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Different responses of the two isomeric tetrastyryl-Bodipy's were studied, shedding light on the path

to near IR sensors for metal ions.
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Tetrastyryl-substituted BODIPY dyes are likely to evolve into a
new class of near IR fluorophores. In this work we demonstrate
that 1,7 and 3,5-positions show marked differences in charge
transfer characteristics. Using a Hg(ll) selective ligand, the
signal transduction potentials were explored: One isomer shows
a large blue shift in electronic absorption spectrum, while the
other just shows an intensity increase in the emission spectrum.
Electronic structure calculations were undertaken to elucidate
the reasons for different signals on metal ion binding in relation
to core BODIPY properties.

Fluorescent dyes exhibiting near-IR absorption and emission are
rare,* and considering their potential utility in many fields such as
biological imaging? photodynamic therapy?, light harvesters®, solar
cells®, there is a strong motivation for developing such organic
compounds. Longer wavelength emitting fluorescent dyes are
relatively free from background signals, resulting either from
Rayleigh scattering or autofluorescence in biological media.®
BODIPY dyes are truly unique in their capacity for chemical
modifications at all positions of the parent dye.” Derivatization at the
1,3,5,7 positions via Knoevenagel condensation results in large
bathochromic shifts, pushing the Sy—S; absorption band towards
near IR. Recently, tetra-styryl BODIPY derivatives have been
successfully synthesized and shown to be stable chromophores with
reasonable fluorescence quantum vyields. Following our initial
report®, quadruple Knoevenagel condensation on 1,3,5,7-tetramethyl
BODIPY dyes has become a well-established protocol and even
controlled sequential reaction of methyl groups at these positions
with different aldehydes being demonstrated.® Tetrastyryl-BODIPYs
are now very well-positioned to become a structurally flexible class
of near IR dyes.

In the present work, our aim was to explore the ion signaling
potential of the dyes with charge donor ligands placed in conjugation
at 1,7 versus 3,5 positions of the BODIPYs, i.e., four isomeric tetra-
stryryl BODIPY compounds which were functionalized with Hg(l1)
selective dithiaazacrown ligands (Scheme 1). These derivatives were
readily synthesized based on already established protocols (S,
Scheme S1). Appropriate aromatic aldehydes undergo Knoevenagel
reaction in the presence of acetic acid and piperidine using a Dean-
Stark trap. Besides, being a convenient and efficient reaction,
Knoevenagel condensation gives reasonable yields.

This journal is © The Royal Society of Chemistry 2012
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Investigation of the electronic absorption and fluorescence
spectra of the isomeric probes reveals a very different spectral
response pattern regarding ion response. In electronic absorption
spectra, an impressive hypsochromic shift was observed for 1 in
response to Hg (1) ions (Fig. 1). Initially, the absorbance band has a
peak centered at 800 nm in THF and upon the addition of Hg (II)
ions, a blue shift is observed and the peak maximum moves to 715
nm. Also, when excited at 710 nm, the emission intensity is
essentially switched on, from a non-fluorescent state to a brightly
fluorescent metal ion complex. Since the ligand of our choice, the
dithiaazacrown, is known to be highly Hg (11) selective'®, other
metal ions do not interfere and thus, there is no change in either
electronic absorption or fluorescence spectra
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Scheme 1. Structures of target compounds 1, 2, 3, 4.
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Fig. 1. Electronic absorption and emission spectra of 1 (0.5 uM) in
THF in absence and presence of various metal ions. Added metal ion
concentrations were 5 uM. Excitation wavelength was 710 nm.

under the experimental conditions of the study. Thus, we have a
highly selective chemosensor for Hg (1) operating at near IR region
of the spectrum.

Surprisingly, electronic absorption spectrum of isomer 2 shows a
peak at 745 nm and the addition of Hg (II) ions does not alter the
electronic absorption characteristics. However, just like the isomer 1,
emission intensity of 2 shows a remarkable increase (excitation
wavelength is 725 nm). Similarly, as a well-known Hg (I1) specific
ligand, dithiaazacrown moeity does not respond to other metal ions
(Fig. 2). Data for competition/interference experiments with isomers
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Fig. 2. Electronic absorption and emission spectra of 2 (1.0 uM) in
THF in absence and presence of various metal ions. Added metal ion
concentrations were 10 uM. Excitation wavelength is 725 nm.

1 and 2 (using Hg (I1) and selected metal ions) are given in Sl.
Water soluble fluorescent probes are especially in high demand for
biological applications. To that end, polyethylene glycol (PEG) and
triethylene glycol groups were attached to BODIPY unit via
Knoevenagel condensation reactions, compound 3 and 4 were
obtained with adequate yields. Electronic absorption and emission
spectra in aqueous solutions (10 mM HEPES: CH3CN, 50:50, vlv,
pH=7.2, 25 °C) of probes showed results in accordance with the
organic soluble counterparts (see Sl).

To determine binding constants, isothermal titration calorimetry
(ITC) was performed. Based on the inflection point in the titration
curve (heat vs. molar ratio of metal ion to ligand), the stoichiometry
of complexation was determined. Table S2 in the Sl describes the
binding characteristics for isomers 3 and 4. These water soluble
isomeric compounds showed 1:2 complex in acetonitrile as expected
(Fig. 3).

Significantly different spectral responses of 1 and 2 to Hg(ll)
binding indicate an electronic structure difference among the two
probes. Theoretical studies employing the Time-Dependent (TD)
formalism of Density Functional Theory (DFT) were performed to
gain insight into the excitation characteristics and fluorescence turn
on of 1 and 2. The presumed impact of structural differences of 1
and 2 on emission characteristics were studied by constructing the
models la and 2a (Scheme 2). Effect of metal binding was
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investigated via protonation at N; (1aH and 2aH). TD-DFT results
(Figures S30, S31 and Table S3) are in good agreement with the
spectroscopic measurements and reveal that the fluorescence turn on
is due to extinguishing the electron density on N, lone pair upon
metal binding. Note that the dative N;:—Hg (II) bonding diminishes
the n—n* contribution to the Sy—S; excitation. Consequently any
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Fig. 3. Calorimetric binding isotherm for the compound 3 (right, 0.4
mM 3 titrated with 5 mM Hg(ClOy,),) and 4 (left, 0.14 mM 4 titrated
with 2 mM Hg(ClOy,),) in acetonitrile.
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Scheme 2. Computational models.

(metal or proton) able to utilize the N; lone pair in binding is well
suitable for fluorescence turn on. Understanding different spectral
responses requires a simple, yet fundamental approach. Considering
the decisive role of the position of substitution on BODIPY core, we
compared the frontier MO energies of di- and tetra-styryl substituted
BODIPY derivatives (Table 1). Remarkably, 3,5 substitution was
superior to 1,7 in altering the HOMO — LUMO gap of BODIPY,
mainly by destabilization of HOMO. Improvement by obtaining the
tetra-styryl derivative was minor when compared to 3,5-
distyrylBODIPY. Thus, 3 and 5 positions are more important when
perturbations to the electronic structure are sought however, this
observation can be traced back to fundamental features of BODIPY
core.

Comparison of MO plots for di- and tetra-styryl derivatives (Table
1) reveals that extension of the n-system at 3,5-positions preserves
the character of HOMO of BODIPY core whereas 1,7-modification
yields a HOMO with a different character than BODIPY HOMO.
Moreover, BODIPY HOMO hosts more electronic density at 3 and 5
positions than 1 and 7 which gives rise to an increased Coulombic
repulsion that destabilizes the HOMO. The aforementioned
difference in destabilization of HOMO (Table 1) is thus justified.
Consequently, electronic structure of la upon proton or cation
binding experiences larger perturbations than 2a and this is also the
case for 1 when compared to 2. Therefore the discrepancy in the
absorption shifts of 1 and 2 is mainly due to the =-

This journal is © The Royal Society of Chemistry 2012
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Table 1. MO Plots and Energies (eV) of BODIPY and Styryl-Substituted Derivatives at UB3LYP/cc-pVTZ//6-31G(d) Level of Theory

3,5-distyryl 1,7-distyryl 1,3,5,7-tetrastyryl
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system of BODIPY core treating the charge injections unequally,
i.e. as dictated by the spatial distribution of HOMO.

In conclusion, we demonstrated that tetrastyryl- BODIPY
dyes can be derivatized to yield ion responsive compounds
functioning in the near IR wavelengths. Also, we provided the
first examples of divergent ion response resulting from a
difference in the locations of styryl-linked donor groups on the
BODIPY core and the impact of their changing charge donation
properties on ion binding. Principles underlying different
spectroscopic properties and fluorescence turn on response are
explained via orbital analysis. It is very likely that these stable
and near IR emissive probes, or others built upon the ideas
developed here will be quickly added to growing arsenal of ion
probes successfully interrogating cellular events, or monitoring
environmental parameters.
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