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Abstract: Four novel blue/green luminescent compounds, Zn(2-pyARF) (1), BPh(2-py-in) (2), Be(2-
py-in), (3), and BPh(2-py-aza) 4), where 2-py-in= 2-(2-pyridyl)indole and 2-py-aza= 2-(2-pyridyl)-7-
azaindole, have been synthesized and fully characterized. The 2-py-in ligand and 2-py-aza ligand in the new
compounds are chelated to the central atom. Compo@ndsare air stable and readily sublimable, with a
melting point above 250C. In the solid state, compounds-4 have an emission maximum at488, 516,
490, and 476 nm, respectively. The structures of compo@retsd4 are similar. The blue shift of emission
energy displayed by compouddin comparison to that d?, is attributed to the presence of an extra nitrogen
atom in the 2-py-aza ligand as confirmed by ab initio calculations on compduandd4. Electroluminescent
devices of compound3and4 were fabricated by usiniy,N-di-1-naphthyIN,N-diphenylbenzidine (NPB) as
the hole transporting layer, Adldq = 8-hydroxyquinolato) as the electron transporting layer, and compound
3 or 4 as the light emitting layer. At 20 mA/chthe EL device of3 has an external efficiency of 1.06 cd/A
while the EL device o has an external efficiency of 2.34 cd/A, demonstrating that compoBiraahel 4 are
efficient and promising emitters in electroluminescent devices.

Introduction components required for full-color EL displays and are still rare.
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of the complex. Three novel complexes with 2-(2-pyridyl)indole
and one new boron compound with 2-(2-pyridyl)-7-azaindole

Liu et al.

Synthesis of 1-(Benzenesulfonyl)-2-(2-pyridyl)indoleThe same
procedure used for 1-(benzenesulfonyl)-2-(2-pyridyl)-7-azaindole was

have been synthesized and characterized structurally. The detail§mployed. From 1-benzenesulfonylindole (3.88 g, 15.1 mmol) and
of syntheses, structures, and luminescent and electroluminescerg 2romopyridine (1.84 g, 11.6 mmol) was obtained 1-(benzenesulfonyl)-

properties of these new compounds are reported herein.

Experimental Section

All starting materials were purchased from Aldrich Chemical Co.
and used without further purification, unless otherwise stated. Tetrahy-
drofuran, hexane, and toluene solvents were distilled from sodium and

benzophenone under a nitrogen atmosphere. Dichloromethane wad"

distilled from BOs under a nitrogen atmosphetel NMR spectra were
recorded on Bruker Avance 300 MHz spectrometers. Excitation and

emission spectra were recorded on Fluoromax-2, Instruments S.A., Inc.

2-(2-pyridyl)indole (3.78 g, 97%)*H NMR in CDCl (6, ppm, 25
°C): 8.71 (1H, dddJ = 4.9, 1.6, 0.9 Hz), 8.22 (1H, dd,= 8.3, 0.6
Hz), 7.82 (1H, tdJ = 7.5, 1.7 Hz), 7.74 (1H, dJ = 7.8 Hz), 7.67
(2H, m), 7.25-7.53 (7H, m), 6.90 (1H, s).

Synthesis of 2-(2-Pyridyl)-7-azaindoleA solution of 1-(benzene-
sulfonyl)-2-(2-pyridyl)-7-azaindole (2.0 g, 5.97 mmol), ethanol (340
L), and 10% aqueous NaOH (34 mL) was heated at reflux overnight.
The resulting mixture was concentrated, and the residue was dissolved
in CH,Cl,. The organic solution was washed with water and aqueous
NaCQO;, dried, and concentrated. After being run through a chromato-

: : hic column using eluant CHBTH;OH, (20:1), the residue afforded
Elemental analyses were performed by Guelph Chemical Laboratories 3'2P : . :
Ltd, Guelph, Ontario and Canadian Microanalytical Service, Ltd, Delta, pure 2-(2-pyridyl)-7-azaindole (0.90 g, 77%). Mp 21516 °C. 'H

British Columbia. TLC was carried out on SiQsilica gel F254,
Whatman). Flash chromatography was carried out on silica (silica gel
60, 70-230 mesh). Melting points were determined on a Fisher-Johns
melting point apparatus. The syntheses of 2-(2-pyridyl)-7-azaindole and
2-(2-pyridyl)indole were based on a modified literature methiod
related compounds.

Synthesis of 1-Benzenesulfonyl-7-azaindol€o a vigorously stirred
mixture of 7-azaindole (5.91 g, 50 mmol), 50% aqueous NaOH (50
mL), water (75 mL) and tetrabutylammonium bromide (1.61 g, 5 mmol)
was added dropwise PhgQ (9.71 g, 55 mmol) in benzene (50 mL)

over an hour at ambient temperature. After the mixture had been stirred
&2), 7.44 (1H, td

at ambient temperature for 2 h, the aqueous phase was removed. Th
organic phase was washed twicelwit M agueous NaHC£30 mL),
water (30 mL), and saturated brine (30 mL), and then dried over Na

NMR in CDCl; (6, ppm, 25°C): 10.90 (1H, br s), 8.69 (1H, ddd,=
4.8, 1.6, 1.0 Hz), 8.46 (1H, dd, = 4.8, 1.6 Hz), 7.98 (1H, dd] =
7.8, 1.3 Hz), 7.85 (1H, m), 7.76 (1H, td,= 7.8, 1.7 Hz), 7.24 (1H,
ddd,J = 7.8, 4.8, 1.2 Hz), 7.12 (1H, dd,= 7.8, 4.8 Hz), 6.99 (1H,
d,J = 1.8 Hz). Anal. Calcd for &HgN3: C, 73.83; H, 4.65; N, 21.52.
Found: C, 73.26; H, 4.48; N, 21.58.

Synthesis of 2-(2-Pyridyl)indole.This compound was obtained by
the same procedure as above. From 1-(benzenesulfonyl)-2-(2-pyridyl)-
indole (2.15 g, 6.44 mmol) was obtained 2-(2-pyridyl)indole (1.0 g,
80%). Mp 154-155 °C. *H NMR in CDCl; (6, ppm, 25°C): 9.70
(1H, br), 8.60 (1H, ddJ = 4.9, 1.0 Hz), 7.83 (1H, dd] = 8.0, 1.0
J =76, 1.7 Hz), 7.69 (1H, d) = 7.9 Hz), 7.42
(1H, dd,J = 8.0, 0.9 Hz), 7.167.31 (3H, m), 7.04 (1H, dJ = 1.2
Hz).

SQ.. The solvent was evaporated in a vacuum. The residue was washed  ZN(2-py-in)2(THF) (1). Butyllithium (1.6 M in hexane, 0.75 mL,

with anhydrous ether to give white powder (11.2 g, yield 87%).

1.2 mmol) was added slowly to 15 mL of THF solution containing

Recrystallization from ethyl acetate and hexane produces a colorless2-(2-pyridyl)indole (0.233 g, 1.2 mmol) at78 °C under N. After the

crystalline product. Mp 127128°C. 'H NMR in CDCls: 6 8.44 (1H,
d,J = 4.8 Hz), 8.21 (2H, dJ) = 7.4 Hz), 7.86 (1H, dJ = 7.8 Hz),
7.75 (1H, d,J = 4.0 Hz), 7.42-7.64 (3H, m), 7.19 (1H, dd] = 7.8,
4.8 Hz), 6.61 (1H, dJ = 4.0 Hz).

Synthesis of 1-BenzenesulfonylindoleThe same procedure used
for 1-Benzenesulfonyl-7-azaindole was employed. From indole (5.85
g, 50 mmol) and PhS&I (9.71 g, 55 mmol) 1-benzenesulfonylindole
was obtained (9.8 g, yield 76%). Mp 768 °C. *H NMR in CDCl;

(6, ppm, 25°C): 8.03 (1H, dJ = 8.2 Hz), 7.88-7.94 (2H, m), 7.59
(1H, d,J = 3.7 Hz), 7.4%7.58 (3H, m), 7.26-7.38 (3H, m), 6.68
(1H, d,J = 3.7 Hz).

Synthesis of 1-(Benzenesulfonyl)-2-(2-pyridyl)-7-azaindol&o a
solution of 1-benzenesulfonyl-7-azaindole (3.89 g, 15.1 mmol) in 25
mL of anhydrous THF at OC was slowly added a solution of LDA
(1.5 M in cyclohexane, 11.2 mL, 16.6 mmol). The resulting mixture
was stirred for 30 min at this temperature, then a solution of anhydrous
ZnCl, (0.5 M in THF, 33.2 mL) was added. The mixture was stirred at
room temperature for another 30 min. In a separated flask a solution
of 2-bromopyridine (1.84 g, 11.6 mmol) in 10 mL of anhydrous THF

was added to a solution containing a catalyst prepared by reaction of

a Pd(PPH):Cl; (0.326 g, 0.464 mmol) in 5 mL of anhydrous THF with
diisobutylaluminum hydride (1.0 M in hexane, 0.94 mL, 0.928 mmol),
and the mixture was stirred at ambient temperature for 10 min. The
resulting mixture was transferred via cannula to the solution of
1-(benzenesulfonyl)-2-(7-azaindolyl) zinc chloride prepared above. The
mixture was refluxed fo6 h under N, cooled to room temperature,
and poured into saturated aqueous®@;. The aqueous phase was

mixture was stirred for half of an hour, zinc chloride (0.50 M in THF,
1.2 mL, 0.6 mmol) was added. The mixture was warmed to room
temperature, stirred for 3 h, concentrated, and recrystallized fropn CH
Cl,. Yellow crystals ofl (0.220 g, yield 82%) were obtained. Mp 271
272°C.*H NMR in CDCl; (0, ppm, 25°C): 7.98-8.06 (4H, m), 7.86-
7.91 (2H, m), 7.7%7.74 (2H, m), 7.25 (2H, s), 7.607.12 (8H, m),
3.75 (m, 4H), 1.75 (m, 4H). Anal. Calcd for.§:sNsZn: C, 69.11;

H, 4.02; N, 12.40. Found: C, 68.32; H, 4.05; N, 12.05.
B(2-py-in)Ph; (2). 2-(2-Pyridyl)indole (0.194 g, 1.0 mmol) was
dissolved in 10 mL of toluene. After the mixture was stirred for 10

min, BPh (1.0 mmol, 0.240 g) was added to the solution under N
and the mixture was heatedrfd h at 80°C. After the solution was
cooled to room temperature, the mixture was evaporated to dryness in
a vacuum and moved to a drybox. The mixture was dissolved in THF.
Yellow crystals of compoun@ were obtained in 65% yield. Mp 255

°C. 'H NMR (CDCls, 6, ppm, 25°C): 8.39 (1H, d,2] = 5.7 Hz),
7.99-7.88 (2H, m), 7.69 (1H, BJ = 7.8 Hz), 7.28-7.18 (12H, m),

7.10 (1H, s), 7.086.69 (2H, m). Anal. Calcd for &H1dN2B: C, 83.82;

H, 5.35; N, 7.82. Found: C, 84.20; H, 5.06; N, 7.87.

Be(2-py-in), (3). Butyllithium (1.6 M in hexane, 0.75 mL, 1.2 mmol)
was added slowly to 15 mL of THF solution containing 2-(2-pyridyl)-
indole (0.233 g, 1.2 mmol) at 78 °C under N. After the mixture was
stirred for half an hour, berylium chloride (0.048 g, 0.6 mmol) was
added. The mixture was warmed to room temperature, stirred for 3 h,
concentrated, and recrystallized from &Hp. Light yellow crystals of
3(0.160 g, yield 67%) were obtained. MB00°C.*H NMR in CDCl;

(6, ppm, 25°C): 7.88-8.00 (4H, m), 7.70 (2H, dt) = 5.4, 1.2 Hz),

extracted with diethyl ether, and the organic extracts were concentrated?-65-7.70 (2H, m), 7.16 (2H, s), 6.907.04 (8H, m). Anal. Calcd for

to give a brown residue that was purified by a chromatographic column

CoeHieNsBe: C, 78.98; H, 4.56; N, 14.17. Found: C, 77.82; H, 4.49;

using hexane/ethyl acetate (6:1) as the eluant to obtain 1-(benzeneN, 13.95. This compound was analyzed three times using crystals of

sulfonyl)-2-(2-pyridyl)-7-azaindole (3.6 g, yield 92%)1 NMR in
CDCl; (0, ppm, 25°C): 8.75 (1H, dddJ = 4.8, 1.6, 0.9 Hz), 8.50
(1H, dd,J = 4.8, 1.6 Hz), 8.19 (2H, m), 7.817.88 (2H, m), 7.72 (1H,
d,J = 7.8 Hz), 7.36-7.60 (4H, m), 7.22 (1H, dd] = 7.8, 4.8 Hz),
6.77 (1H, s).

(6) (a) Sakamoto, T.; Kondo, Y.; Takazawa, N.; Yamanakal.kzhem.

Soc., Perkin Trans1996 1927-1934. (b) Amat, M.; Hadida, S.; Pshen-
ichnyi, G.; Bosch, JJ. Org. Chem1997, 62, 3158-3175.

compound3 at two analytical companies.

BPhy(2-py-aza) (4).Triphenyl boron (0.291 g, 1.2 mmol) was added
to 20 mL of THF solution containing 2-(2-pyridyl)-7-azaindole (0.234
g, 1.2 mmol) under B The mixture was stirred at reflux for 4 h. After
the mixture was cooled to room temperature, it was concentrated by
vacuum and transferred to an inert atmosphere drybox. The residue
was recrystallized from Cil./hexane, yielding colorless crystals of
compound4 (0.307 mg, yield 71%). Mp 291292 °C. *H NMR in



Table 1. Crystallographic Data

New Blue/Green Luminescent Chelate Compounds
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1 2 3 4
formula Q0H25N4OZn CZ5H19NzB C25H18N4Be Cz4H13N3B
fw 523.91 358.23 395.45 359.22
space group P4,2,2 P2:/n Pnna 12,2,
alA 13.872(2) 9.191(5) 23.417(5) 8.916(6)
b/A 13.872(2) 15.607(14) 13.460(3) 11.965(12)
c/A 15.043(2) 13.510(7) 13.346(3) 17.726(9)
o/deg 90 90 90 90
pldeg 90 102.347(15) 90 90
yldeg 90 90 90 90
VIA3 2894.6(8) 1893(2) 4206.6(16) 1891(2)
Z 4 4 8 4
D, g cnt® 1.202 1.257 1.249 1.262
u, et 8.75 0.73 0.75 0.75
20 max ° 50 45.6 45 50
reflns measd 2637 2649 2759 3726
reflns used Rin) 2544 (0.032) 2472 (0.10) 2759 (0.00) 3338(0.025)
no. of variables 191 253 281 253
final R[I > 2 o(1)] R;2 = 0.05586, R:2 = 0.0864, R:2 = 0.0650, R;2=0.0603,

WRP = 0.1425 WR = 0.1306 WRP = 0.1440 WRP =0.1173
R (all data) R; = 0.0669, R; = 0.2354, R; = 0.1489, Ry =0.1211,
wWR, = 0.1550 wR,=0.1781 wR, = 0.1808 wWR, = 0.1449

goodness-of-fit orir? 1.037 1.069 1.069 1.018

AR = 3 |Fol = [Fel/XIFol. "WRe = [ZWI(Fo? — FA)F/ 3 [W(Fe?)7] V% w = 1/[o%(Fo’) + (0.07%)7, whereP = [max(Fo? 0) + 2F)/3.

CDCl; (0, ppm, 25°C): 8.51 (1H, m), 8.47 (1H, ddl = 4.5, 1.6 Hz), 1-naphthyIN,N-diphenylbenzidine (NPB) was employed as the hole

7.98-8.13 (3H, m), 7.26-7.42 (11H, m), 7.10 (1H, s), 7.03, dd= transport layer in all devices. The device structures and the thickness

8.0, 4.5 Hz). Anal. Calcd for £H1sN3B: C, 80.24; H, 5.05; N, 11.70. of each layer are listed in Table 3. To obtain the photoluminescence

Found: C, 78.84; H, 5.10; N, 11.45. Again this sample was also (PL) spectra, a thin film (100 nm) deposited on a quartz substrate was

analyzed three times at two different analytical companies using crystals. measured with a fluorescence spectrophotometer. The curreltage

The carbon content is however consistently low in all analyses. characteristics were measured using a Keithley 238 current/voltage unit.

Incomplete combustion of carbon in sampBend4 could be the cause  The light intensity of the EL device was measured by a Minolta Chroma

of the low carbon. Meter CS100. The EL spectrum was obtained by an in-house setup
X-ray Crystallographic Analysis. All crystals were obtained either =~ made up of a series of electronic components including a monochro-

from CH,Cly/hexane solutions or from THF/hexane solutions. All mator (Instruments SA Inc), a photomultiplier tube, and a photon

crystals were mounted on glass fibers except compdumédhich was counter.

sealed in a glass capillary under nitrogen. All data were collected on a

Siemens P4 single-crystal diffractometer with graphite-monochromated Ragylts and Discussion

Mo Ka radiation, operating at 50 kV and 35 mA at 23. The data

for 1 and4 were collected over23-50° while the data foi2 and3 Ligands. Our previous work has established that the depro-

were collected over @ 3-45°. Three standard reflections were  ynat64 7-azaindole ligand is an efficient blue emitter when

measured every 197 reflections. No significant decay was observed bound to two central atoms in a bridging mddlthough the

for all samples. Data were processed on a Pentium PC using Siemens . . . . . 2
SHELXTL software package(version 5.0) and corrected for Lorentz %rldglng mode of the 7-azaindole ligand contributes significantly

and polarization effects. Neutral atom scattering factors were taken from {0 the overall stability of the complex, it often results in the
Cromer and WabetThe crystals o8 and4 belong to the orthorhombic ~ formation of dinuclear and polynuclear complexes that are
space groupPnnaandP2,2,2;, respectively, uniquely determined by  difficult to sublime due to the high molecular weight. We
systematic absences. The crystalsldfelong to the tetragonal space therefore decided to modify the 7-azaindole ligand so that it
group P4;2:2 while the crystals o belong to the monoclinic space  can bind to a central atom by a chelate mode. We attached a
groupP2y/n, uniquely determined by systematic absences. All structures 2-pyridyl group at the 2 position of indole and 7-azaindole using
were solved by direct methods. The coordinated THF molecule in the procedure outlined in Scheme 1, resulting in the formation

compoundl is disordered. Partial modeling on this THF ligand was ] (5 muri . I ourievl).
achieved. All non-hydrogen atoms were refined anisotropically, except ?f nevy l(ljgalmd; 2-(2 py”dlylilr?dme Eﬁ py In; gn%Z (de);r!déll)l
the disordered atoms. The positions for all hydrogen atoms except those! ~2Z&indole (2-py-aza). In the synthesis of 2-(2-pyridyl)indole,

attached to the disordered THF molecule were calculated and their the required 2-indolylzinc chloride was easily obtained by
contributions in structural factor calculation were included. The Metalation of 1-(benzenesulfonyl)indole with LDA followed by
crystallographic data for compounds-4 are given in Table 1. the treatment of the resulting 2-lithioindole with anhydrous
Fabrication of Electroluminescent DevicesThe EL devices using ~ ZNnCl. Cross-coupling reactions of 2-indolylzinc chloride with
3 and4 as the emitting layer were fabricated on an indittin oxide 2-bromopyridine in the presence of 2 mol % of a catalyst
(ITO) substrate, which was cleaned by an ultraviolet ozone cleaner prepared from PdGIPPh), and DIBAH (DIBAH = diisobu-
immediately before use. Organic layers and a metal cathode composeqy|a|uminum hydride) in refluxing THF afforded the 2-(2-
of magnesium silver alloy (MgAdo.1) were deposited on the substrate pyridyl)indole. The 2-(2-pyridyl)-7-azaindole was synthesized
by conventional vapor vacuum deposition. Prior to the deposition, all by the same strategy. Unlike the 2-py-aza ligand which has two
the materials were purified via a train sublimation methd¢/N-Di- . . ’ - .
potential bonding modes, bridging and chelate, the 2-py-in
(7) SHELXTL crystal structure analysis package, Bruker Axs, Analytical ligand has only the chelate bonding mode, making the reaction
X-r(%); gystem, B/laTdis\c;\?,gNisgoqrsitn, 19?5; VleTrsEJIn 5f. iy Crvstal simpler. Despite the fact that both compounds have similar
romer, . 1., Vaber, J. International 1apies for A-ray Liystal- - gryctures, the melting point of 2-py-aza is about°&0higher
lography Kynoch Press: Birmingham, AL, 1974; Vol. 4, Table 2.2A than that of 2-py-in, the possible cause of which is likely the

(9) Wagner, H. J.; Loutfy, R. O.; Hsiao, C. K. Mater. Sci.1982 17, ! ) -
2781. difference of hydrogen bonds of these two molecules in the solid
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Table 2. Selected Bond Lengths (A) and Angles (deg)
Compoundl

Zn(1)-N(2)  1.968(3) N(2»Zn(1)-N(2A)  138.8(2)
Zn(1)-N(1) 2.189(4) N(2)-Zn(1)—N(1) 79.75(14)
Zn(1)-0O(1)  2.204(6) N(2AYZn(1)-N(1)  106.96(13)
N(1)—C(5) 1.330(6) N(1)Zn(1)—-N(1A) 161.4(2)
N(1)-C(1)  1.347(6) N(2)Zn(1)-0(1) 110.60(11)
N(2)—C(6) 1.376(5) N(1)Zn(1)-0(1) 80.69(11)
N(2)—-C(13) 1.376(5)

Compound?
N(1)—C(2) 1.329(8) N(2)-B(1)—C(20) 115.1(6)
N(1)—C(5) 1.358(8) N(2)-B(1)—C(14) 111.2(6)
N(1)—B(1) 1.633(9) C(20yB(1)—C(14) 115.4(7)
B(1)—N(2) 1.561(9) N(2)-B(1)—N(1) 93.5(6)
B(1)—-C(20) 1.587(10) C(20)B(1)—N(1) 109.1(6)
B(1)-C(14) 1.602(10) C(14B(1)—N(1) 110.3(6)
N(2)—C(6) 1.369(7)
N(2)—C(13) 1.370(8)

Compound3
N(4)—C(26) 1.364(6) N(4AyBe(2)-N(4) 129.3(6)
N(4)—C(19) 1.373(5) N(4AYBe(2-N(3)  111.75(19)
N(4)—Be(2) 1.665(5) N(4)Be(2)-N(3) 93.7(2)
N(3)—C(14) 1.336(6) N(4AyBe(2)-N(3A) 93.7(2)
N(3)—C(18) 1.359(6) N(3)Be(2)-N(3A) 119.0(6)
N(3)—Be(2) 1.747(6) N(2A)Be(1)}-N(2) 126.1(6)
N(2)—C(13) 1.373(5) N(2)yBe(1)-N(1A) 111.56(17)
N(2)—C(6) 1.387(5) N(2)-Be(1)-N(1) 93.29(19)
N(2)—Be(1) 1.668(5) N(1AyBe(1)}-N(1) 124.1(6)
N(1)—C(5) 1.343(6)
N(1)—C(1) 1.347(6)
N(1)—-Be(1) 1.753(6)

Compound4
N(1)—C(13) 1.343(5) N(2rB(1)—C(7) 113.4(3)
N(1)—C(17) 1.354(5) N(2)yB(1)—C(1) 109.6(3)
N(1)—B(1) 1.637(5) C(7yB(1)—C(1) 118.9(3)
N(3)—C(23) 1.337(5) N(2)yB(1)—N(1) 94.8(3)
N(3)—C(24) 1.344(5) C(AB(1)—N(1) 108.7(3)
N(2)—C(24) 1.353(5) C(3yB(1)—N(1) 108.6(3)
N(2)—C(18) 1.392(5)
N(2)—B(1) 1.550(5)
C(7)-B(2) 1.604(5)
C(1)-B(1) 1.616(5)

Scheme 1.The Synthesis of Ligands
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NP P
X~ "N NaOH, NBu,Br X7 N 2.ZnCl,, THF, 25 °C
H SO,Ph
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- P> \_/ = e N/
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Pd(PPh,),Cl,, DIBAH, reflux ) |
SO,Ph H
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Figure 1. A diagram showing the molecular structure of compotnd
with 50% thermal ellipsoids and labeling schemes.

was synthesized first. However, the complex is not stable in
the air, which led us to investigate the synthesis of more stable
beryllium and boron compounds. The three systems investigated
involve using ZnCJ, BeCh, and BPHh as the starting materials,
respectively. The reactions of Li[2-py-aza] with Zrn@F BeCh
produced a dark colored solution and no clean products could
be isolated while the reaction of Li[2-py-in] with Zngr BeCh

in a 2:1 ratio yielded a bright yellow solution, from which Zn-
(2-py-ink(THF) (1) or Be(2-py-in) (3) was isolated. The reason
for this drastic reaction difference of 2-py-in and 2-py-aza
toward halide compounds has not been well understood. It is
however likely that the 2-py-aza ligand forms several products
with the halides (NMR data indeed suggested this) because of
its versatile bonding modes while the only chelate bonding mode
available to 2-py-in made it possible to produce a clean product.
The reactions of BPhwith 2-py-in and 2-py-aza produced a
bright yellow compound, BR2-py-in) (2), and a pale yellow
compound, BP¥(2-py-aza) 4), respectively. Compound is
air-sensitive while compoundd—4 are stable in the air. The
stability difference between compoutdnd2—4 is attributed

to the fact that the ZrN(indole) bonds are highly polarized or
ionic in comparison to the corresponding-B and Be-N bonds
which are mostly covalent, hence more stable. A similar trend
has been observed in aluminum complexes versus boron
complexes when 7-azaindole ligands are invol¥ed.

Another important and common feature among compounds
1-4is the substantial increase of melting points in comparison
to those of the free ligand. For example, the free ligand 2-(2-
pyridyl)indole has a melting point of 15% but the complexes
1-3 have melting points above 25, especially compound
3, which has a melting point greater than 300, a highly

state. In the solid state, 2-py-aza has a week emission atdesired property for the practical application in electrolumines-
Jmax= 420 nm while 2-py-in does not show any visible emission cent devices. Compounds-4 can be sublimed readily under

at all.

Complexes.The complexes of 2-(2-py)indole and 2-(2-py)-

vacuum. No attempts were made to sublime compaoudde
to its poor stability. Compoundk—4 have been fully character-

7-azaindole were synthesized by two approaches: (a) substituized by NMR, elemental, and single-crystal X-ray diffraction
tion of halide ligands by 2-py-in or 2-py-aza anions produced analyses. _Selected bond lengths and angles for all compounds
by the reactions of butyllithium with the neutral ligand or (b) are listed in Table 2.

the direct reaction of BRIwith the neutral 2-py-in or 2-py-aza

ligands. A zinc(ll) complex with the new ligand, 2-py-indole,

Table 3. EL Device Data

Structure of Compound 1. The structure of compountis
shown in Figure 1. The molecule @éthas aC, symmetry while

hole transport emitting layer

electron transport

eff. at 20 mA/cn,

device (thickness, nm) (thickness, nm) (thickness, nm) C.LEX(yY) cd/A
A NPB (60) 3(75) 0.306, 0.500 1.06
B NPB (60) 4(20) Algs (40) 0.279, 0.463 0.57
C NPB (60)/Bicarb (20) 4(20) Algs (40) 0.200, 0.325 2.34
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Figure 2. A diagram showing the molecular structure of compo@nd

with 50% thermal ellipsoids and labeling schemes. Figure 3. A diagram showing the molecular structure of compoGnd
with 50% thermal ellipsoids and labeling schemes.

the crystal is chiral because of the chiral space gried42:2.

The structure ofl can be best described as a distorted trigonal
bipyramid with O(1), N(2), and N(2) on the basal plane (the
sum of bond angles on the basal plane is°368wo 2-(2-py)-
indole ligands are chelated to the Zn(ll) center. The shortest
bond is between Zn(1) and the negatively charged indole atom
N(2), 1.968(3) A, while the longest bond is between Zn(1) and
the disordered THF oxygen atom O(1), 2.204(6) A. Five-
coordinate Zn(ll) complexes are quite common and many
examples have been reported previod8lf¥he structure ofl
resembles th#fc of [Zn(8-aminoquinoline(H,0)]?". Com-
pound 1 loses the coordinate THF molecule readily when
subjected to vacuum. The poor stability bfn air is believed

to be caused by the reaction of the negatively charged 2-(2-
py)indole ligand with moisture, resulting in the rupture of-Zn

Figure 4. A diagram showing the molecular structure of compodénd

N(indole) bonds. with 50% thermal ellipsoids and labeling schemes.
Structure of Compound 2. The structure of compouriglis 1.2

shown in Figure 2. The boron atom2rhas a typical tetrahedral 5

geometry. The 2-(2-py)indole ligand is chelated to the boron s

center in a similar fashion as in compouhdThe B(1)-N(2) E 0.8

(indole) bond (1.561(9) A) is shorter than the BN(1) S 06

(pyridyl) bond (1.633(9) A) but similar to those of previously = '

reported 7-azaindole boron complex&he bond angles around [ 04

the boron atom range from 93.5¢@p 115.4(7Y. The B—C bond 202

lengths in2 are also in the normal range. - 0
Structure of Compound 3. There are two independent 200 300 400 500 600 700

molecules oB in the asymmetric unit of the crystal lattice, each
of which has a 2-fold rotation symmetry. The bond lengths and
angles of the two independent molecules are similar. Therefore, Figure 5. PL (excitation and emission) spectra of compouh(tashed
only the structure of one of the molecules, Be(1), is shown in line) and2 (solid line).
Figure 3. The Be(ll) center has a distorted tetrahedral geometry,
as indicated by the bond angles around the Be(ll) center, ranging Structure of Compound 4. The structure of compountlis
from 93.7(2% to 129.3(6Y. Similar tetrahedral structures of  similar to that of compoun@ as shown in Figure 4. The-BN
beryllium compounds have been observed previotslyThe and B—C bond lengths and angles are also similar to those of
Be—N bond lengths (1.665(5)1.753(6) A) are substantially 2. Despite the fact that the 2-(2-pyridyl)-7-azaindole ligand has
longer than the corresponding ones in compo2rioth steric  three nitrogen binding sites, only two of the nitrogen atoms N(1)
and electronic factors are believed to be responsible for this and N(2) are bound to the boron center in a similar fashion as
discrepancy. A few four-coordinate electroluminescent Be(ll) in compound2. The bond lengths and angles around the boron
complexes have been reported previoddty.Compounds is center in compound are similar to those o2. Although the
however the first example of electroluminescent Be(ll) com- molecular structure of compountiresembles that o2, these
pounds where the Be(ll) center is chelated by nitrogen donor two compounds crystallize in two different space groups:
atoms only. Efforts to make the analogue3ofising 2-(2-py)- compound?2 being in the centric, monoclinic space group
7-azaindole were unsuccessful. P23/n, while compound4 is in the chiral, orthorhombic space

(10) (@) Prince, R. H. InComprehensie Coordination Chemistry group P2,2,2. This differenqe s caus_ed L.meUbtedly .by the
wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: eplacement of a CH (C(12)) in 2-(2-pyridyl)indole by a nitrogen
gfthﬁ;k} 11%%2; \Blgtli 55,8 ghacpteKre ?re.'\l/l. (cb)-APurfe gt%rnHadee,. menffr:aH atom (N(3)) in 2-(27pyridyl)-7.-azainqole. It is however surpris-
L.;yﬁfheegy', J.E; Stewart,'J.(l\ZI. Coord. Chem1981, 11, 111. (d) Smith, ng tha'_[ a SUbtle d|ff_erence n t_he ligands could cause such a
H. W. Acta Crystallogr.1975 B31, 2701. dramatic difference in the packing of molecukand4 in the

(11) Tamoto, N.; Adachi, C.; Nagai, KChem. Mater.1997, 9, 1077. crystal lattice. Even more surprising is the fact that the melting

Wavelenghth (nm)




3676 J. Am. Chem. Soc., Vol. 122, No. 15, 2000

LUMO
0.05396 Hartree

0.32548
Hartree

HOMO
—0.27152 Hartree

Compound 4

Figure 6. Ab inito calculation results on HOMO and LUMO levels Bfand 4.

point of compound4 is about 40°C higher than that oP.

Liu et al.

LUMO
0.05720 Hartree

0.32013
Hartree

HOMO
—0.26293 Hartree

Compound 2

compoundsl—4 is therefore simply to stabilize the negatively

Although the crystal lattice difference must contribute somewhat charged ligand via the formation of coordination boAds.

to the melting point difference betweehand 4, electronic

Compound® and4 have a similar structure but the emission

factors must also contribute to some extent because the nitrogerenergy of4 has a~40 nm blue shift relative to that &f. The
atom, more electronegative than the carbon atom, can causgeplacement of a CH in the indole ligang b N atom in the

some difference in crystal lattice energy, thus resulting in
melting point difference. Compound is much more stable
toward air than dinuclear compoundsR3(0)(7-aza) where
the 7-azaindole ligand acts as a bridging ligdteiThe enhanced
stability of 4 can be attributed to the chelate bonding mode of
the 2-py-7-azaindole ligand. Similarly, the chelate effect is
believed to contribute to the overall stability of compourds
and3.

Photoluminescent and Electroluminescent Properties of
Compounds 4. Compoundd—4 produce a bright blue/green
color in solution and the solid state upon irradiation by UV
light. The emission maximum of compounds-4 is at 488,

7-azaindole ligand apparently increases:tie-r energy gap,
which is not surprising since the nitrogen atom is more
electronegative than the carbon atom, thus capable of lowering
the HOMO level and increasing the HOMO and LUMO gap.
To rationalize the blue-shift displayed by compouhcelative

to that of 2, we performed ab initio calculations on the
Restricted-HartreeFock (RHF) level using a standard split-
valence polarized (6-31G*) basis set, employing the Gaussian98
suite of program$? The geometric parameters employed in the
calculations were from crystal structure data. In Figure 6, we
plotted the energies of the Highest Occupied Molecular Orbitals
(HOMO's) and Lowest Unoccupied Molecular Orbitals (LU-

516, 490, and 476 nm, respectively. The PL spectra of powder MO's) for compound® and4, together with surfaces on which

samples ofi—4 match those of films. The fact that compounds
1—4 have a similar emission band in solution, solid, or films

those orbitals attain values &f0.05 atomic units. As one may
see, the HOMO's of both compounds areorbitals localized

indicates that the luminescence observed in these compound®n the fused ring systems, i.e., the indole portior2,adind the

is a molecular property, attributable tos& —s transition of
the 2-(2-py)indole ligand or the 2-(2-py)-7-azaindole ligand. The
luminescence of compounds-4 is in sharp contrast to those

of the free ligands which have either no emission at all in the

visible region (2-(2-py)indole) or a weak emission at 420 nm

7-azaindole part of, respectively. Therefore, the energy of the
HOMO stands to be lowered by the replacement of-aHC

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.,
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

(2-(2-py)-7-azaindole). The dramatic red shift of emission energy D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

of 2-(2-py)-7-azaindole complekin comparison to that of free

2-(2-py)-7-azaindole can be attributed to the removal of the

proton from 2-(2-py)-7-azaindole, which is consistent with the

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

QOchterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

results of our earlier studies on luminescent di(2-pyridyl)amine 1.; Gomperts, R.; Martin, R. L. D.; Fox, J.; Keith, T.; Al-Laham, M. A.;

and 7-azaindole complexes that revealed that the deprotonatiorﬁ;e

of the ligand decreases the —s gap, thus resulting in a red
shift in emission energy.The role of the central ion in

ng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98Revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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group in2 by a more electronegative N # The fact that this Wavelength (nm)

lowering is still rather small might be assigned to the nodal Figure 10. PL (solid line) and EL (empty triangle, devid dashed
surfaces near the nitrogen atoms in the HOMGtofvhile the line, deviceC).

HOMO in 2 has appreciable values near the nitrogen. On the . . .

other hand, the lowering effect from the nitrogen is considerably Point (291°C) and chemical stability. The electroluminescent
smaller for the LUMO's that are virtually identical for the two ~ Properties o#t were therefore also investigated. The electrolu-
compounds, and largely localized on the pyridine portion of Minescent deviceX) for compound3 was fabricated by using
the ligand, i.e., away from the indole or 7-azaindole group. The NPB (N,N-di-1-naphthylN,N-diphenylbenzidine) as the hole
overall effect is a widening of the gap by a relatively small transport layer3 as the light emitting layer, and the electron
amount from2 to 4. This is consistent with the observation of ~transport layer. The takeoff voltage of deviéeis ~7 V as

a shift in the fluorescence from greendito blue in4. Although shown in Figure 7. The external device efficiency is 1.06 cd/A.
the energy value of the HOMELUMO gap from Hatree-Fock The EL maximum of devicé is at 515 nm, approximately
calculations does not match the experimentally measuredMatching that of PL (Figure 8), confirming that the light in
emission energy because only the ground state was taken intglevice A is from compound3. When Alg; was used as the
consideration in the calculation, the trend predicted by the electron transport layer, a similar electroluminescence as that
calculation is qualitatively correct. of deviceA was obtained.

Among compoundsl—3 which contain the same chro- For compound! two EL devices B andC) were fabricated
mophore, i.e., 2-(2-py)indol& has the highest thermal stability by using NPB as the hole transport lay¢gs the light emitting
(highest melting point) and chemical stability, thus most layer, and Alg as the electron transport layer. The takeoff
promising for practical applications. The electroluminescent voltage for both devices is at8 and 9 V, respectively (Figure
properties of3 were therefore investigated. As the only 2-(2- 9). The EL maximum for devic® is at 515 nm, a substantial
py)-7-azaindole complex, compouddas a fairly high melting shift from that of PL (476 nm) oft as shown in Figure 10. The
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possible cause for this red shift is the formation of an exciplex produce a bright blue/green light in electroluminescent devices.
between the NPB layer and the emitting layer. Similar phe- The new boron and beryllium compounds are promising
nomena have been observed previously in EL devices usingmaterials in electroluminescent applications. Efforts to further
boron complexes as the light emitting layer and NPB as the improve electroluminescent performances of the new com-
hole transport layete To eliminate the exciplex, a bicarbazole pounds are underway.

layer is added between the NPB layer and the compduager

in deviceC. The EL spectrum of devic€ indeed matches well Acknowledgment. We thank the Natural Science and
the PL of compound with the emission maximum at 490 nm.  Engineering Research Council of Canada and Xerox Research
Furthermore, as shown in Figure 9, deviCeis much more Foundation for financial support.

efficient than that of deviceB (at 20 mA/cn? the external

efficiency for deviceB is 0.57 cd/A while deviceC has an Supporting Information Available: Tables of atomic

efficiency of 2.34 cd/A.). The relatively low efficiency of device  ¢qordinates and isotropic thermal parameters, bond lengths and
B is consistent with the formation of an exciplex, which is  angles, anisotropic thermal parameters, and hydrogen parameters

known to reduce the efficiency of the EL devite. for 1—4 (PDF). This material is available free of charge via
In summary, four new blue/green luminescent compounds ihe Internet at http://pubs.acs.org.

have been synthesized by using modified indole and 7-azaindole
ligands. Two of these compounds have been demonstrated t0]JA9944249



