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The combinatorial approach of synthesis and screening has
become the focus of intense interest as a tool for drug
discovery in the pharmaceutical industry.)] Promising devel-
opments in medicinal chemistry subsequently pointed the way
for material chemists to use this approach to discover diverse
catalysts and materials such as liquid crystals® and lumines-
cent emitters,”! among others.! Most of these materials are
organic compounds. The combinatorial synthesis of organo-
metallic materials is not a common trend yet. Bernhard and
co-workers applied the basics of the combinatorial approach
to solution synthesis for the discovery of transition-metal-
based luminophores.”! Elsewhere, Binnemans and co-workers
coupled luminescent lanthanide(IIT) complexes on a Merri-
field resin through a functionalized ligand.”) However, a
complete combinatorial synthetic sequence and high-
throughput screening are yet to be developed to discover
organometallic compounds with desired properties.”’

In the last decade, material chemists have become
interested in developing organometallic complexes based on
Ir,® Os®! Ru,l and Pt'Y for their applications in organic
light-emitting diodes (OLEDs). OLEDs hold great potential
for application in flat-panel displays owing to their excellent
properties, such as self-luminescence, flexibility, fast response,
good contrast, and low energy consumption. Light-emitting
materials doped in OLEDs offer an improvement in effi-
ciency and the possibility to tune the color. Fluorescent!'? and
phosphorescent emitters with high luminescence efficiencies
have been extensively used for this purpose. However, studies
have proved that devices based on phosphorescent materials
are more efficient than those based on fluorescent materials.
For  example,  bis(2-(2'-benzothienyl)pyridinato-N,C*)-
iridium(acetylacetonate) ([(btp),Ir(acac)]) was used as the
dopant for red-light emission and an external quantum
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efficiency of 6.5% and power efficiency of 22ImW™ at
1 mA cm 2 were reported.

Notwithstanding the success in increasing the external
quantum efficiency, research on OLEDs is still focused on the
improvement of the emission efficiency and the color purity
by developing high-efficiency phosphorescent materials on
the device architectures. As ligands can affect both the
quantum yield and the emission wavelength of iridium
complexes significantly, these complexes appear to be excel-
lent candidates to use as electrophosphorescence emitters in
OLEDs. Consequently, the development of new organic
ligands for iridium complexes is highly desirable in order to
maximize the external quantum efficiency and the color
purity of devices. On the basis of several studies to improve
efficiencies, aminoquinazolines were selected as cyclometa-
lating ligands because of their polarity and potential stabil-
ity.®"!l Herein, we report a series of efficient red-phosphor-
escent emitters discovered by using combinatorial organo-
metallic solid-phase synthesis and screening methodology.

For OLED applications, compounds that emit in a specific
color range are desirable. While rational design of compounds
with specific emission wavelengths and high quantum yields is
difficult, combinatorial solid-phase synthesis appears to be a
powerful tool in developing libraries of iridium complexes.
The key to discover excellent emitters on solid supports lies in
the screening methodology. A crucial feature of the screening
methodology is to obtain information about basic photo-
physical characteristics, namely the wavelength (4.,) and
quantum yield (@p.) of emission. However, to achieve this
aim, the spacer used to link emitters to resins should have no
interference in the photophysical characteristics. Hence, the
choice of spacer becomes crucial. The use of a conjugated
spacer system will affect wavelengths and quantum yields.
Saturated alkyl or alkoxy spacers have the advantage of being
stable under the reaction sequences. These spacers are non-
conjugated systems that allow common solid-phase resins to
be used, such as polystyrene-type polymers, in the synthesis of
the emitter, an operation that is otherwise impossible owing
to the conjugated or aromatic nature of the resins.

Along with the above-mentioned properties, the spacers
should mimic aromatic substitution on the heterocyclic
system. The selected spacers Ar” (m=1-3) mimic alkyl
phenyl, alkoxy phenyl, and thiophene substitutions, respec-
tively (Figure 1). This strategy of mimicking aromatic sub-
stitution in spacers enabled us to process rapid screening. It
was found that resin-bound lead compounds 1(Ar”R") reveal
wavelengths and quantum yields of emission that are very
close to those of cleaved products 2(Ar”R") and the
respective emitters without a spacer, namely 3(R"), 4(R"),
and 5(R") (Figure 1). These spacers also imparted enough
flexibility to accommodate the synthesis of a unique bis-
cyclometalated Ir™ p-chloro-bridged dimer 6 (Scheme 1)
linked through its four ligands to one resin through spacers.
To the best of our knowledge, this kind of assembly has not
been reported before.

The parallel solid-phase syntheses (Scheme 1) of resin-
bound leads 1(Ar”R") and the cleaved products 2(Ar"R")
were carried out using Wang resin (1% divinylbenzene
(DVB) cross-linked; loading: 1.0 mmolg ). Wang resin was
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Figure 1. General structures of leads 1(Ar"R"), cleaved products 2(Ar"R"), and emitters 3(R")
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Scheme 1. Solid-phase synthesis of leads 1(Ar"R") and cleaved products 2(Ar"R"). DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene; DMF =N, N-

dimethylformamide; TFA=trifluoroacetic acid.

activated as its trichloroacetimidate and linked with the
derivatives 7 through their hydroxy groups to obtain the resin-
bound esters 8.¥ Hydrolysis of esters 8 was carried out using
sodium hydroxide in the presence of DMF, MeOH, and water,
and the resulting acids were derivatized as mixed anhydrides
9. Anthranilamide was coupled with anhydrides 9 to give
N-acylated products, which were cyclized under basic con-
ditions to afford the resin-bound quinazolin-4-one derivatives
10. Of the various bases tested,!"”! fBuOK was found to be the
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best and was employed in the synthesis of the library. Resins
10 were treated with sodium hydride followed by diethyl
chlorophosphate, and the resulting o-phosphorylated prod-
ucts were reacted with R"NH to give the resin-bound
quinazolines 11.'" During the synthetic sequences, at several
stages, a small portion of the compounds was taken out and
either monitored by magic-angle spinning gel-phase NMR
spectroscopy or cleaved to check whether the reaction had
gone to completion. Whenever necessary, the previous steps
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were repeated. The purity (>50%) of compounds 11 was
crucial for the success of the following organometallic
reactions. The resins 11 were treated with iridium trichloride
hydrate in the presence of NaHCO; and 2-ethoxyethanol to
give the dimers 6.1 The formation of the chloro-bridged
dimer 6 linked through its four ligands through spacers to
form a polymer-bound complex within the same resin was
proved by analysis of the polarized optical microscope
picture. Ir™ p-chloro-bridged dimers 6 were sensitive to pH
at high temperature. The pH value was maintained around 7
by adding NaHCO; to avoid decomposition of the dimers.
Further treatment of the resins with acetylacetone afforded
the desired iridium complexes 1.1

The polymer-bound lead complexes 1 are stable in air, and
no decomposition was noted over the period of 3 months at
room temperature. When 10, 20, and 40 % trifluoroacetic acid
(TFA) in CH,Cl, or 2-ethoxyethanol was employed to cleave
resin 1, decomposition of the iridium complexes was
observed. However, 10% TFA in acetylacetone followed by
treatment with aqueous NaHCO; (10%) was found to be
adequate to cleave the resin completely while keeping the
iridium complex intact to afford products 2. The compounds 2
were purified by normal-phase HPLC and obtained in 30—
45 % yields from the Wang resin, which corresponds to about
90% yield per transformation in this 12-step solid-phase
procedure. This range of yields is enough to measure photo-
physical properties because only a very low concentration of
the complexes in the polymer is required for luminescence to
be studied. Moreover, problems with concentration quench-
ing would probably arise when the concentration of the
complex on the polymer is too high.

The combinatorial technique does not carry full merits if
the rapid synthesis is not accompanied with the facile and
speedy method of screening synthesized libraries for the
desired properties. Combinatorial screening using a micro-
plate reader was developed to search for highly luminescent
materials from the synthesized library of the resin-bound
compounds 1, 6, 10, and 11. Screening of a few representative
resin-bound leads is displayed in Figure 2, and their emission
maxima are summarized in Tables 1 and 2. The resin-bound
leads of significant interest were cleaved to afford compounds
2, and the corresponding emitters 3-5 were prepared by using
a similar protocol to that described in Scheme 1. These three
groups, namely resin-bound leads 1, cleaved products 2, and
emitters 3-5, were compared for their photophysical proper-
ties (Table 2). Table 1, which lists the wavelengths of resin-
bound organic compounds 1 A-3F, indicates that the screen-
ing method (Figure 2) used here should be suitable to identify
fluorescent organic emitters. Also during the reaction
sequence the purity of chloro-bridged dimer 6 (4 A-6C) and
the completion of previous reaction step was assured by the
disappearance of the emission between 400 and 500 nm.
Analysis of the quantitative photophysical properties data
(Table 2, 6D-8F) showed that the deviations in emission
maxima of leads 1, cleaved products 2, and the corresponding
emitters 3-5 are within a very narrow range of 11 nm. In
addition, the quantum yields"” of the products 2 and those of
emitters 3-5 differ from each other by only 0.08. When
wavelengths are close, the brightness of resin-bound leads 1
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Figure 2. Screening of a library of representative resin-bound leads
(see Tables 1 and 2).

Table 1: Emission maxima of resin-bound compounds 6, 10, and 11.

Resin  Compound A, [nm] Resin®  Compound A, [nm]
1A 10(Ar) 514 3F 11(APR’) 488
1B 10(Ar) 522 4A 6(Ar'R") 585
1C 10(Ar3) 541 4B 6(Ar'R?) 600
1D 11(Ar'R") 470 4C 6(Ar'R%) 604
1E 11(Ar'R?) 440 4D 6(Ar'RY 599
1F 11(Ar'R%) 456 4E 6(Ar'R%) 605
2A 11 (A R“) 472 4F 6(Ar'R°) 619
2B 11(Ar! R) 507 5A 6(Ar'R") 578
2C 11(Ar'R%) 528 5B 6(Ar'R?) 580
2D 1(APR") 528 5C 6(Ar'R%) 573
2E 11(Ar RZ) 436 5D 6(Ar’RY 590
2F 11(AFR?) 400 S5E 6(Ar'R%) 604
3A (AR 435 S5F 6(Ar’R®) 615
3B 11(AFR?) 515 6A 6(ArR%) 614
3C 11(ArRY) 485 6B 6(ArR%) 644
3D 1(AFRY) 421 6C 6(Ar’R’) 613
3E 1 (APRY) 476

[a] Refers to Figure 2.

are proportionally correlated with quantum yields of the
cleaved products 2 and the respective emitters 3-5. This result
can be seen from Figure 2 and Table 2 by comparing leads 1
[7B: 1(Ar'R%); 8B: 1(Ar’R’); 8 C: 1(Ar’R®); 8F: 1(Ar'R)],
cleaved products 2 [2(Ar'R%); 2(Ar’R%); 2(Ar*R%); 2(Ar’R")],
and the respective emitters 3-5 [3(R%); 4(R%); 4(R®); 5(R")].
Moreover, spectral characteristics (Figure 3) observed for the
above-mentioned three groups of compounds (1, 2, and 3-5)
further validated the screening protocol. The full width at half
maximum (FWHM) and shapes of the emission spectra are
very similar in each case for the compounds on beads, the
respective cleaved products, and corresponding emitters.
Thus, naked-eye observation of the brightness coupled with
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Table 2: A comparison of the photophysical properties of resin-bound leads T1(Ar"R"), cleaved products  layer at a concentration of 8% to
2(Ar"R"), and emitters 3(R")-5(R"). afford the optimum external quan-
Resin®  Leads 1 e [NM] Products 2 A, [nm] @y Emitters  Ae, [nm]  @p, tum efficiency. Device B shows
6D 1(AFR') 598 2(ArR) 594 052 3(R) 598 054 cxcellent electroluminescent char-
6F TACRY) 594 2(A'RY) 592 048 3(R) 595 049 Aacteristics for OLEDs deposited
6F 1(AFRY) 590 2(Ar'RY) 590 047 3(R) 595 0.46  Wwith a 50-nm-thick layer of Alq.
7A 1(Ar'RY) 601 2(Ar'RY 598 036  3(RY 600 035 A maximum external quantum
7B 1(Ar'R%) 625 2(Ar'R%) 624 0.28  3(R’) 628 0.24  efficiency of 15.2% and a power
7C 1(Ar'R®) 632 2(Ar'R%) 637 0.27  3(R%) 643 031 efficiency of 10.0lmW~' were
7D 'I(Arle) 588 2(ArzR;) 588 0.37 4(Rl) 588 041 Ubtained at 4.5 V. The device also
7E 1(APRY) 590 2(ArR?) 585 037 4R} 586 0.41 . .
7F 1(AFRY) 592 2(AFRY) 592 051  4(R) 592 049 Cmitted strong red light at 630 nm
8A 1APR) 591 2A°RY 587 037 4(RY 590 045 With a maximum brightness of
8B 1(APR%) 619 2(ArRY) 624 035  4(RY) 627 031 54919 cdm* at 18.0 V. Device F
8C 1(ArR%) 630 2(Ar’R®) 634 0.58  4(R%) 633 0.62 was prepared using 5(R’) as the
8D 1(ArR’) 616 2(ArR’) 613 0.46 (R) 612 0.50  dopant emitter in the CBP layer
8E 'I(ArzR:) 655 Z(ArzR:) 652 0.24 (Rj) 653 0.24 and using a 60-nm-thick layer of
8F TArR) 635 2(ArR) 636 0-69 (R) 636 0.67 deposited Alg. The device revealed
[a] Refers to Figure 2. an emission maximum at 630 nm,
external quantum efficiency of
1000 — 20.3%, current efficiency of
16.6 cd A", and power efficiency of 12.2Im W' at 425 V.
| The corresponding CIE (Commission Internationale de
800 — I’Eclairage) coordinates are x =0.649, y =0.349 for 4(R°) in
device B, and x = 0.666, y = 0.332 for 5(R’) in device F, which
. coincide with the National Television Standards Committee
(NTSC) red specification.
Ipi/a.u. In conclusion, we have demonstrated that a rapid
400 combinatorial synthesis and screening methodology can be
successfully applied to discover luminescent materials. This
efficient synthetic protocol has been applied to prepare a
200 — library of new red-phosphorescent Ir complexes through
| assembly of a novel resin-bound bis-cyclometalated Ir'™" p-
i chloro-bridged dimer. The spacers used adequately mimicked
0 N alkyl or alkoxy substitutions on aromatic heterocyclic ligand
500 600 700 800 . o .
systems and imparted enough flexibility. The photophysical
Wavelength / nm
Figure 3. A comparison of the photoluminescence
(PL) spectra of resin-bound leads 1, cleaved Table 3: Electrophosphorescence data for iridium complexes 4(R) and 5(R’).!
products. 2, a.nd emitters 4-5. Emission maxima Device  Device structure v Nen 7 77p CIE
are provided in parentheses (4, [nm]): Blue line V] (%] [dA ] MW (o)
(+): 1(AR’) (592); 1(Ar'R%) (616); 1(Ar'R’) (635). Y
Red line (0): 2(Ar’R%) (592); 2(APR?) (613); 2- A ITO/a-NPB (60 nm)/4(R%):CBP (8%, 30 nm)/ 4.75 13.8 13.6 9.0 0.647,
(Ar’R’) (636). Green line (2): 4(R%) (592): 5(R) BCP (30 nm)/Alq (40 nm)/LiF (0.5 nm)/Al 0.351
(612): 5(R’) (636). Ao, =370 nm.
B ITO/a-NPB (60 nm)/4(R6):CBP (8%, 30nm)/ 45 15.2 149 10.0 0.649,
BCP (30 nm)/Alq (50 nm) /LiF (0.5 nm)/Al 0.349
the determination of emission maxima on ITO/a-NPB (60 nm)/4(R%):CBP (8%, 30 nm)/ 5.0 154 13.8 8.7 0.651,
beads before cleavage can lead to the BCP (30 nm)/Alq (60 nm) /LiF (0.5 nm) Al 0.347
identification of potentially bright light-
emitting hits. By using this combinatorial D ITO/a-NPB (60 nm)/5(R”):CBP (8%, 30 nm)/ 4.25 189 178 13.2 0.661,
screening technique, two optimum red BCP (30 nm)/Alq (40 nm)/LiF (0.5 nm)/Al 0.337
emitters 4(R%) and 5(R”) were identified. .

To evaluate the -electroluminescent E ITO/a-NPB (60 nm)/5(R ):;BP(S%, 30nm)/ 4.0 19.6 17.1 13.4 0.665,
properties of the identified hits, several BCP (30 nm)/Alq (50 nm) /LiF (0.5 nm) /Al 0334
electroluminescent (EL) devices were fab- ¢ ITO/a-NPB (60 nm)/5(R):CBP (8%, 30 nm)/ 425 203 166 122 0.666,
ricated using these iridium complexes as BCP (30 nm)/Alq (60 nm)/LiF (0.5 nm) /Al 0.332

dopant emitters. The electroluminescent
characteristics of 4(R®) and 5(R’) are sum-
marized in Table 3. In devices A-F, 4(R)
and 5(R”) were doped into a light-emitting
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[a] ITO: indium tin oxide; o-NPB: N,N'-di(naphthalen-1-yl)-N,N'-diphenylbenzidine; CBP: 4,4"-N,N’-
dicarbazolebiphenyl; BCP: 2,9-dimethyl-7-diphenyl-1,10-phenanthroline; Alq: tris(8-hydroxy-quinolina-
to)aluminum. The data for external quantum efficiency (77.), current efficiency (1.), and power efficiency
(17,) are the maximum values of the device.
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properties that were measured for this library of emitters
were astonishingly accurate considering that the resins were
analyzed directly. The strong coherence among the data from
resin-bound leads, cleaved products, and corresponding
emitters confirm that luminescent properties of pure emitter
complexes can be predicted directly by screening resins. Our
screening data analysis also resulted in the identification of
two hits with high quantum yields. The EL devices based on
these complexes emitted saturated red electroluminescence
with high quantum efficiency and power efficiency and
satisfied NTSC red specifications. The present solid-phase
synthetic methodology and screening technique are not only
useful for accelerating the discovery of luminescent com-
plexes but also may find broad applications in the field of
organometallics and combinatorial chemistry.

Received: January 1, 2006
Revised: March 11, 2006
Published online: May 30, 2006

Keywords: combinatorial chemistry - iridium - luminescence -
materials science - solid-phase synthesis

[1] a) R. E. Dolle, C. MacLeod, B. Martinez-Teipel, W. Barker, P. R.
Seida, T. Herbertz, Angew. Chem. 2005, 117, 5980; Angew.
Chem. Int. Ed. 2005, 44, 5830; b) R. E. Dolle, J. Comb. Chem.
2005, 7, 739.

T. Haino, M. Tanaka, K. Ideta, K. Kubo, A. Mori, Y. Fukazawa,

Tetrahedron Lett. 2004, 45, 2277.

a) M.-S. Schiedel, C. A. Briechn, P. Bauerle, Angew. Chem. 2001,

113,4813; Angew. Chem. Int. Ed. 2001, 40,4677;b) C. A. Briehn,

P. Bauerle, Chem. Commun. 2002, 1015; c) G. R. Rosania, J. W.

Lee, L. Ding, H.-S. Yoon, Y.-T. Chang, J. Am. Chem. Soc. 2003,

125, 1130.

[4] a) X.-D. Xiang, X. Sun, G. Briceno, Y. Lou, K.-A. Wang, H.
Chang, W. G. Wallace-Freedman, S.-W. Chen, P. G. Schultz,
Science 1995, 268, 1738; b) B. Jandeleit, D.J. Schaefer, T.S.
Powers, H. W. Turner, W. H. Weinberg, Angew. Chem. 1999, 111,
2468; Angew. Chem. Int. Ed. 1999, 38,2494; ¢) Q. Li, J.-S. Lee, C.
Ha, C. B. Park, G. Yang, W. B. Gan, Y.-T. Chang, Angew. Chem.
2004, 116, 6491; Angew. Chem. Int. Ed. 2004, 43, 6331; d) V.
del Amo, A. P. McGlone, C. Foster, A. P. Davis, J. Comb. Chem.
2005, 7, 1.

[5] M.S. Lowry, W. R. Hudson, R. A. Pascal, Jr., S. Bernhard, J.
Am. Chem. Soc. 2004, 126, 14129.

[6] P. Lenaerts, K. Driesen, R. V. Deun, K. Binnemans, Chem.
Mater. 2005, 17, 2148.

[7] a) N.E. Leadbeater, J. Org. Chem. 2001, 66, 2168; b) J. A.
Cassel, S. Leue, N. I. Gachkova, N. C. Kann, J. Org. Chem. 2002,
67,9460; c) N. E. Leadbeater, E. L. Sharp, Organometallics 2003,
22, 4167, d)S. van Zutphen, M. S. Robillard, G. A. van der
Marel, H. S. Overkleeft, H. den Dulk, J. Brouwer, J. Reedijk,
Chem. Commun. 2003, 634.

[8] a) C. Adachi, M. A. Baldo, S. R. Forrest, S. Lamansky, M. E.
Thompson, R. C. Kwong, Appl. Phys. Lett. 2001, 78, 1622; b) D.
Kolosov, V. Adamovich, P. Djurovich, M. E. Thompson, C.
Adachi, J. Am. Chem. Soc. 2002, 124, 9945 c) A. Tsuboyama, H.
Iwawaki, M. Furugori, T. Mukaide, J. Kamatani, S. Igawa, T.
Moriyama, S. Miura, T. Takiguchi, S. Okada, M. Hoshino, K.
Ueno, J. Am. Chem. Soc. 2003, 125, 12971.

[9] S.Bernhard, X. Gao, G. G. Malliaras, H. D. Abruna, Adv. Mater.
2002, 714, 433.

2

—_—

[3

—

www.angewandte.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[10] Y.-L. Tung, S.-W. Lee, Y. Chi, L.-S. Chen, C.-F. Shu, F.-1. Wu,
A.J. Carty, P-T. Chou, S.-M. Peng, G.-H. Lee, Adv. Mater. 2005,
17, 1059.

[11] J. Brooks, Y. Babayan, S. Lamansky, P. I. Djurovich, I. Tsyba, R.
Bau, M. E. Thompson, Inorg. Chem. 2002, 41, 3055.

[12] G. Barbarella, L. Favaretto, G. Sotgiu, M. Zambianchi, A.
Bongini, C. Arbizzani, M. Mastragostino, M. Anni, G. Gigli, R.
Cingolani, J. Am. Chem. Soc. 2000, 122, 11971.

[13] a) C. W. Phoon, S. F. Oliver, C. Abell, Tetrahedron Lett. 1998, 39,
7959;b) A. Bianco, J. Furrer, D. Limal, G. Guichard, K. Elbayed,
J. Raya, M. Piotto, J.-P. Briand, J. Comb. Chem. 2000, 2, 681.

[14] a) A. Kamal, G. S. K. Reddy, S. Raghavan, Bioorg. Med. Chem.
Lert. 2001, 71, 387; b) M. R. Wiley, S. D. Lepore, J. Org. Chem.
2000, 65, 2924.

[15] a) D. P. Rotella, Z. Sun, Y. Zhu, J. Krupinski, R. Pongrac, L.
Seliger, D. Normandin, J. E. Macor, J. Med. Chem. 2000, 43,
5037; b) J. Hanusek, M. Sedlak, P. Simunek, V. Sterba, Eur. J.
Org. Chem. 2002, 1855.

[16] a) R. Y. Ning, R. I. Fryer, P. B. Madan, B. C. Sluboski, J. Org.
Chem. 1976, 41, 2724, b) D. J. Kertesz, M. Marx, J. Org. Chem.
1986, 51, 2315.

[17] X. Chen, J.-L. Liao, Y. Liang, M. O. Ahmed, H.-E. Tseng, S.-A.
Chen, J. Am. Chem. Soc. 2003, 125, 636.

[18] M. K. Nazeeruddin, R. Humphry-Baker, D. Berner, S. Rivier, L.
Zuppiroli, M. Graetzel, J. Am. Chem. Soc. 2003, 125, 8790.

[19] G.Jones II, W. R. Jackson, C.-Y. Choi, W. R. Bergmark, J. Phys.
Chem. 1985, 89, 294.

Angew. Chem. 2006, 118, 4244 -4248



