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α-Bridged BODIPY oligomers with switchable 

near-IR photoproperties by external-stimuli-induced foldamer 

formation and disruption

A series of new α-bridged linear BODIPY oligomers, which exhibited 

strong absorption and high fl uorescence effi  ciency in the near 

infrared region were synthesized. The oligomers can be reversibly 

converted to the fi rst NIR emissive BODIPY foldamers upon 

selective complexation with Cs+.
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We designed and synthesized a series of new a-bridged linear

BODIPY oligomers, which exhibited strong absorption and high

fluorescence efficiency in the near infrared region. The oligomers

can be reversibly converted to the first NIR emissive BODIPY

foldamers upon selective complexation with Cs
+
.

Boron-dipyrrins (BODIPYs) are of broad and considerable

use in various research fields such as electrogenerated chemi-

luminescence materials,1 laser dyes,2 and molecular probes for

biomolecules3 because of their intense absorption and fluorescence

properties and excellent photostability.4 Thus, tuning of their

photophysical properties was intensively studied by introducing a

substituent. Recently, in particular, BODIPYs bearing an extended

p-conjugated skeleton5 or conjugated BODIPY oligomers and

polymers6 have been synthesized to absorb and emit light in the

near infrared (NIR) region, because the NIR photoproperties

are often claimed for practical applications such as in solar

cells, laser dyes, in vivo probes, etc.7

Switching of the BODIPY photoproperties is another important

current topic because BODIPYs are most utilized for logic

gates,8 photodynamic therapy,9 and chemosensors,10 etc. The

conformational change in a long p-conjugated system of oligo-

BODIPYs seemed to very efficiently control both the wavelengths

and intensities of the NIR absorption and fluorescence. However,

no switchable BODIPY oligomers based on the conjugation-control

strategy described have been reported, although many simple

on–off or off–on BODIPY fluorophores are known. We were

convinced that the interconversion of the unfolded and folded

structures of the oligomers11 should be one of the most

effective ways to significantly change their photoproperties

due to the expected drastic conformational change in their

p-conjugated systems. If the conformation of the BODIPY

oligomers can be reversibly controlled by the foldamer formation,

they can be very useful as an NIR dye with possible applica-

tions in data storage, optical device, and molecular sensing.

Nevertheless, no NIR fluorescent switchable p-conjugated
foldamers, even excluding the BODIPY foldamers, have been

reported to date. However, we envisaged that oligomeric

BODIPYs connected to each other at the a-positions of the

pyrrole moieties may have NIR photophysical properties due

to their elongated p-system and should be flexible enough to give

the corresponding foldamers with different photoproperties upon

receiving a metal ion as an external stimulus by electrostatic

interactions of a BF2 unit with cations.We designed the a-bridged
flexible BODIPY oligomers, B1–B5, bearing a mesityl group

at the meso-position to increase emission efficiency12 and

2,5-dimethoxyphenylene linkers at the a-positions of the pyrrole
units, because (1) the steric hindrance between the BF2 moieties

and methoxy groups should make an unfolded structure more

favorable than a folded one, (2) the rotatable bonds between a

pyrrole and a linker phenyl group should enable cation binding

as a stimulus-induced event by using unique multiple B–F� � �M+

interactions13 to form the folded structure.

Linear dipyrrin oligomers L2–L5 have been synthesized via

the acid-catalyzed condensation of 1,4-bis(pyrrol-2-yl)-2,

5-dimethoxybenzenez and 2,4,6-trimethylbenzaldehyde in the

presence of 2-(2-methoxyphenyl)pyrrole followed by oxidation

using DDQ.14 Column chromatography and subsequent gel

permeation chromatography produced the dipyrrin monomer

L1 (54%), linear dipyrrin dimer L2 (14%), trimer L3 (11%),

tetramer L4 (5.5%), and pentamer L5 (3.7%). The boron

complexes B1–B5 were synthesized from the corresponding

dipyrrins by the reaction with boron trifluoride etherate in the

presence of N,N-diisopropylethylamine (Scheme 1).14

These oligomeric compounds showed 1H NMR spectral

patterns similar to that of the monomer B1. In particular,

the resonances of Ha, Hb, Hc, and Hd (aromatic protons of the

terminal methoxyphenyl moieties) of B1–B5 appeared around

6.9, 7.3, 7.0, and 7.8 ppm, respectively. This spectral similarity

Scheme 1 Synthetic route to B1–B5.
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between the monomer B1 and oligomers B2–B5 strongly

suggests that the oligomers adopt an unfolded conformation

instead of a folded or intramolecularly stacked structure,

which should lead to a chemical shift change due to the

anisotropic effect of the aromatic moieties, etc.

An X-ray crystallographic analysis of B2 revealed its zig-zag

structure in which the two BODIPY moieties are nearly

coplanar with the maximum mean plane deviation of 0.393 Å

(Fig. 1).15 The dihedral angle between the BODIPY unit and

p-phenylene linker is 58.21. In spite of the tilted conformation,

the DFT calculation of B2 based on the crystal structure gave

the HOMO and LUMO delocalized over the entire molecule,

indicating that the p-conjugation is extended along the two

BODIPY moieties and phenylene linker (Fig. S12, ESIw).
B1–B5 showed a red shift of an absorption band at the

longer wavelength, gradually increasing from B1 to B5

(Table 1 and Fig. S13 (ESIw)). The fluorescence maxima of

B2–B5 also shifted and reached the NIR region (715–770 nm).

These spectra again suggest that the p-conjugation of the

BODIPY oligomers is effectively elongated along the linear

oligomer backbones. B2–B5 show larger Stokes shifts (ca. 100 nm)

than the monomer B1, probably reflecting their flexible structures.

These shifts are striking because the BODIPY derivatives usually

exhibit a relatively small Stokes shift, which would be unfavorable

for various photofunctions. An additional advantage of B2–B5

is their high fluorescence efficiencies. Noteworthy is that even

B5 showed a high quantum yield (0.49) at 770 nm because the

quantum yield of luminescence at the longer wavelengths tends

to get smaller due to an energy gap rule.

The addition of caesium tetrakis(3,5-bis(trifluoromethyl)-

phenyl)borate (Cs+TFPB�) to B2 and B3 in CHCl3–CH3OH

(10 : 1) decreased the absorbance at 615 and 645 nm along

with a concomitant increase in the absorption bands at 511

and 510 nm (Fig. 2b), suggesting a decrease in the effective

conjugation length of the oligomers due to the folded structure

formation (Fig. 2a). A blue solution of B3 turned pink upon

the addition of Cs+ (Fig. 2d). The UV-vis titration isotherms

of B3 with Cs+ showed clear isosbestic points, indicative of a

1 : 1 complexation. B2 and B3 exhibited size-selective binding

to alkali metal ions. The Ka values of B3 are higher than those

of B2. The highest Ka values among the alkali metal ions were

observed for Cs+ (logKa (M
�1): 3.83 � 0.04 in B2, 5.28 � 0.04

in B3, Table 2) probably because the binding cavity generated

by the fluorine atoms of the two or three BF2 moieties fits the

Cs+ ionic diameter as suggested by the Cs+ binding geometry of

the macrocyclic BODIPY trimer.13 In sharp contrast, the mono-

meric compound B1 showed a very small spectral change even in

the presence of excess Cs+. The low Cs+ affinity was determined

to be 67 M�1 by 1H NMR titration in CDCl3–CD3OD (10 : 1).

The facts, (1) the low affinity of B1 and (2) the Ka enhancement

as the oligomer length increased, indicated that the simultaneous

interactions of the BF2 units in the folded structure play an

essential role in the strong binding. An increase in the methanol

content (CHCl3–CH3OH (1 : 1)) decreased logKa (M�1) to

3.06 � 0.01 in B3. This result again suggests that the B–F� � �M+

is a kind of an electrostatic interaction.

Fig. 1 Crystal structure of B2: (a) top view; (b) side view. Color: C,

sky blue; H, white; B, orange; F, green; N, blue; O, red.

Table 1 Optical properties of B1–B5 in CHCl3

labs/nm e/M�1 cm�1 lflu/nm FF

B1 551 4.8 � 104 600 0.88
B2 621 6.1 � 104 715 0.65
B3 650 8.6 � 104 750 0.48
B4 660 8.8 � 104 760 0.47
B5 668 9.5 � 104 770 0.49

Fig. 2 (a) Schematic representation of Cs+-induced folding of B3.

(b) UV-vis spectral changes of B3 upon the addition of CsTFPB. Inset

shows the binding isotherm recorded at 645 nm with the calculated

1 : 1 binding curve: [B3] = 10.0 mM, 0 r [Cs+]/[B3] r 50,

CHCl3–CH3OH (10 : 1). (c) Fluorescence spectral changes of B3 upon

the addition of CsTFPB: [B3] = 1.0 mM, 0 r [Cs+]/[B3] r 100,

CHCl3–CH3OH (10 : 1), lex = 565 nm. Photographs of B3 (left) and

B3�Cs+ (right) were taken under (d) ambient light and (e) UV light

(365 nm).

Table 2 LogKa (M
�1) values of B2 and B3

Na+ K+ Rb+ Cs+

B2 —a 2.65 � 0.03 3.34 � 0.01 3.83 � 0.04
B3 —a 3.56 � 0.01 4.56 � 0.01 5.28 � 0.04

Ka values were determined by UV-vis spectral changes in

CHCl3–CH3OH (10 : 1), assuming a 1 : 1 stoichiometry. a Too small

to be determined.
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A decrease in the fluorescence at 755 nm and a concomitant

increase in the fluorescence at 708 nm were observed in B3 by

the addition of Cs+ (Fig. 2c). These blue shifts also suggested

the decrease of the effective p-conjugation length between the

BODIPY moieties upon cation binding. The fluorescence

quantum yield slightly decreased upon the addition of Cs+

(0.47 to 0.41). We can realize the guest binding by the naked

eye based on not only the absorption change, but also the

fluorescence change (Fig. 2e). On the other hand, monomeric

compound B1 showed a negligibly small spectral change even

in the presence of excess Cs+. Thus, this also supported the

fact that the Cs+ binding of B2 and B3 was caused by the

simultaneous chelation of at least two BODIPY units, indicative

of the formation of foldamers. This structural change was also

supported by 1H NMR and theoretical examinations (vide infra).

The Hartree–Fock calculation of the B3�Cs+ supported a

folded structure, in which the three BF2 moieties contact a

Cs+ ion. The 19F NMR spectral titration of B3 with Cs+

showed downfield shifts (Dd: ca. 3 ppm), suggesting the

B–F� � �Cs+ interactions.13 In addition, the ROESY spectrum

confirmed the cation-induced folding. The correlation peaks

between the aromatic proton Hb of the terminal phenyl group

and methoxy protons of the dimethoxyphenylene linker were

observed, while no correlation existed for the free B3 (see ESIw).
Finally, we successfully switched the NIR photophysical

properties of the oligomers by utilizing a reversible inter-

conversion between the folded and unfolded structures. The

Cs+ binding caused a color change in the B3 solution from

blue to pink. In contrast, upon the addition of 18-crown-6

(18C6) the pink solution immediately changed to blue due to the

removal of Cs+ from the complex. The electronic absorption and

fluorescence spectra above 400 nm indicated that these two

processes proceeded almost quantitatively and repeatedly (Fig. 3).

We have synthesized a series of new a-bridged linear

BODIPY oligomers, which exhibited NIR photophysical

properties such as a strong absorption and high fluorescence

efficiency. The oligomers can be converted to the novel NIR

emissive foldamers upon selective complexation with Cs+ as

an external stimulus. Reversible switching between the folded

and unfolded structures was achieved by the addition and

removal of Cs+ in order to regulate the NIR photophysical

properties. These frameworks based on the switchable NIR

fluorescent BODIPY oligomers would lead to controllable

NIR photodevices including NIR photoswitches, highly sensitive

biosensors, etc.

This research was financially supported by Grants-in-Aid

for Scientific Research from theMinistry of Education, Culture,

Sports, Science, and Technology of Japan.
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