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ABSTRACT

The first example of aryl-functionalized, butterfly-shaped, highly fluorescent and stable blue-emitting monomers, namely, 7-tert-butyl-1,3,5,9-
tetrakis(p-R-phenyl)pyrenes, were synthesized by the Suzuki—Miyaura cross-coupling reaction from a novel bromide precursor of 1,3,5,9-
tetrabromo-7-tert-butylpyrene. The crystal structures and optical and electronic properties have been investigated.

The development of efficient optoelectronic materials
based on polycyclic aromatic hydrocarbons (PAHs) has
been extensively investigated in the past two decades.
Indeed, many members of PAHs have been employed
in organic light-emitting diodes (OLEDs)*? and other
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optoelectronic devices,* as well as fluorescence probes.’
Pyrene and its derivative are important members of PAHs
that have exhibited several advantages: (1) solution pro-
cessable, (2) good thermal stability, (3) enhanced charge
carrier mobility, and (4) intense luminescence efficiency.
However, the use of pyrenes as efficient emitters in OLEDs
has been somewhat limited,? primarily because the planar
structure of pyrene has a strong tendency to form
m-aggregates/excimers, thereby quenching the fluorescence
in concentrated solution or in the solid-state. To suppress
the passive aggregation, several research groups have
been focused on exploring the availability of methods for
the functionalization of the pyrene core. In general, the
1-, 3-, 6-, and 8-positions of pyrene preferentially undergo
electrophilic aromatic substitution (SgAr) reactions.
Thus, various pyrene derivatives® (Supporting Information)
can be easily accessed depending on the experimental
conditions.®
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Scheme 1. Synthesis of Compounds 4 and 5
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On the other hand, the 4-, 5-, 9-, and 10-positions (i.e.,
K-region) of the pyrene are facile to bromination in the
presence of iron powder if the sterically bulky ferz-butyl
groups are located at the 2- and 7-positions.” Interestingly,
on further prolonging the reaction time, the ipso-bromination
product of 4,5,7,9,10-pentabromopyrene can be obtained.®
Besides the electrophilic substitution of pyrene, Hu et al.
reported an efficient, one-step synthetic approach to cata-
lyze the oxidation of the K-region of pyrene using ruthe-
nium chloride.’ Miillen et al.'® also developed an asym-
metric functionalization method to direct bromination to
the K-region of the pyrene without the protective ferz-butyl
groups. Recently, it was found that the active sites of the
1,3-positions of pyrene could be brominated from starting
compound 1 because the terz-butyl group protects the ring
from electrophilic attack at the 6,8-positions.'' In addi-
tion, we reported the selective formation of the 5-mono-
and 5,9-disubstitution products from 7-tert-butyl-1,3-
dimethylpyrene by formylation and acetylation depending
on the Lewis acid catalysts used.'> Thus, based on the
above-mentioned research, we attempted to exploit a new
intermediate in order to develop a series of pyrene related
materials for further applications. Our initial attempt was
to synthesize 1,3.4,5,9,10-hexabromo-7-zert-butylpyrene
(3) using iron powder to catalyze its formation from
2-tert-butylpyrene (1) in different solvents; however,
efforts using CH,Cl,, nitrobenzene, and benzene all failed.
Probably, the bromo atom substituted at the 1- and
3-positions of the pyrene would sterically hinder the
4- and 10-positions, thereby enabling regioselective sub-
stitution at the 5- and 9-positions. Since the 7-position of
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the pyrene ring has been pretected, four bromines atoms
can be introduced at the 1-, 3-, 5-, and 9-positions by
electrophilic bromination of 2-fert-butylpyrene (1). Herein,
we succeeded in developing a new bromide precursor,
1,3,5,9-tetrabromo-7-tert-butylpyrene (2), in excellent
yield (Scheme 1). To the best of our knowledge, this is
the first example of a method to halogenate the pyrene
ring both in the activated sites (1- and 3-positions) and in
the K-region (5- and 9-positions).

The precursor 2 has two advantages: (1) the active sites
at the 1- and 3-positions could give C-functionalized
pyrene by the cross-coupling reaction to suppress the
aggregation,''*!* and (2) the K-region (5- and 9-positions)
affords a strategy to extend conjugated systems to larger
PAH:s by cyclization.'® Accordingly, in this study, by using
2 as an intermediate, we syntheized novel butterfly-shaped,
highly fluorescent, and stable blue-emitting monomers,
namely, 1,3,5,9-tetraaryl-7-tert-butylpyrenes (4), which
were characterized by X-ray diffraction, absorption and
fluoresence spectra, electrochemical data, and density
functional theory (DFT).

As described in Scheme 1, the mono-tert-butylated
product, 2-tert-butylpyrene (1),'* treated with Br, (6 equiv)
in CH,Cl, at room temperature in the presence of iron
powder yielded the expected tetrabromopyrene 2 in a high
yield of 84%. Then, Suzuki cross-coupling reaction of 2
with the corresponding arylboronic acids afforded the
1,3,5,9-tetraaryl-7-tert-butylpyrenes 4 in isolated yields of
65—72%. As a comparison, we synthesized the Schiff base
5 from the aromatic aldehyde 4¢ (Scheme 1) and 6 [1,3,6,8-
tetrakis(4-methoxyphenyl)pyrene] according to the reported
literature procedure.

The molecular structures of compounds 4—6 were char-
acterized by 'H/"*C NMR spectra, single-crystal X-ray
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Table 1. Photophysical and Electrochemical Properties of Compounds 4, 5 and 6

Amax abs (nm) Amax PL (nm) LUMO HOMO HOMO-LUMO

compd solns/films® solns/films® ®F solns/thin films (eV) (eV) AE (eV) T,%°C) T4 (°C)
4a 373 380 412 410 0.92/0.75 ~1.58 -5.01 3.43 335 350
4b 379 369 421 443 0.90/0.72 ~1.36 —4.76 3.40 330 410
4c 386 400 469 471 0.56/0.48 -2.45 -5.66 3.21 302 329
5 355 nd 467 nd nd/nd -2.12 ~5.25 3.13 266 430
6 391 405 434 488 0.94/nd —1.47 -4.71 3.24 271 nd

“Maximum absorption wavelength measured in dichloromethane at room temperature. ® Measured in thin neat films. ¢ Measured in dichloro-
methane and in neat thin films, respectively. d Melting temperature (73,) obtained from differential scanning calorimetry (DSC) measurement.
¢ Decomposition temperature (74) obtained from thermogravimetric analysis (TGA). nd: no determination.

diffraction, FT-IR spectroscopy, mass spectroscopy, as
well as elemental analysis. All compounds 4 were soluble
in common organic solvents such as toluene, CH,Cl,,
CHCls, THF, acetonitrile, and N,N-dimethylformamide
(DMF) and exhibited excellent thermal stability under
air/N,. The key thermal data for the pyrenes 4 are sum-
marized in Table 1.
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Figure 1. X-ray structure of compounds 4a and 4b.

Single crystals of 4a (CCDC 917256), 4b (CCDC
917257), and 6 (CCDC 915429) were grown from a
mixture of CH,Cl, and MeOH and investigated by
X-ray crystallography to establish the structure. All crystal
structures were found to belong to the monoclinic crystal
system with space group P2;/c for 4a and 6 and P2;/n for
4b. As shown in Figure 1, these terminal moieties adopt a
reasonably twisted conformation with a substantial dihe-
dral angle relative to the pyrene ring (46.2—68.0°), and
torsion angles of 49.4—70.5° between the pyrene and
phenyl rings, while for the pyrene and methoxylphenyl
rings, the torsion angles were 48.1—56.2°. In compounds 4,
the four terminal moieties twist with reasonable dihedral
angles relative to the pyrene cores by the proximal hydro-
gen atoms. This conformation effectively suppresses 77—
stacking and releases the steric interactions in the solid
state. Only C—H - - - rinteractions were observed, and they
impact on molecular geometries as well as prevent excimer
formation in the solid state.'® The packing of molecules
of 4a and 4b revealed the 2D self-assembled planar
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Science 1994, 265, 765-768.
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solid-state structure. However, the compound 6 exhibited
a sandwich-like 3D structure self-assembled in the solid-
state via C—H- .-z bond interactions overlapping the
porous two-dimensional networks. A chloroform mole-
cule was encapsuled in the molecular channel by a hydro-
gen bonding C45—H45---04 (2.506 A) interaction
(see the Supporting Information).
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Figure 2. (a) Normalized UV —vis absorption and (b) emission
spectra of compounds 4 recorded in dichloromethane at ca.

~107°=107%M at 25 °C. (c) Emission spectra of 4in thin film (d)
photographs of blue emission from the films of 4 (left — right).

The UV absorption and fluorescence spectra of 4—6
were investigated in dichloromethane and in a thin film
(Figure 2). For 4a—c and 6, two prominent absorp-
tion bands were observed in between 298—308 nm and
373—391 nm, and the absorption spectrum of 4c was
broader and less well-resolved in the range of 330—420
nm. The compounds 4 have a slight red-shift order of 4c
(CHO) > 4b (OMe) > 4a (H), which are in agreement
with our previous reports.®''® For the Schiff base 5, the
broader absorption spectrum was observed at 355 nm,
arising from the more delocalized chromophore (red shift)
with a possibility for charge transfer (broadened spectrum).
In the thin film absorptions (Table 1 and Supporting

Org. Lett,, Vol. 15, No. 6, 2013



Information), the compounds 4 have slightly broader
spectra with red-shifts (5—14 nm) in comparison to that
observed in solution, which can be explained by re-
absorption in the solid-state. For 6, however, an unusual
zigzag-type absorption spectrum was observed with a
maximum at 391 nm, indicating its trend to form a single
crystal in the solid state causes a high noise level."”

Upon excitation, the emission maxima at 412 nm for 4a
and 421 nm for 4b reveal a smaller red shift than compound
6 (Amax = 434 nm). For 4¢c and 5, however, the presence of
the CHO moiety and the 4-zert-butylphenyl iminophenyl
group caused a significant red-shift and a broadened
emission maximum (4,,.x) at 469 and 467 nm, respectively.
Nevertheless, no excimer emissions were observed in these
newly developed butterfly-shaped tetraarylpyrene systems.
The thin-solid film fluorescence spectrum of 4 presented a
prominent maximum emission in the blue region at 410 nm
for 4a, 443 nm for 4b, and 471 nm for 4e¢, respectively.
Interestingly, the emission spectrum of 4a shows a slight
hypsochromic shift with respect to the spectrum in solu-
tion. This difference might be due to the different dielectric
constants.!”” Compound 4b displayed a slight red-shift
(~22 nm) compared to the spectra recorded in solution
(Table 1), thought to be due to the aggregation. For 4c,
there is a slight red-shift (increased by 2 nm) in solution
versus thin film. However, the fluorescence emission spec-
trum of 6 showed broad emission bands at 488 nm in the
solid state. A 54 nm red-shift was observed with respect to
the solution without the zert-butyl group. The substituents
at the 5,9-positions of pyrene gave the structure more
symmetry and played a key role for influencing S; — S,
excitation.'® Furthermore, parts b and ¢ of Figure 2
revealed that these butterfly-shaped compounds 4 emit
very bright, sharp, and solid-state blue fluorescence. All
compounds 4 have very high quantum yields (®°) in
range of 0.56—0.92 in solution and 0.72—0.78 in the solid-
state, resepctively (Table 1). There is thus potential for
these to be used as efficient blue emitters in OLEDs.

DFT calculations for 4—6 were performed using the
Gaussian 03 program. The calculated density surfaces of
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular obital (LUMO) of 4a, 4c,
and 5 are shown in Figure 3 and the Supporting Informa-
tion. The HOMO is located over the entire pyrene frame-
work in each molecule, whereas the aryl substituent groups
or extended chains have limited contributions to this
system. However, it is remarkable that the LUMO of 4c
spreads over the entire pyrene framework, including the
4-formylphenyl unit. It is noteworthy that the terminal
phenylimino groups do not contribute to the construction
of the LUMO in 5, despite of the introduction the extended
m-conjugated by C=N bond.

The electrochemical properties of 4 were investigated
by cyclic voltammetry (CV). All compounds showed

(17) Tyagi, P.; Venkateswararao, A.; Thomas, K. R.J. J. Org. Chem.
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Figure 3. Spatial distributions of the compounds 4a, 4c, and 5
frontier orbitals. The lower plots represent the HOMOs, and the
upper plots represent the LUMO:s.

oxidation waves located at 1.48 V for4a, 1.35Vand 1.73 V
for 4b, and 1.75 V for 4¢ (vs Fc/Fc™). All compounds
displayed oxidation waves originating from the conjuga-
tion system of pyrene. The HOMO energy levels were
calculated to be —5.49 eV for 4a, —5.36 eV for 4b, and
—5.73 eV for 4c¢, respectively, from the onset of the first
oxidation wave. The energy gap (E,) was estimated from
UV —vis absorption (3.11 eV for 4a, 3.01 ¢V for 4b, and
2.88 eV for 4c). The experimental data was found to
closely correspond to the theoretically calculated data
(see the Supporting Information). The slight difference
was caused by the theoretical calculations performed in
the gas phase. The high reversibility of their redox
processes demonstrated that the butterfly-shaped pyr-
enes were stable and suggested that the current mole-
cular design may be suitable for OLED-like optoelec-
tronic devices.

In conclusion, this work provides a promising strategy
to halogenate both at the active sites and in the K-region.
We successfully developed a novel bromide precursor of
1,3,5,9-tetrabromo-7-tert-butylpyrene. With this tetra bro-
mopyrene as a key starting material, butterfly-shaped,
highly efficient blue-emitting pyrene derivatives were
synthesized. Both single-crystal X-ray analysis and photo-
physical properties for these pyrenes have been fully
investigated. Further investigation of their applications
in OLED:s is in progress in our laboratory.
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