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Three-Coordinate Organoboron Compounds BAr,R (Ar = Mesityl,
R = 7-Azaindolyl- or 2,2'-Dipyridylamino-Functionalized Aryl or Thienyl)
for Electroluminescent Devices and Supramolecular Assembly
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Abstract: Eight novel three-coordinate
boron compounds with the general for-
mula BAr,L, in which Ar is mesityl
and L is a 7-azaindolyl- or a 2,2’-dipyri-
dylamino-functionalized aryl or thienyl
ligand, have been synthesized by
Suzuki coupling, Ullmann condensa-
tion methods, or simple substitution re-
actions (L = p-(2,2"-dipyridylamino)-
phenyl, 1; p-(2,2'-dipyridylamino)bi-
phenyl, 2; p-(7-azaindolyl)phenyl, 3; p-

8). The structures of 1, 3, and 5-7 have
been determined by X-ray diffraction
analyses. These new boron compounds
are bright blue emitters. Electrolumi-
nescent devices using compound 2 or 8
as the emitter and the electron-trans-
port layer have been successfully fabri-
cated. Molecular orbital calculations
(Gaussian 98) have established that the
blue emission of compounds 1-8 origi-
nates from charge transfer between the

mt orbital of the ligand L and the p, or-
bital of the boron center. The ability of
these boron compounds to bind to
metal centers to form supramolecular
assemblies was demonstrated by treat-
ment of compound 2  with
Zn(O,CCF;),, which generated a 1:1
chelate complex {2-Zn(O,CCF;),} (10),
and also by treatment of compound 4
with AgNO;, yielding a 2:1 coordina-
tion compound {(4),yAg(NO;)} (11). In

(7-azaindolyl)biphenyl, 4; 3,5-bis(2,2'-
dipyridylamino)phenyl, 5; 3,5-bis(7-
azaindolyl)phenyl, 6; p-[3,5-bis(2,2"-di-
pyridylamino)phenyl]phenyl, 7; 5-[p-
(2,2'-dipyridylamino)phenyl]-2-thienyl,

coordination

Introduction

Three-coordinate organoboron compounds have recently
emerged as an important and very promising class of materi-
als for various photonic and optoelectronic applications.!!
Marder and others have carried out extensive studies on
three-coordinate organoboron compounds and have demon-
strated their potential uses as frequency-doubling materials
in nonlinear optics.>* Shirota and co-workers have recently
reported several classes of very elegant three-coordinate or-
ganoboron compounds involving aryl and thienyl groups,
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the solid state, compounds 10 and 11
form interesting head-to-head and tail-
to-tail extended structures that host
solvent molecules such as benzene.

and have demonstrated their uses as emitters and as elec-
tron-transport and hole-blocking materials in organic light-
emitting diodes (OLEDs)."! Yamaguchi, Tamao, and others
have recently shown that three-coordinate organoboron
compounds can be used as effective fluorescent sensors for
Lewis donors such as fluoride.’] These demonstrated appli-
cations of the previously reported three-coordinate organo-
boron compounds stem from three important and character-
istic features of these molecules. First, the empty and rela-
tively low-lying 2p, orbital on the boron center makes the
three-coordinate boron compounds good electron acceptors.
The reversible binding of the boron compounds to an exter-
nal electron donor (Lewis base) or electrons provides the
capability of the three-coordinate boron compounds to act
as fluorescent sensors for Lewis bases or as electron-trans-
port materials in OLEDs. The presence of an internal elec-
tron donor group in the three-coordinate boron compounds
produces polarized donor—acceptor electronic transition, a
prerequisite for nonlinear optical applications. Second, the
presence of luminescent chromophores makes it possible to
use these three-coordinate boron compounds as emitters in
OLEDs and fluorescent sensors as well. Third, the electron-
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deficient boron centers in the three-coordinate boron com-
pounds are protected by bulky substituent groups, which
provide the boron compounds with sufficient chemical sta-
bility for useful practical applications. Despite the attractive
features and the demonstrated potential applications of
three-coordinate organoboron compounds described above,
examples of useful three-coordinate boron materials in pho-
tonic and optoelectronic applications remain scarce. Further-
more, although research in OLEDs has made tremendous
progress in the past decade, with full-color display OLED
devices emerging as commercial products, stable blue emit-
ters and charge-transport materials (hole- or electron-trans-
port) that are either transparent in the visible region or emit
in the blue or near UV region are still in great demand in
the OLEDs industry.!”! Alq; (q = 8-hydroxyquinolinato) is
one of the best electron-transport materials.*”) However, its
application in OLEDs is rather limited by its intense emis-
sion band in the green region. Shirota’s work indicated that
three-coordinate boron compounds (BAr;) may be very val-
uable as electron-transport materials in OLEDs. Based on
these considerations, our group initiated research on new
three-coordinate boron compounds for applications in
OLEDs. We recently reported several blue luminescent
BAr; molecules in which Ar is an extended m-conjugated
ligand functionalized by a 2,2-dipyridylamino chromo-
phore.®! Although these BAr; molecules are very bright
blue emitters, attempts to use them in OLEDs were unsuc-
cessful, due to the difficulty of
vacuum-depositing these large
molecular weight molecules
onto the substrate. To over-
come this problem, we have
developed synthetic methods
for new and relatively smaller
molecules BAr,R, where Ar =
mesityl and R = 2,2’-dipyridy-
lamino- or 7-azaindolyl-func-
tionalized aryl or thienyl
groups. The inclusion of 2,2'-
dipyridylamino or 7-azaindolyl
groups in the new boron com- dpa
pounds is based on two estab-
lished facts®: 1)these two
groups are efficient fluorescent
chromophores in the UV/blue
region (depending on the sub-
stituent groups), and 2) these
two groups are capable of
binding to Lewis acids such as
a metal ion via the nitrogen
donor site, thus providing the
potential to act as building
blocks for luminescent supra-
molecular materials. The new
boron molecules can indeed be
sublimed and show promising
properties for OLEDs applica-
tions and coordination chemis-
try. Here we report the results
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of our comprehensive study of this class of new three-coor-
dinate boron compounds.

Results and Discussion

Syntheses: The new organoboron compounds BAr,L (Ar =
mesityl, L = p-(2,2'-dipyridylamino)phenyl, 1; p-(2,2"-dipyri-
dylamino)biphenyl, 2; p-(7-azaindolyl)phenyl, 3; p-(7-azain-
dolyl)biphenyl, 4; 3,5-bis(2,2"-dipyridylamino)phenyl, 5; 3,5-
bis(7-azaindolyl)phenyl, 6; p-[3,5-bis(2,2'-dipyridylamino)-
phenyl]phenyl, 7; 5-[p-(2,2’-dipyridylamino)phenyl]-2-thien-
yl, 8) can be divided into three groups. The first group con-
tains a phenyl or a biphenyl group functionalized at the 4-
or 4'-position either by a 2,2'-dipyridylamino or by a 7-azain-
dolyl group (compounds 1-4; see Scheme 1). The second
group contains a phenyl or a biphenyl functionalized by two
2,2'-dipyridylamino groups or two 7-azaindolyl groups at the
3- and the 5-positions or the 3'- and 5'-positions (compounds
5-7). The third group contains a thienyl group functional-
ized by a p-(2,2’-dipyridylamino)phenyl group (compound
8). As shown in Scheme 1, the first group of compounds was
synthesized in good yields (78-90 %) by treatment of the ap-
propriate aryl bromide at —78°C with butyllithium (BuLi)
and subsequently with BAr,F (Ar = mesityl). The function-
alized phenyl compounds 5 and 6 in the second group were
obtained in good yield by a procedure similar to that used

a b
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Scheme 1. a) 2,2"-Dipyridylamine or 7-azaindole, KOH (or K,CO;), CuSO,, 210°C; b)nBuLi, (Mes),BF,
—78°C; c) nBuLi, B(OMe);, —78°C; d) [Pd(PPh;),], 5a, NaOH.
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for 1-4. The bis(2,2-dipyridylamino)-substituted biphenyl
compound 7 was obtained by a two-step reaction. First, 1,4-
dibromobenzene was treated with one equivalent of BuLi
and one equivalent of BAr,F to produce BAr,(4-Br-phenyl),
which was converted into the boronic acid BAr,(4-B(OH),-
phenyl) by treatment with BuLi and B(OCHj;); at —78°C.
Through the use of Pd-catalyzed Suzuki-Miyaura cross-cou-
pling reactions!'” and [Pd(PPh;),] as the catalyst in the pres-
ence of NaOH, the reaction of BAr,(4-B(OH),-phenyl) with
1-bromo-3,5-bis(2,2'-dipyridylamino)benzene produced com-
pound 7 in 21 % yield. Compound 8 was obtained by two
different methods, as shown in Scheme 2. The first method
involves treatment of p-(2,2'-dipyridylamino)-2-thienylben-
zene (8a) with BuLi and BAr,F at —78°C, producing 8 in a
relatively low yield (25%). The second method involves
treatment of p-(2,2-dipyridylamino)phenyl-2-bromo-5-thio-
phene (8b) with BuLi and BAr,F at —78°C, producing com-
pound 8 in 62 % yield.

The starting materials, aromatic bromide compounds,
were prepared in moderate yields (43-68 %) by treatment of
p-dibromobenzene, p-dibromobiphenyl, or 1,3,5-tribromo-
benzene with 7-azaindole or 2,2'-dipyridylamine by Ullmann
condensation methods with K,CO;/KOH and CuSO, as a
base and a catalyst, respectively™!! (Scheme 1). The signifi-
cant factors in the synthesis of these aromatic bromides are
the reaction temperatures and reaction times. For example,
for the synthesis of 3,5-di-(2,2’-dipyridylamino)-1-bromoben-
zene, if the reaction temperature is not sufficiently high
(<190°C), no reaction occurs. If the reaction temperature is
too high (>210°C) or the reaction time too long (>12h),
the main product is 1,3,5-tris-(2,2"-dipyridylamino)benzene.
If the reaction time is shorter than 5h, monosubstituted
compound is the main product. The optimum reaction con-
ditions are 200-205°C, 10 h with a 1:2 ratio of 1,3,5-tribro-
mobenzene and 2,2'-dipyridylamine. The ligand 8a was pre-
pared by treatment of 2-thienylzinc bromide with p-(2,2'-di-
pyridylamino)-bromophenyl  in  the  presence of
[Pd(PPh;),CL,] and diisobutylaluminium hydride in ~60 %
yield. The ligand 8b was prepared by Suzuki-Miyaura cross-
coupling!®! of 2,5-dibromothiophene and p-(2,2-dipyridyl-
amino)phenylboronic acid in 80% yield. The syntheses of
the ligands and the three groups of boron compounds are
summarized in Scheme 1.

Crystal structures: The new boron compounds 1-8 were
fully characterized by NMR and elemental analyses. To es-
tablish the full structural parameters to aid our investigation

7\ 7\
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R=H, 8a;R=Br, 8b

into the relationship of structures and electronic properties,
we also carried out structural determination by single-crystal
X-ray diffraction methods for compounds 1, 3, and 5-7,
which produced suitable single crystals. Crystal data are pro-
vided in Table 1. Selected bond lengths and angles for these
compounds are provided in Table 2. The structures of 1, 3,
and 5-7 are shown in Figures 1, 2, 3, 4, and 5, respectively.

The boron centers in all five structures adopt nearly ideal
trigonal planar geometries. The largest deviation from the
ideal trigonal planar geometry was observed in compound 7,
in which the C-B-C angles range from 113.7(7)° to 128.7(7)°.
The B(mesityl), units in all five structures are not coplanar
with their adjacent phenyl rings. The dihedral angles be-
tween the BC; planes and the adjacent phenyl rings are
26.9, 26.3,24.2,28.6, and 30.0° in 1, 3, 5, 6, and 7, respective-
ly. Similar dihedral angles have been observed in (mesi-
tyl),B-aryl-B(mesityl), compounds reported by Marder and
co-workers.”? The lack of coplanarity between BC; unit and
phenyl ring can be attributed to steric interactions imposed
by the methyl groups. Figures 1-5 show clearly that the
boron centers in these compounds are well protected by the
methyl groups of the mesityl ligands. The amino nitrogen
atoms of the 2,2'-dipyridylamino units in compounds 1, 5,
and 7 adopt typical trigonal planar geometries. However,
the NC; planes of the amino nitrogens in all three com-
pounds are not coplanar with the adjacent phenyl rings, as is
evident from the dihedral angles, ranging from 43.9 to 89.3°.
The lack of coplanarity between the 2,2'-dipyridylamino
groups and the phenyl rings is apparent in the side view of
molecule 5 as shown in Figure 3b, in which the pyridyl
groups are oriented above and below the central phenyl
ring, respectively. In contrast, the dihedral angles between
the 7-azaindolyl units and the adjacent phenyl rings in 3 and
6 are much smaller (38.9° in 3, 39.7° and 40.1° in 6), due to
much reduced steric interactions. The biphenyl unit in 7 is
not coplanar, but with a dihedral angle between the two
phenyl rings of 20.2°. Previously we have reported a number
of symmetrically 1,3,5-substituted starburst molecules based
on benzene or triazine frameworks and involving 2,2'-dipyri-
dylamino or 7-azaindolyl substituent groups.”® Compounds
5 and 6 can be viewed as new starburst molecules with two
different types of substituents—an electron-donor substitu-
ent (dipyridylamino or 7-azaindolyl) and an electron-accept-
or substituent (BAr,)—coexisting in the same molecule. The
B—C and N—C bond lengths in compounds 1, 3, and 5-7 are
typical and similar to previously reported three-coordinate
boron compounds and 2,2-dipyridylamino or 7-azaindolyl
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Scheme 2. a) 2-Thienylzinc bromide, DIBAH, [Pd(PPh;),CL,]; b) 1) nBuLi, B(OMe);, —78°C, 2) 2,5-dibromothiophene, [Pd(PPh;),], Na,COs; c¢) nBuLi,

(Mes),BF, —78°C.
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Table 1. Crystallographic data.

1 3 5 6 7 10 1
formula CyH3BN;  C;Hy BN, CyHy BN  CiHisBN,-0.5CH,Cl, CsH,;sBNg2CH,Cl, C, H3;BFN;0,Zn-CiHs C;,H7B,Ns;O;Ag:
3CH0.5CH,,
fw 495.45 442.39 664.64 600.97 910.58 941.10 1477.19
T (K) 297 298 298 298 293 295 180
space group Pna2, P2, P1 Pl Pl Pl P1
a[A] 11.179(3) 12.224(4) 11.144(2) 12.011(2) 8.234(2) 8.8127(17) 10.146(4)
b [A] 22.942(7) 13.231(4) 12.088(3) 12.182(2) 15.670(4) 10.2718(19) 16.490(6)
c[A] 11.332(3) 16.429(5) 15.629(3) 23.384(5) 20.651(5) 26.996(5) 23.695(8)
a[°] 90 90 104.225(3)  98.554 67.439(15) 79.591(3) 94.309(6)
BI°] 90 102.940 103.158(4)  100.405(4) 81.303(19) 87.205(3) 97.831(7)
v [°] 90 90 104.981(4)  95.243(5) 88.36(2) 87.065(4) 98.899(6)
V [AY] 2906.1(14)  2589.6(13) 1873.7(7) 3303.3(11) 2431.2(11) 2398.4(8) 3861(2)
Z 4 4 2 4 2 2 2
Peatea [g cm 7] 1.132 1.135 1.178 1.208 1.244 1.303 1.270
p [mm™] 0.066 0.065 0.070 0.149 0.285 0.581 0.317
260 [°] 56.56 56.74 56.60 56.74 57.42 56.60 56.72
no. of rflns meas- 19908 18705 13585 24156 15296 17025 27214
ured
no. of rflns used 6632 10086 8590 15241 (0.0369) 10705 (0.369) 10771 (0.0182) 17451 (0.0422)
(Rin) (0.0476) (0.0322) (0.0330)
no. of parameters 343 613 460 788 567 635 871
final R (I>20(1)), 0.0415 0.0589 0.0530 0.0926 0.1066 0.0475 0.0996
R1lal
wR2!"! 0.0872 0.1396 0.1068 0.2540 0.1209 0.1136 0.2630
R (all data) 0.1432 0.1161 0.1901 0.2427 0.5128 0.0928 0.1932
R1lal
wR2!"! 0.1053 0.1597 0.1376 0.3019 0.1994 0.1270 0.2888
Good. of fit on F* 0.757 0.872 0.778 0.835 0.708 0.893 1.058

[a] Rl = S[|F,|—|F.|VZ|F,|. [b] wR2 = {S[W(F—R)SWE2, w = 1/[c*(F) + (0.075P)?], where P = [Max(F20) + 2F%]/3

derivatives.*” No significant intermolecular m stacking in-
teractions are observed in any of the five structures.

Physical properties: All eight new boron compounds are
stable in solution and in the solid state upon extended expo-
sure to air. This remarkable chemical stability in this class of
molecules is attributable to the presence of the bulky mesi-
tyl groups and is consistent with the behavior of previously
reported BAr; molecules with bulky protecting groups.!'>'%
These new boron compounds also exhibit remarkable ther-
mal stability, with melting points ranging from 141°C (7) to
260°C (2). Glass transition temperatures were observed for
compounds 1 (T, = 81°C), 2 (T, = 132°C), and 3 (T, =
68°C) by DSC analyses, indicating that these new boron
compounds are capable of forming amorphous phases. De-
spite repeated attempts, no glass transition temperatures
were observed for compounds 4-8. The glass-forming capa-
bility of similar three-coordinate boron compounds has pre-
viously been extensively examined by Shirota et al.®! Com-
pounds 1-8 have moderate solubility in CH,Cl, and are only
slightly soluble in THF.

Electronic properties: Compounds 1-8 are colorless and
each has a characteristic broad absorption band in the 300-
400 nm region, which can be attributed to ligand—boron
charge-transfer transitions. Sharp and intense absorption
bands in the 200-300 nm region are also observed for 1-8,
and can be assigned to ligand-centered m—mt" transitions. The
UV/Vis absorption bands are given in Table 3. Compounds
1-8 display both reversible reduction peaks and pseudo-re-

Chem. Eur. J. 2004, 10, 994—1006 www.chemeurj.org

versible oxidation peaks in cyclic voltammetry measure-
ments. The reduction potentials were measured in THF solu-
tions. No reduction potentials could be obtained for some of
the compounds, due to poor solubility in THF. The oxida-
tion potentials were measured in CH,Cl, solutions. The re-
duction potentials (versus Ag/AgCl) of 1-8 were determined
to be at —1.60 V to —1.84 V, while the first oxidation poten-
tials of 1-8 were found to span a considerable range (1.20 V
to 1.80 V). For compounds 5 and 7, two pseudo-reversible
(the heights of i, and i, are not symmetrical) oxidation
peaks (1.23V and 1.54V for 5; 1.54V and 1.88V for 7)
were observed, presumably due to two consecutive oxida-
tions of the two 2,2'-dipyridylamino groups on the phenyl
and the biphenyl moieties. For compound 8, two pseudo-re-
versible oxidation peaks at 1.20 V and 1.68 V were observed,
and could be attributed to the oxidation of the thiophene
ring and the 2,2'-dipyridylamino group, respectively. The bi-
polar behavior of compounds 1-8 resembles that of three-
coordinate boron compounds reported by Shirota et al.l!
From the redox potentials obtained by cyclovoltammetry
measurements and the absorption edges of the UV/Vis spec-
tra, we obtained the HOMO and LUMO energy levels for
compounds 1-8 (with the ferrocene oxidation potential as
the standard for the vacuum energy level™). The results are
listed in Table 4, which shows for the first group of boron
compounds (1-4) that the 2,2'-dipyridylamino-substituted
compounds have somewhat higher HOMO levels and small-
er band gaps than the 7-azaindolyl analogues. Similarly, the
2,2'-dipyridylamino-substituted compound 5 has a higher
HOMO level than the 7-azaindolyl analogue, compound 6.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 997
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Table 2. Selected bond lengths [A] and angles [°] for compounds 1, 3, 5—
7, and 10-11.

Compound 1

B(1)-C(14)  1.552(4) C(14)-B(1)-C(26)  118.4(2)
B(1)-C(26)  1.575(4) C(14)-B(1)-C(17)  120.8(2)
B(1)-C(17)  1.582(4) C(26)-B(1)-C(17)  120.7(2)
Compound 3

B(1)-C(11)  1.566(5) C(11)-B(1)-C(14)  117.9(3)
B(1)-C(14)  1.586(5) C(11)-B(1)-C(23)  119.7(3)
B(1)-C(23)  1.567(5) C(23)-B(1)-C(14)  122.4(3)
Compound 5§

B(1)-C(1) 1.573(4) C(1)-B(1)-C(10) 121.5(2)
B(1)-C(10)  1.577(3) C(1)-B(1)-C(19) 119.1(2)
B(1)-C(19)  1.574(4) C(19)-B(1)-C(10)  119.4(2)
Compound 6

C(1)-B(1) 1.586(7) C(10)-B(1)-C(1) 122.4(5)
C(10)-B(1) 1.567(7) C(19)-B(1)-C(1) 120.5(5)
C(19)-B(1)  1.547(8) C(19)-B(1)-C(10)  117.1(4)
Compound 7

B(1)—C(10) 1.508(11) C(10)-B(1)-C(19)  113.7(7)
B(1)-C(19)  1.605(10) C(10)-B(1)-C(1) 128.6(7)
B(1)—-C(1) 1.616(11) C(19)-B(1)-C(1) 117.3(8)
Compound 10

B(1)-C(33)  1.563(4) C(33)-B(1)-C(5) 117.6(2)
B(1)—C(5) 1.576(4) C(33)-B(1)-C(14)  119.7(2)
B(1)—-C(14) 1.580(4) C(5)-B(1)-C(14) 122.7(2)
Zn(1)-O(1)  1.922(2) O(1)-Zn(1)-0(3)  96.30(10)
Zn(1)-0(3)  1.931(2) N(3)-Zn(1)-N(1) 91.20(8)
Zn(1)-N@3)  1.995(2) C(5)-B(1)-C(14) 122.7(2)
Zn(1)-N(1)  1.9993(18)  C(5)-B(1)-C(14) 122.7(2)
Compound 11

B(1)-C(29)  1.565(9) C(29)-B(1)-C(17)  118.8(5)
B(1)-C(17)  1.582(9) C(29)-B(1)-C(20)  123.9(5)
B(1)-C(20)  1.582(9) C(17)-B(1)-C(20)  117.3(5)
B(2)—C(54)  1.555(8) C(54)-B(2)-C(57)  120.0(5)
B(2)—-C(57)  1.569(9) C(54)-B(2)-C(66)  115.9(5)
B(2)—-C(66)  1.575(9) C(57)-B(2)-C(66)  124.1(5)
Ag(1)-N4) 2.236(6) N(4)-Ag(1)-N(2)  150.9(3)
Ag(1)-N(2) 2.237(6) 0(2)-Ag(1)-O(1)  49.6(4)
Ag(1)-0(2) 2.473(11)

Ag(1)-O(1)  2.533(11)

Figure 3. a) Molecular structure of compound 5 with labeling schemes.
b) Side view of compound 5.

N

Figure 1. Molecular structure of compound 1 with labeling schemes.

The thienyl-containing compound 8 has the smallest band
gap.

Luminescence: Compounds 1-8 each emit an intense blue
color in solution and in the solid state when irradiated by Figure 4. Molecular structure of compound 6 with labeling schemes.
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Figure 5. Molecular structure of compound 7 with labeling schemes.

Table 3. Absorption and luminescence data for compounds 1-8.

larized excited state.'! The absorption and emission spectra
of compound 2 in THF and DMF are provided in Figure 6
as a representative example to demonstrate the solvent
effect, the emission maximum of 2 shifting from 449 nm in
THF to 475 nm in DMF. The 7-azaindolyl-substituted com-
pounds emit at a higher energy than the corresponding 2,2'-
dipyridylamino-substituted compounds, consistently with the
trend in the band gaps determined by UV/Vis spectra. Com-
pounds 1, 2, 4, and 8 are the brightest emitters among this
group of molecules, based on their quantum yields measured
in CH,Cl, with 9,10-diphenylanthracence as the standard.
From their emission lifetimes, the emission of the boron
compounds 1-8 at ambient temperature is fluorescence. As
an example, the decay lifetime of compound 2 was deter-
mined at Photon Technology International (Canada) Inc. to

be 1.113(4) ns, an indication of

fluorescent emission. Because

of the lack of easy access to fa-

Compd QV/Xis atj?c)lar]ption [nm] Excitation Emission Qu.antum Conditions cilities for fluorescent decay
(e, M 'em™) wavelength Amax yields 298 K T
[nm] [nm] () lifetime measurement, the fluo-
1 230 (19720), 250 (11760), 320 (12540), 362 360 411 99 CH,Cl,  rescent emission lifetimes of
(23850) the remaining compounds
384 417 solid were not measured. However,
2 232 (48250), 270 (35660), 336 (40330) ggi 129 63 CHIZ(;IZ from their structural similarity,
0 soli .
3 230 (22630), 286 (7750), 336 (17670) 338 381 21 c,c, Ve believe that they all should
348 398 solid probably have decay lifetimes
4 230 (38621), 256 (17230), 338 (49230) 357 413 66 CH,Cl, in the ns time domain.
349 463 solid
5 230 (65650), 266 (53630), 302 (64990) 345 448 17 CH,Cl, Molecular orbital calculations:
320 449 solid Toh bett derstandi
6 230 (75990), 258 (90420), 298 (23630), 336 345 410 1 CH,CI, 0 have a betler understanding
(23480) of the electronic and lumines-
348 418(sh), solid cent properties of compounds
456 1-8, we carried out ab initio
7 304 (very broad, 64102) 355 436 6 CH,Cl, molecular orbital calculations
359 433 solid K
8 230 (40720), 310 (20090), 382 (44490) 381 465 100 CH,Cl, on four repfesentatl‘{e com-
418 469 solid pounds: BAr,(p-(2,2-dipyridyl-

[a] All data were collected for CH,Cl, solution ([M] = 1.0x107°-1.0x 10~°) at ambient temperature. [b] Rela-
tive to 9,10-diphenylanthracene in CH,Cl, at ambient temperature. [c] sh=shoulder.

Table 4. HOMO and LUMO energy levels for compounds 1-9.

amino)phenyl) (1), BAr,(p-(7-
azaindolyl)-phenyl) 3),
BAr,(1,3-bis(2,2"-dipyridylami-
no)-phenyl) (5), and a model
compound BAr,(5-(2,2"-dipyri-

Compound HOMO LUMO Experimental

HOMO from MO LUMO from MO Band gap from MO

dylamino)-2-thienyl) (9). The

[eV] [eV]  band gap (eV) calculation calculation calculation geometric parameters from X-
(Hartree) (Hartree) (Hartree) ray diffraction analysis were
1 =57 2.5 3.2 —0.19528 —0.06048 0.13480 used fOI' the Calculations for
2 =57 =25 32 compounds 1, 3, and 5. Be-
3 —6.1 -2.7 34 —0.20940 —0.05429 0.15511 f the lack of X d
4 53 by 33 cause of the lack o -Tay ata
5 -55  -21 3.4 —0.19022 —0.05891 0.13131 for compound 8, geometric pa-
6 —6.0 -2.6 34 rameters for 8 could only be
7 -58 =26 32 obtained by molecular model-
8 =33 —26 29 ing and geometric optimiza-
9 ~0.20155 ~0.07473 0.12682 & & P

UV light. In CH,Cl,, the emission maxima of 1-8 range
from 381 nm (3) to 465 nm (8). In solution, the emission
maxima change with changes in solvent polarity, a common-
ly observed phenomenon for three-coordinate organoboron
compounds and attributable to the presence of a highly po-

Chem. Eur. J. 2004, 10, 994—1006 www.chemeurj.org

tion. To minimize the compu-
tational time required for
these calculations, we per-
formed the calculation for the related but smaller molecule
9 (synthetic efforts to obtain this molecule were not success-
ful). The geometric parameters for 9 were obtained by mo-
lecular modeling and geometric optimization. The Gaussian
suite of programs!'!l (Gaussian 98) was employed for the cal-
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Figure 6. Absorption and emission spectra of compound 2 in THF and
DMF.

culations. The calculations were performed with the 6-31G*
basis set!™ at an RHF (restricted Hartree-Fock) level of
computation. The orbital diagrams were generated by use of
the Molekel program.''®! All contour values are +0.03 a.u.
The calculated HOMO and LUMO energy levels and band
gaps for 1, 3, §, and 9 are provided in Table 4. Compound 9
has the smallest calculated band gap, consistently with the
experimentally observed trend for compounds 1-8. The
smaller band gap of the thienyl compounds 8 and 9 could be
attributable to the effective conjugation between the boron
center and the thienyl group, effectively lowering the
LUMO level, hence the band gap. The LUMO levels for all

LUMO

compounds predominately consist of the empty p, orbital on
the boron center with substantial contribution of &t orbitals
from the phenyl or the thienyl portion of the luminescent
ligand. The HOMO levels for all compounds are m orbitals
involving the entire luminescent ligand. The HOMO and
LUMO orbitals for 1, 5, and 9 (HOMO and LUMO orbitals
of 3 are omitted) are shown in Figure 7. LUMO orbitals
confirm the presence of conjugation between the w orbitals
of the phenyl (or thienyl) portion of the 2,2"-dipyridylamino-
functionalized ligand and the empty p, orbital of the central
boron atom. This is consistent with the fact that the B—C
(phenyl) bond lengths for most of the structures determined
by X-ray diffraction are slightly shorter than those of
B—mesityl bonds (with the exception of compound 7, in
which the B—C (thienyl) bond appears to be longer than
one of the B—C (mesityl) bonds. Because of the poor quality
of data for 7, however, there is much uncertainty on the
bond lengths listed for 7 in Table 2.). The MO calculation
results established unambiguously that the electronic transi-
tions responsible for the emission of compounds 1-8 origi-
nate from the s orbitals of the 2,2'-dipyridylamino- or 7-
azaindolyl-functionalized ligands to the st* orbitals involving
both boron and the luminescent ligand.

Electroluminescence: Compound 2 was chosen as a repre-
sentative example of compounds 1-7 for the study of elec-
troluminescent (EL) properties because of the following
considerations: 1) compound 2 has the highest melting point
and the highest 7, (132°C), 2) compound 2 is one of the
brightest emitters of compounds 1-7, and 3) the emission
maximum (/450 nm) of 2 in solution (CH,Cl,) and in the

Figure 7. A diagram showing the HOMO and LUMO levels of compounds 1, 5, and 9.
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solid state (=440 nm) is in the ideal blue emission region
(430-450 nm). These three features make compound 2 the
best candidate out of compounds 1-7 as a blue emitter for
OLEDs. The presence of the thienyl group in compound 8
makes it a unique member among the eight new boron com-
pounds reported here, so compound 8 was also chosen for
the study of electroluminescent properties. Three types of
EL devices were fabricated for compound 2. Device 1 is a
double-layer device consisting of ITO (indium-tin-oxide)/
NPB (40 nm)/2 (40 nm)/LiF (2 nm)/Al, where NPB (N,N'-di-
1-naphthyl-N,N'-diphenylbenzidine) functions as a hole-
transport layer. This device produces a bright whitish-blue
emission with the EL maximum at 436 nm, which matches
well with that of PL (Figure 8). The turn-on voltage of
device 1 is 5V and the maximum luminance is 2566 Cdm*

A El/device 1
o El/device 2
o EL/device 3
—PL of 2

0.8

0.2

350 450 550 650 750

A/nm

Figure 8. EL of devices 1-3 and PL of compound 2.

at 17V, indicating that device 1 is efficient and bright (Fig-
ures 9 and 10). The fact that no electron-transport material
was used for device 1 indicates that the boron compound 2
can function both as an emitter and as an electron-transport
material. The broad shoulder in the 500-700 nm region of
the EL spectrum of device 1 is believed to originate from
exciplex emission between the NPB and compound 2 layers.
To remove the exciplex emission, device 2 was constructed,
in which a bicarbazole hole-blocking layer"”! was inserted
between the NPB layer and compound 2 (ITO/NPB
(40 nm)/Bicarb (20 nm)/2 (40 nm)/LiF (1 nm)/Al). As shown
in Figure 8, the EL spectrum of device 2 matches the PL

25
A device 1
20 A
e device 2
o device 3 4 .
15 |
A .
I/mA °
A
10 - ®
A °
A [ ] DD
5 °
AA [ ) DD
A [ ] I:|I:I
obasshagalBol
5 10 15 20 25
VIV

Figure 9. I-V diagrams for devices 1-3.
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Figure 10. L-V diagrams of devices 1-3.

spectrum of 2 very well, confirming that the broad shoulder
emission in device 1 is indeed from exciplex formation be-
tween NPB and compound 2. The turn-on voltage for
device 2 is 6 V and the maximum brightness is 388 Cdm 2 at
21 V. To improve the efficiency of the device further, an
electron-transport layer—PBD (2-(4-biphenyl)-5-(4-tert-bu-
tylphenyl)-1,3,4-oxadiazole)—was added in device 3 (ITO/
NPB (40 nm)/Bicarb (20 nm)/2 (40 nm)/PBD (20 nm)/LiF
(1 nm)/Al). The EL spectrum of device 3 is the same as that
of device 2 and the PL of compound 2. Device 3 is much
less efficient than device 2, however (turn-on voltage, 7V,
maximum brightness, 208 cam™2 at 21 V). This could be due
to the fact that the LUMO level (—2.4 eV) of PBD is slight-
ly above that (—2.5 eV) of 2, which makes PBD an ineffec-
tive electron-transport material for the boron compound.
One type of EL device (device 4) for compound 8 was
fabricated, based on the EL information obtained for com-
pound 2. Device 4 consists of ITO/NPB (40 nm)/bicarb
(20 nm)/8 (40 nm)/LiF (1 nm)/Al. Device 4 produces a
bright blue emission with the EL maximum at 460 nm. The
EL and the PL spectra of 8 match very well (Figure 11). The
turn-on voltage of device 4 is 7V (Figures 12 and 13). The
maximum brightness is 1510 Cdm 2 at 24 V (Figure 13). Al-
though the maximum luminance of the EL devices of com-
pounds 2 and 8 may not be as high as in some of the blue
EL devices reported previously, the new boron compounds
are very promising for applications in OLEDs due to their
capability to play dual roles—both as blue emitters and as
electron-transport materials—in the EL devices, as demon-
strated by EL devices 1-4. Further device modification and

L
Ll
08 I . = ElL/device 4
L
" —PL of 8
06 .
n
I "
04 -
-
.I
0.2 - "
0
400 450 500 550 600
A/nm

Figure 11. EL of device 4 and PL of compound 8.
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Figure 12. I-V diagram of device 4.
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Figure 13. L-V diagram of device 4.

optimization could lead to better performance of these im-
portant materials in OLEDs.

Coordination and supramolecular architectures: Lewis acidi-
ty represents the typical reactivity of most previously known
three-coordinate boron compounds.’! One unique feature
that distinguishes compounds 1-8 from the previously re-
ported three-coordinate boron compounds is the presence
of Lewis base sites. In the 7-azaindolyl-containing com-
pounds 3, 4, and 6, the nitrogen atoms in the six-membered
rings of the 7-azaindolyl groups have lone pairs of electrons
and are capable of binding to Lewis acids such as metal ions
as a terminal ligand. In contrast, in the 2,2'-dipyridylamino-
containing compounds 1, 2, 5, 7, and 8, the two pyridyl
groups of the 2,2'-dipyridylamino units can function as bi-
dentate chelate ligands to bind to metal ions. Our previous
investigation into luminescent organic molecules containing
7-azaindolyl or 2.2'-dipyridylamino groups showed that in-
teractions of metal ions with these groups often lead to sub-
stantial changes in luminescence (emission energy shift or
quenching, depending on the metal ion involved).”! Since
the emission of compounds 1-8 originates from a polarized
transition (ligand 7 orbital to t* dominated by boron p, or-
bital), as established by the experimental data and molecu-
lar orbital calculations, binding of the 7-azaindolyl or 2,2'-di-
pyridylamino groups in compounds 1-8 to metal ions may
have effects on the emission of the boron compounds. To in-
vestigate this, we synthesized two representative complexes:
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a zinc(m) complex of molecule 2—{BAr,(p-(2,2'-dipyriylami-
no)-biphenyl)}[Zn(O,CCFj;),] (10)—and a silver(1) complex
of molecule 4—{BAr,(p-(7-azaindolyl)-biphenyl)},(AgNO5)
(11). Complex 10 was obtained by treatment of compound 2
with Zn(O,CCF;3), in a 1:1 ratio while compound 11 was ob-
tained by treatment of compound 4 with AgNO; in a 1:1
ratio. Both compounds were fully characterized by NMR
and X-ray diffraction analyses.

As shown in Figure 14, the Zn(O,CCF;), unit in 10 is che-
lated to the two pyridyl groups of the 2,2'-dipyridylamino
unit (a diagram with labeling scheme for 10 is available in
the Supporting Information). The Zn" ion has a distorted
tetrahedral geometry with bond angles ranging from

Figure 14. Top: The molecular structure of compound 10. Bottom: Unit
cell packing diagram showing the solvent channels in the crystal of 10
(N: blue; B: orange; Zn: gray-blue; O: red; F: light green; solvent mole-
cules: yellow).

91.20(8)° (N(1)-Zn(1)-N(3)) to 125.89(9)° (O(1)-Zn(1)-
N(1)) and typical bond lengths.”™¢ In the crystal lattice,
molecules of 10 are arranged in a head-to-head and tail-to-
tail manner such that void channels are formed. Benzene
solvent molecules are trapped in the channels (one benzene
per molecule of 10; Figure 14). The trapped benzene solvent
molecules are remarkably stable and had not escaped from
the crystal lattice even after the crystals had been isolated
from the solution and kept at ambient temperature for
weeks. In fact, after being kept under vacuum for two days,
the crystals of 10 still contained one benzene molecule per
molecule of 10, as revealed by CHN analysis. Space-filling
drawing shows that the benzene solvent channels are partial-
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ly blocked by molecules of 10, which apparently hinder the
escape of the solvent molecules. It is very likely that the
7Zn(0,CCF;), unit interacts in the same manner with other
2,2'-dipyriylamino-containing molecules (1, 5, 7, 8).

The structure of 11 is shown in Figure 15 (a diagram with
labeling scheme for 11 is available in the Supporting Infor-
mation). The AgNO; unit is bound to two 7-azaindolyl
groups from two molecules of 4. Although a 1:1 ratio of 4

Figure 15. Top: The molecular structure of 11. Bottom: Unit cell packing
diagram showing the solvent channels in the crystal of 11 (N: blue; B:
orange; Zn: gray-blue; O: red; F: light green; solvent molecules: yellow).

and AgNO; was used in the synthesis, only the 2:1 product
was isolated, which is attributable to the tendency of the
Ag' ion to achieve coordination saturation, thus binding to
two 7-azaindolyl groups. The coordination geometry around
the Ag' center is irregular, with a large N(1)-Ag"-N(2) angle
(150.9(3)°) and normal Ag—N bond lengths."® The nitrate
group is chelated to the Ag' ion through two relatively long
Ag—O bonds (Ag(1)-O(1) = 2.533(11), Ag(1)-0(2) =
2.473(11) A). Similar Ag—O bond distances have been ob-
served previously.'*" The two 7-azaindolyl-biphenyl groups
linked by the AgNO; unit are almost parallel with the 7-
azaindolyl group, being situated almost directly above the
neighboring biphenyl unit. The shortest atomic separation
distance between these two groups is 3.39 A, indicating the
presence of significant m—s stacking interactions. As can be
seen in the crystal lattice of 11 (Figure 15), the inorganic
portion involving the AgNOj; unit in compound 11 stacks to-
gether, while the organic portion of 11 stacks together in the
crystal lattice. As a result of such stacking, solvent channels
that host benzene and hexane (the hexane disordered and
not fully resolved by X-ray diffraction analysis) are formed

Chem. Eur. J. 2004, 10, 994—1006 www.chemeurj.org
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within the crystal lattice (Figure 15). The solvent molecules
in the crystals of 11 partially escape from the lattice at ambi-
ent temperature. However, after prolonged drying under
vacuum, some of the solvent molecules were still found in
the crystalline sample, as verified by CHN analysis results
(see Experimental Section). Again, this relative stability of
the trapped solvent molecules in crystals of 11 can be attrib-
uted to partial blockage of the solvent channels by mole-
cules of 11.

The luminescent properties of complexes 10 and 11 are
similar to those of compounds 2 and 4, respectively, in solu-
tion and in the solid state. For a given solvent, the emission
peaks of compounds 10 and 11 are essentially identical to
those of 2 and 4, respectively. The emission spectra of com-
pounds 10 and 11 display solvent-dependent shifts similar to
those of compounds 2 and 4. The emission intensities of 10
and 11 are only slightly lower than those of 2 and 4 at the
same concentrations. Emission spectral measurements for
solutions containing compounds 2 and Zn(O,CCF;), of vari-
ous ratios were conducted, and showed (Figure 16) that sig-
nificant emission intensity decrease only occurs when the
ratio of 2 and Zn(O,CCF;), is less than 1:2, attributable to

Compound 2 : Zn

1:0
1:1
1:2
1:3
1:5
1:10

! 1:15
1:20

375 425 475 525 575

Alnm

Figure 16. The emission spectral change of compound 2 in THF in the
presence of various amounts of Zn(O,CCF;),.

the presence of dissociation/association equilibria between
the Zn(O,CCF;),, molecules of 2, and complex 10 in solu-
tion. AgNO; was found to have a similar effect on the emis-
sion of compound 4. These data led us to conclude that
metal ions such as Zn" and Ag' do not significantly alter the
emission energy of the three-coordinate boron compounds
1-8, but do partially quench their emission intensities, by co-
ordinating to the nitrogen donor site. Compounds such as 10
and 11 may be useful as fluorescent sensors for small organ-
ic molecules because of their luminescence and their porous
structures in the solid state. This is currently being explored
in our laboratory.

Conclusion
A new class of chemically and thermally stable, three-coor-

dinate boron compounds has been developed. We have
demonstrated that the members of this new class of boron
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compounds are bright blue emitters and are capable of func-
tioning in OLEDs both as blue emitters and as electron-
transport materials. Charge-transfer transitions from the lu-
minescent ligand to the p, orbital of the boron center are
primarily responsible for the observed luminescence. By uti-
lizing the Lewis base sites of 7-azaindolyl and 2,2'-dipyridy-
lamino, these new boron molecules can function as ligands
to bind to metal centers such as Ag' and Zn". As a conse-
quence of such metal-ligand interactions, the emission in-
tensities of the boron compounds are partially quenched
and interesting extended structures that can host molecules
such as benzene in the solid state have been obtained. Fur-
ther improvements on EL devices based on the new boron
compounds and further investigation into the usage of the
new boron compounds as building blocks for the formation
of new luminescent supramolecular structures and their po-
tential applications in fluorescent sensors will be conducted.

Experimental Section

All starting materials were purchased from Aldrich Chemical Company
and were used without further purification. Solvents were freshly distilled
over appropriate drying reagents. All experiments were carried out under
a dry nitrogen atmosphere by use of standard Schlenk techniques unless
otherwise stated. TLC was carried out on silica gel. Flash chromatogra-
phy was carried out on silica (silica gel 60, 70-230 mesh). 'H and "*C
NMR spectra were recorded on Bruker Avance 300 or 500 MHz spec-
trometers. ’F NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer. Excitation and emission spectra were recorded on a
Photon Technologies International QuantaMaster Model 2 spectrometer.
Elemental analyses were performed by Canadian Microanalytical Service
Ltd., Delta, British Columbia, Canada. Melting points were determined
on a Fisher-Johns melting point apparatus. All DSC measurements were
performed on a Perkin Elmer Pyris DSC 6. Cyclic voltammetry was per-
formed on a BAS CV-50W analyzer with scan rates of 100 mVs™'. The
electrolytic cell used was a conventional three-compartment cell, with a
Pt working electrode, Pt auxiliary electrode, and Ag/AgCl reference elec-
trode. All experiments were performed at room temperature with 0.10m
tetrabutylammonium hexafluorophosphate (TBAP)/acetonitrile as the
supporting electrolyte. The ferrocenium/ferrocene couple was used as the
internal standard. Aromatic bromides, p-(2,2'-dipyridylamino)bromoben-
zene, " p-(2,2'-dipyridylamino)bromobiphenyl,''*  p-(7-azaindolyl)bro-
mobenzene,''* p-(7-azaindolyl)bromobiphenyl,"'*! 3,5-bis(7-azaindolyl)-
bromobenzene,?” and p-(2,2'-dipyridylamino)phenylboronic acid® were
synthesized by previously reported procedures.

Synthesis of 3,5-bis(2,2"-dipyridylamino)bromobenzene (5a): A mixture
of 2,2'-dipyridylamine (2.4 g, 14.1 mmol), 1,3,5-tribromobenzene (2.2 g,
7.0 mmol), CuSO,5H,0 (0.17 g), and K,CO; (2.9 g, 21.0 mmol) was
heated under N, at 206°C for 8 h. The mixture was extracted with
CH,Cl, (3x25mL) and the solvent was removed in vacuo. The residue
was passed through a column on silica gel with ethyl acetate/hexane (6:1)
as the eluent. The first fraction was 1,3-dibromo-5-(2,2"-dipyridylamino)-
benzene (11 % yield). The second fraction was the target compound 3,5-
bis(2,2'-dipyridylamino)bromobenzene (43 % yield). The third was 1,3,5-
tris(2,2’-dipyridylamino)benzene (14 % yield).

"H NMR of 3,5-bis(2,2'-dipyridylamino)bromobenzene (CDCls, 25°C): 6

= 837 (dd, J = 5.1, 1.2 Hz, 4H), 7.62 (ddd, / = 8.4, 7.5, 1.8 Hz, 4H),
7.12 (d,J = 1.8Hz, 2H), 7.06 (dt, / = 8.4, 0.9 Hz, 4H), 6.99 (ddd, J =
7.2,5.1,0.9 Hz, 4H), 6.92 (t, /] = 1.8 Hz, 1H) ppm.

'"H NMR of 1,3-dibromo-5-(2,2"-dipyridylamino)benzene (CDCl;, 25°C):
0 = 839 (d,J = 3.7Hz, 2H), 7.65 (ddd, J = 8.1, 7.5, 1.9 Hz, 2H), 7.48
(t, /] = 1.8Hz, 1H), 7.25 (d, / = 1.8 Hz, 2H), 7.00-7.06 (m, 4H) ppm.
Synthesis of p-(2,2'-dipyridylamino)phenyldimesitylborane (1): A hexane
solution of nBuLi (1.6M, 1.3 mL, 2.08 mmol) was added at —78°C to a
solution of p-(2,2'-dipyridylamino)bromobenzene (0.652 g, 2 mmol) in
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THF (20 mL), and the mixture was stirred for 1 h at that temperature. A
solution of dimesitylboron fluoride (0.595¢g, 90%, 2.0 mmol) in Et,0
(20 mL) was added to the mixture. The reaction mixture was stirred for
1h at —78°C, allowed slowly to reach room temperature, and stirred
overnight. The solvents were removed under reduced pressure. The resi-
due was subjected to column chromatography on silica gel (THF/hexane,
1:2) to afford colorless compound 1 in 87 % yield; m.p. 196-198°C; 'H
NMR (CDCl;, 25°C): 6 = 845 (d, J = 3.6 Hz, 2H), 7.63 (ddd, J = 8.1,
7.5, 1.8 Hz, 2H), 7.53 (d, / = 8.4Hz, 2H), 7.11 (d, /] = 8.4 Hz, 2H),
7.00-7.05 (m, 4H), 6.84 (s, 4H), 2.32 (s, 6H), 2.08 (s, 12H) ppm; *C
NMR (CDCl,;, 25°C): 6 = 1582, 149.1, 142.3, 141.4, 139.2, 139.0, 138.9,
138.7, 128.8, 125.1, 119.7, 118.6, 105.8, 24.2, 21.8 ppm; elemental analysis
caled (%) for C3H;BN;: C 82.46, H 6.87, N 8.49; found: C 82.26, H
7.00, N 8.32.

Syntheses of Compounds 2-6 and 7a: These compounds were obtained
by a procedure similar to that described for compound 1. All boron com-
pounds were recrystallized from CH,Cl, and hexane.
Pp-(2,2"-Dipyridylamino)biphenyldimesitylborane (2): Yield 90%; m.p.
260-261°C; '"H NMR (CDCl;, 25°C): 6 = 8.43 (d,J = 3.3 Hz, 2H), 7.69
(d, J = 8.4 Hz, 2H), 7.60-7.65 (m, 6H), 7.29 (d, J] = 8.4 Hz, 2H), 6.98-
7.05 (m, 4H), 6.86 (s, 4H), 2.34 (s, 6H), 2.06 (s, 12H) ppm; “*C NMR
(CDCl;, 25°C): 6 = 158.7, 149.0, 145.7, 145.0, 144.2, 142.2, 141.3, 139.3,
138.0, 137.9, 137.6, 128.7, 127.8, 126.9, 126.1, 118.9, 117.7, 23.2, 21.5 ppm;
elemental analysis calcd (%) for C,H3BN;5:0.5CH,Cl,: C 79.22, H 6.36,
N 6.85; found: C 79.46, H 6.68, N 6.59.
Pp-(7-Azaindolyl)phenyldimesitylborane (3): Yield 85%; m.p. 161-162°C;
'"H NMR (CDCl,, 25°C): 6 = 8.42 (d,J = 4.8 Hz, 1H), 8.01 (dd, J =
7.8,1.5Hz, 1H), 7.89 (d,/ = 8.1 Hz, 2H), 7.71 (d, /] = 8.1 Hz, 2H), 7.63
(d,J = 3.6Hz, 1H), 7.18 (dd, J = 7.8, 4.8 Hz, 1H), 6.86 (s, 4H), 6.68 (d,
J = 3.6Hz, 1H), 2.35 (s, 6H), 2.08 (s, 12H) ppm; *C NMR (CDCl,,
25°C): 6 = 147.6, 143.7, 143.1, 141.8, 141.0, 138.8, 138.1, 129.4, 128.6,
128.4, 128.1, 127.6, 122.4, 117.1, 102.7, 23.7, 21.4 ppm; elemental analysis
caled (%) for Cy;H;BN,: C 84.20, H 7.02, N 6.34; found: C 84.12, H
7.04, N 6.30.

p-(7-Azaindolyl)biphenyldimesitylborane (4): Yield 78%; m.p. 184-
186°C; 'H NMR (CDCl,, 25°C): 6 = 8.44 (dd,J = 4.8, 1.5 Hz, 1H), 8.03
(dd, J = 7.8, 1.5 Hz, 1H), 7.90 (dd, J/ = 6.6, 2.1 Hz, 2H), 7.83 (dd, J =
6.6, 2.1 Hz, 2H), 7.63-7.67 (m, 4H), 7.59 (d, J = 3.6 Hz, 1H), 7.19 (dd, J
= 7.8, 48 Hz, 1H), 6.87 (s, 4H), 6.70 (d, / = 3.6 Hz, 1H), 2.35 (s, 6H),
2.08 (s, 12H) ppm; “C NMR (CDCl,, 25°C): 0 = 147.8, 144.2, 144.0,
142.5, 141.2, 139.5, 139.3, 138.6, 137.8, 130.2, 129.0, 128.9, 128.8, 128.5,
127.2, 124.8, 122.6, 117.5, 102.7, 24.2, 21.9 ppm; elemental analysis calcd
(%) for Cy;H3sBN,: C 85.71, H 6.76, N 5.40; found: C 85.37, H 6.96, N
4.88.

3,5-Bis(2,2'-dipyridylamino)phenyldimesitylborane (5): Yield 58 %; m.p.
224-226°C; 'H NMR (CDCl;, 25°C): § = 8.30 (dd, J = 4.8, 1.2 Hz, 4H),
7.53 (ddd, J = 84, 6.6, 1.8 Hz, 4H), 7.14 (t,J = 2.1 Hz, 1H), 7.11 (d, J
= 2.1Hz,2H), 6.98 (d, / = 8.4 Hz, 4H), 6.90 (dd, / = 6.6, 5.1 Hz, 4H),
6.72 (s, 4H), 2.25 (s, 6 H), 2.04 (s, 12H) ppm; *C NMR (CDCl,, 25°C): §
= 158.3, 149.6, 148.8, 146.2, 142.0, 141.4, 139.5, 138.2, 131.9, 129.6, 128.8,
118.9, 117.6, 24.1, 21.8 ppm; elemental analysis calcd (%) for C,H, BNg:
C 79.54, H 6.18, N 12.65; found: C 78.85, H 6.11, N 12.51.
3,5-Bis(7-azaindolyl)phenyldimesitylborane (6): Yield 67%; m.p. 196-
198°C; 'H NMR (CDCl;, 25°C): 6 = 8.83 (t,J = 2.1 Hz, 1 H), 8.34 (dd,
J = 48,1.5Hz,2H), 798 (dd, J = 7.8, 1.5Hz, 2H), 7.73 (d, J = 2.1 Hz,
2H), 7.54 (d, J = 3.6 Hz, 2H), 7.13 (dd, / = 7.8, 4.8 Hz, 2H), 6.87 (s,
4H), 6.63 (d, 3.6 Hz, 2H), 2.34 (s, 6H) 2.15 (s, 12H) ppm; *C NMR
(CDCl;, 25°C): 6 = 148.2, 144.2, 141.8, 141.7, 139.9, 139.8, 129.7, 129.2,
129.1, 128.9, 128.7, 124.0, 122.3, 117.4, 102.4, 24.4, 22.0 ppm; elemental
analysis caled (%) for C;H;BN,-0.5CH,Cl,: C 76.97, H 6.00, N 9.33;
found: C 76.97, H 6.17, N 9.19.

Synthesis of p-bromophenyldimestylborane (7a): Yield 81%; 'H NMR
(CDCl;, 25°C): 6 = 7.51 (d,J = 42 Hz, 2H), 740 (d,J = 42 Hz, 2H),
6.84 (s, 4H), 2.33 (s, 6H), 2.01 (s, 12H) ppm.

Synthesis of p-[3,5-bis(2,2'-dipyridylamino)phenyl]phenyldimesitylborane
(7): A hexane solution of nBuLi (1.6M, 0.73 mL, 1.2 mmol) was added at
—78°C to a THF (20 mL) solution of 7a (0.410 g, 1.0 mmol). After being
stirred for 1 h at this temperature, the cold mixture was cannulated into a
solution of B(OMe); (0.3 mL, 3.6 mmol) in THF (20 mL) at —78°C.
After the mixture had been stirred for another 1h at —78°C, it was al-
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lowed to warm to ambient temperature and stirred overnight. The solu-
tion was partitioned between saturated aqueous NH,Cl (30 mL) and
CH,Cl, (30 mL). The aqueous layer was extracted further with CH,Cl,
(2x30mL) and the combined organic layers were dried over MgSO,.
The product was purified by flash chromatography (THF/hexane, 1:2) to
provide the boronic acid in 60 % yield. A mixture of 3,5-bis(2,2"-dipyridy-
lamino)bromobenzene (0.125 g, 0.25 mmol), [Pd(PPhs),] (0.025¢g,
0.022 mmol), and toluene (40 mL) was stirred for 10 min. The above bor-
onic acid (185 mg, 0.5 mmol) in 20 mL of EtOH and NaOH (0.8 g) in
20 mL of H,O were subsequently added. The mixture was stirred and
heated at reflux for 40 h and allowed to cool to room temperature. The
water layer was separated and extracted with CH,Cl, (3x30 mL). The
combined organic layers were dried over MgSO,, and the solvents were
evaporated under reduced pressure. Purification of the crude product by
column chromatography (THF/hexane 2:1) afforded 7 as a colorless solid
in 21% yield; m.p. 141-143°C; 'H NMR (CDCl,, 25°C): 6 = 8.35 (d, J

= 3.3 Hz,4H),7.59 (t,J = 72 Hz, 4H), 7.51(d, J = 8.1 Hz, 2H), 7.44(d,
J = 81Hz, 2H),7.29 (d,J = 1.8 Hz, 2H), 7.13 (d,J = 8.1 Hz, 4H), 7.00
(t,J = 1.8 Hz, 1H), 6.96 (t, / = 6.0 Hz, 4H), 6.82 (s, 4H), 2.32 (s, 6H),
2.00 (s, 12H) ppm; *C NMR (CDCl;, 25°C): 6 = 1582 148.9, 146.7,
145.3, 143.8, 143.6, 142.1, 141.2, 139.0, 138.1, 137.2, 128.6, 127.0, 124.8,
122.5, 118.9, 117.85, 23.8, 23.6 ppm; elemental analysis calcd (%) for
Cs5oH,sBNg0.3 CH,Cl,: C 78.85, H 5.98, N 10.97; found: C 79.07, H 5.83,
N 10.87.

Synthesis of p-(2,2'-dipyridylamino)-2-thienylbenzene (8a): Diisobutyl-
aluminum hydride (1.0m in hexane, 0.32 mL, 0.32 mmol) was added to a
THF (10 mL) solution of [Pd(PPh;),CL,] (0.11 g, 0.157 mmol). After the
solution had been stirred for 10 min, p-(2,2'-dipyridylamino)bromoben-
zene (1.31g, 4 mmol) in THF (10 mL) was added. After an additional
10 min stirring, 2-thienylzinc bromide (0.50M in THF, 9 mL, 4.5 mmol)
was slowly added by syringe and the mixture was heated at reflux for 6 h.
The mixture was allowed to cool to room temperature and poured into a
saturated aqueous solution of Na,CO;. The aqueous phase was extracted
with CH,Cl, (3x20 mL), and the organic extracts were concentrated to
give a brown residue, which was purified by column with THF/hexanes
(2:3) as the eluent to obtain 8a (yield 63%); 'H NMR (CDCl,, 25°C): 6

= 839 (dd, J = 5.1, 1.2 Hz, 2H), 7.57-7.64 (m, 4H), 7.29 (dd, J = 3.6,
2.1Hz, 2H), 7.22 (dt, J = 84, 1.8 Hz, 2H), 7.09 (dd, J = 5.1, 3.6 Hz,
1H), 7.05 (d, J = 8.4Hz, 2H), 6.98 (ddd, J/ = 7.2, 5.1, 0.9 Hz, 2H) ppm.
Synthesis of p-(2,2'-dipyridylamino)phenyl-2-bromo-5-thiophene (8b):
2,5-Dibromothiophene  (0.70 g, 2.89 mmol), [Pd(PPh;),] (0.016g,
0.014 mmol), and toluene (40 mL) were stirred for 10 min, and p-(2,2"-di-
pyridylamino)phenylboronic acid ( 0.88 g, 2.75 mmol) in EtOH (15 mL)
and Na,CO; (0.60 g) in water (20 mL) were then added. The mixture was
heated at reflux for 24 h. After it had been allowed to cool to room tem-
perature, the aqueous phase was extracted with CH,Cl, (25 mL x3). The
extracts were concentrated to give a yellow residue, which was purified
by column chromatograph with THF/hexanes (1:1) as the eluent to
obtain 8b (0.90 g, 80 % yield); "H NMR (CDCl,;, 25°C): 6 = 8.36 (dd, J

= 4.8, 1.2 Hz, 2H), 7.50-7.64 (m, 4H), 729 (d, J = 99 Hz, 1H), 7.21
(ddd, J = 87, 4.5, 2.1 Hz, 2H), 7.02-7.10 (m, 3H), 6.96 (ddd, J = 7.2,
4.8, 0.9 Hz, 2H) ppm.

Synthesis of 5-[p-(2,2'-dipyridylamino)phenyl]-2-thienyldimesitylborane
(8): Use of a procedure similar to that described for 1 provided yellow-
green solid 8 in 62 % yield from 8b and 25% from 8a; m.p. 193-194°C;
"H NMR (CDCl,, 25°C): 6 = 838 (d, / = 3.6 Hz, 2H), 7.68 (d, J =
8.4 Hz, 2H), 7.60 (ddd, J = 8.1, 7.2, 1.8 Hz, 2H), 7.43-7.46 (m Hz, 2H),
7.20 (d, J = 84 Hz, 2H), 7.05 (d, / = 81Hz, 2H), 698 (dd, J = 7.2,
2.1 Hz, 2H), 6.89 (s, 4H), 2.39 (s, 6H), 2.18 (s, 12H) ppm; “C NMR
(CDCl;, 25°C): 6 = 158.5, 157.3, 150.0, 149.3, 145.8, 142.4, 141.9, 141.5,
139.2, 138.4, 131.8, 128.9, 128.1, 127.7, 125.9, 119.2, 117.9, 24.1, 21.9 ppm;
elemental analysis calcd (%) for C;3H3sBSN;-0.5 CH,Cl,: C 74.57, H 5.97,
N 6.78; found: C 74.70, H 6.48, N 6.24.

Synthesis of (p-(2,2'-dipyridylamino)biphenyldimesitylborane){Zn(CF;.
C00),} (10): A mixture of compound 2 (20 mg, 0.035 mmol) and
Zn(CF;C0O0),-3H,0 (0.0108 g, 0.037 mmol) was dissolved in a minimum
amount of THF, and a few drops of benzene were then layered. After the
solution had been allowed to stand for a few days, colorless crystals were
obtained in 59% yield; m.p. 158-160°C; 'H NMR in CD,Cl, (8, ppm,
25°C): 8.67 (d, / = 42 Hz, 2H), 8.00 (d, / = 8.4 Hz, 2H), 7.83 (ddd, J

=9.0,7.2,1.8Hz, 2H), 7.73 (d,J = 8.1 Hz, 2H), 7.64 (m, 4H), 7.31 (t,J
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= 6.0 Hz, 2H), 6.96 (d, 9.0 Hz, 2H), 6.89 (s, 4H) ppm; *C NMR (CDCl,,
25°C): 0 = 155.4, 146.8, 1422, 141.5, 140.8, 140.3, 139.6, 139, 1384,
136.6, 130.1, 129.8, 128.6, 127.8, 126.2, 118.8, 116.6 pm; 'F NMR (25°C):
o = —7571 ppm; elemental analysis caled (%) for
CyH33BF¢N;0,Zn-C¢Hg: C 63.83, H 4.68, N 4.47; found: C 63.82, H 4.79,
N 4.45.

Synthesis of {p-(7-azaindolyl)biphenyldimesitylborane},(AgNO;) (11): A
minimal amount of dichloromethane was used to dissolve compound 4
(50 mg, 0.0964 mmol). One molar equivalent (18 mg) of AgNO; was dis-
solved in a minimal amount of methanol. The two solutions were mixed
and layered with benzene. Light yellow crystals of 11 formed after the
solution had been kept at ambient temperature for one week (37%
yield); '"H NMR (CDCl,, 25°C): § = 8.23 (dd, J = 4.95, 1.27 Hz, 1H),
7.85 (dd, J = 7.75, 125 Hz, 1H), 7.59 (m, 4H), 7.50 (d, / = 8.50 Hz,
2H), 7.40 (m, 3H), 6.94 (dd, J = 7.85, 5.25 Hz, 1H), 6.896 (s, 4H), 6.66
(d, J = 3.5Hz, 1H), 2.37 (s, 6H), 2.10 (s, 12H) ppm; “C NMR (o,
25°C): 1459, 145.7, 145.4, 142.3, 142.1, 141.2, 140.4, 139.2, 137.3, 135.5,
131.4, 129.5, 128.7, 126.7, 125.1, 123.0, 117.4, 23.9, 21.7 ppm; elemental
analysis caled (%) for C;,H;0B,NsO;Ag-0.5CsH,: C 74.22, H 5.62, N 5.62;
found: C 74.03, H 5.91, N 5.32.

Photoluminescent quantum yield measurements: Emission quantum
yields were determined relative to 9,10-diphenylanthracene in CH,Cl, at
298 K (@, = 0.95).] The absorbances of all samples and the standard at
the excitation wavelength were approximately 0.096-0.104. The quantum
yields were calculated by previously reported procedures.”

X-ray crystallographic analysis: Single crystals of 1, 3, and 5-7 were ob-
tained from solutions of CH,Cl, and hexane. Attempts to grow single
crystals of 2 and 4 by the same procedure were unsuccessful. Crystals of
10 and 11 were obtained from slow diffusion of benzene/hexane into
THEF solutions. All crystals were mounted on glass fibers for data collec-
tion. Data were collected on a Siemens P4 single-crystal X-ray diffrac-
tometer with a CCD-1000 detector and graphite-monochromated Mok,
radiation, operating at 50 kV and 30 mA. Except for the data for com-
pound 11, collected at 180 K, all data collection was carried out at ambi-
ent temperature. The 26 data collection ranges are =~3.00-57.00° for all
compounds. No significant decay was observed in any samples. Data
were processed on a PC with the aid of the Bruker SHELXTL software
package®! (version 5.10) and are corrected for absorption effects. Com-
pounds 1 and 3 belong to the noncentric orthorhombic space group
Pna2, and the noncentric monoclinic space group P2,, respectively. The
absolute structure of 1 cannot be reliably determined, while the crystal of
compound 3 was determined to consist of one enantiomer only, based on
the refinement of the Flack parameter. The remaining compounds all
belong to the centric triclinic space group P1. All structures were solved
by direct methods. Disordered CH,Cl, solvent molecules are located in
the crystal lattices of 6 and 7. For compound 7, the crystal decays rapidly
during data collection and the disordered solvent molecules could not be
completely modeled and refined, which contributed to the poor quality
of the structural data. One benzene solvent molecule per molecule of 10
was located in the crystal lattice and was refined successfully. Disordered
hexane and partially disordered solvent molecules were found in the
crystal lattice of 11 (3benzene, 0.5hexane per molecule of 11). The disor-
dering of some of the solvent molecules in 11 could not be fully modeled.
The CF; groups in 10 display rotational disordering, which was modeled
and refined successfully. All non-hydrogen atoms except those on some
of the disordered solvent molecules were refined anisotropically. The po-
sitions of hydrogen atoms were either located directly from difference
Fourier maps or calculated and their contributions in structural factor
calculations included.

CCDC-222528 (1), CCDC-222529 (3), CCDC-222530 (5), CCDC-222531
(6), CCDC-222532 (7), CCDC-222533 (10), and CCDC-222534 (11) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or de-
posit@ccdc.cam.uk).

Fabrication of electroluminescent devices: The EL devices with 2 or 8 as
the emitting layer and the electron-transport layer were fabricated on an
indium/tin oxide (ITO) substrate. Organic layers were deposited on the
substrate by conventional vapor vacuum deposition. Prior to the deposi-
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tion, all organic materials were purified by a train sublimation method.*!
N,N'-Bis(1-naphthyl)-N,N'-diphenylbenzidine (NPB) was employed as
the hole-transport layer in all devices. 2-(4-Biphenyl)-5-(4-tert-butylphen-
yl)-1,3,4-oxadiazole (PBD) was used as the electron-transport layer in
one of the devices (device 3). N,N'- 4,4'-Bicarbazole-biphenyl (Bicarb)
was used as the hole blocking layer in devices 2-4. The cathode com-
posed of LiF and Al was deposited on the substrate by conventional ther-
mal vacuum deposition. The active device area is 1.0x5.0 mm” The cur-
rent/voltage characteristics were measured with a Keithley 238 Source
Measure Unit. The EL spectra and the luminance for the devices were
measured with a Photo Research-650 Spectra Colorimeter.
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