Anthracene-Fused BODIPYs as
Near-Infrared Dyes with High Photostability

ORGANIC
LETTERS

2011
Vol. 13, No. 22
6026-6029

Lintao Zeng,! Chongjun Jiao,! Xiaobo Huang,’ Kuo-Wei Huang,* Wee-Shong Chin,!

and Jishan Wu*!

Department of Chemistry, National University of Singapore, 3 Science Drive 3, 117543
Singapore, and KAUST Catalysis Center and Division of Chemical and Life Sciences and
Engineering, King Abdullah University of Science and Technology, 4700 King Abdullah
University of Science and Technology, Thuwal 23955-6900, Kingdom of Saudi Arabia

chmwuj@nus.edu.sg

Received September 14, 2011

ABSTRACT
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An anthracene unit was successfully fused to the zigzag edge of a boron dipyrromethene (BODIPY) core by an FeCl;-mediated oxidative
cyclodehydrogenation reaction. Meanwhile, a dimer was also formed by both intramolecular cyclization and intermolecular coupling. The
anthracene-fused BODIPY monomer 7a and dimer 7b showed small energy gaps (~1.4 eV) and near-infrared absorption/emission. Moreover, they

exhibited high photostability.

Organic near-infrared (NIR) dyes' which function
(absorption and/or emission) in the NIR spectral region
ranging from 700 to 2000 nm have attracted great attention
because of their diverse applications for high-contrast
bioimaging,” optical recording,’ NIR laser filter,* NIR
photography,” and solar cells.® For instance, for practical
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applications such as solar cells, the materials should have
good light harvesting capability not only at the UV—vis
spectral range but also at the NIR range given that sunlight
possesses 50% of its radiation energy in the infrared
region. In addition, NIR fluorescent dyes have obvious
advantages over traditional visible fluorescent probes such
as deeper light penetration, low light scattering, and low
background interference, which make them widely used in
bioimaging and biolabeling.” However, many of the re-
ported NIR dyes (e.g., cyanine or polyene dyes) showed
poor photostability and chemical stability. Therefore, it
is highly desired to develop new NIR dyes with high
photostability.
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4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, also known
as boron dipyrromethene (BODIPY), is a class of highly
fluorescent organic fluorophore.® Its extraordinary chemical
and physical properties, such as high quantum yield, large
extinction coefficient, and good thermal and photochemi-
cal stability, make it attractive for wide applications includ-
ing luminescent devices,” biological imaging and labeling, '°
sensors,'! and dye-sensitized solar cells (DSCs).'? The
BODIPY core usually exhibits visible absorption and
emission located between 470 to 550 nm. To further push
the absorption/emission wavelength to far-red and even
the NIR region, a variety of strategies have been used: (1)
extension of s-conjugation by fusing rigid ring to the
pyrrole unit (e.g., replacing pyrrole with isoindole)," (2)
functionalization at the a- and/or meso-position to gen-
erate a “push—pull” motif,'* and (3) replacement of the
8-carbon atom with a nitrogen atom to form aza-BODIPY
dyes."® Very recently, our group developed a new strategy
by fusing an aromatic unit to the zigzag edge of a BODIPY
core via intramolecular oxidative cyclodehydrogenation
reaction.'® By this approach, perylene- and porphyrin-fused
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BODIPY NIR dyes with long-wavelength absorption/
emission and high photostability have been successfully
prepared. The major challenge is the choice of an aromatic
unit with appropriate geometric and electronic structure,
both of which play important role on the cyclodehydro-
genation reaction. Anthracene, an electron-rich aromatic
hydrocarbon with zigzag edges that potentially match the
zigzag edge of a BODIPY core, is therefore tested in this
work with the objective of obtaining new anthracene-fused
BODIPY NIR dyes.

Scheme 1. Synthetic Route for Compounds 7a and 7b
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As shown in Scheme 1, three anthracene-BODIPY dyads
2a, 2b, and 6 were first prepared and then submitted to an
FeCls-mediated oxidative cyclodehydrogenation reaction
to generate fused m-systems. The anthracene monoalde-
hyde 1a (R = H)'” and 1b (R = Br)'® condensed with
2-cethylpyrrole in the presence of trifluoroacetic acid (TFA)
followed by oxidative dehydrogenation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) and complexation
with BF5-Et,O to give the corresponding anthracene—
BODIPY dyads 2a and 2b in 31% and 23% yield, respec-
tively. However, treatment of 2a or 2b with excessive
anhydrous FeCls in nitromethane and dichloromethane
(DCM) did not afford the target products 3a or 3b.
Alternatively, inseparable BODIPY oligomers via inter-
molecular coupling together with other decomposed BOD-
IPY side products were obtained. This failure may be
ascribed to the relatively low reactivity at the 1,8-positions
of the anthracene unit in 1a and 1b. A similar problem was
also observed during the synthesis of anthracene-fused
porphyrins.'® To resolve this problem, two strongly
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electron-donating 2.4,6-trimethylphenoxy groups were in-
troduced at the 4,5-positions of the anthracene unit in
precursor 6. The bromoanthracene 4'°° was treated with
n-butyllithium followed by addition of anhydrous DMF to
give anthracene aldehyde 5 in 63% yield. Similar sequen-
tial condensation, oxidative dehydrogenation, and com-
plexation reactions from 5 afforded the anthracene—
BODIPY dyad 6 in an overall 67% yield. Compound 6
was treated with excessive FeCls, yielding the desired ring-
fused BODIPY 7a in 45% yield. Meanwhile, a dimer 7b
was also obtained in 37% yield, which is a product of
intermolecular oxidative coupling of 7a at the -position of
pyrrole ring. Thanks to the presence of bulky 2.4,6-
trimethylphenoxy groups, 7a and 7b show good solubility
in common organic solvents such as toluene, DCM, and
THF (Table S1, Supporting Information), and their 'H
NMR spectra in solution also display well-split peaks.
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Figure 1. UV—vis—NIR absorption spectra of 6, 7a, and 7b in
DCM (1.1 x 107> M). The spectra were normalized at 650 nm
for 7a and at 660 nm for 7b.

The absorption spectrum of precursor 6 in DCM dis-
plays the characteristic bands of respective BODIPY and
anthracene, while the fused compounds 7a and 7b exhibit a
significant bathochromic shift (Figure 1). Compound 7a
show absorption maxima at 301 nm (molar extinction
coefficient ¢ = 21800 M~! cm™') and 401 nm (¢ = 8700
M~ em ™) in the UV—vis range and a broad absorption
band located between 500 and 930 nm with maxima at 606
(e = 7200 M ' em™), 650 (¢ = 11300 M~ cm™"), 760
(e = 5600 M~ ' cm™"), and 826 nm (e = 5700 M ' ecm ™).
The dimer 7b displays a similar absorption spectrum with
wavelength slightly red-shifted compared to 7a, with maxima
at304 (e = 29000 M~ 'em™"), 401 (¢ = 13700 M~ 'ecm ™),
613 (¢ = 11600 M~ ecm™"), 660 (¢ = 13800 M~' cm™),
773 (¢ = 12400 M~ ' cm "), and 835 nm (¢ = 14800 M !
cm ™). The slight red shift can be explained by a large
torsion angle between the two BODIPY unitsin 7b induced
by steric repulsion. Interestingly, the absorption and emis-
sion spectra of 7a and 7b exhibit obvious solvent depen-
dence (Figures S1 and S2 and Table S1 in the Supporting
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Information). As the solvent is changed from hexane to
toluene, to THF, and to DCM and methanol, the absorp-
tion and emission spectra both show a gradual blue shift.
This unusual negative solvatochromic effect must be re-
lated to the unique H-aggregation of the chromophore in
different solvents.
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Figure 2. Calculated frontier orbital profiles (a), absorption
spectrum (b), and dipole moment (c) of 7a.

To further understand this solvatochromism phenom-
enon and to gain better insight into the molecular geome-
tries, molecular orbitals, and UV—vis—NIR absorption
spectra, time-dependent density function theory (TDDFT
at B3LYP/6-31G*) calculations were performed for 7a.
The optimized geometry, frontier molecular orbital pro-
files, calculated absorption spectrum, and dipole moment
are shown in Figure 2. Compound 7a has a nearly planar
aromatic core, and its HOMO and LUMO are delocalized
along the whole s-system, with the HOMO coefficient
mainly on the pyrrole rings while the LUMO coefficient
mainly on the anthracene unit. Such extended s-conjuga-
tion leads to a low optical energy gap of 1.38 eV for 7a.
The calculated electronic absorption spectrum for 7a
discloses a similar spectrum to the experimental data, with
absorption maxima at 757 (HOMO—LUMO), 578 (HOMO-
1—LUMO), 435 (HOMO-3—LUMO), 333 (HOMO-
10—LUMO), and 287 nm (HOMO-1—LUMO+1). Com-
pound 7a has a large diople moment of 10.2599 D,
indicating strong intramolecular charge transfer from the
electron-rich anthracene-dipyrromethene unit to the
electron-deficient —BF, unit. As a result, a weak and broad
emission band with maximum wavelength at 925 nm was

Org. Lett,, Vol. 13, No. 22, 2011



observed for 7a and 7b when detected at the NIR spectral
range (Figure S2, Supporting Information). The planar
geometry and large dipolement allow antiparallel dimer
formation between two planar cores via both w—sm and
dipole—dipole interactions. Such a H-type aggregation is
more favorable in more polar solvents such as methanol
and leads to a blue shift of the absorption spectrum. Simi-
larly, for 7b, head-to-tail H-aggregate formation is also pos-
sible, and thus, it exhibits similar solvatochromic effect to 7a.
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Figure 3. Cyclic voltammograms of 6, 7a, and 7b in DCM with
0.1 M BuyNPF as supporting electrolyte, AgCl/Ag as reference
electrode, Au disk as working electrode, Pt wire as counter
electrode, and scan rate at 50 mV/s. Fc™/Fc was used as external
reference.

The electrochemical behaviors of 6, 7a, and 7b were
investigated by cyclic voltammetry in deoxygenated DCM
solution containing 0.1 M tetra-n-butylammonium hexa-
fluorophosphate as supporting electrolyte. As shown in
Figure 3, 7a displays two reduction waves with half-wave
potentials at —0.97 (reversible), —1.88 V (irreversible) and
two quasi-reversible oxidation waves with half-wave po-
tentials at 0.57,0.78 V (vs Fc"/Fc). A HOMO energy level
of —5.30 eV and a LUMO energy level of —3.88 eV were
estimated on the basis of the onset potential of the first
oxidation and the first reduction wave, respectively. An
energy gap of 1.42 eV was obtained from the difference of
LUMO energy level and HOMO energy level, which is in
agreement with the optical band gap (1.38 eV). Similar
results were obtained for 7b. Compound 7b shows two
reduction waves with half-wave potentials at —1.05
(reversible), —1.92 V (irreversible) and two reversible
oxidation waves with half-wave potentials at 0.53, 0.72 V.
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A HOMO energy level of —5.34 ¢V and a LUMO energy
level of —3.95 eV were calculated by a similar method. An
energy gap of 1.39 eV was obtained, which is in agreement
with the optical band gap (1.36 ¢V). The precursor 6
exhibits one irreversible oxidation wave with an onset
potential at 0.72 V and one reversible reduction wave with
half-wave potential at —1.49 V. The HOMO and LUMO
energy levels are calculated to be —5.52 eV and —3.38 eV,
respectively, for 6. Compared with 7a and 7b, a larger
electrochemical energy gap (2.14 eV) was observed for 6,
which is also consistent with the optical band gap (2.30eV).
Based on these results, we can conclude that ring fusion
greatly decreases the LUMO energy level and the energy
gap by extending the s-conjugation, leading to a red shift
in the absorption spectrum.

The photostability of these compounds in toluene was
investigated under white light irradiation (100 W) or UV
irradiation (4 W, emission at 254 nm) in air (Figure S3 in
the Supporting Information). The absorbance of 7a and 7b
in air-saturated toluene remained almost unchanged
(<2%) after exposure to the irradiation of white light or
UV light for 118 h. Under same conditions, the precursor
showed about 5% degradation. This observation clearly
demonstrates that anthracene-fused BODIPYs 7a and 7b
have high photostability although an electron-rich anthra-
cene unit is fused. The excellent photostability is of great
importance for the practical applications.

In summary, anthracene was successfully fused onto the
zigzag edge of a BODIPY core for the first time. The
presence of electron-donating 2,4,6-trimethylphenoxy group
is necessary for a successful intramolecular cyclization and
it also improves the solubility of product. The newly
formed compounds 7a and 7b showed low band gap and
NIR absorption/emission. They also exhibited high photo-
stability, which is crucial for their practical applications.
Further structural modifications with the attention to pre-
pare functional anthracene-fused BODIPY dyes for or-
ganic field-effect transistors and dye-sensitized solar cells
are underway in our laboratories.
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