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Several Bodipy dyes were synthesized with various substituents designed to potentially interact with
adventurous cations including protons. Among the different synthetic strategies, protection of the amino
group by a BOC appears efficient for the substitution of the fluoro groups on the boron by Grignard
reagents. Single alkylation on the amino-Bodipy compounds by a polyethyleneglycol chain bearing an
alkyne end group is feasible using a biphasic strategy. Linkage of a blue dye on the alkyne fragment is
promoted by palladium(0) and it provides novel dual donor-acceptor dyes. Fluorescence of the mono-
alkylated amino dyes is heavily quenched but restored by protonation or interaction with Fe(Il) salts.
Very efficient energy transfer from the donor (energy input at 20,000 cm ') to the acceptor (energy out-
put at 15,100 cm™!) is quantitative and not distance dependent.

© 2009 Elsevier Ltd. All rights reserved.

Linked fluorophores are interesting artificial models for mimick-
ing energy transfer processes, antenna effects, photon concentration
and charge separation occurring in photosynthetic organisms and
plants.! There is also current interest in such molecules for use as
ratiometric dyes for sensing analytes,? and in cascade energy trans-
fer eventsrelated to photon concentration and chemical transforma-
tions.> The fundamental event involved in such systems is Férster
resonance energy transfer (FRET), which relies on judicious selection
of the absorption and emission properties of the dyes and the way
they are oriented and linked to the central structural platform.’ Re-
cently, several systems have been developed in which arrays of
sophisticated multi-chromophoric dyes ensure very fast multi-en-
ergy transfer processes, so that all absorbed photons are concen-
trated spatially to one single emitting dye.5~1°

These systems are fascinating due to the synthetic challenges
associated with the need for selective cross-couplings, judicious
choice of the linking functions and careful purification of interme-
diates. We have found that the use of unsaturated linkages facili-
tates the synthesis of the building blocks as well as the
assemblage of the final molecules with shapes and functions re-
lated to molecular scale wires, dendrimers, tandem scaffoldings
and cassette edifices.!!

The main results obtained so far and scrutinized in several re-
views concern: (i) the ratiometric sensing of cations and protons
in solution and cellular environments, (ii) the amplification of
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Stokes shifts and (iii) the engendering of very efficient excitonic
energy transfer approaching the efficiency of natural systems.'>!3

The concept exploited herein is to link two dyes, both deriva-
tives of difluoro-boradiaza-s-indacene, commonly termed Bodipy
(for boron dipyrromethene),'>'3 having two different colours and
linked by a flexible bridge (polyethyleneglycol) in order to favour
FRET between the dyes, a process enhanced by folding the dyes
in the presence of cations. The system has been designed in such
a way that the dye emitting at higher energy (green emitter) is
fluorescent solely in the presence of proton or cations, due to the
fact that the fluorescence of amino-Bodipy is effectively quenched
by photoinduced electron transfer or more likely by a localized
charge transfer state. Our first choice was targeted on such deriv-
atives carrying suitable motifs for absorption and emission tun-
ings, with solubilizing groups attached on the boron to avoid
aggregation problems (Scheme 1).'4

Compound 2 can be easily obtained from 1 by Pd-catalyzed
hydrogenation, as reported previously,'®> but it requires 24 h to
complete the reaction (Scheme 1) which is disadvantageous when
the dye possesses a reducible group like a double bond, as was
found to be the case when starting with the distyryl derivative 7,
where we ended up with an inseparable mixture of compounds.
After some experimentation, we found that Pd-catalyzed hydroge-
nation in an ethanol/acetonitrile mixture at 70 °C was a good alter-
native as it took only 15 min to complete the reduction (Scheme 1).
In addition to its rapidity, in this method it is possible to synthesize
the N-ethylamino dye'® which is a very useful precursor for the
preparation of unsymmetrical tertiary amino-Bodipy dyes. With a
prolonged reaction time (24h) under the same conditions,
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Scheme 1. Reagents and conditions: (i) see Table 1; (ii) di-tert-butyldicarbonate,
dry THF, 60 °C, 2 days; (iii) CH;0CH,CH,0CH,C=CMgBr, dry THF, 60 °C, 12 h; (iv)
6% TFA, dry CHxCl, 2 h.

Table 1
Reaction conditions and synthetic outline

Reagents key (i) Time Ratio 2 versus
Ratio 3
H,, 10% Pd/C (10%), three drops of water, 24 h 100:0
CH,Cl,/EtOH (1:1), rt
Hy, 10% Pd/C (10%), three drops of water, 15 min 95:5

EtOH/CH5CN (1:1), 70 °C
H,, 10% Pd/C (10%), three drops of water, 24h 15:85
EtOH/ CH5CN (1:1), 70 °C

compound 3 was obtained in very good yield at the expense of 2
(Table 1).

One of the most critical aspects of Bodipy dye chemistry is con-
trol of their solubility, which is very important for their large scale
preparation. The boron centre provides a convenient site to attach
a functional group without affecting the optical properties of the
chromophore.!” Furthermore, the use of 2,5-dioxaoctyne is a con-
venient fragment which imports solubility, polarity and process-
ability to the dye. It has been found that 8-(N-Boc)-anilino Bodipy
4, synthesized from 2 via the reaction with BOC anhydride (Scheme
1), is stable enough to react with an alkynyl Grignard!'® to substi-
tute the fluoro groups on boron centre, and 5 was isolated in rea-
sonably good yield (58%). Acid cleavage of the N-Boc with 6% TFA
then furnished the highly soluble dye 6 functionalized at the boron
centre. By syntheses analogous to those of the yellow amino deriv-
atives 2 and 6, we prepared the blue amino analogues 8 and 12.
The distyryl compound 7 was synthesized from 1 by a Knoevenagel
condensation in good yield.'®2° The reduction of 7 using the previ-
ous conditions did produce the desired amino derivative 8, with no
ethylamino derivative being isolated, but a non-conjugated yellow
dye 9 was also isolated in 5% yield (Table 2) as a result of over-
reduction of the double bonds.

After BOC-protection of the amino group of 8, reaction at the
boron centre with the alkynyl Grignard furnished the soluble com-
pound 11. The final amino-Bodipy 12 with a different emission

Table 2
Reaction conditions and synthetic outline

Reagent key (ii) Time (h) Ratio 8 versus Ratio 9
H,, 10% Pd/C (10%), three drops of water, 4 95:5

EtOH/CH5CN (1:1), 70 °C
H,, 20% Pd/C (10%), three drops of water, 2 0:100

EtOH/CH5CN (1:1), 70 °C

wavelength and improved solubility was obtained after N-Boc
cleavage by TFA (see Scheme 2).

The nucleophilic character of the amino function is unfortu-
nately less reactive than related systems, such as p-nitrophenyl-
sulfonamide-protected amino groups.?! In our case, several
efforts to substitute the amino function in 6 and 12 were unsuc-
cessful. So we decided to keep the fluoride on the Boron centre
and to solve the solubility problem in a different fashion. Thus,
we tried substitution reactions at the amino centres of 2 and 8
using different, protected polyethyleneglycol-based substrates. Bi-
phasic reaction in water using NaHCOs as the base was found to be
the best strategy (Scheme 3).22 Though the yield was moderate, the
reaction furnished exclusively the mono-N-substituted product 13
with a linker suitable for subsequent substitution. Unfortunately
this biphasic reaction of product 13 with the blue amino-deriva-
tives 8 or 12 was ineffective probably because of the weaker nucle-
ophilicity of the amino function in this delocalized dye.

In order to reach the target we chose to prepare an unsymmet-
rical linker bearing on one side a tosylate (activable with derivative
2) and on the other an ethynyl substituent able to be cross-linked
conveniently using routine palladium catalysis with the iodo-
substituted blue dye 15. The hybrid linkers were prepared from
the ditosylate of polyethylene glycol with propargylic alcohol un-
der basic conditions (Scheme 4).

Substitution of the TsO fragment by derivative 2 was then
straightforward, affording the green emitters 14a-c in acceptable
yields (Scheme 5). To explore the synthetic utility of compounds
14, we cross-coupled 4,4-difluoro-3,7-di-p-methoxystyryl-1,7-di-
methyl-8-p-iodophenyl-4-bora-3a,4a-diaza-s-indacene (15) via a
Sonogashira reaction promoted by Pd(0) to furnish 16a—c in satis-
factory yields (Scheme 5). Finally, we also succeeded in coupling
dye 14a with 1-bromopyrene 17 to get the linked derivative 18
absorbing at about 380 nm (Scheme 6).

Preliminary electrochemical measurements for 3, 14a, 15 and
16a are given in Table 3. For all these dyes, a single reversible
cathodic wave was observed due to the (Bodipy/Bodipy ~) couple.
In the case of 15, the reduction was facilitated by ~300 mV as com-
pared to dyes 3 and 14a. Anodically, an irreversible wave was ob-
served along with a reversible wave for (Bodipy/Bodipy™). The
irreversible wave for 14a was due to the oxidation of the secondary
amine centre and was also seen for 3, but not for the 8-amino
derivatives. Alkyl substitution made the amine centre easily oxi-
dizable. As expected, the anodic behaviour of 15 was more compli-
cated than that of the other dyes. Two extra waves were observed
at higher potential and were tentatively assigned to oxidation of
the styryl entity and a second oxidation of the Bodipy core.

Interestingly, all the characteristic anodic and cathodic waves
for both the precursor dyes 14a and 15 were found in the final
dye 16a. In particular, two reversible cathodic waves separated
by 290 mV were found for the (Bodipy/Bodipy ~) couples for both
the dye cores. As expected, the anodic part was more complicated
due to the overlap of the oxidation waves of the amine and styryl
units. These data are in keeping with a dual dye where both chro-
mophores/luminophores interact weakly.

The amino derivatives 2 and 8 gave similar fluorescence quan-
tum yields (QY = 32-38%), whereas substitution by a BOC-protect-
ing group in 4 and 10 increased the QYs to 84% and 49%,
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