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Novel D p D type boradiazaindacene dyes exhibit considerable two photon absorption cross section
and strong red emission. Cell stained with these dyes show bright intracellular fluorescence. These
properties qualify them as competitive candidates for fluorescent bioimaging applications

� 2009 Published by Elsevier Ltd.
1. Introduction

Fluorescent imaging at the cellular and subcellular levels within
a living organism is a powerful tool for life sciences.1 As the fluo
rescent reporters, organic dyes will not significantly influence the
biological functions on account of the small molecular sizes. Al
though there are a large number fluorescent organic compounds,
only a few can satisfy the fundamental requirements such as high
fluorescence quantum yields, large molar extinction coefficients,
large Stokes shifts, high photostability, etc. Moreover, almost all
these frequently applied fluorescent dyes absorb and emit rela
tively short wavelength light, which has poor tissue permeability,
may cause photodamages, and is easily interfered by biological self
fluorescence.2 The scarcity of excellent fluorophores in long
wavelength region has become one of the major obstacles for im
aging in vivo. Although some conventional near infrared (NIR, 650
900 nm) dyes, e.g., cyanines, have been adopted temporarily, their
future applications are problematic due to the drawbacks, such as
low fluorescence quantum yields and poor photostability.3

On the other hand, microscopies based on two photon excited
fluorescence (TPEF) represent a new emerging and important ten
dency in fluorescent imaging. This technique provides some
fax: þ86 411 83673488.
.
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advantages such as the capacity for a highly spatially confined ex
citation and intrinsic three dimensional resolution, the ability to
image at an increased penetration depth in tissue with reduced
photodamage and background fluorescence by operating with
excitation radiation in the NIR region.4 However, only few conven
tional fluorescent dyes, such as rhodamines, exhibit enough two
photon absorption (TPA) cross sections for practical application in
two photon bioimaging. Thus, there has been a lot of research
focused on the development of new fluorophores with large TPA
cross sections as well as high fluorescence quantum yields.5 To date,
TPEF peaks of the new fluorophores are, generally, located in 400
600 nm region. Even they can be excited by NIR laser, the short
wavelength of emission remains an unsolved problem, which
lowers their competitiveness to conventional NIR dyes (both exci
tation and emission are in NIR region). To obtain materials with
combined advantages of two photon absorption activity and red
even longer emission, many efforts have been paid out.6 Prasad and
co workers suggest a FRET (fluorescence resonance energy transfer)
strategy.7 They utilized efficient two photon fluorophores as energy
donor and connected them to the long wavelength dye (without TPA
activity) as the acceptor. Upon two photon excitation of the donor,
FRET proceeded efficiently and resulted in acceptor’s emission. This
idea is creative and enlighting. The only problem is that such FRET
molecules are complicated and difficult to synthesize.

The goal of this investigation is to develop versatile fluorophores
suitable for both single and two photon microscopic imagings.
oi:10.1016/j.tet.2009.08.002
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Clearly, they should feature the integrated characteristics of con
siderable two photon absorption across sections, long wavelength
region (>650 nm) emission, high fluorescence quantum yields, and
good photostability, facile synthesis, etc.
Table 1
One- and two-photon properties of compounds 1 and 3a–3c in THF

Compound lSPA
a nm lSPEF nm Dsb nm (cm 1) fc lTPE

d nm se GM

1 495(68,000) 507 12(478) 0.72 530 4
3a 573(72,000) 594 21(617) 0.60 618 29
3b 597(79,000) 653 56(1436) 0.36 670 46
3c 593(88,500) 659 66(1689) 0.31 687 60

a The numbers in parentheses are the molar extinction coefficient.
b Stokes shift are calculated from the absorption and emission energies in cm 1

(the numbers in parentheses).
c Fluorescence quantum yield.
d The emission wavelength by two-photon excitation.
e Peak two-photon absorptivity in 10 50 cm4 s photon 1 (GM).
2. Results and discussions

4,4 Difluoro 4 bora 3a,4a diaza s indacene (BODIPY) dyes have
been widely used as bioimaging fluorescence dyes8 due to their
excellent optical properties.9 However, to our knowledge, there
were only few reports about the BODIPY dyes’ two photon ab
sorption related properties, which were, generally, unsatisfactory.10

Some of them have short TPEF wavelengths.10a–e Although some
others were designed to have enlarged conjugation and strong ICT
(intramolecular charge transfer) nature, they do not show any TPA
activity.10c Only a very recent paper reported novel BODIPY de
rivatives with long wavelength absorptions and large TPA cross
sections, but it didn’t mention their emission properties.10f

According to experiences, introducing substituents on 2, 6 po
sitions of BODIPY core will influence the spectra remarkably and
obtain quite symmetrical structure.11 According to the literature,5a,c,12

efficient ICT processes and D A structures are important factors in
designing two photon absorption molecules. The linear and sym
metrical configuration would be more beneficial for charge transfer
process, which was a favorable factor for obtaining good TPA
properties.

We expected that a strong red emission by direct two photon
excitation would be achieved by using the strong fluorescent
BODIPY dyes. In the D p D type (Donor p bridge Donor) dyes 3b
and 3c, a central BODIPY core with a considerable electron
accepting nature was connected with the triphenylamino or car
bazole groups. For an ICT process to occur, an efficient p conjugated
spacer is required to facilitate the electronic flow. Ethynyl is
a popular spacer for two photon chromophore design. Sometimes,
efficient ICT process can also cause strong red emission.13

We efficiently introduced p electron donors into 2, 6 positions
of the BODIPY core via Sonogashira coupling reaction to increase
the absorption and emission wavelength as shown in Scheme 1.
Iodination of the precursor BODIPY 1 with excess N iodosuccini
mide (NIS) gives the 2,6 bisiodo BODIPY 2 in high yield (85%) while
the aromatic alkynes in compounds 3b and 3c were synthesized via
a few steps from the start materials (details in Supplementary
data). Sonogashira coupling reaction of 2,6 bisiodo BODIPY 2 and
the alkynes produced compounds 3b and 3c with satisfactory
yields 75% and 68%, respectively.

All the linear and nonlinear properties were studied in THF so
lution, and are summarized in Table 1. The normalized spectra are
depicted in Fig. 1. The absorption and emission wavelength of 3b
and 3c are longer than those of 3a, which is a reference compound
N B N II

Ar =
N

N B N
F FF F

a

1 2

3a

3b

Scheme 1. The synthetic routes to compounds 3a–3c. (a) NIS (2.5 equiv), I2 (0.5 equiv),
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because of the strength of electron donating groups. Comparing
compounds 3band 3c with 3a, an increase of the Stokes shift and
the half bandwidth of the fluorescence spectra are observed. Such
behavior is indicative of change redistribution occurring upon ex
citing, prior to emission, and potentially large TPA cross section.5c
Significantly, compounds 3a 3c show no linear absorption in
the wavelength range 700 1000 nm. Therefore, any emission in
duced by excitation at this wavelength range must be attributed to
a multi photon absorption process. When the solutions are pum
ped with laser pulses at wavelength of 800 nm, strong fluorescence
emission can be detected. The emission wavelengths of the two
photon induced fluorescence peak for 3a 3c are 618, 670, and
687 nm, respectively, which show remarkable bathochromic shifts
compared with the one photon induced fluorescence.14 The red
shifts are attributed to the re absorption of the fluorescence under
the concentration solution conditions. A set of SPA (single photon
absorption), SPEF (single photon excited fluorescence), and TPEF
(two photon excited fluorescence) spectra of 3b is shown in
Figure 2d, in which the shorter wavelength region of the TPEF band
partially overlaps with the tail of the linear absorption peak to ef
fect the re absorption. It is worthy to notice that the TPEF wave
lengths of 3b and 3c are above 670 nm (in body’s therapeutic
windows 650 800 nm, low absorptivity region in typical mam
malian tissues) with acceptable fluorescence quantum yields,
which are significant for bioimaging applications based on TPEF.15

Taking compound 3b as an example, as shown in Figure 2, the
output intensity of two photon excited fluorescence is linearly
dependent on the square of the input laser intensity, indicating the
occurrence of two photon absorption. The Z scan data of 3b in THF,
measured in a 1 mm cell with 1.3 mJ pulse energy, were recorded. It
showed deep dip typical of nonlinear absorption, which was also an
evidence for the occurrence of nonlinear process. The TPA cross
sections of compounds 3a 3c have been measured by open aper
ture Z scan experiments performed with a femtosecond (fs) laser
source. The values are 29, 46, and 60, respectively, increasing upon
the different strength of the electron donating groups.
N B NAr Ar

N

F F

b

3

3c

ethanol, 90%; (b) alkyne (2.5 equiv), Pd(PPh3)4, CuI, THF/NEt3 5:1, 60 �C, 68–75%.
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Figure 1. Normalized one-photon absorption (left) and emission (right) spectra of 3a–3c in THF.
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Figure 2. (a) The fluorescence emission spectra of compound 3b in THF at different laser intensities. (b) The linear dependence of peak fluorescence intensity on the square of the
excitation intensity. (c) Z-scan experimental data of compound 3b in THF (10 2 M). The solid lines represent theoretical parameters. (d) Normalized SPA-SPEF-TPEF spectra of 3b in THF.

Table 2
Electronic state studies of compounds 3a–3c

Compound Eg
a[eV] Eox

onset
b Eox

p Ered
p

c HOMO/LUMOd [eV]

3a 2.11 0.81 1.00 �1.30 �5.21/�3.10
3b 1.92 0.60 0.76 �1.32 �5.00/�3.08
3c 1.89 0.47 0.64 �1.42 �4.87/�2.98

a Energy band gap, determined from UV–vis absorption spectra.
b Eox

onset onset oxidation potential; Eox
p oxidation peak potential; potentials

reported versus ferrocene as internal standard, glassy carbon working electrode, Ag/
AgNO3 reference electrode, platinum counter electrode, 0.1 M Bu4NPF6/CH2Cl2, scan
rate 100 mV s 1 at 20 �C.

c Ered
p reduction peak potential.

d HOMO Eox
onsetþ4.4 eV; LUMO HOMO�Eg eV.
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For deeper investigating, the electronic states of compounds 3a
3c are studied through cyclic voltammetry and theoretical calcu
lation (B3LYP, 6 31G), and the results are summarized in Table 2.
The analysis of the oxidation potentials for 3a 3c (þ810, þ600, and
þ470 mV, respectively, in CH2Cl2) shows that the carbazole group is
a weaker donor than the triphenylamine group, as a consequence,
the HOMO (highest occupied molecular orbital) of 3b is actually
located at lower energy than that of 3c. The stronger electron do
nating group would result in more intensive ICT process, which is
an important factor for the difference of the cross sections. The
theoretical calculation shows the same tendency of the charge
transfer process as the CV studies, and the related description is in
Supplementary data.

For compounds 3b and 3c, fluorescence images of MCF 7 (breast
cancer) cells are shown in Figure 3. It showed a clear red
Please cite this article in press as: Zhang, D. et al., Tetrahedron (2009), d
intracellular fluorescence, which suggested that 3b and 3c were cell
permeable. The cells remained viable and no apparent toxicity and
oi:10.1016/j.tet.2009.08.002
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side effects were observed throughout the imaging experiments
(about 0.5 1 h). The cell imaging experiment together with their
fluorescence properties (emit in the optical windows and accept
able quantum yields) indicate that compounds 3b and 3c could be
competitive candidates for biological imaging. The fluorescence
images were observed under single photon excitation16 and
recorded by Nikon 2200 5 fluorescence microscopy. If we con
nected acceptors to the dyes, we will obtain some chemosensors to
detect heavy metal ions even by two photon excitation. These
works are underway.
Figure 3. (a) and (c): Bright-field transmission image of MCF-7 cells. (b) MCF-7 cells
incubated with 3b (5 mL, 10 5 mol L 1). (d): MCF-7 cells incubated with 3c. Fluores-
cence images of MCF-7 cells with 3b and 3c (lex 488 nm).
3. Summary

In conclusion, by Sonogashira coupling reactions, we have syn
thesized two novel BODIPY dyes with long absorption and emission
wavelengths. The experimental data approved that the compounds
were two photon absorption active materials also with good linear
optical properties. The preliminary fluorescence imaging experi
ments indicated their cell permeability and nontoxicity. Other
relative research on increasing the cross sections and fluorescence
quantum yields based on this platform are in process.

4. Experimenal

4.1. General

The 400 (1H) MHz NMR and 100 (13C) MHz NMR spectra were
measured at room temperature on a Bruker 400 MHz spectrometers
using perdeuterated solvents as internal standard: d (H) in parts per
million relative to residual protiated solvent; d (C) in parts per million
relative to the solvent. Melting points were obtained with a capillary
melting point apparatus in open ended capillaries and are un
corrected. Chromatographic purification was conducted with silica gel.

Absorption spectra were recorded on an US HP8453 UV Visible
absorption spectrometer and emission spectra were recorded by
using a PTI 700 instrument. All studies were made at 20 �C. Exci
tation and emission spectra were fully corrected by reference to
a standard lamp. Solutions were deoxygenated by purging with
dried argon prior to recording the spectrum. The reference systems
used were Rhodamine B in methanol (f 0.69).

Electrochemical studies made use of cyclic voltammetry with
a conventional three electrode system using a BAS 100 W electro
chemical analyzer in deoxygenated and anhydrous CH2Cl2 at room
Please cite this article in press as: Zhang, D. et al., Tetrahedron (2009), d
temperature. The potentials are reported versus ferrocene as in
ternal standard and potentials are calculated relative to SCE as
suming E1/2 (Fc/Fcþ) þ0.38 V (DEp 70 mV) versus SCE using a scan
rate of 100 mV s�1, glassy carbon working electrode, Ag/AgNO3

reference electrode, platinum counter electrode, and the sample
solutions contained 1.0�10�3 M sample and 0.1 M tetrabuty
lammonium hexafluorophosphate as a supporting electrolyte.
Argon was bubbled for 10 min before each measurement.

For the study on the nonlinear optical properties of these new
materials, we employed a femtosecond laser system consisting of
a mode locked Ti:sapphire oscillator (Tsunami, Spectra Physics)
and a regenerative amplifier (spitfire). The average output power
was about 300 mW with the repetition rate of 1 kHz, the pulse
duration of 140 fs, and the wavelength at 800 nm. We used the
open aperture Z scan technique to measure the TPA cross section.
The laser beam with 1.3 mJ pulse energy was focused on the solution
in 1 mm cell by a lens of 10 cm focal length and the transmitted
light, after the sample was collected by a photodiode detector
connected with a Lock in amplifier.

MCF 7 cells were cultured in 1640 supplemented with 10% FCS.
MCF 7 cells were seeded on 18 mm glass coverslips. After 12 h, the
MCF 7 cells were incubated with 5 mL dyes for 0.5 h at room tem
perature and then washed with phosphate buffered saline (PBS)
three times. The glass coverslips were attached to slide before
imaging. Fluorescence imaging of intracellular was observed under
Nikon 2200 5 fluorescence microscopy. Excitation wavelength of
laser was 488 nm.

4.1.1. 2,6 Diiodo 1,3,5,7 tetramethyl 8 phenyl 4,4 difluoroboradiazain
dacene (2). To a solution of 1,3,5,7 tetramethyl 8 phenyl 4, 4
difluoroboradiazaindacene (1, 170 mg, 0.51 mmol) in anhydrous
CH2Cl2 (25 mL) was added excess NIS (459 mg, 2.04 mmol). The
mixture was stirred at room temperature until total consumption of
the starting material (1.5 h, as monitored by TLC). Crude product was
then concentrated under vacuum, and purified by silica gel column
chromatography (hexane/CH2Cl2, 2:1). The red colored fraction was
collected and the solvent was removed under reduced pressure to
yield the desired compound. Yield: 205 mg (70%); mp 194.3 194.9 �C.
1H NMR (400 MHz, CDCl3): 1.37 (s, 6H, CH3), 2.56 (s, 6H, CH3), 7.15
7.20 (m, 2H, Ar H), 7.42 7.48 (m, 3H, Ar H). IR (KBr) 3435, 2922,
1530, 1464, 1121, 931 cm�1 TOF MS EIþ calcd for C19H17BF2I2N2

575.9542, found 575.9543.

4.1.2. 2,6 Di (phenylacetylenyl) 1,3,5,7 tetramethyl 8 phenyl 4,
4 difluoroboradiazaindacene (3a). Prepared according to the gen
eral procedure with phenylacetylene (54.5 mL, 0.497 mmol), 2
(100 mg, 0.207 mmol) in DMF (4 mL). Complete consumption of the
starting material was observed after 6 h. The chromatography was
performed on silica (CH2Cl2/hexane, 1:2), the purple colored frac
tion was collected to get the compound. Yield: 71 mg (76%);
mp 330 332 �C. 1H NMR (400 MHz, CDCl3): 7.65 7.67 (d, 4H, Ar
H), 7.52 7.53 (m, 4H, Ar H), 7.35 7.37 (m, 3H, Ar H), 7.26 7.30 (d,
4H, Ar H), 2.55 (s, 6H, CH3), 1.35 (s, 6H, CH3). 13C NMR (100 MHz,
CDCl3): d 158.4, 144.0, 142.5, 134.5, 131.3, 129.4, 128.4, 128.1, 127.8,
123.4, 116.2, 96.5, 81.6, 13.7, 13.4. TOF MS EIþ calcd for C35H27BF2N2

524.2235, found 524.2235.

4.1.3. 2,6 Di (9 ethyl 9H carbazole 3 ethynyl) 1,3,5,7 tetramethyl
8 phenyl 4,4 difluoroboradiazaindacene (3b). Prepared according
to the general procedure with 9 ethyl 9H carbazole 3 ethyne
(110 mg, 0.497 mmol), 2 (100 mg, 0.207 mmol) in DMF (4 mL).
Complete consumption of the starting material was observed after
8 h. The chromatography was performed on silica (CH2Cl2/hexane,
1:1). The green colored fraction was collected to get the compound.
Yield: 118 mg (75%); mp 241 242 �C. 1H NMR (400 MHz, CDCl3):
8.06 8.24 (m, 4H, Ar H), 7.51 7.58 (m, 4H, Ar H), 7.42 7.48 (m, 4H,
oi:10.1016/j.tet.2009.08.002
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Ar H), 7.32 7.36 (m, 3H, Ar H), 7.18 7.22 (m, 4H, Ar H), 4.24 4.38
(q, 4H, N CH2), 2.78 (s, 6H, CH3), 1.58 (s, 6H, CH3), 1.42 1.52 (t, 6H,
CH3). 13C NMR (100 MHz, CDCl3): d 155.4, 147.6, 146.5, 141.8, 141.2,
138.4, 137.0, 136.2, 134.5, 132.6, 131.5, 131.0, 129.7, 128.1, 126.8, 125.7,
125.1, 123.6, 122.4, 121.7, 116.2, 96.2, 81.8, 37.8, 16.2, 14.7, 13.8. TOF
MS EIþ calcd for C51H41BF2N4 758.3392, found 758.3387.

4.1.4. 2,6 Di (4 N,N diphenyl phenylacetylenyl) 1,3,5,7 tetramethyl
8 phenyl 4,4 difluoroboradiazaindacene (3c). Prepared according to
the general procedure with N (4 ethynylphenyl) N phenyl
benzenamine (134 mg, 0.497 mmol), 2 (100 mg, 0.207 mmol) in
DMF (4 mL). Complete consumption of the starting material was
observed after 12 h. The chromatography was performed on silica
(CH2Cl2/hexane, 3:2). The green colored fraction was collected to
get the compound. Yield: 121 mg (68%); mp 258 259 �C. 1H NMR
(400 MHz, CDCl3): 7.42 7.52 (m, 6H, Ar H), 7.35 7.38 (m, 6H, Ar
H), 7.22 7.30 (m, 6H, Ar H), 7.00 7.18 (m, 15H, Ar H), 2.68 (s, 6H,
CH3), 1.26 (s, 6H, CH3). 13C NMR (100 MHz, CDCl3): d 156.7, 148.0,
147.3, 142.1, 141.4, 138.2, 137.8, 134.1, 133.8, 132.4, 129.6, 128.6, 127.4,
125.0, 123.5, 122.7, 116.5, 96.5, 80.9, 14.8, 13.9. TOF MS EIþ calcd for
C59H45BF2N4 858.3705, found 858.3709.
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