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A new boron dipyrromethene-ferrocene (BODIPY-Fc) conjugate with pentafluorophenyl as the meso
substituent and two Fc termini was synthesized and its spectroscopic and electrochemical features were
analyzed. An intramolecular charge transfer from the donor Fc to the acceptor BODIPY has been predicted
by theory and confirmed experimentally, leading to efficient fluorescence quenching when the dyad is
in the neutral state. Fluorescence can be triggered by oxidizing both ferrocenyl units either chemically

or electrochemically. Eventually, a fully reversible fluorescence switch is evidenced by coupling TIRF

Keywords:

Boron dipyrromethene
Ferrocene
Electrochromic
Fluorescence

Redox switch

microscopy with electrolysis in an electrochemical cell.
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1. Introduction

The design of redox active fluorophores represents a very
promising research field that has attracted much interest for a
couple of years [1-6]. Practical applications in sensors of redox
active compounds or in electrically driven light emitting devices
can be envisaged. Among the various examples of such compounds
described in the literature, ferrocene (Fc) derivatives constitute the
most popular family of redox-active moieties associated to fluo-
rophores due to their redox stability and versatility of chemical
functionalization [7-9]. Besides, boron dipyrromethene (BOD-
IPY) is also one of the most encountered organic fluorophores
because of its very convenient spectroscopic properties, namely
strong UV-visible absorption, quite narrow fluorescence bands
and corresponding high fluorescence quantum yields (&¢>0.7)
[10-13]. Nevertheless, only a few examples of BODIPY-ferrocene
dyads have been reported so far [14-17], despite their poten-
tially interesting properties. Indeed, they are likely to display
a low-lying intramolecular charge transfer (ICT) in the neutral
form, as well as photoinduced electron transfer (PET) resulting
in quenching of BODIPY-based fluorescence. These phenomena
are likely to be canceled upon changing the redox state of Fc,
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which has been demonstrated by chemical oxidation of other
BODIPY-Fc conjugates [14,15]. In this communication, a new
BODIPY-Fc compound with enhanced charge transfer between a
donor mesityl styryl branch and an acceptor pentafluorophenyl
meso substituent was synthesized and its electrochemical and
spectroscopic properties were analyzed in comparison with a
model compound having the ferrocenyl termini replaced by mesityl
groups (see Chart 1). Compared to previously published similar
compounds, the difference arises from the meso substituent that
is likely to enhance the attracting power of the BODIPY core in
the final donor-acceptor-donor dyad. We will demonstrate that
this compound represents an electrochemically controlled switch
of fluorescence monitored by coupling TIRF microscopy and elec-
trochemistry; this combination is known to be an efficient tool to
highlight electrofluorochromism phenomena [18].

2. Experimental
2.1. Materials and synthesis

All reagents were purchased from Sigma-Aldrich and used as
received. CH,Cl, and petroleum ether were purchased from SDS
and used as received. Toluene was distilled under N, prior to use
from sodium/benzophenone.

Column chromatography was carried out under positive pres-
sure, using 40-63 pm silica gel (SDS) and the indicated solvents.
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Chart 1. The BODIPY-ferrocenyl (Fc) conjugate (2) and the reference compound BODIPY-mesityl (1).

Solvent evaporation was conducted under reduced pressure at
temperatures lower than 45 °C. Further drying of the residue was
accomplished under high vacuum.

NMR spectra were recorded on a JEOL ECS 400 MHz spec-
trometer. FTIR analyses were carried out on a Nicolet Avatar 330
FTIR. Melting point was obtained without correction with a STU-
ART SMP 10 apparatus. Liquid secondary ion high-resolution mass
spectrometry data (HRMS) were obtained from the CRMPO mass
spectrometry laboratory at the University of Rennes (France).

The synthesis of BODIPY-mesityl (1) has already been pub-
lished by our group [19]. BODIPY-Fc (2) was synthesized according
to the following procedure. Piperidine (50 wL) was added to
a solution of 8-pentafluorophenyl 1,7-dimethyl-2,6-diethyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (209 mg, 0.44 mmol) in
toluene (30mL), under an argon atmosphere, followed by fer-
rocenecarboxaldehyde (213 mg, 0.99 mmol)in toluene (10 mL). The
resulting mixture was refluxed for 30 h. The solvent was removed
under vacuum and the residue was purified by silica gel col-
umn chromatography, using CH,Cl,:petroleum ether 2:8 (v/v) as
the eluent. The blue fraction was collected to afford a dark blue
solid (199 mg, yield 52%). M.p.: 160-165°C. IR: 1606 (vc=c), 1497
(ve=n)cm~1. TH NMR (CDCl3, 400 MHz) § 1.18 (t,/=7.6 Hz, 6H), 1.53
(s,6H),2.60(q,J=7.4Hz,4H),4.24 (s, 10H), 4.46 (s, 4H), 4.66 (s, 4H),
7.20 (d, J=16.6 Hz, 2H), 7.31 (d, J=16.5Hz, 2H). 13C NMR (CDCl3,
100MHz) § 151.3, 137.8, 135.9, 134.7, 117.3, 83.2, 70.7, 69.9, 68.2,
18.4,14.3,10.8. 11BNMR (CDCl3, 133 MHz) § 0.26 (t,] = 34.5 Hz, 1B).
19F NMR (CDCl3, 376 MHz) § 159.9 (m, 2F), 151.2 (m, 1F), 138.7 (m,
4F). HRMS (electrospray): calculated for C45H3gN, F7BFe; 862.1709,
found 862.1726.

2.2. DFT calculations

Quantum chemical calculations were performed with the
Gaussian 03 (Rev C.02) software [20]. Geometry optimizations
were done at the B3LYP/Lanl2dz level of theory without symmetry
constraint. In order to confirm the optimized structure is a true min-
imum, vibrational frequencies were calculated at the same level of
theory when the geometry optimization was successful.

2.3. Electrochemistry and spectroscopy

Solvents (SDS, HPLC grade) and electrolyte salts (Fluka, puriss.)
were used without further purification. Cyclic voltammetry was
recorded in a three electrode cell with a potentiostat (CH Instru-
ments 600) driven by a PC. Platinum or gold disks (1 mm diameter)

were used as working electrodes, while a platinum wire and
Ag* (1072 M in acetonitrile)/Ag were used as counter and refer-
ence electrodes, respectively. All the investigated solutions were
deaerated by argon bubbling for at least 5 min before performing
electrochemical measurements.

Electronic absorption spectra were recorded on a Cary 500
(Varian) spectrophotometer in 1 cm quartz cuvettes. Fluorescence
spectra were recorded on a Fluorolog3 (Horiba) spectrofluorimeter,
in a quartz cell at the right angle beam geometry. The solutions had
OD below 0.1 at the excitation wavelength.

UV-Vis spectroelectrochemistry at variable temperature was
performed in an optically transparent thin layer electrochemical
(OTTLE) cell [21] equipped with Pt minigrid working and auxiliary
electrodes and a silver wire as a pseudoreference electrode. The
BODIPY-Fc (1) solutions in dichloromethane freshly distilled from
CaH, contained pre-dried 3 x 10~1 M BugNPFg (Aldrich) as the sup-
porting electrolyte. The electrode potential during electrolyses was
controlled by a PA4 potentiostat (Laboratory Devices, Polna, Czech
Republic). The UV-Vis spectra were recorded on a SCINCO S-3100
photodiode array spectrophotometer.

2.4. TIRF microscopy coupled to electrochemistry measurements

The experimental setup used for these measurements has been
described in more detail in arecent paper [18]. Briefly, it is based on
the coupling of a three-electrode electrochemical cell with an epi-
fluorescence microscope under excitation with either 515-nm laser
pulses or white light and wavelength selection through filters. The
working electrode is a very thin(ca. 25 nm)Ptlayer coated ona glass
microscope slide (170 pm thin) on which the cell is stuck. Counter
and pseudoreference electrodes are Pt and Ag wires, respectively.
The setup allows simultaneous recording of the faradaic current
and fluorescence intensity when applying a potential signal to the
working electrode. The fluorescence intensity is recorded through
a side port of the microscope and collected by a single photon pho-
tomultiplier or dispatched on a grating spectrometer for recording
emission spectra under electrochemical control.

3. Results and discussion
3.1. Synthesis
BODIPY-Fc (2) was synthesized according to the same

procedure as reference BODIPY-mesityl (1), viz. through a
Knoevenagel-type condensation of ferrocenecarboxaldehyde
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Fig. 1. Electronic absorption spectra of (1) (blue full line) and (2) (red full line) and emission spectrum of (1) (blue dashed line, excitation: 640 nm) in dichloromethane. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 1
Spectroscopic data for compounds (1) and (2) in dichloromethane.

Compound Agbs | /nm Agbs o /nm Aabs o /nm Agm /nm en (x10°)M~Tem!
BODIPY-mesityl (1) - 643 364 688 54
BODIPY-Fc (2) 739 590 342 - 30

with 8-pentafluorophenyl-2,6-diethyl-1,3,5,7-tetramethyl- As can be seen in Table 2, the reduction of BODIPY is nearly unaf-

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene in the presence
of piperidine [19]. The m-extended BODIPY-Fc product was
obtained in 52% yield and characterized by multinuclear NMR, IR
spectroscopy and mass spectrometry.

3.2. Spectroscopy and electrochemistry

Fig. 1 displays the electronic absorption spectra of BODIPY-Fc
(2) and the BODIPY-mesityl (1) model compound as well as the
luminescence spectrum of (1). The main absorption band of (1)
in the visible region corresponding to the BODIPY chromophore
is split into two bands in BODIPY-Fc (2); the additional absorp-
tion band in the red part of the visible spectrum (739 nm) can be
ascribed to an ICT between the donor Fc and the acceptor BODIPY
subunits, while the other one (590 nm) is mainly due to the BOD-
IPY centered Sg — S; transition, significantly blue shifted (53 nm)
compared to (1). The bands in the UV region are ascribed to w-*
So — Sy transitions located on the BODIPY backbone with addi-
tional contributions from m-7* (350 nm) and metal centered d-d
transitions (430 nm) located on the Fc subunits in (2) [22].

BODIPY-mesityl (1) emits light at Apax =688 nm having the
characteristic features of BODIPY fluorescence (i.e., high quantum
yield, small Stokes shift) [19], while BODIPY-Fc (2) does not exhibit
any emission. This behavior is ascribed to an efficient PET between
ferrocene (acting as adonor) and the excited state of BODIPY (acting
as an acceptor).

Table 1 summarizes the spectroscopic features of both dyes.

Fig. 2 displays the electrochemical behavior of BODIPY-Fc (2)
compared to the model BODIPY-mesityl (1). Three pairs of redox
peaks can be identified in the cyclic voltammogram (CV) of (2) and
unambiguously ascribed to monoelectronic reduction of BODIPY,
poorly resolved bielectronic oxidation of Fc and monoelectronic
oxidation of BODIPY going from the cathodic to the anodic elec-
trode potentials. The anodic peak current ratios are in agreement
with the respective number of exchanged electrons in each case.

fected by the presence of Fc moieties, because the added electron
in both radical anions remains located on the BODIPY core (see the
discussion on the LUMO below). As expected, the reduction poten-
tial is slightly less negative than reported for a similar compound
lacking the pentafluorophenyl meso substituent [17]. Conversely,
the oxidation of BODIPY occurs at a much more positive potential
for (2) than for (1), due to the coulombic repulsion between the
positive charge on the BODIPY core and those created when oxi-
dizing Fc into ferrocenium (Fc*). It seems also that the chemical
stability of the fully oxidized BODIPY-Fc3* species is lower than
the one of oxidized BODIPY in (1) as shown by the smaller ratio
of the backward vs. forward currents in the CV (this is confirmed
by the spectroelectrochemical data, see below). Interestingly, the
anodic wave corresponding to Fc oxidation in (2) is split into two
components, as further evidenced by the differential pulse voltam-
metry (DPV) curve in Fig. 2c. This feature corresponds to a mixed
valence state in singly oxidized (2) that makes the second oxida-
tion occur at a higher potential; this is the signature of a significant
electronic interaction between the two Fc moieties in (2). While the
first oxidation occurs nearly at the potential of free ferrocene (see
Table 2), the oxidation of the second Fc moiety is positively shifted
by 80 mV (non-interacting redox centers normally display a dif-
ference of 35 mV between their redox potentials [23]). The redox
potential values for the Fc termini are found very close to those pub-
lished for the parent compounds without the pentafluorophenyl
meso substituent [17].

Table 2
Redox formal potentials for compounds (1) and (2) measured vs.
ferrocene/ferrocenium.

Compound E°q |V E°5 |V E°5|V
BODIPY-mesityl (1) -1.33 - 0.47
BODIPY-Fc (2) -1.32 0.05; 0.13 0.75
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Fig. 2. CV of (A) BODIPY-mesityl (1) and (B) BODIPY-Fc (2) 1mM in
dichloromethane (+ TBAPFg) on Pt microdisc (scan rate: 50 mV/s). Potentials are vs.
Ag*|Ag reference. (C): DPV of BODIPY-Fc (2) (pulse width: 50 ms; pulse amplitude:
10 mV; scan rate: 5mV/s).

3.3. Molecular and orbital modeling

The geometry of (2) was calculated using the DFT B3LYP
optimization method (see Fig. 3A). The pentafluorophenyl meso
substituent is found almost perpendicular to the BODIPY core due to
the steric hindrance of the methyl side groups. The vinyl bridges are
almost in the same plane as the BODIPY (dihedral angle: 13°) and
the cyclopentadienyl groups (dihedral angle: 8°). These facts sug-
gest that the conjugation between both ferrocenyl centers through
the BODIPY core is facilitated by the geometry. Besides, both ‘cis’
and ‘trans’ configurations for the relative positions of the ferrocenyl
groups are allowed, since the energy difference is small (0.08 eV).

Table 3
Calculated and experimentally deduced frontier orbital energies (eV).

Compound DFT?  UV-Vis Electrochemistry®
spectroscopy®
LUMO (1) -317 - -3.77
HOMO -519 - -5.57
HOMO-LUMO gap 202 192 1.80
LUMO (2) -3.16 - -3.78
HOMO =511 - -5.15
HOMO-LUMO gap 195 1.67 1.37

2 Level of theory: B3LYP/Lanl2dz.
b Calculated using data from Table 1 and Epomo-rumo (€V)=1240/Amax (nm).
¢ Calculated using data from Table 2 and E(Fc)=—5.1eV [23].

The orbital modeling of the ‘trans’ configuration of (2) is shown
in Fig. 3B. The LUMO is, as expected, mainly centered at the BOD-
IPY core, although with a small contribution from the ferrocenyl
termini. The conjugation is clearly predicted by the calculations
when looking at the HOMO, since the electron density is spread
over the whole molecule backbone and not confined only on the
ferrocenyl moieties. Table 3 compares the energy levels obtained by
the calculations with the ones derived from spectroscopic and elec-
trochemical data. The calculated HOMO-LUMO gap for BODIPY-Fc
(2)is close to that determined experimentally. However, it was dif-
ficult to find a satisfactory geometry for BODIPY (1) and its LUMO
energy and thus HOMO-LUMO gap are therefore clearly overes-
timated. The dication of BODIPY-Fc (2) was also calculated. The
single electrons are clearly distributed over both ferrocenyl units
as expected from electrochemistry (see Fig. 3C).

3.4. UV-Vis spectroelectrochemistry

The spectroelectrochemical behavior of BODIPY-Fc (2) was
investigated in an optically transparent thin layer cell allowing
rapid exhaustive electrolysis and outstanding resolution of close
lying redox steps (Fig. 4). First, when a negative potential (E°;) is
applied to generate the anion radical of (2) (Fig. 4a), one can clearly
observe a dramatic drop of the intensity associated with the ICT
band in the red part of the spectrum. Several isosbestic points as
well as full recovery upon reoxidation give evidence that the elec-
trochemical reduction leads to a single stable species under the
experimental conditions. When applying a positive potential (E°;)
corresponding to the first oxidation (Fig. 4b), the ICT band inten-
sity starts to fall down while a new band in the 600 nm range rises.
There is also a small but significant band of the monocation rising at
ca. 870 nm, which probably corresponds to the Fe(II)-Fe(IIl) inter-
valence electron transfer (IVCT), for it again disappears when the
dication is formed.

Sweeping the anodic potential to the second oxidation (E°3)
makes the original ICT band totally vanish while a second new
band just below 700 nm clearly appears. The latter has also a charge
transfer character but now the BODIPY core acts as the donor and
the ferrocenium moieties as the acceptors. This is confirmed by
the disappearance of this band when the BODIPY is oxidized in its
turn, but this final oxidation is not fully reversible, as expected from
the CV (Fig. 2b). The results are consistent with those from similar
compounds [16] but in the present case the signature of the three
successive oxidized steps has been identified.

The anodic spectroelectrochemistry of (2) in dichloromethane
was repeated at 243K (see Supplementary data). It resulted in a
slightly different intensity pattern of the dication in the visible
region and increased stability of the fully oxidized tricationic prod-
uct.
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Fig. 3. (A) Optimized geometries (left: ‘cis’ form; right: ‘trans’ form) of BODIPY-Fc (2). (B) Frontier molecular orbitals of (2). (C) Spin density difference (spin(«)-spin(g8)) for
the dication of BODIPY-Fc (2) (blue lobes correspond to excess « spin density). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

3.5. Electrochemical monitoring of the fluorescence

It has already been demonstrated that in this kind of dyad the
fluorescence can be switched on upon ferrocene oxidation [16].
First we checked this possibility by chemical oxidation using FeCl3
as the oxidizing agent. Fig. 5 shows the evolution of the emission
spectra recorded in a cuvette upon successive additions of FeCls
when exciting at 590 nm (at this wavelength the absorption does
not change upon oxidation, see Fig. 4). A new emission band starts
to appear at 610 nm, in agreement with previously observed behav-
ior [15]. This fluorescence is associated with the absorption peak
at 610 nm that rises in Fig. 4d with a very small Stokes shift. To
confirm this result, we tried to monitor the luminescence switch

electrochemically instead of chemically. Having coupled TIRF
microscopy with the electrochemical cell set-up, we were able
to record the luminescence intensity modulation as a function of
applied potential. Fig. 6 shows that the luminescence of (2) can
reversibly be switched between the emitting bielectronic oxidized
state and the non-emitting neutral state. Increasing the positive
potential limit makes the modulation faster and the amplitude
greater. Note that the potentials are different from the ones deter-
mined by CV due to uncompensated ohmic drop in the TIRFM
electrochemical setup (the working electrode area in the latter is
larger). The two potential values applied at the end of the step
correspond to oxidation of the Fc moieties while the BODIPY core
remains neutral. It confirms that canceling the donor character of
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Fig. 4. UV-Vis spectroelectrochemistry of BODIPY-Fc (2) 10-3 M in dichloromethane (+0.3 M TBAPFg) at 283 K (OTTLE cell). (A) One electron reduction into the radical anion;
(B) one-electron oxidation into the corresponding cation; (C) one-electron oxidation of the cation into the corresponding dication; (D) irreversible one-electron oxidation of
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Fig. 5. Emission spectral changes (lexc=590nm) of BODIPY-Fc (2) 54 uM in
dichloromethane upon addition of FeCls. The FeCl; concentration was varied from
0 to 70 wM by 10 wM steps.
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Fig. 6. Simultaneous variations of fluorescence intensity (upper curve, left scale in
a.u.) and current (lower curve, right scale in A) recorded under microscope upon
potential steps between —0.4V and resp. 1.2V (a) or 0.9V (b) for 30 s, for BODIPY-Fc
(2) 1 mM in dichloromethane. Excitation: laser pulse (515 nm).
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Fig. 7. Emission spectroelectrochemistry of BODIPY-Fc (2): 0.2 mM in acetonitrile,
recorded under fluorescence microscope, using TIRF illumination, at various elec-
trolysis times (reversal time: 30s). Electrode potential: 1V vs. Ag pseudoreference
electrode. Excitation: white mercury lamp with FITC filter (460-500 nm).

the Fc moiety upon oxidation can actually restore the BODIPY fluo-
rescence and that this process can be controlled reversibly. Finally
the recording of emission spectra upon application of electrode
potential shows an emerging band with a maximum near 610 nm
that disappears when the potential is stepped back to 0V (Fig. 7).
This confirms that the electrogenerated emitting species is the
same as in the chemical oxidation experiments. The reversibility
proves that the luminescence does not come from residual BOD-
IPY or BODIPY liberation upon oxidation of BODIPY-Fc (2). Thus it
is demonstrated that (2) actually exhibits an electrofluorochromic
behavior between the neutral and bielectronic oxidized states.

4. Conclusion

A new dyad involving an organic fluorophore (BODIPY) con-
nected to two redox-active moieties (ferrocenyl termini) has been
synthesized and its electrochemical and spectroscopic features
analyzed with a support from theoretical modeling. In the dyad
the two ferrocene units are conjugated with the BODIPY core,
the fluorescence of which being totally quenched by a photoin-
duced electron transfer. It has been demonstrated that bielectronic
oxidation of the termini to ferrocenium (either chemical or elec-
trochemical) triggers the fluorescence of the BODIPY chromophore
at 610 nm. The process is fully reversible. Applications in the field
of electrofluorochromic displays or highly sensitive sensors can be
envisaged using this approach.
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