 1.98 (s, 3H), 1.97 (s, 3H). Anal. for;@1;5sF,NOsPt: found
C 39.16, H 2.39, N 2.61, calcd C 39.69, H 2.94, N 2.72.

46dFp-4meopkt(dpm): platinum(ll) (2-(4,6'-difluorophenyl)-
4-methoxypyridinatdN,C?) (2,2,6,6-tetramethyl-3,5-heptanedion-
ato-0,0). Yield: 22%.'H NMR (250 MHz, CDC}), ppm: 8.71
(d, 1H,J = 6.8 Hz), 7.47 (dd, 1H) = 2.7, 2.7 Hz), 7.07 (dd, 1H,
J=8.2,2.1 Hz), 6.69 (dd, 1H] = 6.8, 2.7 Hz), 6.54 (ddd, 1H]
=11.9,9.2, 2.4 Hz), 5.46 (s, 1H), 3.93 (s, 3H), 1.98 (s, 3H), 1.97
(s, 3H). Anal. for GsH,7F2NOsPt: found C 45.94, H 4.36, N 2.45,
calcd C 46.15, H 4.55, N 2.34.

46dFp-4dmapt(dpm): platinum(ll) (2-(4,6'-difluorophenyl)-
4-dimethylaminopyridinatdN,C?) (2,2,6,6-tetramethyl-3,5-hep-
tanedionatd®,0). Yield: 20%. 'H NMR (250 MHz, CDC}),
ppm: 8.42 (d, 1HJ = 6.6 Hz), 7.17 (dd, 1HJ = 2.94, 2.94 Hz),
7.08 (dd, 1HJ = 8.8, 2.9 Hz), 6.51 (ddd, 1H = 11.7, 8.83, 2.9
Hz), 6.36 (dd, 1HJ = 6.6, 2.9 Hz), 5.76 (s, 1H), 3.10 (s, 6H),
1.24 (s, 9H), 1.23 (s, 9H). Anal. for JgH3FN,O,.Pt: found C
46.97, H 4.78, N 4.57, calcd C 47.13, H 4.94, N 4.58.

4meoppPt(dpm): platinum(ll) (2-(4-methoxyphenyl)pyridinato-
N,C?) (2,2,6,6-tetramethyl-3,5-heptanedion&@). Yield: 28%.
1H NMR (250 MHz, CDC}), ppm: 8.88 (d, 1HJ = 4.9 Hz), 7.71
(d, 1H,J =9.2, 9.2, 1.8 Hz), 7.45 (d, 1Hl = 7.9 Hz), 7.35 (d,

1H,J=8.5Hz), 7.20 (d, 1HJ = 2.4 Hz), 6.98 (m, 1H), 6.65 (dd,
1H,J=8.5, 3.1 Hz), 5.79 (s, 1H), 3.86 (s, 3H), 1.26 (s, 9H), 1.25
(s, 9H). Anal. for GgH,gNO3Pt: found C 47.24, H 4.57, N 2.51,
calcd C 47.42, H 4.67, N 2.46.

5meoppPt(dpm): platinum(ll) (2-(8-methoxyphenyl)pyridinato-
N,C?) (2,2,6,6-tetramethyl-3,5-heptanedion&@®). Yield: 25%.
H NMR (250 MHz, CDC}), ppm: 8.97 (d, 1H) = 5.5 Hz), 7.78
(ddd, 1H,J= 8.1, 9.1, 1.8 Hz), 7.57 (s, 1H), 7.51 (d, 18= 8.4
Hz), 7.09 (ddd, 1HJ = 8.8, 5.9, 1.1 Hz), 7.01 (d, 1H} = 2.6
Hz), 6.90 (dd, 1HJ = 8.4, 2.6 Hz), 5.77 (s, 1H), 1.25 (s, 9H),
1.24 (s, 9H) Anal. for GHoNOsPt: found C 48.90, H 4.94, N
2.62, calcd C 49.11, H 5.20, N 2.49.

pogPt(dpm): platinum (ll) (2-phenylquinolyN,C?) (2,2,6,6-
tetramethyl-3,5-heptanediona®©). Yield: 19% H NMR (250
MHz, CDCL), ppm: 9.65 (d, 1H,) = 8.8 Hz), 8.23 (d, 1H,) =
8.3 Hz), 7.77 (m, 4H), 7.54 (m, 2H), 7.17 (m, 2H), 5.89 (s, 1H),
1.30 (s, 9H), 1.27 (s, 9H). Anal. forgH,7NO,Pt: found C 52.95,
H 4.74, N 2.53, calcd C 53.60, H 5.02, N 2.40.

btPt(dpm): platinum(ll) bis(2-phenylbenzothiozolat¥;C?)
(2,2,6,6-tetramethyl-3,5-heptanedion&@@). Yield: 23%. H
NMR (250 MHz, CDC}), ppm: 9.34 (d, 1HJ = 8.2), 7.78 (m,
2H), 7.52 (m, 2H), 7.41 (m, 1H), 7.20 (m, 1H), 7.09 (m, 1H), 5.89
(s, 1H), 1.33 (s, 9H), 1.29 (s, 9H). Anal. fopgl,gNO,Pt: found
C 48.05, H 4.16, N 2.41, calcd C 48.97, H 4.62, N 2.38.

btpPt(acac): platinum(ll) (2—2'-(4',5-benzo)thienyl)pyridinato-
N,C?) (2,4-pentanedionat®;0). Yield: 20%.H NMR (360 MHz,
CDClg), ppm: 8.90 (d, 1HJ = 5.9 Hz), 8.75-9.79 (m, 1H), 7.7#
7.81 (m, 1H), 7.71 (dd, 1H] = 1.5, 7.8 Hz), 7.277.34 (m, 3H),
6.95 (dd, 1HJ = 1.5, 6.8 Hz), 5.54 (s, 1H), 2.08 (s, 3H), 2.01 (s,
3H). Anal. for GgH1sNO2PtS: found C 42.51, H 3.53, N 2.56,
calcd C 42.86, 3.00, 2.78.

c6Pt(acac):platinum(ll) (3-(2-benzothiazolyl)-7-(diethylamino)-
2H-1-benzopyran-2-onatt¥,C%)  (2,4-pentanedionat®,0).
Yield: 10%.*H NMR (250 MHz, CDC}), ppm: 8.93 (d, 1HJ) =
8.8 Hz), 7.73 (d, 1HJ = 7.5 Hz), 7.33 (m, 2H), 6.49 (d, 1H,=
9.5 Hz), 6.35 (s, 1H), 5.50 (s, 1H), 3.43 (q, 4H+ 7.16 Hz), 1.99
(s, 3H), 1.91 (s, 3H), 1.23 (t, 6K,= 7.2 Hz). Anal. for GsH24N2O4-
PtS: found C 46.36, H 3.53, N 4.17, calcd C 46.65, H 3.76, N
4.35.

dpaPt(dpm): platinum(ll) (2,4-diphenyloxazolato-1,8;C?)
(2,2,6,6-tetramethyl-3,5-heptanedion&@®). Yield: 6%."H NMR
(250 MHz, CDC}), ppm: 7.71 (d, 2H,) = 8.5 Hz), 7.66 (d, 1H,
J = 7.9 Hz), 7.45 (m, 5H), 7.20 (dd, 1H,= 7.5, 1.4 Hz), 7.08
(ddd, 1H,J= 8.5, 7.5, 1.0 Hz), 5.81 (s, 1H), 1.27 (s, 9H), 1.26 (s,
9H). Anal. for GgHogNOsPt: found C 51.03, H5.13, N 2.21, calcd
C 52.17, H 4.88, N 2.34.

thpyPt(acac): platinum(ll) (2-(2-thienyl)pyridinatoN,C?) (2,4-
pentanedionat®,0). Yield: 20%.'H NMR (500 MHz, CDC}),
ppm: 8.78 (d, 1H), 7.67 (m, 1H), 7.46 (d, 1H), 7.26 (d, 1H), 7.17
(d, 1H), 6.86 (m, 1H), 5.46 (s, 1H), 1.98 (s, 3H), 1.95 (s, 3H).
Anal. for C;4H13NO,-PtS: found C 38.10, H 3.02, N 3.21, calcd C
37.00, H 2.88, N 3.08.

thpyPt(dpm): platinum(ll) (2-(2-thienyl)pyridinatoN,C?) (2,2,6,6-
tetramethyl-3,5-heptanediona®©). Yield: 22%.1H NMR (250
MHz, CDCl), ppm: 8.79 (d, 1HJ) = 5.8 Hz), 7.65 (ddd, 1H] =
9.2, 75, 1.7 Hz), 7.47 (d, 1H, = 4.8 Hz), 7.27 (d, 1HJ) = 8.5
Hz), 7.18 (d, 1H,J = 4.8 Hz), 6.90 (ddd, 1HJ) = 7.2, 5.8, 1.4
Hz), 5.79 (s, 1H), 1.25 (s, 9H), 1.23 (s, 9H). Anal. fof8,sNO,-
PtS: found C 44.57, H 4.70, N 2.74, calcd C 44.60, H 4.68, N
2.60.

pyrpyPt(acac): platinum(ll) (2-(1,5-dimethyl-pyrrol-2-yl)py-
ridinatoN,C?) (2,4-pentanedionat®,0). Yield: 16%.H NMR
(250 MHz, CDC}), ppm: 8.70 (d, 1HJ = 6.3 Hz), 7.44 (m, 1H),
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Figure 1. Cyclometalating ligands used to prep&eNPt(O"O) complexes.

fragment.

7.05 (d, 1H,J = 8.5 Hz), 6.58 (m, 1H), 5.92 (s, 1H), 5.40 (s, 1H),

3.71 (s, 3H), 2.23 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3H). Anal. for

Ci1gH18N20,Pt: found C 41.48, H 3.90, N 5.53, calcd C 41.29, H
3.90, N 6.02.

pyrpyPt(dpm): platinum(ll) (2-(1,5-dimethyl-pyrrol-2-yl)py-
ridinatoN,C?)  (2,2,6,6-tetramethyl-3,5-heptanedion@@®).
Yield: 20%.*H NMR (250 MHz, CDC}), ppm: 8.70 (d, 1HJ =
6.1 Hz), 7.45 (ddd, 1H) = 8.8, 7.5, 1.7 Hz), 7.06 (d, 1H,= 8.2
Hz), 6.59 (ddd, 1HJ = 7.2, 5.8, 1.4 Hz), 5.90 (s, 1H), 5.72 (s,

1H), 3.71 (s, 3H), 2.23 (s, 3H), 1.22 (s, 9H), 1.20 (s, 9H). Anal.

for CaoH3oN202Pt: found C 48.39, H 5.60, N 4.91, calcd C 48.08,
H 5.50, N 5.10.

bzPt(acac): platinum(ll) (7,8-benzoquinolinatdsC3) (2,4-
pentanedionat®,0). Yield: 27%.'H NMR (360 MHz, acetone-
ds), ppm: 9.13 (d, 1H) = 5.4 Hz), 8.25 (d, 1H) = 8.3 Hz), 7.75
(m, 2H), 7.56-7.57 (m, 3H), 7.44 (dd, 1H] = 5.4, 5.4 Hz), 5.52
(s, 1H), 2.04 (s, 6H). Anal. for gH;sNO,Pt: found C 45.60, H
3.11, N 2.93, calcd C 45.77; H 3.20; N 2.97.

bzcPt(dpm): platinum(ll) (7,8-benzoquinolinatdC?) (2,2,6,6-
tetramethyl-3,5-heptanediona@®©). Yield: 31%.'H NMR (250
MHz, CDCL), ppm: 9.12 (d, 1H,J = 5.5 Hz), 8.25 (dd, 1HJ =

8.0, 1.5 Hz), 7.77 (m, 2H), 7.51 (m, 5H), 5.85 (s, 1H), 1.31 (s,

9H), 1.30 (s, 9H). Anal. for &H,7NO,Pt: found C 51.19, H 4.76,
N 2.59, calcd C 51.79, H 4.89, N 2.52.
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Abbreviations used throughout the paper are listed belo@ ther O"O

Results and Discussion

Synthesis and Structure.Dichloride-bridged dimers of
the general structur€”"NPt(u-CI),PtC"N were prepared by
the reaction of potassium tetrachloroplatinate with a cyclo-
metalating ligand precursoHC"N) in 2-ethoxyethanol (eq
1). The structures of th€"N ligands used are shown in

1)

Figure 1. The dimers were isolated as solids that varied in
color from gray to red, depending on the purity of the dimer
complex and identity of the chelating ligand. Related square
planar dimers have been well characterized in the liter&tife.

In most instances, the dimers were not further characterized
and were used directly in subsequent reactions. The dimers
were dissociated in the presence of a base and either acetyl

K,PtCl, + HC"N — C"NPt(u-Cl),PtC"N

(33) (a) Balashev, K. P.; Simon, J.; Ford, P.l8org. Chem 1991, 30,
859-861. (b) Pregosin, P. S.; Wombacher, F.; Albinati, A.; Lianza,
F. J. Organomet. Chem1991, 418 249-267. (c) Cope, A. C,;
Siekman, R. WJ. Am. Chem. Sod 965 87, 3272-3273. (d) Cave
G. W. V.; Fanizzi F. P.; Deeth R. J.; Errington, W.; Rourke, J. P.
Organometallics200Q 19, 1355-1364. (e) Nonoyama, M.; Taka-
yanagi, H.Transition Met. Chem197§ 1, 10-13.



Phosphorescent Cyclometalated Platinum Complexes

Figure 3. ORTEP diagram showing stacking ofthpyPt(dpm).

A for Pt(2) indicative of moderate—x interactions (Figure

3). There are no metaimetal interactions, the closestPt

Pt distance being 4.92 A. Each molecule has a distorted

square planar geometry. The P#1)(7) (1.953(7) A), Pt-

(2)—C(27) (1.983(7) A) bond lengths are similar to the mean

value reported for theis-(thpy).Pt complex (1.989(6) Ay
Figure 2. ORTEP diagram of twehpyPt(dpm) dimers. One of thiapyPt- The Pt(1>N(1) (1.984(5) A), Pt(2>N(2) (2.006(6) A) bond
(dpm) molecules in each dimer has been lightened in color for clarity. lengths are slightly larger and comparable to mean values
of 2.05 A from other {hpy)Pt derivatives where N is opposite
a ligand of weak trans influenéé The Pt(1)-O(1) (2.064-
Na,CO, (4) A), Pt(1)-0(2) (1.998(4) A) and Pt()O(3) (2.Q83(4)
C"NPt(u-Cl),PtC"N + 2(3-diketone)y—— A), Pt(2)-0(4) (1.990(4) A) bond lengths are within the

C'NP{0"0) (2) 1.985(6)-2.156(15) A range of other cyclometalateddPd-
ketonato) derivativé$ with the longer distances correspond-

isolated yields for these complexes, based gRt&l, varied ing to oxygen trans to carbon. The C{At(1)-N(1) (81.7-
between 5% and 50%. The complexes have the general(3)’), C(27)-Pt(2)-N(2) (80.9(3}) and O(1)-Pt(1)-0(2)
structureC"NPt(0"0), as shown in Figure 1, are air stable (92.26(16)), O(3)-Pt(2)-0O(4) (92.28(17)) bond angles are
and sublimable, and varied in color between yellow and red. typical for cyclometalates and-diketonate derivatives of
Changing the ancillang-diketonate ligand from acac to dpm Pt3437 There is very little distortion away from the square
increases the solubility of the complexes and greatly simpli- Plane, and the €Pt=N and O-Pt-O chelate planes are
fies purification by column chromatography. The increased Only slight bowed and subtend angles of 4.5t Pt(1) and
solubility also allows for photophysical measurements to be 3-36 for Pt(2). . .

made in solvents having a broad range of polarities, such as PFT CaIcuI.atlons. B3LYP density functional theory
THF or hexanes. Our synthesis is quite general, and (DFT) calculations were carried out on several of GH&lPt-

complexes can be easily prepared with a variety of functional (&cac) complexes using a LACVP** basis set. A similar
groups on theC’N ligand. The synthesis of the bis- approach has been used to investigate the ground and excited
cyclometalated analogues, in contrast, requires use of moreStaté properties of related Ir complexes (i.e.pi)s and
reactive organolithium intermediates that are intolerant of (PPY-lr(acac))?*® We will focus our discussion here on the
many of the functional groups used hécIn addition, our ~ esults forppyPt(acac); however, all of th€"NPt(acac)
synthesis avoids the use of thallium acetyl acetonate, whichcomplexes we examined gave a similar picture of the HOMO
has been previously employed to prepare Pt(ll) acac com-and LUMO orbitals. The calculated values forf& (1.98
plexes?23 A), Pt—N (2.03 A), P+-0 (2.04 A), and PtO (2.15 A) bond
Crystal Structure. Single crystals othpyPt(dpm) were  lengths and €Pt-N (81.Z) and O-Pt-0 (90.9) chelate
grown from dichloromethane/methanol solution and char- a@ngles compare favorably to the corresponding experimental
acterized using X-ray crystallography. There are two unique values determined in the X-ray structuretiopyPt(dpm) and
molecules in the asymmetric unit. The molecules pack as . . ) :
head-to-tail dimers, each molecule of the dimer related to (39) ?53%8;5,? %%%5’5&?” von Zelewsky, A.; Yersin/idta Crystallogr
the other by a center of inversion (Figure 2). The dimers (36) (a) Stakl, A. C.; Klement, U.; Range, K.-Z. Kristallogr. 1993 208
have a plane-to-plane separation of 3.45 A for Pt(1) and 3.56 ﬁ?;ggg_‘fgéf'ordam' T.J.; Rasmussen, Pli@rg. Chem 1975

(37) Katoh, H.; Miki, K.; Kai, Y.; Tanaka, N.; Kasai, NBull. Chem. Soc.
(34) Ghedini, M.; Pucci, D.; Crispini, A.; Barberio, @rganometallics Jpn 1981 54, 611-612.
1999 18, 2116-2124. (38) Hay, P. JJ. Phys. Chem. R002 106, 1634.

acetone (acacH) or dipivaloylmethane (dpmH) (eq 2). The
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Table 2. Absorption, 77 K Emission, and Redox Propertie<CoNPt(O"O) Complexes

abs Ama? emission at 77 K redox (Vf

C*N LX A (nm){e (103 cm M1} Amax (NM) 7 (us) E/pRed
ppy dpm 249 (28), 286 (19), 322 (8.8), 333(8.9), 381 (6.6), 406 (2.8), 430 sh (1.8) 477 8.9 —2.41
ppy acac 269 (32), 292 (28), 310 (22), 360 (11), 389 (6.0), 410 sh (3.7) 480 9.0 —2.39
p-tpy acac 252 (28), 281 (22), 317 (11), 330 (9.7), 360 (6.6), 398 sh (3.1) 480 10.9 —2.34
o-tpy acac 254 (31), 281 (19), 316 (11), 328 (11), 368 (5.7), 404 sh (2.7) 480 8.6 —2.39
6fppy dpm 246 (33), 284 (18), 317 (10), 329 (12), 363 (4.7), 381 (6.9), 410 (2.9) 468 7.2 —2.37
6tfmppy dpm 240 (24), 257 (27), 281 (22), 305 (11), 326 sh (9.4), 395 (7.0), 420 sh (3.7) 487 7.7 —2.14
46dfppy dpm 280 (20), 315 (11), 327 (12), 358 (5.7), 373 (8.0), 394 (3.1) 458 81 —2.31
46dfppy acac 252 (30), 273 sh (19), 308 (11), 321 (11), 359 (6.9), 390 sh (2.4) 458 9.1 —2.29
45dfppy acac 274 (22), 312 (10), 323 (8.9), 361 (6.0) 400 sh (2.3) 476 105 —2.27
46dfp-3mepy dpm 247 (28), 280 (17), 317 (11), 330 (10), 377 (6.0), 400 (2.9) 467 9.1 —2.38
46dfp-4mepy dpm 246 (34), 279 (20), 312 (11), 324 (11), 369 (8.1), 390 (3.2) 456 7.7 —2.42
46dfp-5mepy  dpm 246 (28), 281 (16), 315 (9.0), 329 (10), 369 (6.1), 395 (2.1) 466 10.0 —2.32
46dfp-6mepy  dpm 246 (21), 276 (16), 315 (8.1), 330 (9.7), 373 (5.4), 396 (2.8) 464 115 —2.31
46dfp-4meopy  dpm 211 (23), 246 (30), 276 (20), 306 (9.0), 349 (6.1), 367 (7.7) 438 7.0 —251
46dfp-4dmapy  dpm 214 (9.2), 244 (15), 277 (16), 348 (4.5), 365 (6.0) 440 6.1 —2.60
4meoppy dpm 249 (25), 270 (21), 298 (20), 322 (14),370 (8.0), 398 (4.3), 419 (3.5) 480 13.9 —2.50'
5meoppy dpm 250 (31), 288 (22), 327(9.6), 358 (7.3), 384 (7.2), 426 (3.6), 450 (3.0) 525 13.3 —2.49
bt dpm 216 (38), 258 (25), 321 (19), 340 (11), 379 (5.8), 401 (8.8), 443 (3.0) 530 7.7 —2.16
pq dpm 250 (28), 298 (27), 325(8.8), 341 (8.8), 359 (9.3), 422 (6.8), 455 (3.6) 555 10.3 —2.00
c6 acac 300 (20), 388 (23), 469 (41), 496 (51) 590 541 —1.94
dpo dpm 236 (24), 303 (27), 320 (22), 363 (10) 386 (8.8), 409 (6.7) 538 6.8 —2.40
btp acac 265 (20), 318 (20), 344 sh (14), 427 (6.7), 444 (6.8) 600 11.3 —2.25
thpy dpm 254 (13), 288 (17), 322 (15), 340 (17), 376 (8.2), 414 (4.6), 440 (4.6) 550 20.4 —2.41
pyrpy dpm 237 (17), 300 (14), 331 (17), 354 (15), 370 (13), 460 (4.5), 487 (3.3) 580 16.1 —2.60°
bzq dpm 217 (38), 250 (36), 281 (9.3), 325 (11), 344 (9.0), 391 (5.8), 442 (2.4) 493 122 —2.2%

a Absorption measurements of dpm complexes were carried out in hexanes; acac complexes were measuf@eg hM7CHK emission and lifetime
measurements were carried out in 2-methyltetrahydrofifrBedox measurements were carried out in DMF solution; values are reported relativg-& Cp
CpFet. 9 Quasi-reversiblet Irreversible.

redox data are given in Table 2. All of the electrochemical
potentials reported here were measured relative to an internal
ferrocene reference (@pe/CpFe™) or were adjusted to a
ferrocene reference (for literature data only). Most complexes
described here show a single reversible reduction wave
between—1.9 and—2.6 V and irreversible oxidation. For
example,ppyPt(dpm) has a reversible reduction wave at
—2.41 V in DMF and an irreversible oxidation near 1.0 V.
Similarly, the heteroleptic compleypyPt(en) is also

Figure 4. Dgnsity functional theory calculation (DFT) of HOMO (left) reported to have a single reversible reduction wave 26

and LUMO (right) for ppyPt(acac). V and an irreversible oxidation wave at0.51 V in DMF

related cyclometalates angtdiketonate derivatives of Pt solution?** Likewise, the Ppy). complex is reported to
(vide supra). The HOMO and LUMO orbitals are shown in have a reversible reduction a2.5 V3 and an irreversible
Figure 4. The HOMO and LUMO levels displayed in the oxidation at 0.1 V. Therefore, for these cyclometalated
figure havesr symmetry, with opposite phases above and complexes, it is generally considered that reduction is
below the molecular plane. The HOMG .41 eV) consists localized on theC”N ligand while oxidation occurs at the
of a mixture of phenyl, Pt, and acac orbitals while the LUMO metal center. However, since square planar Pt(I) and Pt(lll)

(—1.60 eV) is predominantly 2-phenylpyridyl in character. metal centers are susceptible to nucleophilic attack by
The triplet HSOMO (2.64 eV) has a phase and spatial solvents, the Pt(ll) redox processes are usually irrever&ible.

relation nearly identical to those of the singlet LUMO. The This electrochemical behavior is consistent with a description

energy of the triplet state was estimated as the difference®f li9and-localized LUMO states and a HOMO with sub-
between the singlet ground state (HOMO) and triplet stantial metal character, as seen in our DFT calculations. In
(HSOMO) energies. The theoretical triplet energy of 2.77 addition, since Pi(ll) complexes witthpy ligands have

eV (448 nm) is comparable to lowest energy absorption band"€Versible reductions at the same potential as thoseppih
found for ppyPt(dpm) (2.88 eV, 430 nm) (vide infra). The ligands, it has been suggested that reduction occurs primarily
valence orbital picture is consistent with combined LC and ©" the4gnore electron accepting pyridyl portion of @eN
MLCT components in the lowest energy optical transition. ligand: ) .

The results of calculations for oth€@"NPt(acac) will be Substituents on the 2-phenylpyridyl ligand strongly affect
discussed in the following text as they apply to spectral the redox properties of these complexes. Incorporating

interpretation. (39) Cornioley-Deuschel, C.; von Zelewsky, Morg. Chem 1987, 26,

- : : 3354-3358.
Electrochemistry. The electrochemical properties of the (40) Kulikova, M. V.; Balashev, K. P.; Kvam, P.-I.; SongstadRiiss. J.

complexes were examined using cyclic voltammetry, and the Gen. Chem200Q 70, 163-170.
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electron-withdrawing fluorine atoms on the phenyl ring gives
a marked decrease in the reduction potential. The monoflu-
orinated complex6fppyPt(dpm), has a reduction at2.37

V, making it 40 mV easier to reduce than gy derivative,
while the difluorinated derivatives46dfppyt(dpm) and
45dfppyt(acac), are an additional 100 mV easier to reduce
with reversible reduction waves at2.31 and—2.27 V,
respectively. Introduction of the weakbrdonating methyl
group on the pyridyl ring makes th6dfp-4mepit(dpm)
complex 100 mV harder to reduce, relative46dfppyt-
(dpm). Furthermore, substituting stronger electron-donating
groups on the pyridyl ring, such as methoxy and dimethyl-
amino, increases the reduction potentiafl6tifp-4meopyt- 0.0
(dpm) to—2.51 V and46dfp-4dmapt(dpm) to—2.60 V. 250 300 350 400 450
Similarly, substitution of electron-donating methoxy groups
onto the phenyl ring leads to an equivalent cathodic shift.
The 4meoppiPt(dpm) complex shows a quasi-reversible T 1
reduction potential at-2.50 V, and thémeopp®t(dpm) is
irreversibly reduced at-2.49 V.

As the conjugated system of theC"N ligand is increased,
complexes such astPt(dpm), pgPt(dpm), andbtpPt(acac)
show a corresponding decrease in the reduction potential.
For examplepgPt(dpm) has a reversible reduction wave at
—2.00 V, and a second irreversible reduction is seer2a®1
V. The decrease in reduction potential for these complexes
is likely due to greater stabilization of the negative charge
on the more delocalized-orbital system. Interestingly, the
bzdPt(dpm) complex is irreversibly reduced at2.2 V.
Similar behavior has been previously observed in related
bzPtLX systems and has been attributed to a weaker metal ppyPt(dpm)
ligand interaction due to the rigid planarity and enhanced : i
conjugation of the benzoquinoly! ligariél. 400 500 600 700

Electronic SpectroscopyAbsorption and low-temperature Wavelength (nm)
emission spectra were recorded for all of the complexes. TheFigure 5. Absorption (top) and emission (bottom) spectragpyPt(dpm),

- . 46dfppyPt(dpm), and46dpf-4dmaplt(dpm) complexes. The absorption
data are given In Table 2, and spectra Wt(dpm)’ spectra were measured in hexanes at room temperature, and the emission

46dfppyt(dpm), and46dfp-4dmappt(dpm) are shown in  spectra were measured at 77 K in a 2-methyltetrahydrofuran glass.
Figure 5. The dpm derivatives have nearly identical photo-
physical properties (dilute solution and frozen glasses) asstrong ligand field of theC'N ligands shifts the ed
compared to their acac counterparts. The energies andransitions to high energy, putting them under the more
extinction coefficients of these spectra are similar to those intense LC and MLCT transitiorf8?<
of otherC"N Pt complexes reported in the literatdPé2Low- All of the complexes are intensely emissive in low-
energy transitions in the range of 35050 nm, with temperature glasses (77 K), and many are luminescent in
extinctions between 2000 and 6000 Mm 2, are assigned  fluid solution (298 K) as well. Most of the complexes show
as metal-to-ligand charge transfer (MLCT) transitions. These a small rigidochromic blue shift of-510 nm on cooling of
bands are solvatochromdfi@and are not observed in the free the solution sample to 77 K. The emission bands for all of
HC”N ligand precursors. The higher energy, more intense the complexes are red-shifted from the phosphorescence of
absorption bands are assignedrtarr* ligand-centered (LC)  the corresponding protonatéN ligand and have shorter
transitions. These transitions are shifted from the free ligand radiative lifetimes. For example, at 77 K, the emission
absorption due to perturbation from the metal, but are not maximum and lifetime of th@pyPt(dpm) complexAmax =
strongly solvatochromic. Metal-centered;d, transitions are 480 nm,7 = 9.0us) can be compared to the phosphorescence
not observed for these complexes. It is believed that the emission maximum and lifetime of 2-phenylpyridingnfx
= 430 nm,7 > 100 ms)??* The highly structured emission
(41) ppyPt(dbm) is representative of the complexes examined here. The Spectra display vibronic progressions of ca. 1400%mvhich
ot 541 s s 1 ighr e e bt are typical for breathing modes on the aromalic ring. The
in toluene, THF, acetone, and acetonitrile, respectively. The solvent Structured luminescence and microsecond radiative lifetimes
polarity indexes for hexanes, toluene, THF, acetone, and acetonitrile gt 77 K are consistent with emission originating from a mixed
?r[aemoﬂliézfglll’oz\l/v?ﬁ;'15'2;(?5,'?_'. rgjslpgﬁﬁg’ggiozcﬁasr%g”f;’f;sgf 8keN3 C—MLCT excited staté® Longer lifetimes for some of
234. Snyder, L. RJ. Chromatogr.1974 92, 223-230. the other complexes are indicative of greatet character
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---- 46dfppyPt(dpm)
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in the excited state. Th¢-diketonato ligand does not & Emission

significantly perturb the excited state since the luminescent ——————r b@“\&,_ "—— 77K excitation = 370 nm
properties of theppy and thpyPt(O*O) complexes are 370nm Do —¥= 77K, exditation = 330 nm
comparable in wavelength, efficiency, and lifetime relative 1 l L o oo 298K, excitation = 370 nm

to ppyPt(en) and thpyPt(en)" complexes reported in the

literature??a.c —_
Substituent effects can be used to tune the energy of theg

emissive state for thegpyPt(3-diketonate) complexes over I 0+

—O— 77K, emission = 437 nm
—A— 77K, emission = 450 nm

such as fluorine onto the phenyl ring hypsochromically shifts é '
the emission spectrum. A single fluoride substituent in the — !
6'-position leads to a 12 nm blue shift in the emission of -1 ' 1

6fppyPt(dpm) @max = 468 nm), relative toppyPt(dpm). ;
Difluoro substitution at the'46'-positions on the phenyl ring ' . . _ " T
gives a more pronounced blue shift46dfppyPt(dpm) Emax 300 350 400 450 500 550 600 650 700

= 458 nm). However, difluoro substitution at thé,5+
positions causes a much smaller shifBdfppyPt(acac) {max
= 476 nm). On the basis of the DFT calculations, it appears
that a large amount of electron density in the HOMO is

centered at the'osition of the phenyl ring and nodes exist  The emission characteristics of the methoxy-substituted
at the 4- and 8-positions (the HOMO orbitals for difluoro-  complexes display some distinct features that require separate
ppyPt complexes look very similar to the one shown for ¢onsideration. A comparison of the room temperature and
ppyPt(acac) in Figure 4). Therefore, faiSdfppPt(acac), 77 K emission spectra fet6dfp-4meopt(acac) in 2-MeTHF
weaksr donation into this molecular orbital from théftuoro is shown in Figure 6. At room temperature the structured
group raises the HOMO level and offsets the electron- gnecrym has a maximum at 456 nm with a vibronic spacing
withdrawing effect from the ‘4fluoro group. Similarly, ot 9400 cmit, Interestingly, at 77 K the luminescence
substitution with a more strongly electron donating methoxy spectrum displays two emission bands as separate vibronic

group in thde 5positio_r1592i\5/es a plronounce;i 'red Shiﬂ in progressions (1475 cr) separated by 600 cmi The
meoppPt(dpm) max= nm) relative to the’4position intensity of the higher energy progression is greatly attenu-

It? ﬁr?tfor?pzt(?pmt) G;“Hax ~ tﬁg Emrz Thli?i s;]eniltgntyh O:] | ated in 3-methylpentane glass at 77 K. The same emissive
ansition energy to the SUbstUtion position on 2-phenyl- .o iqr is observed with the dpm derivative (i46dfp-

pyridyl ligands has been previously observed in related tris- AmeopPt(dpm)) in 2-MeTHF. A similar effect is also

cyclometalated |r|d|qm complexés, .... _ Observed for themeoppi?t(dpm) complex in which two sets
In order to further increase the energy gap of the emitting of vibronic progressions are observed. These two progres-

excited state, electron-donating groups were incorporated _.
; : . 2 o sions are also separated from each other by roughly 606 cm
onto the pyridyl ring since substitution on this ring should . . I . .
with the higher energy transition of much lower intensity.

raise the LUMO energy and thereby increase the HGMO . . .

LUMO energy gap. Consistent with this argument, methyl Wh"e _the spectra_ could be explained as being du_e to two

and dimethylamino donors in the 4-position of the respective VIbI‘OﬂIC. progressions (600 a}nd- 1450 ﬂmof‘ a single

pyridyl rings of 46dpf-4mepit(dpm) andi6dpf-4dmappt- electronic transition, the excitation and emission spectra

(dpm) clearly increase the reduction potential relative to srt]Jggestdt.h]:ett this is not th.e c;se._The excgatlon spectra for

46dpfppPt(dpm) (vide supra). Consequently, the lowest (e two different progressiondie= 437 and 450 nm) are
different, and the ratio of the higher energy to the lower

energy MLCT absorption bands for th&dfppy 46dfp- o o
4mepy and 46dfp-4dmapyPt(dpm) complexes decrease in E€N€rgy progression is strongly affected by the excitation
series 394, 390, and 365 nm, respectively. Higher er1ergywavelength (Figure 6). Had the spectral line shape been

a—o* transitions between 250 and 300 nm are not as caused by two vibronic progressions on a single electronic
strongly perturbed, but also show hypsochromic shifts in transition, the ratio of the two progressions should not depend
wavelength such tha#6dfppy > 46dfp-4mepy> 46dfp- on the excitation energy, which they clearly do. The best
4dmapy A similar trend is seen in the emission spectra; a €Xplanation for the low-temperature spectra of this complex
weakly o-donating methyl group in the 4-position on the i the appearance of two different emitting species in the

Wavelength (nm)

Figure 6. Room temperature and 77 K emission and excitation spectra
for 46dfp-4meopit(acac) in 2-methyltetrahydrofuran solution.

pyridyl ring results in a slight blue shift of 2 nm fa6dfp- low-temperature glass. All of the methoxy derivatives were
4mepPt(dpm) fmax= 456 nm) while the stronger dimethyl- ~ carefully examined by NMR spectroscopy and found to
amino donor imparts a more substantial shift #6dfp- consist of a single species. This analysis is further substanti-
4dmapyt(dpm) gmax = 440 nm). ated by the fact that the ratio of the two states is dependent

on the coordinating nature of the solvent, as seen from the
(42) (& Dedeian,hK-: Djurovich, P. I; Garce(eg»), F. Oh; Carlson, G.; Watts, differences in emission for 3-methylpentane and 2-meth-
R. J.Inorg. Chem1991, 30, 1685-1687. (b) Grushin, V. V.; Herrron, ; e
N.: LeCloux. D. D.; Marshall, W. J.; Petrov, V. A.: Wang, €hem. yItetrgherofuran solutions. The source of the two emitting
Commun 2001, 1494-1495. species is unknown at present but could be due to confor-
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Figure 7. 77 K emission spectra fdtPt(dpm), pgPt(dpm), andbtpPt- 'g 2 _5
(acac) complexes in 2-methyltetrahydrofuran. § 2
. . . . = £
mational isomerism of the methoxy group with respect to £ 1 w
the pyridyl ring. =
The nature of th€"N ring system can also have profound 0 300 400 500 600 700
effects on the color of emission. Complexes with softer, more Wavelength (nm)

polarizable atoms such as sulfur and nitrogen incorporatedrigure 8. Absorption and emission spectra fipoPt(dpm) (top) ane6Pt-

in the ring system are much easier to oxidize and have (acac) (bgt_torr?) Compleﬁéﬁ)— (The ?bscggg?n spictrurdmf’t(dpm) was

. [ e H _ measured In hexanes, a t(acac) in >, both at room temperature.
significantly lower transition energies. Th_erefore’ ﬂ‘lp)Pt The emission spectra were measured at 77 K in a 2-methyltetrahydrofuran
(dpm) and pyrpyPt(dpm) complexes display orange-red gjass.
emission with almax Up to 600 nm. Extending the size of

the conjugatedn system for C°N Iigands compared to Table 3. Emission Properties d&"NPt(O"O) Complexes at Room

. Temperature
2-phenylpyridyl expectedly lowers the energy of theC N
transition by simultaneously raising the HOMO and lowering CN o0 Amas T T2%8 1S D
_ ppy acac 486 2.6 0.15

the LUMO energy. Thus, _the complexbgPt(dpm), pgPt Dby oo 485 ae 0.2
(dpm), andbtpPt(acac) emit yellow to red compared to the  gfypy dpm 476 <1.0 0.06
green ofppyPt(dpm) (Figure 7). ThézdPt(dpm) complex 45dfppy acac 484 3.0 0.22
; i - ; ifati 46dfppy acac 466 <1.0 0.02
is unique becau_se of |ts_ e_xcepuona}lly_long lifetime of 120 46dfppy dpm 466 210 0.02
us in 77 K solution. A similar long lifetime for the related 46dfp-Smepy dpm 472 <1.0 0.05
bzcPt(en) complex ¢ = 217 us at 77 K¥° has been 46dfp-4meopy  dpm 456 <1.0
attributed to the increased conjugation within the ligand 46dfp-4dmapy  dpm 447 <10

.. . . 4meoppy dpm 490 7.4 0.20
system due to the rigid planarity of the benzoquinolyl chelate. ¢ acac 589 27.9 0.25
This leads to both a decrease in the energy ofltkizexcited btp acac 612 3.4 0.08
state and a weaker metdigand interaction, thus increasing g;%y acac ggg ‘7‘? . 8-%&
the 3LC character of the excited state. _ ' '

The compoundsipo and c6 are commercially available # 2-Methyttetrahydrofuran solutions.

laser dyes with fluorescence maxima at 365 and 500 nm, microsecond regime; data for several of the complexes is
respectively. It has been recently demonstrated that these dyeshown in Table 3. As the energy of emission increases, a
can cyclometalate onto iridiufiLaser dyes, in general, have corresponding decrease in room temperature quantum ef-
very high extinction coefficients and fluoresce very ef- ficiency and lifetime is observed. The luminescent quantum
ficiently, whereas emission from the triplet state may only yield of theppycomplex is 15% € = 2.6 us), whereas the
be observed at low temperature, if at all. However, the Ir 46dfppycomplex has a quantum yield of only 2% € 2
cyclometalated dyes only display emission from ligand- us) and the quantum yields of td&dfp-4meopwnd46dfp-
centered triplet states. Likewise, tdpoPt(dpm) andc6Pt- 4dmapy complexes are<0.1%. It appears that a new
(acac) complexes emit exclusively from triplet excited states luminescent quenching mechanism comes into play as the
(dpaPt(dpm),Amax = 538 nm,7 = 6.8 us; c6Pt(acac) Amax energy of thelLC excited state increases. The nature of this
= 590 nm,r = 28 us). Hence, cyclometalating a laser dye process is unknown at this time, but may involve a self-
to the heavy Pt metal atom also allows for facile intersystem quenching mechanism or perhaps thermal activation to either
crossing between the singlet and triplet manifolds of the dye. a MC state or a competing MLCT state on the ancillary
Many of these complexes are also highly emissive in g-diketonato ligand. Further work is underway in order to
degassed room temperature solution with lifetimes in the elucidate the origin of this phenomenon.
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Conclusions We have recently incorporated one of these Pt complexes

into an organic light emitting diode, which emitted white

dight very efficiently (Q.E.= 4% (photons/electrons}j.We

are currently examining a range of Pt complexes for both
onochrome and white OLEDs. These results of these

studies will be reported in future publications.

The different C*"NPt(O"O) complexes presented here
demonstrate that these complexes can be readily tuned t
emit with high efficiency throughout the visible spectrum.
The emission characteristics of these complexes are governe
by the nature of the cyclometalating ligar@)N, with the
spectra resembling the ligand phosphorescence spectra.
Strong spinr-orbit coupling of the heavy platinum atom
allows for mixing of 'MLCT with ligand-based®z—z*,
making the formally forbidden radiative relaxation of these
states an efficient process, with quantum efficiencies as high
as 0.25 at room temperature. All of these complexes are
strongly emissive in the solid state and at 77 K with lifetimes  sypporting Information Available:  Crystal data, atomic
on the order of microseconds. Many of these complexes arecoordinates, bond distances, bond angles, anisotropic displacement
also emissive in fluid solution. These complexes are easily parameters, and ORTEP diagrams tlgpyPt(dpm). This material
prepared, neutral, stable in air, and sublimable, making themis available free of charge via the Internet at http:/pubs.acs.org.
good candidates for use in optoelectronic devices. The wide~y,55508
range of excited state energies and redox potentials reported
here make this series of Pt complexes attractive as highly(43) D'Andrade, B. W.; Brooks, J.. Adamovich, V.; Thompson, M. E.:
tunable photooxidants and photoreductants. Forrest, S. RAdv. Mater, in press.
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