
This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys.

Cite this: DOI: 10.1039/c3cp51580j

Activation of BODIPY fluorescence by the photoinduced
dealkylation of a pyridinium quencher
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The photoinduced cleavage of a 2-nitrobenzyl group from a

pyridinium quencher covalently attached to the meso position of

a BODIPY fluorophore activates the emission of the latter. This

photochemical transformation prevents the transfer of one electron

from the BODIPY platform to its heterocyclic appendage upon

excitation and, as a result, permits the radiative deactivation of

the excited fluorophore. This versatile mechanism for fluorescence

switching can translate into the realization of an entire family of

photoactivatable fluorophores based on the outstanding photo-

physical properties of BODIPY chromophores.

The borondipyrromethene (BODIPY) platform offers outstanding
photophysical properties in conjunction with long-term stability
and synthetic versatility.1–5 In fact, established synthetic proto-
cols permit the manipulation of the substituents on the two
pyrrole rings as well as on the boron and carbon atoms joining
the two heterocycles. In turn, such structural modifications can
be exploited to regulate the spectroscopic signature of the
BODIPY chromophore and produce molecules able to emit
light across the visible region with quantum efficiencies
approaching unity. In addition, the synthetic accessibility
of these derivatives permits the integration of the BODIPY
skeleton into a diversity of multicomponent molecular and
supramolecular constructs. Indeed, BODIPY chromophores
have become valuable building blocks for the assembly of
electroluminescent materials, fluorescent probes, laser dyes,
light harvesters and sensitizing agents.

In spite of the remarkable combination of attractive proper-
ties associated with the BODIPY platform, mechanisms to
photoactivate its fluorescence remain limited to one represen-
tative example.6 Molecules able to switch from a nonemissive to
an emissive state under illumination at an activating wavelength,

however, offer the opportunity to switch fluorescence on exclu-
sively within a defined region of space at a given interval of
time. Such spatiotemporal control of fluorescence can trans-
late into the possibility of monitoring dynamic events in real
time7–14 as well as recording images with resolution at the
nanometer level.15–22 Indeed, these attractive prospects are
stimulating the identification of photochemical strategies to
activate the emission of organic dyes.23–28 In fact, several
examples of photoactivatable coumarins,29–33 diarylethenes,34,35

dihydrofurans,36 fluoresceins,37–44 rhodamines43,45–48 and
spiropyrans49 have been developed already, relying on either
photocleavable protecting groups or photochromic transforma-
tions. Structural designs to extend these operating principles
for fluorescence switching also to BODIPY chromophores can
be a valuable addition to this emerging field of study and might
lead to the realization of versatile photoactivatable probes with
improved photophysical properties.

Literature data demonstrate that the introduction of a
1-alkylpyridinium-4-yl substituent on the meso position of the
BODIPY skeleton results in fluorescence suppression.50,51 In
these molecular constructs, the excitation of the BODIPY
chromophore is followed by the transfer of one electron
to the pyridinium appendage. This process deactivates non-
radiatively the excited BODIPY platform and quenches its
fluorescence effectively. By contrast, the presence of a pyrid-
4-yl ring in the very same position has negligible influence on the
emissive behavior of the BODIPY chromophore, which retains its
fluorescence with high quantum efficiency. These observations
suggest that the photoinduced dealkylation of a pyridinium
quencher can be exploited to activate the fluorescence of a
BODIPY chromophore under optical control. Indeed, this article
reports the implementation of these operating principles for
BODIPY photoactivation with a representative example.

The absorption spectrum (a in Fig. 1) of compound 1 shows
a band for the BODIPY chromophore at 526 nm in acetonitrile
at 25 1C. Upon illumination at an excitation wavelength posi-
tioned within this band, the characteristic BODIPY fluorescence
appears in the emission spectrum (b in Fig. 1) at 545 nm with

a Laboratory for Molecular Photonics, Department of Chemistry, University of

Miami, 1301 Memorial Drive, Coral Gables, Florida 33146-0431, USA.

E-mail: fraymo@miami.edu
b Department of Biology, University of Miami, 1301 Memorial Drive, Coral Gables,

Florida 33146-0431, USA

Received 12th April 2013,
Accepted 10th May 2013

DOI: 10.1039/c3cp51580j

www.rsc.org/pccp

PCCP

COMMUNICATION

Pu
bl

is
he

d 
on

 1
0 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
L

ee
ds

 o
n 

03
/0

6/
20

13
 0

5:
06

:3
1.

 

View Article Online
View Journal

http://dx.doi.org/10.1039/c3cp51580j
http://pubs.rsc.org/en/journals/journal/CP


Phys. Chem. Chem. Phys. This journal is c the Owner Societies 2013

a quantum yield of 0.50, in agreement with literature data.50a

Treatment of this compound with (1-bromomethyl)-4,5-dimethoxy-
2-nitrobenzene (Fig. 2) results in the N-alkylation of its pyrid-4-yl
appendage. After counterion exchange, the hexafluorophosphate
salt of the corresponding pyridinium cation 2 can be isolated in a
yield of 17%.

The absorption spectrum (a in Fig. 3) of the hexafluoro-
phosphate salt of 2 reveals a band for the BODIPY chromo-
phore at 534 nm. In contrast to the behavior of 1, however,
illumination at an excitation wavelength positioned within this
band does not produce any significant fluorescence (b in Fig. 3).
The drastic difference between the emission spectra of the two
compounds demonstrates that the cationic pyridinium-4-yl
appendage of 2 quenches the excited state of the adjacent
BODIPY component, in agreement with literature observations
on similar compounds.50,51 Nonetheless, the characteristic
emission band (c–g in Fig. 3) of 1 develops upon ultraviolet
illumination of 2.† The photoinduced enhancement in fluores-
cence is indicative of the cleavage of the 2-nitrobenzyl group
from the nonemissive species 2 (Fig. 2) with the concomitant
formation of its emissive counterpart 1. The temporal evolution
of the integrated emission intensity (a in Fig. 4) under irradiation,
in the presence of a proton scavenger, indicates the quantum
yield for this photochemical transformation to be 0.001.

This value is consistent with the quantum efficiencies reported
in the literature for the photoinduced cleavage of the very same
2-nitrobenzyl group from a diversity of compounds.28 By con-
trast, the emission intensity (b in Fig. 4) of an identical solution
maintained in the dark over the very same period of time
does not change, demonstrating that irradiation is essential
to activate fluorescence.

The photochemical transformation of the 2-nitrobenzyl
group of 2 into the corresponding 2-nitrosobenzaldehyde is
accompanied by the release of a proton.32f In turn, the proto-
nation of the pyrid-4-yl appendage of 1 is known to quench the
emission of the adjacent BODIPY fluorophore.50b Furthermore,
the literature value (2.8 � 105 M�1) of the association constant
for the protonation of 1 in acetonitrile indicates that ca. 50% of
this compound is protonated at the concentration of the photo-
lysis experiment, in the absence of a proton scavenger. Indeed,
the evolutions of the integrated emission intensity during
the photolysis of 2 in the presence (a in Fig. 4) and absence

Fig. 1 Absorption (a) and emission (b) spectra of 1 (10 mM, MeCN, 25 1C,
lEx = 470 nm).

Fig. 2 Synthesis of the hexafluorophosphate salt of 2 from 1 and photoinduced
generation of the latter from the former.

Fig. 3 Absorption (a) and emission (b) spectra of an equimolar solution of the
hexafluorophosphate salt of 2 and Bu4NOH (10 mM, MeCN, 25 1C, lEx = 470 nm).
Emission spectra of the same solution after irradiation (300–410 nm, 3.33 mW cm�2)
for 5 (c), 10 (d), 15 (e), 20 (f) and 25 min (g).

Fig. 4 Evolution of the integrated emission intensity detected for solutions of
the hexafluorophosphate salt of 2 (10 mM, MeCN, 25 1C, lEx = 470 nm) with
(a and b) or without (c and d) Bu4NOH (1 eq.) under irradiation (a and c,
300–410 nm, 3.33 mW cm�2) or in the dark (b and d).

† Exposure of a solution of 2 to ambient light does not result in any detectable
change in fluorescence even after 48 hours.
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(c in Fig. 4) of one equivalent of tetrabutylammonium hydroxide
are significantly different. Specifically, this particular base
scavenges the photogenerated protons and prevents the proto-
nation of the emissive species, ensuring a twofold increase in
fluorescence.‡ Furthermore, identical solutions with (b in Fig. 4)
and without (d in Fig. 4) base, maintained in the dark, do not
reveal any change in the integrated emission intensity over the
same period of time of the photolysis experiments. These
observations confirm, once again, that ultraviolet irradiation is
essential to activate fluorescence and that the presence of base
alone has no influence of the emission behavior.

The enhancement in emission intensity associated with the
photoinduced transformation of 2 into 1 is also evident from a
fluorescence image (Fig. 5) of the corresponding acetonitrile
solution, recorded under simultaneous illumination with a pair
of independent lasers. Specifically, the irradiation of an ellip-
soidal area (a in Fig. 5) within the imaging field at 476 nm
results in negligible fluorescence. By contrast, the illumination
of an identical and adjacent area (b in Fig. 5) at 405 nm
produces significant fluorescence. Indeed, the laser operating
at 476 nm can only excite the resulting nonemissive BODIPY of
2, while that at 405 nm can first cleave the 2-nitrobenzyl group
of 2 and then excite the emissive BODIPY of 1. Consistently, the
ratio between the integrated emission intensities of the two
areas indicates an eightfold enhancement in fluorescence with
excitation at 405 nm, under these experimental conditions.

These results demonstrate that the attachment of a photo-
cleavable quencher, in the form of a pyridinium cation, to the
meso position of a BODIPY platform translates into the assembly
of a photoactivatable fluorophore. Indeed, the photoinduced
conversion of the pyridinium-4-yl quencher into a pyrid-4-yl
appendage prevents the electron-transfer process responsible

for quenching the BODIPY emission and, hence, activates
fluorescence. As a result, these viable operating principles for
the photochemical manipulation of excitation dynamics, coupled
to the synthetic accessibility of such structural design, can lead to
the development of an entire family of photoactivatable fluoro-
phores based on the outstanding photophysical properties of
BODIPY chromophores.

Experimental procedures
Materials and methods

Chemicals were purchased from commercial sources and used
as received with the exception of MeCN, which was distilled
over CaH2. Compound 1 was prepared according to a literature
procedure.50c Absorption spectra were recorded with a Varian
Cary 100 Bio spectrometer, using quartz cells with a path length
of 1.0 cm. Emission spectra were recorded with a Varian Cary
Eclipse spectrometer in aerated solutions. Samples were irradiated
at 300–410 nm (3.33 mW cm�2) within the chamber of a Luzchem
Research LZC-4V photoreactor. The fluorescence quantum yield
of 1 was measured with a fluorescein standard, following a
literature protocol.52 The quantum yield for the photochemical
conversion of 2 into 1 was determined with a potassium ferrioxalate
actinometer, according to an established procedure.53 Electro-
spray ionization mass spectra were recorded with a Bruker
micrOTO-Q II spectrometer. Nuclear magnetic resonance spectra
were recorded with a Bruker Avance 400 spectrometer. Fluores-
cence images were recorded with a Leica SP5 confocal laser-
scanning microscope. The imaged solution was positioned
between two glass slides separated by a Teflon ring with a
thickness of 0.44 mm.

Hexafluorophosphate salt of 2

A mixture of 1 (56 mg, 0.2 mmol) and (1-bromomethyl)-4,5-
dimethoxy-2-nitrobenzene (59 mg, 0.3 mmol) in MeCN (10 mL)
was heated under reflux for 12 hours. After cooling down to
ambient temperature, the solvent was removed under reduced
pressure. The residue was suspended in EtOAc (50 mL), washed
with H2O (2� 20 mL) and brine (20 mL) and dried over Na2SO4.
The solvent was distilled off under reduced pressure and the
residue was purified by column chromatography [Al2O3 (activated,
neutral), CH2Cl2–MeOH (100 : 0 - 95 : 5, v/v)]. The resulting solid
was dissolved in CH2Cl2 (2 mL). The addition of hexane (10 mL)
caused the formation of a precipitate, which was filtered off and
dissolved in Me2CO (5 mL). After the addition of a saturated
aqueous solution of NH4PF6 (5 mL), the mixture was concentrated
under reduced pressure to half of its original volume and the
resulting precipitate was filtered off to give the hexafluoro-
phosphate salt of 2 (20 mg, 17%) as a red powder. ESIMS:
m/z = 577.2830 [M]+ (m/z calcd for C31H36BF2N4O4 = 577.2798);
1H NMR (CDCl3): d = 0.96 (6H, t, 8 Hz), 1.33 (6H, s), 2.30 (4H, q,
8 Hz), 2.55 (6H, s), 4.04 (3H, s), 4.18 (3H, s), 6.15 (2H, s), 7.72
(1H, s), 7.84 (1H, s), 7.97 (2H, d, 8 Hz), 8.73 (2H, d, 8 Hz);
13C NMR (CDCl3); d = 11.8, 12.0, 13.4, 13.8, 16.5, 22.4, 29.0, 31.2,
56.3, 56.4, 62.5, 109.3, 116.5, 119.7, 128.8, 132.5, 134.3, 138.2,
141.1, 145.4, 150.7, 153.8, 154.1, 156.0.

Fig. 5 Confocal laser-scanning fluorescence image (lEm = 500–700 nm, scale
bar = 100 mm) of a solution of the hexafluorophosphate salt of 2 (10 mM, MeCN,
25 1C) recorded upon exclusive illumination of two ellipsoidal areas within the
imaging field at 476 (a) and 405 nm (b) respectively.

‡ The fluorescence quantum yield of 1 does not change in the presence of one
equivalent of tetrabutylammonium hydroxide.
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47 (a) J. Fölling, V. N. Belov, R. Kunetsky, R. Medda, A. Schönle,

A. Egner, C. Eggeling, M. Bossi and S. W. Hell, Angew.
Chem., Int. Ed., 2007, 46, 6266–6270; (b) J. Fölling,
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