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ABSTRACT: Palladium-catalyzed direct C−H arylations of 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene (BODIPY) with 3,4-ethylenedioxythiophene (EDOT) derivatives at relatively low
temperature (60 °C) provide moderate to good yields (47%−72%) of products having
potential applications in fluorescent bioimaging and organic optoelectronics.

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene), a lumi-
nescent dye first synthesized in 1968,1 and its derivatives have
attracted great interest over the past several decades because of
their appealing chemical and photophysical properties, including
high stability toward light and chemical agents, large molar
extinction coefficients in the higher-wavelength visible region,
high fluorescence quantum yields, narrow emission bandwidths,
and relatively long fluorescence lifetimes.2 Extending the
conjugated π-system from the BODIPY core, through the
introduction of aromatic substituents, can shift the absorption/
emission maxima to even longer wavelengths and, thereby, finely
tune the optoelectronic properties.3 As a result, BODIPY-based
π-conjugated molecules are being applied extensively as
fluorescent imaging agents, switches, sensors, and organic
optoelectronic materials.4

Considerable research activity has been focused recently on
thiophene-conjugated BODIPY derivatives because of their
applications in fluorescent labeling, light harvesting, dye-
sensitized solar cells, and organic semiconducting materials.5

Among the many available thiophene derivatives, 3,4-ethylene-
dioxythiophene (EDOT) has been the subject of the most
detailed studies in recent years because of its high stability,
commercial availability, and good biocompatibility. The
appending of an EDOT moiety to a π-conjugated material
results in a shorter intrinsic band gap,6 enhanced π-donor ability,7

and improved electrochromic properties.8 Therefore, molecules
bearing both EDOT and BODIPY units are attractive inmaterials
science for use as both electronic materials and bioimaging
probes. Indeed, several examples have been reported, with
potential applications including broad-band light sensing and
harvesting.9

One practical path toward EDOT/BODIPY-based com-
pounds is chemical transformation of the BODIPY core. At
present, derivatization of BODIPY can be achieved most
efficiently through the use of functionalized pyrroles,10

halogenated BODIPY derivatives,11 or the Liebeskind−Srögl
reaction,12 but these approaches require tedious synthetic steps
or environmentally unfriendly organometallic reagents. Tran-
sition-metal-catalyzed direct C−H arylation would be a step-
economical and environment-friendly alternative.13 Although
several examples of direct C−H arylations of BODIPY have been
reported,14 the conditions, which have not been optimized,
require long reaction times. Herein, we report a comprehensive
synthetic investigation of Pd-catalyzed direct C−H arylation
between BODIPY and EDOT derivatives, in which we have
screened various ligands, bases, and solvents. The reactions of
BODIPYwith EDOT derivatives under the optimized conditions
provided their products in acceptable yields. Thus, the direct C−
H arylations of BODIPY can be more efficient and atom-
economical than traditional syntheses of functional BODIPY-
based π-conjugated functional materials, potentially facilitating
their use as fluorescent bioimaging agents and optoelectronic
materials (Scheme 1).
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Scheme 1. Syntheses of Functional BODIPY/EDOT π-
Conjugated Derivatives
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To develop a general and efficient synthetic approach for Pd-
catalyzed direct C−H diarylations of the BODIPY derivative 1,
we tested commercially available EDOT as its initial coupling
partner (Table 1). Because of its two C−H bonds, which could
result in polymerization upon coupling with 1, we added an
excess of EDOT (10 equiv) to the reaction medium. We selected
Pd(OAc)2 as the palladium source because, in previous
studies,15a,b it provided an excellent coupling yield for the
diarylation of EDOT; in addition, it has also been applied in the
direct C−H arylation of BODIPY.14c The reaction performed in
the presence of Pd(OAc)2 (5%) and K2CO3 (2.4 equiv) in
dioxane at 80 °C for 24 h resulted in no isolated product (Table 1,
entry 1). Accordingly, we screened for potentially useful ligands.
Tricyclohexylphosphine tetrafluoroborate (PCy3·HBF4), tri(m-
tolyl)phosphine [P(m-Tol)3], and tris(o-methoxyphenyl)-
phosphine [P(o-Anisyl)3] have all been reported as ligands for
efficient Pd-catalyzed direct C−Harylations of either BODIPY or
thiophene.14c,15f Considering the similarity of these trans-
formations to ours, we screened these (and some additional)
phosphine ligands to determine the most appropriate reaction
conditions. We conducted each reaction under the same
conditions, but using the different ligands (Table 1, entries 2−
9). Several ligands facilitated the formation of the coupling
product. The presence of triphenylphosphine (PPh3) led to the

coupling product in a yield of 28% (Table 1, entry 2). The
combination of P(m-Tol)3 and Pd(OAc)2, reported previously to
effectively catalyze direct C−Hcoupling between EDOT and aryl
bromides, did not result in an acceptable yield of our product
(18%, Table 1, entry 4). Similarly, the combination of PCy3·HBF4
and Pd(OAc)2, reported previously to catalyze direct C−H
couplings between BODIPY and aryl bromides and between
EDOT and aryl bromides, was not helpful (11%, Table 1, entry
6). In addition, reactions performed in the presence of some
other popular phosphine ligands were all inefficient (Table 1,
entries 3, 5, 7, and 8). To our delight, however, the yield reached
60%when using P(o-Anisyl)3 as the ligand (Table 1, entry 9).We
did not observe any unreacted 1 in the reactionmixture, but some
high-polarity residuespossibly oligomeric/polymeric BODI-
PY-EDOTs or products from the decomposition of the
BODIPYwere evident when we purified the product.
This preliminary screening encouraged us to search for the

optimal solvent. The yield did not improve, however, when using
other solvents, either nonpolar (toluene, xylenes) or polar
(DMAc, DMF) (Table 1, entries 10−16), but we did obtain an
isolated yield of 58%whenwe performed the reaction inm-xylene
(Table 1, entry 13). Notably, the reaction yield decreased
dramatically when we used p-xylene as the solvent, possibly
because it has the lowest polarity among the aromatic
hydrocarbons that we tested as solvents. When we performed
the reaction in m-xylene at elevated temperature (Table 1, entry
14, 130 °C), the isolated yield decreased to 45%, possibly because
of polymerization or decomposition of the product under such
conditions. Accordingly, we concluded that dioxane was the
optimal solvent. Next, we examined the effect of the base (Table
1, entries 17−20). Although Na2CO3, Cs2CO3, Ag2CO3, and
KOAc have all been used commonly as bases in direct C−H
arylations, their application in our transformation led to dramatic
decreases in the isolated yield (to 3−10%). Hence, we suspected
that K2CO3 was the optimal base for this reaction.
Next, we investigated the effect of the temperature on our

reaction. The yield did not improve when we performed the
reaction at higher temperatures. Interestingly, when we
performed the reaction at lower temperatures (70 and 60 °C,
Table 1, entries 21 and 22), we isolated the product in acceptable
yields (55% and 60%, respectively). Nevertheless, when we
decreased the reaction temperature further, to 50 and 40 °C
(Table 1, entries 23 and 24), the yields dropped dramatically, to
20% and 15%, respectively. Accordingly, we concluded that the
conditions in entry 22 were optimal, with its lower temperature
decreasing the energy consumption relative to that in entry 9.
The UV−vis absorption maximum for compound 2 in CHCl3

appeared at 526 nm, with the signal covering the range from 450
to 600 nm. The fluorescence emission appeared in the range from
550 to 700 nm, with the emission maximum at 592 nm (Figure
S1). Compared with the signals of BODIPY (its absorption and
emission maxima centered at 505 and 515 nm, respectively),16

the red-shifted absorption and emission ranges of 2 moved
beyond the spectral regions where severe damage to an organism
would occur and where most autofluorescence occurs.17 Thus,
the spectroscopic properties of 2meet the requirements of a good
fluorescent bioimaging agent. Thus, we examined whether it
would be possible to synthesize water-soluble BODIPY-based
fluorescent imaging agents using this facile direct C−H arylation
approach in conjunction with water-soluble EDOT derivatives as
coupling partners.
As displayed in Scheme 2, we used our established protocol to

synthesize two BODIPY-based π-conjugated molecules for

Table 1. Reaction Conditions Optimization for the Synthesis
of 2a

entry ligand base solvent temp (°C) yield (%)b

1 none K2CO3 dioxane 80 trace
2 PPh3 K2CO3 dioxane 80 28
3 dppf K2CO3 dioxane 80 4
4 P(m-Tol)3 K2CO3 dioxane 80 18
5 P(furyl)3 K2CO3 dioxane 80 trace
6 PCy3·HBF4 K2CO3 dioxane 80 11
7 P(t-Bu)3 K2CO3 dioxane 80 trace
8 Phenanthroline K2CO3 dioxane 80 trace
9 P(o-Anisyl)3 K2CO3 dioxane 80 60

10 P(o-Anisyl)3 K2CO3 toluene 80 53
11 P(o-Anisyl)3 K2CO3 o-xylene 80 54
12 P(o-Anisyl)3 K2CO3 p-xylene 80 20
13 P(o-Anisyl)3 K2CO3 m-xylene 80 58
14 P(o-Anisyl)3 K2CO3 m-xylene 130 45
15 P(o-Anisyl)3 K2CO3 DMAc 80 trace
16 P(o-Anisyl)3 K2CO3 DMF 80 20

17 P(o-Anisyl)3 Na2CO3 dioxane 80 3
18 P(o-Anisyl)3 Cs2CO3 dioxane 80 11
19 P(o-Anisyl)3 Ag2CO3 dioxane 80 9
20 P(o-Anisyl)3 KOAc dioxane 80 10

21 P(o-Anisyl)3 K2CO3 dioxane 70 55
22 P(o-Anisyl)3 K2CO3 dioxane 60 60
23 P(o-Anisyl)3 K2CO3 dioxane 50 20
24 P(o-Anisyl)3 K2CO3 dioxane 40 15

aThe reaction between 1 (1 equiv) and EDOT (10 equiv) was
performed for 24 h in the presence of Pd(OAc)2 (5 mol %), a ligand
(10 mol %), and a base (2.4 equiv) in 1 mL of solvent. bIsolated yield.
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fluorescent cell imaging. We employed the bromohexyl-bearing
EDOT derivative as a coupling partner so that we could
subsequently introduce a positive charge to the BODIPY-based
π-conjugated product in a facile manner, thereby imparting water
solubility to the molecule. Furthermore, the presence of the
bromohexyl chain on EDOT eliminated the possibility of
polymerization, further improving the coupling yield.
We prepared the bromohexyl-bearing EDOT in a yield of 54%

through deprotonation of EDOT with n-butyllithium (n-BuLi)
and subsequent reaction with 1,6-dibromohexane. Coupling of 1
and the bromohexyl-bearing EDOT derivative (2.1 equiv)
afforded its desired product 3 in 72% yield. We introduced
positive charges through reactions of 3 with trimethylamine and
triphenylphosphine, obtaining the corresponding water-soluble
compounds 4 (88%) and 5 (68%), respectively.
We examined the spectroscopic characteristics of 4 and 5 in

aqueous media. Compound 4 exhibited an absorption maximum
at 520 nm, corresponding to its π−π* transition, and a
fluorescence emissionmaximum at 631 nm. Similarly, 5 exhibited
an absorption maximum at 528 nm and a fluorescence emission
maximum at 638 nm. Figure S1 displays the normalized UV−vis
and fluorescence spectra. The molar excitation coefficient and
fluorescence quantum yield for 4 were 2.59 × 104 M−1 cm−1 and
1.62%, respectively; for 5, they were 2.80 × 104 M−1 cm−1 and
2.02%, respectively. We attribute the different photophysical
properties for compounds 4 and 5 to their different hydro-
phobicities. Themore hydrophobic environment provided by the
triphenylphosphonium groups in 5 would presumably promote
aggregation of the BODIPY-EDOT chromophore. As a result, we
observed absorption of light at longer wavelengths and stronger
aggregation-induced emission for 5.18

Next, we examined the utility of 4 and 5 in fluorescent cell
imaging. First, we added an aqueous solution of 4 or 5 to human
cervical cancer (HeLa) cells and then incubated the mixture for
30 min in the dark prior to recording images. While the

incorporation of 4 clearly led to the penetration of the imaging
probe across the membrane and lighting up of the cytoplasm
(Figure S2), we observed more interesting phenomena with 5.
The triphenylphosphonium group, which was part of compound
5, is well documented to facilitate the entrance of molecular
probes into mitochondria, as a result of its lipophilicity and
electrostatic forces.18

Hence, we tested the fluorescence imaging capability of the
triphenylphosphonium-bearing compound 5 in living cells. To
confirm whether 5 could achieve mitochondrial imaging
specifically, we added solutions of 5 and MitoTracker Green
FM (MT), a commercially available mitochondrial imaging
agent, to HeLa cells, followed by incubation of the mixture in the
dark for 30min prior to recording images. Figure 1a and b display
the fluorescence images obtained using 5 and MT, respectively.
The bright green spots in Figure 1b indicate the distribution of
the mitochondria in the HeLa cells. The bright yellow
fluorescence in Figure 1c, a merging of the images in Figure 1a
and b, suggests that compound 5 was localized in the
mitochondria of the living HeLa cells. Furthermore, using ImageJ
software, we calculated a quantitative overlap ratio of 98.6% from
the fluorescence signals of the two dyes collected from two
independent channels. Thus, we conclude that 5 can be used
specifically for mitochondrial imaging. The mitochondria is an
organelle existing in almost all eukaryotic cells; it plays a vital role
in the life and death of cells.19 Moreover, the morphology of the
mitochondria is controlled by a series of proteins, mutations of
which are involved in severe diseases, including Parkinson’s and
Alzheimer’s diseases.20 Therefore, new means of mitochondrial
imaging in living cells are always welcome.
In addition to the syntheses of fluorescent bioimaging agents,

we also applied this approach to the efficient synthesis of
functional π-conjugated BODIPY derivatives having potential
applications in organic optoelectronic devices. Triphenylamine
(TPA)-containing molecules have been employed extensively as
electron-donating entities in the hole injection/transport layers
of organic optoelectronic devices.21 The Lin group22 used
traditional Stille coupling to synthesize donor/acceptor/donor-
type functional π-conjugated molecules comprising TPA,
thiophene, and BODIPY moieties, obtaining a device exhibiting
a power conversion efficiency (PCE) of 3.22%. Using our new
synthetic protocol, we suspected that replacing the thiophene
unit with an EDOT moiety would further increase the electron-
donating capability of TPA, thereby enhancing the PCE of the
corresponding device. Thus, we investigated whether we could
apply our established conditions to introduce a TPA moiety into
the BODIPY-EDOT structure.
As displayed in Scheme 3, we obtained the desired product 7

through a two-step successive direct C−H arylation strategy.
First, we applied our C−H arylation conditions to synthesize the
mono TPA-EDOT adduct 6, which we have reported
previously.15a We attributed the moderate yield (46%) to the
tendency to form doubly TPA-bearing EDOT as a byproduct,
even in the presence of excess EDOT (10 equiv). Subsequently,
we used the established conditions to conduct a second direct C−
H arylation to afford 7 in a yield of 46.5%. This straightforward
strategy proceededwithout the need for repeated halogenation or
the introduction of activation groups.
Figure S3 presents the electrochemical and spectroscopic

properties of 7. The half-wave potentials were 0.75, 0.98, and 1.24
V (vs Ag/Ag+). Because of the elongated π-conjugation, the UV−
vis absorption maximum appeared at 552 nm, with a molar
extinction coefficient of 2.54 × 104 M−1 cm−1 in CHCl3.

Scheme 2. Syntheses of the Bio-Imaging Probes 4 and 5

Figure 1. (a, b) Fluorescence images of HeLa cells stained with (a) the
bioimaging probe 5 and (b) MitoTracker Green FM (MT). (c) Merged
view of the images in (a) and (b). Scale bars: 20 μm.
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In summary, we demonstrated an atom-economical Pd-
catalyzed direct C−H arylation approach for the efficient
syntheses of BODIPY-based π-conjugated functional molecules.
This method avoids traditional Suzuki or Stille couplings, which
require additional activation steps and the use of toxic or
environmentally harmful reagents, yet achieves products of
similar structure in acceptable yields from reactions performed at
relatively low temperature. The coupling products have potential
applications in fluorescence bioimaging and organic electronics.
Our ongoing research is focused on expanding the substrate
scope of the established procedure and further improving its
yields.
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