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Naphtholb]-fused BODIPYs have been facilely synthesized via Suzuki—
Miyaura—Knoevenagel reaction between mono-iodo-BODIPY or
2,6-diiodo-BODIPY with (2-formylphenyl)boronic acid. This one-pot
reaction represents a very straightforward approach for tuning the
absorption and emission of BODIPYs in the red visible/NIR range.

Boron dipyrromethene (BODIPY) dyes' have been widely used
as fluorophores in fluorescent sensors,” biological labeling,’
photodynamic therapy’ and organic light-emitting diodes
(OLEDs)® due to their excellent photophysical properties, such
as high photostability, sharp fluorescence emission, high
fluorescence quantum yields (® > 0.5) and large molar
absorption coefficients. Conventional BODIPY dyes generally
absorb and emit in the range of 470-530 nm. However, con-
sideration of various practical applications of BODIPY dyes,
their absorption and emission in the red visible to the near-
infrared (NIR) range is more favorable. To this end, several
methods have been adopted to modify the BODIPY core, such
as aryl substitution at peripheral positions, substitution of a
carbon atom with a nitrogen atom at the meso position and
aromatic ring fusion.® Among them, fusion with aromatic rings
such as benzene, naphthalene, phenanthrene, thiophene and
furan has the advantage of extending the r system and reducing
the nonradiative decay through restrict rotational relaxation
(Scheme 1). BODIPYs with aromatic rings fused on [a] and [b]
positions are shown in Scheme 1. Aromatic [b]-fused BODIPYs
exhibit longer red-shifted maximum absorption and emission bands
compared with the [a]fused mode. As shown in Scheme 1(b), indole
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Scheme 1 (a) Chemical structures of [a]- and [b]-aromatic ring-fused
BODIPYs. (b) Literature reported aromatic ring fused BODIPYs and their
photophysical data.

and furan ring-fused BODIPYs exhibited red-shifted absorption
and emission bands and enhanced absorption coefficients upon
[blannulation.® The synthesis of aryl-fused BODIPYs were generally
achieved via: (i) the condensation of aryl-fused pyrrole with an
electrophilic carbonyl compound, followed by oxidation with certain
oxidants and complexation with BF;.” However, aryl-fused pyrroles
were usually prepared through a multistep synthesis and the total
yield was quite low. (i) Intramolecular oxidative ring closure.® In this
case, two steps including palladium-catalyzed cross coupling and
oxidative ring closure were required to form aromatic ring-fused
BODIPYs. Herein we describe a facile synthesis and optical
properties of naphtho[b]-fused BODIPYs via a one-pot Suzuki-
Miyaura-Knoevenagel reaction.

Mono-iodo-BODIPY 4 was synthesized according to our
previously reported procedure.” Suzuki-Miyaura cross-coupling
reaction of 4 and (2-formylphenyl)boronic acid 5a was smoothly
proceeded under conventional conditions (Scheme 2). The reaction,
monitored by thin-layer chromatography (TLC) and UV-Vis

Chem. Commun., 2017, 53, 6621-6624 | 6621


http://orcid.org/0000-0003-4212-0353
http://orcid.org/0000-0002-1511-5033
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cc02918g&domain=pdf&date_stamp=2017-06-06
http://rsc.li/chemcomm
http://dx.doi.org/10.1039/c7cc02918g
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC053049

Published on 25 May 2017. Downloaded by Athabasca University on 12/08/2017 18:48:40.

Communication

2h

Pd(PPhs),, Na,COs(aq),

THF, Ny, 80°C

2a (17%) main product

Scheme 2 Synthesis of mono naphtholb]-fused BODIPY.

spectroscopy, was found to be complete in 2 h, affording the
desired BODIPY 1 in 70% yield. Interestingly, when the cross-
coupling reaction time was extended to 24 h, BODIPY 1 underwent
an intramolecular Knoevenagel type condensation between the
methyl group at the 3-position and the formyl group on the
adjacent phenyl ring, which gave asymmetric naphthalene-fused
BODIPY 2a as the main product with an isolated yield of 17%. No
other obvious colored product was found using TLC. BODIPYs 1 and
2a were characterized by HR-MS and "H NMR spectroscopy. Inspired
by the phase transfer catalytic feature of tetrabutylammonium
bromide (TBAB) in intermolecular Aldol-Suzuki-Aldol reactions,'’
we introduced it into this reaction system. It was found that after the
addition of one equivalent of TBAB, the reaction of 4 and 5a
completed in 6 h and the isolated yield of 2a was increased two
times to 39% (Scheme 3). Under these one pot Suzuki-Miyaura—
Knoevenagel conditions, the reaction can be complete within 1.5 h
and successfully provided symmetric bis-naphtho[b]-fused BODIPY 3
in 35% yield (Scheme 3). Longer reaction time led to the lower yield
and the decomposition of 3, which was confirmed from the TLC and
UV-Vis spectra monitoring.

Single crystals of 2a and 3 were obtained by slow diffusion of
hexane into CH,Cl, solutions at room temperature.i As shown
in Fig. 1, both of the molecules exhibit certain distortion from
planarity. The torsion angles between the meso-phenyl group
and the indacene plane are 74.0° and 67.5° for 2a and 3,
respectively. The dihedral angle between the fused-benzo ring
and the indacene plane in BODIPY 2a is 7.5°. BODIPY 3
displays a butterfly-like conformation, and the dihedral angle
between the two planar fused naphthalene “wings” is 14.5°.
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Scheme 3 Synthesis of mono and bis-naphtho[b]-fused BODIPY dyes.
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Fig. 1 X-ray crystal structures of 2a (top) and 3 (bottom): top view (left)
and side view (right). Hydrogen atoms were omitted for clarity in both
views. The thermal ellipsoids were set at 50% probability.

This is quite different from the planar conformation in the bis-
benzothieno[h]-fused and biphenyl-fused BODIPYs (Scheme 1).*”

The absorption and emission spectra of the dyes in CH,Cl,
solution are shown in Fig. 2 and the main photophysical data
are summarized in Table 1. Details of the main spectral bands
of the electronic absorption and fluorescence emission spectra
and the steady-state and time-resolved fluorescence spectro-
scopy properties in hexane, toluene, dichloromethane, THF,
acetonitrile and methanol are summarized in Table S1, ESL.}
The absorption and emission band of mono-naphtho[b]-fused
2a red-shifted by 41 nm relative to the classic BODIPY 1. Upon
further naphtho[b]-fusion to form 3, which has two naphthalene
rings fused on both pyrrole moieties, a 78 nm red shift occurs with
a peak centered at 630 nm and a large molar absorption coefficient
(e = 175660 M~ cm™), indicating an efficient m-extension effect
induced by a fused naphthalene group on the [b] position."* When
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Fig. 2 Overlaid UV/Vis absorption (left) and normalized fluorescence
(right) spectra of 1, 2a, 2b and 3 in CH,Cl,.

Table 1 Spectroscopic data of 1, 2a, 2b and 3 in CH,Cl,

. a b
Eabs )~em AZ/absfem
Japs [nm]  [mol 'em™' L] [am] [em™'] o 1 [ns]
1 511 95200 525 522 0.82  4.02
2a 552 100 000 573 664 0.30 3.70
2b 545 86 400 562 555 0.37 2.80
3 630 175660 640 248 0.06 3.29

“ Molar absorption coefficients measured in solutions containing 1% THF
as a co-solvent. ? Stokes-shift value. ¢ Fluorescence quantum yields were
calculated using rhodamine 6G as the standard (@ = 0.95 in ethanol) for 1,
2a and 2b and zinc phthalocyanine as the standard (@ = 0.45 in PrOH) for
3 and the standard errors are less than 5%. ¢ Half-life period.
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an electron withdrawing group is introduced at the naphthalene
ring to form 2b, the main spectral band is 7 nm blue shifted
relative to the spectrum of 2a. The observed absorption maxima
of naphtho[b]-fused BODIPY dyes do not show a clear variation
trend as a function of polarity of the solvents. A similar trend is
observed in the emission band. Naphtho[b]-fusion on the BODIPY
core leads to the decrease of fluorescence quantum yields of 2a
(0.30) and 3 (0.06) due to an increase in the nonradiative deactiva-
tion rate constant (Table 1). It is well known that one of the main
drawbacks of red-emitting dyes is their lower fluorescence
quantum yield, since the ground and excited states are energetically
closer, and the probability of internal conversion is greatly enhanced
due to the increased likelihood of vibrational coupling between
the electronic excited and ground states.” The fluorescence
decay profiles could be described with a single-exponential
fit with fluorescence lifetimes in the 2.59-4.35 ns range for all
the solvents investigated. As expected, the non-radiative decay
constants of 3 are very large and significantly higher than that
of non-fused BODIPY 1 (Table S1, ESIt).

In order to gain in-depth insight into the relationship between
aryl-fused structures and electronic structures, and optoelectronic
properties, theoretical calculations were performed for BODIPYs
1-3 using the time-dependent density functional theory (TDDFT)
method at the B3LYP/6-31G(d) level."” Partial MO energy diagrams
of 1-3 are shown in Fig. 3, while the calculated transition energies,
oscillator strengths ( f), and configurations are summarized in
Table 2. The phenyl substitutions at meso-positions of all com-
pounds and at 2-position of 1 are nearly perpendicular to the
BODIPY skeleton, on which the HOMO and the LUMO are fully
delocalized (Fig. 3). Based on the TDDFT calculations, the main
absorption bands of these dyes are attributed to transitions from
the HOMO to the LUMO. The second lowest-energy band of 474 nm
(f = 0.77) for dye 2a mainly contributed to the absorption peak,
because the oscillator strength of the calculation S; state is almost
zero. For BODIPY 3, the higher energy shoulder band at around
580 nm mainly is attributed to transition from the HOMO—1 to the
LUMO (Table 2). In contrast to the unfused structure 1, BODIPYs
2a, 2b and 3 with fused rings exhibit a narrow HOMO-LUMO gap.
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Fig. 3 The energy level diagrams of the frontier t-MOs of 1-3 using the
B3LYP functional with 6-31G(d) basis sets. The angular nodal patterns are
shown at an isosurface value of 0.02 a.u.
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Table 2 Selected transition energies and wave functions of 1, 2a, 2b, and
3 calculated using the TDDFT method (B3LYP/6-31G(d))

Compd. Energy [nm] fe Orbitals? (coefficient)
1 425 054 H — L(88%), H-1 — L (12%)
2a 493 0.01  H-1 > L (97%)
474 077  H - L (96%)
2b 494 017  H-1 > L (62%), H > L (38%)
467 0.59  H — L (60%), H-1 — L (37%)
3 547 021  H-1 - L(73%), H - L (26%)
532 0.97 H — L (74%), H-1 — L (26%)

“ Oscillator strength. » MOs involved in the transitions with H and L
denoting the HOMO and the LUMO, respectively.

The large MO coefficients on the peripheral fused rings account for
the destabilization of the HOMO, while the smaller MO coefficients
in the context of the LUMO along with the large MO coefficients at
the points of attachment to the BODIPY core account for the
stabilization of the LUMO. This indicates that the fused rings
effectively extend the m-systems. The mono- and bis-naphthalene-
fused BODIPYs 2a and 3 show nearly identical HOMO energies;
however, the LUMO energy of 3 was significantly stabilized, result-
ing in a red shift of the main absorption band relative to that of 2a.

In conclusion, BODIPYs with one and two naphthalene rings
fused at the b position have been synthesized from iodo-substituted
BODIPYs and (2-formylphenyl)boronic acid through Suzuki-
Miyaura-Knoevenagel one pot reaction with moderate yields.
BODIPYs 2 and 3 represent the first examples of naphtho[b]-
fused BODIPYs. The fusion of the naphthalene ring greatly
extends the m-conjugation of BODIPY 3 and thus made it exhibit
NIR absorption. Theoretical calculations suggest that naphthalene-
fused BODIPYs display markedly stabilized LUMO energy, which
can be used in the field of optoelectronics such as electron
transport materials. The methyl group at the 5-position of the
asymmetric dye 2 can be further modified with the analyte-active
group to fabricate novel NIR chemosensors.

We acknowledge financial support provided by the National
Natural Science Foundation of China (21501073) to Z. Z.,
(51672114) to A. Y. and (21371090) to Z. S. Theoretical calcula-
tions were carried out at the High-Performance Computing
Center in Nanjing University.
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