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Two novel blue light-emitting materials based on bis(tert-butyl)anthracenyl-imidazophenanthrolines
(BAIPs) have been synthesized and extensively characterized. Both materials exhibited a non-aggregate
feature with high fluorescent quantum efficiency and excellent thermal stability. They can serve both as
emissive and electron-transporting materials used in electroluminescence (EL) device for blue emission
with high luminescence and external quantum efficiency. This study demonstrates that they are po-
tentially useful for a wide range of applications in EL technology.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Organic electroluminescent materials continue to be of consid-
erable worldwide research interest.1,2 Many organic compounds,
both small molecules and polymeric materials, have been de-
veloped and tested for use in organic light-emitting devices
(OLEDs). The use of small molecules provides benefits including
unambiguous structural identification, easy synthesis, high purity,
and good solubility. The hole mobility of small organic molecules is
generally orders of magnitude higher than their electron mobility
such that most of small organic molecules are used as a hole
transporting material (HTMs). However, tris(8-hydroxyquinoline)
aluminum (Alq3) developed by Tang and Van-Slyke at Kodak in the
late 80s exhibits an excellent emission in the green light region and
good electron-transporting property.3 Since then, it has been ex-
tensively investigated in various OLED device structures as the
principal electron-transporting material (ETM).

The use of Alq3 as a host material for other fluorophores has also
been demonstrated.4e6 Phosphorescent materials attract over-
whelming popularity in recent years as they are expected to perform
better than fluorescent materials in OLEDs.7e9 However, blue-
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emitting fluorescent materials will continue to play an important
role in the near future because the synthesis of a true blue-emitting
as well as stable phosphor is still challenging. Therefore, it should be
useful to develop other highly efficient blue-emitting fluorescent
materials that are also capable of electron-transporting as a re-
placement for Alq3. Compared to green-emitting Alq3, a blue-emit-
ting host will likely have a larger triplet energy for phosphorescent
dopants with larger triplet energy.

Anthracene and phenanthroline derivatives are important
blue light-emitting and charge-transporting materials.10e12 Effec-
tive combination of two individual benefits will be interesting
topics. Mondal and several other research groups have demon-
strated that some arylimidazo-fused phenanthrolines (AIPs) de-
rivatives exhibited fast electron transport/injection and bright blue
light-emitting features.13e15 Extensive pep stacking between
neighboring imidazophenanthrolines (IPs) and aromatic units in
AIPs resulted in their rigidity nature and fast electronmobility in the
solid state. Nevertheless, the strong aggregation tendency of AIPs
not only leads to the red shifting of their emission spectra, but also
results in the deterioration of the device or solid-state optical per-
formance.13e19 We therefore set out to synthesize a no-aggregation
congeners of AIPs via the incorporation of two tert-butyl groups
acid-catalyzed alkylation at 2 and 6 positions of the anthracene.
Such approach, i.e., aggregation suppression by increasing the steric
congestion, has exhibited the optical gains herein and the similar
concept has been elucidated in several reports.20e22 Incidentally,
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Fig. 1. UVevis absorption (left) and photoluminescence (right) spectra of 1 (black line),
2 (red line), BAIP (blue line), and MAIP (green line) in dichloromethane. The ab-
sorption of MIP (1-methyl-1H-imidazo[4,5-f][1,10]phenanthroline, cyan line) and 2,6-
di-tert-butylanthracene (magenta line) are recorded by the constituted moieties of
BAIPs. Inset shows the photographs of blue emission from the solution of 1, 2, and
BAIP upon excitation with a hand-held UV lamp. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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there are only a few instances of AIPs that function both as emitting
as well as charge-transporting materials.13e15 We expected these
two BAIPs to serve as emitting and electron-transporting materials
and also with high thermal stability.

2. Results and discussion

2.1. Scope of reaction

Scheme 1 outlines the synthetic protocol. 2,6-Di-tert-butylan-
thracene 4 can be facilely prepared in large laboratory scale by
a known method.23 The treatment of 4 with 1 equiv of N-bromo-
succinimide (NBS) in dichloromethane afforded 2,6-di-tert-butyl-9-
halide anthracene (5). A subsequent reaction of 5 with anhydrous
N,N-dimethyl formamide (DMF) in THF led to the formation of
2,6-di-tert-butyl-9-formylanthracene (6). Compound 6 was then
allowed to react with ortho-phenanthrolines-5,6-diketone and
ammonia to give the parent compound of 1 and 2, 2-(2,6-di-tert-
butylanthracen-9-yl)-1H-imidazo[4,5-f][1,10] phenanthroline (BAIP).
The desired products,1 and 2, can then be obtained by methylation
and cyanylation of BAIP, respectively. The structure of the final
products 1 and 2 is shown in Scheme 1. The thermal properties of
the compounds were measured by using different scanning
calorimetry (DSC). No phase transition was observed in the high
temperature range tested (ranging from room temperature to
300 �C).
3: anthracene
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Scheme 1. Synthetic procedures for BAIP derived compounds (a) tert-butyl alcohol,
TFA, reflux for 16 h (85%); (b) NBS and CH2Cl2, at 0 �C at rt for 1 h (46%); (c) n-BuLi, THF,
and DMF at �78 �C for 2 h (45%); (d) NH4OAc, phenanthracenedione, and HOAc, reflux
for 2 h (50%); (e) NaH, CH3I, and DMF at rt for overnight (45%); (f) NaH, BrCN, and DMF
at rt for overnight (67%).
2.2. Photophysical property studies

The UVevis absorption and emission spectra for BAIP, 1, 2, and
2-(anthracen-9-yl)-1-methyl-1H-imidazo[4,5-f][1,10](phenanthro-
line) (MAIP)15 are shown in Fig. 1. The absorption profiles for the
three BAIP derivatives are similar and consistent with the pattern
reported previously for the absorption of other AIP analogs. The
absorptionprofile of the compounds is basically the superpositionof
2,6-di-tert-butylanthracene and imidazophenanthroline units.14,15
The dilute solution of BAIPs in dichloromethane (ca. 4�10�5 M)
exhibits a blue emission between 456 and 503 nm (Table 1), and the
quantumyield reaches 0.78 for 1 and 0.47 for 2, with the full widths
at halfmaximum(FWHM)of ca. 80 nm for1 and110 nm for2 (Fig.1).
The structureless emissions of BAIPs are attributed to the fluores-
cence of imidazophenanthroline due to efficient energy transfer
from the 2,6-di-tert-butylanthracene to the imidazophenanthroline
unit.14 In dilute state,MAIPhas verysimilar absorption andemission
spectra as 1, indicating that the tert-butyl group introduces only
minimal perturbation. Surprisingly, the replacement of the methyl
substituent in 1 by a cyano-group to form compound 2 resulted in
a dramatic reduction of the quantum yields of the imidazophenan-
throline derivative, which is due to the presence of the strong in-
termolecular interaction induced by polar nature of the cyano
entity.24 The emission maximum of 2 in the film state was blue
shifted by 15 nm compared to that in dilute solution, i.e., from
503 nm of the solution state to 488 nm of the film state. The emis-
sion maximums of BAIP in the film states were also blue shifted by
34 nm compared to that in dilute solution. In comparison, the film
state emission ofMAIP is red shifted by49 nm (Table 1) compared to
the solution state because of strong aggregation of the compound
through pep* interaction of anthracenyl units.15 It is possible that
the two tert-butyl groups effectively suppress similar p�p* in-
teraction at the anthracenyl units in BAIP and 2. The blue shift of
BAIP and 2 may be due to H-type aggregation of imidazophenan-
throline units, or less intermolecular interaction of the dyes in the
film state compared to the interaction of the dye molecule with the
solvent.9

2.3. Electrochemical studies and EL performance

Fig. 2 shows the CV plots of the 1 and 2. Their oxidation peaks
were 1.01 V for 1 and 1.12 V for 2, respectively. The energy levels of
the highest-occupied molecular orbital (HOMO) and the lowest-
unoccupiedmolecular orbital (LUMO) are calculated from the onset
oxidation [Eonset(Ox)] potentials with the formula expressed to
EHOMO¼�4.8�Eonset(Ox) (�4.8 V for SCE with respect to the zero
vacuum level). The calculated data corresponding to their HOMO
energy levels are �5.65 eV for 1 and �5.71 eV for 2. The HOMO and
LUMO levels suggest that compounds 1 and 2 may be capable of
hole- and electron-transporting.



Table 1
Summary of optical absorption, photoluminescence (PL), quantum yield, electrochemical data, and thermal properties

Compound labs max
a (nm) Band gapb (eV) PL lmax

a,c

sol/film/Dlmax (nm)
Fd sol/film LUMO/HOMO (eV)e Tg

f/(�C) Tm
f/(�C)

BAIP 364, 385 2.97 496/462/�34 0.69/0.150 �2.71/�5.68 NDg ND
1 363, 385 3.00 456/460/þ4 0.78/0.523 �2.65/�5.65 ND ND
2 363, 389 2.95 503/488/�15 0.47/0.352 �2.76/�5.71 ND ND
MAIP15 351, 369, 387 2.95 452/501/þ49 0.75/0.250h �2.65/�5.60 di 362

a In dichloromethane (ca. 4.0�10�5 M).
b From absorption onset values.
c lex(sol)¼370 nm and lex(film)¼370 nm.
d For dichloromethane solutions and vacuum-deposited films (1000�A) by using the referencedMAIP in CH2Cl2 had a quantum yield of 0.75 Ref. 15 and films by integrating

sphere method.
e HOMO values were calculated from oxidation potentials, while LUMO values were calculated by subtracting band gap values from their HOMO values.
f Baseline shift in the second heating DSC traces with a heating rate of 10 �C/min in nitrogen atmosphere.
g Not detectable.
h From single layer device.
i No data.
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Fig. 2. CV plots of 1 (a) and 2 (b) (scan rate: 10 m V�1, solvent: CH2Cl2). *The peaks
with asterisk are due to impurity.

Fig. 3. The configurations of the EL devices and the energy levels of the compounds
utilized in the device A and B.

Fig. 4. EL spectra of the devices A and B at a driving voltage of 5.0 V.
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Herein, we have found that the compound 1 has similar HOMO
level with MAIP,15 indicating that the tert-butyl units have negli-
gible electronic effect on the anthracene. The LUMO values for
compounds 1 and 2were calculated based on their respective band
gap energy obtained from the tail-end of their UVevis absorptions
and the HOMO values (Table 1). Based on the HOMO and LUMO
levels, these compounds are expected to have reasonable electron
and hole mobility.

Fig. 3 shows the configuration and the HOMO, LUMO alignments
in EL devices for 1 (device A) and for 2 (device B). The configuration
of the multilayer device is shown as followed: (A) ITO/NPB (30 nm)/
1 (10 nm)/TPBI (40 nm)/LiF (1 nm)/Al (120 nm); (B) ITO/NPB
(30 nm)/2 (10 nm)/TPBI (40 nm)/LiF (1 nm)/Al (120 nm). For both
types of the devices, 4,4-bis[N-(1-naphthyl)-N-phenylamino]bi-
phenyl (NPB) was used as the hole-transporting layer, and 1,3,5-tris
(N-phenyl benzimidazol-2-yl)-benzene (TPBI) was used as the
electron-transporting materials.

Fig. 4 illustrates the EL spectra of the devices A and B at a driving
voltage of 5.0 V. The EL spectra of both devices are almost identical to
the PL spectra of 1 and 2 thin films. This result clearly shows that the
emission in both devices A (lem¼460 nm) and B (lem¼488 nm) is
solely fromcompounds1 and2, respectively. The FWHMvalues of the
EL spectra were estimated to be around 74 nm for the device A and
110 nm for the device B. The CIE (Commission Internationale del’E-
clairage) color coordinatesof devicesAandBare (0.16, 0.18) and (0.23,
0.38) (Table 2), respectively. In addition, all the device performance
data are presented in Table 2. The luminescenceevoltageecurrent
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density and EQEecurrent densityepower are shown in Figs. 5a,b and
6a,b, respectively. Both types of devices have low turn-on voltages:
5.0 V for thedeviceAand4.0 V for thedeviceB. This implies that there
is no large energy barrier at the interface of the two devices. Device A
exhibits a luminescence of 981 cd/m2 at 9.5 V, the maximum power
efficiency of 0.43 lm/W and the maximum external quantum effi-
ciencyof 0.57%. Device B displays themaximumbrightness of 824 cd/
m2 at 10 V, the maximum power efficiency of 0.42 lm/W, and the
maximum external quantum efficiency of 0.38%. In general, device A
exhibited a much better EL performance compared with device B.
Table 2
EL data for device A and B

Device Von
a hex

b/V hp
c hl

d/V lmax Lmax
e/Vd

f CIE (x, y)

A 5.0 0.565/6.04 0.426 0.817 460 981/9.5 0.16, 0.18
B 4.0 0.352/6.43 0.418 0.857 488 824/10 0.23, 0.38

a Turn-on voltage.
b External quantum efficiency (%),
c Power efficiency (lm/W), and
d Luminance efficiency (cd/A) were at 20 mA/cm2.
e Maximum luminance achieved (cd/m2).
f Driving voltage (Vd).

Fig. 5. The electro-optical characteristic of device A (a) Luminescence and current
density as a function of voltage, and (b) EQE and power efficiency as a function of
current density.

Fig. 6. The electro-optical characteristic of device B (a) Luminescence and current
density as a function of voltage, and (b) EQE and power efficiency as a function of
current density.
2.4. Charge mobility studies

To evaluate the performance of 1 as electron/hole transporting
material, a time-of-flight (TOF) device was constructed to measure
the electron and hole mobility. The absorption spectrum of 1 at
325e375 nm matches that of the frequency-tripled Nd:YAG laser
(355 nm, 10 ns pulse width) systems used in this TOF measure-
ments. Fig. 7(a) shows the representative TOF sample configuration
of quartz substrate/Ag (30 nm)/1 (2.36 mm)/Ag (160 nm). Both
transients show a constant-current plateau followed by a rapid fall
off, a clear signature of non-dispersive carrier transport. Using the
carrier transit time tT unambiguously evaluated from the in-
tersection point of the asymptotes to the plateau and the tail sec-
tions in the double logarithmic representation of Fig. 7(b). Hole and
electron mobility of 1measured at room temperature are shown as
a function of the square root of the electric field (E1/2) in Fig. 7(c).
Compound 1 has maximum electron mobility of 1.9�10�5 cm2/Vs
and hole mobility of 1.1�10�5 cm2/Vs, respectively. The electron
mobility of compound 1 is comparable with that of Alq3.25,26 The
preliminary experimental data clearly indicated that compound 1
has excellent thermal stability and effective electron-transporting
mobility. This together with the blue-emission characteristic ren-
ders the compound to be potentially useful for a wide range of
applications in EL technology.
3. Conclusion

In summary, two bright thermally stable compounds based on
bis(tert-butyl)anthracenyl-imidazo-phenanthrolines have been
synthesized and characterized. Both compounds exhibit high
fluorescent quantum yields both in solution and in the solid states.
A triple-layered device was fabricated using both compounds 1 and
2 as the emitting fluorophore, TPBI, and NPB as the electron-
transporting layer and the hole-transporting layer, respectively. The



Fig. 7. Representative TOF transients (a) device configuration (b) TOF signals of 1 at
E¼3.8�105 V/cm. (c) Hole and electron mobility versus E1/2 for 1.
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blue-emitting device A exhibits luminescence of 981 cd/m2 at 9.5 V,
the maximum power efficiency of 0.43 lm/W, and the maximum
external quantum efficiency of 0.57%. In addition, the electron
mobility of the compound 1 is capable of electron-transporting as
a replacement for Alq3. More comprehensive studies on OLED ap-
plications of these new compounds will be pursued in the future.

4. Experimental

4.1. Instrumentation

Different scanning calorimetry (DSC) measurements were car-
ried out using a PerkineElmer 7 series thermal analyzer at a heat-
ing rate of 10 �C/min from 30 to 300 �C. 1H NMR and 13C NMR
spectra were recorded using a Bruker DMX-500 FT-NMR spec-
trometer. The chemical shifts were recorded in parts per million
downfield from that of Me4Si standard. FT-IR spectra were mea-
sured by using a PerkineElmer 1760-X FT-IR spectrometer. Mass
spectra were recorded on Jeol JMS-D300 and FINNIGAN TSQ-46C
mass spectrometers and HRMS was obtained with Jeol JMS-HX110
spectrometer. TLC was performed using Merck (Art. 5715) silica gel
plates. TLC films were visualized under UV light (254 nm), after
a treatment of iodine vapor, or a heating treatment followed by the
exposure treatment of 5% phosphomolybdic acid in ethanol. Flash
column chromatography was performed to purify all synthesized
compounds using Merck (Art. 9385) 40e63 mm silica gel 60.

4.2. OLED fabrication and measurement

First, a prepatterned ITO substrate area was cleaned with ace-
tonewash followed bymethanol and acetone. Then, the triple-layer
devices were prepared by vacuum deposition of 30 nm 4,40-bis[N-
(1-naphthyl)-N-phenylamino]biphenyl (NPB) as the hole-trans-
port, 10 nm of the compounds 1 or 2 as the emitting layer, followed
by 40 nm (1,3,5-tris(N-phenylbezimidazol-2-yl)benzene) as the
electron-transport layer. Finally, a layer of LiF/Al (1 nm/120 nm)
cathode was thermally evaporated as a cathode. The IeV curves
were measured on a Keithley 2400 Source Meter in the ambient
environment. The light intensity was measured with a Newport
1835 Optical Meter.

4.3. Charge mobility measurement

Charge transport in films was typically characterized in vacuum
by applying the time-of-flight (TOF) transient photocurrent tech-
nique on quartz/Ag (30 nm)/organic sample (wmm)/Ag (150 nm)
samples. Pulsed illumination (third harmonic of Nd:YAG laser,
355 nm, 10 ns) through the semitransparent electrode (Ag) induces
photogeneration of a thin sheet of excess carriers. The sample
thickness had been chosen to be much larger than the optical ab-
sorption depth of the excitation. Depending on the polarity of the
applied bias, selected photogenerated carriers (holes or electrons)
are swept across the sample with a transit time tT. With the applied
bias V and the sample thickness D, the applied electric field E is then
V/D, and the carrier mobility is given by m¼D/(tT�E)¼D2/(V�tT).

4.4. Synthetic procedures and characterization of products

4.4.1. (2,6-Di-tert-butylanthracene) (4). Anthracene (10.0 g, 56.10
mmol), tert-butyl alcohol (16 mL, 168.30 mmol), and TFA (tri-
fluoroacetic acid, 70 mL) were heated at reflux for 16 h. After
cooling, the black crude mixture was treated with solid sodium
bicarbonate. Water (150 mL) and hexane (150 mL) were added. The
organic phase was separated and methylene chloride (CH2Cl2) was
added to obtain a clear solution. The organic solvent was removed
in vacuum and the residue was treated with hexane and
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refrigerated. The white solid was filtered and washed with a small
amount of cold hexane. The yield of crude 6 is 85% (12.3 g). 1H NMR
(500 MHz, CDCl3) d 1.45 (s, 18H), 7.55 (dd, J¼8.9, 1.7 Hz, 2H), 7.87 (s,
2H), 7.93 (d, J¼8.9 Hz, 1H), 8.33 (s, 2H).

4.4.2. (9-Bromo-2,6-di-tert-butylanthracene) (5). To a mixture of 4
(3.2 g, 11.0 mmol), NBS (1.96 g, 11.0 mmol) in anhydrous CH2Cl2
(50 mL) was added to react for 1 h at room temperature. The
mixture was poured into a water bath and extracted with ethyl
acetate. The ethyl acetate extract was sequentially washed with
water, brine, and dried (MgSO4) to filter out impurity and to give
a crude product. Flash chromatography (ethyl acetate (EtOAc) /n-
hexane¼1:10) was then used to further purify the products fol-
lowed by crystallization from ethyl acetate/n-hexane and evapo-
ration to give 5 (1.6 g, 46%) as pale-yellow solid. 1H NMR (500 MHz,
CDCl3) d 1.46 (s, 9H), 1.49 (s, 9H), 7.58 (dd, J¼9.0, 1.8 Hz, 1H), 7.68
(dd, J¼9.4, 1.9 Hz, 1H), 7.85 (d, J¼1.7 Hz, 1H), 7.92 (d, J¼8.9 Hz, 1H),
8.34 (s, 1H), 8.39 (s, 1H), 8.43 (d, J¼9.4 Hz, 1H); 13C NMR (125 MHz,
CDCl3) d 30.91, 30.95, 34.80, 35.40, 121.84, 121.88, 122.72, 125.08,
126.21, 126.60, 127.29, 128.22, 129.36, 130.10, 130.99, 132.06, 147.67,
149.44.

4.4.3. (2,6-Di-tert-butyl-9-formylanthracene) (6). To a mixture of 5
(100 mg, 0.29 mmol) in anhydrous DMF (3 mL) was added drop-
wise 1.6 M of n-BuLi (0.6 mL, 0.96 mol) at�78 �C and stirred for 2 h
at room temperature. The mixture was poured onto water and
extracted with CH2Cl2. The CH2Cl2 extract was washed with water
and brine, dried (MgSO4), filtered, and evaporated to give 6 (1.6 g,
45%) as pale-yellow solid. 1H NMR (500 MHz, CDCl3) d 1.46 (s, 9H),
1.48 (s, 9H), 7.65 (dd, J¼9.0, 1.8 Hz, 1H), 7.77 (dd, J¼9.4, 1.9 Hz, 1H),
7.92 (d, J¼1.7 Hz, 1H), 7.99 (d, J¼8.9 Hz, 1H), 8.62 (s, 1H), 8.93 (d,
J¼9.4 Hz, 1H), 8.97 (s, 1H); 13C NMR (125 MHz, CDCl3) d 30.83,
30.96, 34.79, 35.69, 117.92, 123.21, 123.47, 123.98, 125.05, 128.60,
128.79, 129.89, 131.04, 131.12, 132.11, 133.68, 134.59, 134.90, 136.57,
147.73, 151.66, 193.16.

4.4.4. (2-(2,6-Di-tert-butylanthracen-9-yl)-1H-imidazo[4,5-f][1,10]
phenanthroline) (BAIP). BAIP was prepared by refluxing a mixture
of phen-dione (1.33 g, 6.34 mmol), 7 (2.83 g, 8.86 mmol), ammo-
nium acetate (9.70 g, 126.67 mmol), and glacial acetic acid (20 mL)
for 1 h. After 30 min water (10 mL) is added and the mixture was
cooled to 0 �C using an ice-bath and the mixture is stirred for
20 min. The mixture pH was adjusted to neutral by the dropwise
addition of ammonia. The precipitate was filtered and dried over
MgSO4. Flash chromatography (CH2Cl2/methanol¼10:1), after
crystallization from CH2Cl2/n-hexane to give BAIP (1.6 g, 50%) as
pale-yellow solid. IR (KBr, cm�1), 1567, 1628, 3062, 2770, 2820,
3388. 1H NMR (500 MHz, CDCl3þDMSO-d6) d 1.10 (s, 9H), 1.25 (s,
9H), 7.36 (dd, J¼9.3, 1.9 Hz, 1H), 7.42 (dd, J¼8.9, 1.5 Hz, 1H),
7.50e7.56 (m, 2H), 7.69 (s, 1H), 7.71 (s, 1H), 7.76 (d, J¼1.6 Hz, 1H),
7.84 (d, J¼9.0 Hz, 1H), 8.36 (s, 1H), 8.63 (d, J¼7.5 Hz, 1H), 8.91e8.96
(m, 3H); 13C NMR (125 MHz, CDCl3) d 29.68, 29.85, 33.81, 34.07,
118.89, 118.97, 121.43, 121.51, 122.10, 122.12, 123.37, 124.06, 124.71,
125.29, 125.31, 127.05, 127.13, 127.33, 128.86, 129.15, 129.58, 129.61,
129.63, 129.84, 130.06, 142.44, 146.52, 146.67, 146.79, 147.73, 148.21.
MS (EI, 70 eV) m/z 508 (Mþ, base peak); HRMS (EI) calcd for
C35H32N4

þ: 508.2621, found 508.2631.

4.4.5. (2-(2,6-Di-tert-butylanthracen-9-yl)-1-methyl-1H-imidazo-
[4,5-f][1,10] phenanthroline) (1). To a stirred solution of BAIP
(1.10 g, 2.16 mmol) in DMF (7 mL) at room temperature under
nitrogen is added NaH (60%, 210 mg, 5.41 mmol) and the reaction
mixture is stirred at room temperature. After 30 min, CH3I
(0.34 mL, 5.41 mmol) is added. After 18 h, water is added and the
reaction mixture is extracted with ethyl acetate. The organic layer
is washed with water and brine, dried over MgSO4, and
concentrated in vacuum. Flash chromatography (EtOAc/n-
hexane¼20:1) to give 1 (510 mg, 45%) as pale-yellow product. IR
(KBr, cm�1), 1371, 1567, 1628, 3062, 2770. 1H NMR (500 MHz,
CDCl3) d 1.26 (s, 9H), 1.43 (s, 9H), 3.95 (s, 3H), 7.44 (s, 1H),
7.50e7.53 (m, 2H), 7.61 (d, J¼9.0 Hz, 1H), 7.72e7.75 (m, 2H), 7.98
(s, 1H), 8.05 (d, J¼9.0 Hz, 1H), 8.60 (s, 1H), 8.85 (d, J¼8.3 Hz, 1H),
9.14 (d, J¼8.0 Hz, 1H), 9.22e9.24 (m, 2H); 13C NMR (125 MHz,
CDCl3) d 30.76, 30.86, 34.72, 34.90, 35.12, 118.91, 120.70, 121.51,
122.96, 123.41, 123.90, 124.72, 125.14, 125.76, 127.02, 128.51,
128.68, 129.30, 130.03, 130.87, 131.11, 131.74, 133.02, 136.24,
136.26, 139.91, 147.45, 147.83, 148.03, 149.79, 152.22, 154.32. MS
(EI, 70 eV)m/z 522 (Mþ, base peak); HRMS (EI) calcd for C36H34N4

þ:
522.2778, found 522.2783. EA calcd for C, 82.41; N, 10.68; H, 6.92.
Found for C, 82.05; N, 10.63; H, 6.76.

4.4.6. (2-(2,6-Di-tert-butylanthracen-9-yl)-1H-imidazo[4,5-f][1,10]
phenanthroline-1-carbonitrile) (2). To a stirred solution of BAIP
(2.0 g, 3.94 mmol) in DMF (10 mL) at room temperature under ni-
trogen is added NaH (60%, 156 mg) and the reaction mixture stirred
at room temperature. After 30 min, BrCN (464 mg, 4.25 mmol) is
added. After 18 h, water is added and the reaction mixture is
extracted with ethyl acetate. The organic layer is washed with
water and brine, dried over MgSO4, and concentrated in vacuum.
Flash chromatography (EtOAc/n-hexane¼20:1) was used to give 2
(1.4 g, 67%) as pale-yellow solid. IR (KBr, cm�1), 740, 801,1354,1393,
2250, 2875, 2963. 1H NMR (500 MHz, CDCl3) d 1.32 (s, 9H), 1.45 (s,
9H), 3.95 (s, 3H), 7.62e7.66 (m, 3H), 7.72 (d, J¼9.2 Hz, 1H),
7.80e7.86 (m, 2H), 8.01 (d, J¼0.9 Hz,1H), 8.08 (d, J¼9.0 Hz,1H), 8.68
(s, 1H), 9.12e9.15 (m, 2H), 9.34 (d, J¼4.3 Hz, 2H); 13C NMR
(125 MHz, CDCl3) d 30.73, 30.88, 34.95, 35.27, 105.47, 117.80, 118.19,
118.28, 123.31, 123.31, 123.47, 123.87, 124.16, 124.44, 125.36, 127.73,
127.89, 128.72, 129.89, 130.75, 130.98, 131.08, 131.38, 131.72, 136.06,
145.18, 145.33, 148.02, 150.20, 150.57, 152.76. MS (EI, 70 eV)m/z 533
(Mþ, base peak); HRMS (EI) calcd for C36H31N5

þ: 533.2574, found
533.2581. EA calcd for C, 80.72; N, 13.07; H, 6.21. Found for C, 80.46;
N, 12.87; H, 6.08.
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