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Several Bodipy dyes were synthesized with various substituents designed to improve the water solubility.
Among the different synthetic strategies protection of sulfonate groups by pyrrole of indopyrrole appears
efficient but the deprotection step does not offer viable routes. Conversion of the bromopyrene or iodo
Bodipy compounds to sulfobetaine derivatives is feasible either by cross-coupling directly the ethynyl-
sulfobetaine or by first cross-coupling 1-(N,N-dimethylamino)-prop-2-yne followed by quaternization
of the dimethylamino residue with 1,3-propanesultone. Some of these dyes (Bodipy’s and pyrene) are
reasonably soluble in water and remain highly fluorescent in polar solvents and water.

© 2009 Elsevier Ltd. All rights reserved.

Perhaps one of the most active areas of current research relating
to fluorescent dyes is that concerning the introduction of various
functionalities to improve their utility without significantly modify-
ing the intrinsic spectroscopic properties of the dyes. Cyanines, in
particular, are currently under intense investigation,'? the family
of difluoro-boradiaza-s-indacenes, which are commonly termed
Bodipy (for boron dipyrromethene) dyes, being especially promising
because of their exceptional spectroscopic properties.>* These in-
clude high extinction coefficients, sharp emission bands, high quan-
tum yields and behaviour as singlet emitters with little distortion of
the excited state. Bodipy dyes also exhibit exceptional stability,®
making them attractive for diverse applications such as donor-
acceptor systems,® artificial light harvesters,” fluorescent sensors,?
laser dyes,” electron-transfer reagents'® and light-emitting devices.!"

To expand the utility of such dyes, we have developed recently an
arsenal of synthetic methods by which the pseudo-meso 8-posi-
tion,'? the 2,6-pyrrolic position,!*> the 3,5-dimethyl fragments'*
and the 4,4'-boron positions can be routinely functionalized.!® Al-
kyne substitution tools have been extensively applied in these pro-
cedures. By virtue of their inherent linearity and m-orbitals, triple
bonds are not only an ideal conduit for electronic conductivity but also
provide a facile entry into the construction of C-C-linked appendages.'®

Thus, Bodipys are fascinating dyes, although serious drawbacks
do exist which include the tendency to form aggregates and a very
low solubility in polar solvents.> The few known examples of
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water-soluble Bodipys are all sulfonated species obtained either
by direct reaction with chlorosulfonic acid at the 2,6 positions,!”
by Heck-type coupling'® to introduce hydrophilic (sulfonated) sub-
stituents at the 2,6 positions, by reaction, again at the 2,6 positions,
with chlorosulfonic acid after the introduction of other functional-
ity'® or by nucleophilic aromatic substitution of a 3-chloro substi-
tuent with 2-mercaptosulfonic acid.?°

In this context, we report herein our attempts to prepare new
water-soluble Bodipy dyes appropriately functionalized in several
positions, together with description of the spectroscopic properties
of the new dyes in various polar solvents. Two synthetic pathways
were envisaged: (i) introduction of a protected sulfonate connected
via a ‘soft’ coupling reaction to the dye or (ii) a post-synthetic
introduction of a sulfobetaine unit. The critical aspect of this work
concerns the use of sulfobetaines as zwitterionic templates to pro-
mote water solubility. This is the first application of such a proce-
dure to Bodipy functionalization. Its initial step was the attachment
of the protected sulfonates 1 to 4 to various F-Bodipys.?!
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Scheme 1. Reagents and conditions: (i) isobutanol, 2,6-lutidine, 1,2-dichloroeth-
ane, rt, 70%; plus either pyrrole, NaH, THF, rt, 76%; or isoindole, NaH, THF, rt, 67%;
(ii) TMSacetylene, TEA, benzene, [Pd(PPhs),Cl,] (0.06 mol %), Cul (0.1 mol %), 50 °C,
80% to 94%; (iii) KF, methanol, rt, 83-97%.

These derivatives were prepared in three steps from 4-bro-
mophenylsulfonyl chloride according to Scheme 1.

The cross-coupling reaction of 1-4 with dyes bearing halo-aro-
matic groups, such as 8-(4-iodophenyl)-Bodipy'? is very efficient in
the presence of TEA, benzene and [Pd(PPhs)4] (6 mol %) at 60 °C,
leading to the desired compounds 5 to 7 in 85-91% yields.

Note that during the reaction with the terminal alkyne 1 the
ethyl sulfoester is hydrolyzed. Following the same strategy,
efficient cross-coupling with the 2-iodo-, or 2,6-diiodo-Bodipy'3
provided the substituted dyes 8-10 in excellent isolated yields
(64-83%).

The pyrrole- or indole-protected sulfonates can be used to sub-
stitute F by acetylide at B by means of the corresponding Grignard
reagents.!> These were prepared from compounds 3 and 4 and
EtMgBr in anhydrous THF at 60 °C. The resulting boron-functional-
ized dyes 11 and 12 were obtained in satisfactory yields after con-
ventional purification procedures. Deprotection of the sulfonate,
however, appeared to be difficult under various acidic or basic con-
ditions. These are known to work well in other cases.??

As the basis for an alternative strategy, we examined the
reactivity of the ethynylsulfobetaine derivative 13 towards
Sonogashira cross-coupling reaction catalyzed by low valent
Pd(0) (Scheme 2). Compound 13 was conveniently prepared
from 1-(N,N-dimethylamino)-prop-2-yne and was found to re-
act readily with 4-iodoanisole (as model compound) under
classical cross-coupling reactions to afford the water-soluble
compound 14.
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Scheme 2. Reagents and conditions: (i) 1,3-propanesultone, toluene, rt; (ii) 4-
iodoanisole, [Pd(PPhs)4] (6 mol %), DMF, TEA, 80 °C.

This encouraging result led us to examine the cross-coupling
reaction of 13 with Bodipy dyes to see how greatly their water sol-
ubility might be enhanced. Dyes 15 and 16 were easily prepared
from the corresponding iodophenyl derivatives,!* and were ob-
tained in 74 and 30% yields, respectively, after purification by flash
chromatography on silica. The first two sulfobetaine-Bodipys are
not highly soluble in water, unfortunately, tending to form aggre-
gates as a result of their amphiphilic character. Thus, it appeared
necessary to introduce hydrophilic substituents onto the aromatic
core of the dyes.
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With this objective, we turned our attention to cross-coupling
reaction with Bodipys bearing a reactive iodo function at the pyrro-
lic ring (2 position). Surprisingly, the reaction did not produce the
target betaine but produced a rather complicated mixture of highly
coloured and non-fluorescent compounds that were difficult to
separate properly. To circumvent this problem, we designed a
two-step protocol based on (i) Pd(0) cross-coupling the dye with
1-dimethylamino-2-propyne and (ii) quaternization with1,3-pro-
panesultone under apolar conditions.?> We first tested the concept
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on a pyrene model compound. Both steps proved to be straightfor-
ward and compounds 17 and 18 were obtained in excellent yields,
providing awater-soluble pyrene. Thus, we cross-coupled 1-
dimethylamino-2-propyne with Bodipy 19,'* affording compound
20 in 82% yield, and subsequent alkylation with 1,3-propanesul-
tone readily provided the desired water-soluble dye 21. The use
of a non-polar solvent caused the desired dye to precipitate during
the course of the reaction and betaine 21 was isolated by centrifu-
gation without additional treatment.
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A single-crystal structure determination®® for compound 18
established its expected structure (Fig. 1), with a C=C distance
of 1.185(4) A and the puckered sulfobetaine chain folded back to-
wards the pyrene ring. The mean plane of the sulfobetaine chain
lies close to that of the ethynylpyrene unit, the quaternary-N and
sulfonate-S atoms lying approximately 1 A to opposite sides of this
plane. Within the lattice, the molecules form columnar stacks par-
allel to a (Fig. 2), with the pyrene substituent orientation alternat-
ing down the column. The normal to the pyrene plane is inclined at
20.5° to axis-a and alternates in orientation from one column to
the next. While m-stacking is commonly observed in the solid state
structures of pyrene and its derivatives,?> and, in the present case,
the rings in the columns down to axis-a are close to parallel (mean
dihedral 2.5°) and separated by only 3.5 A, consistent with such an
interaction, analysis of the structure using Hirshfeld surfaces gen-
erated with CrystalExplorer?® indicates that m-stacking is less
important than interactions of the peripheral hydrogen atoms
probably involving CH---O bonding (note that there is some evi-
dence that the ethyne unit is involved in interaction with an adja-
cent pyrene ring). Thus, within a column, there are intermolecular
contacts such that C16A is 3.502 A from (sulfonate) 03, with C6A
3.596 A from the same oxygen, while between columns, again

18, 81%

Figure 1. The molecular structure of 18, showing the atom-labelling scheme.
Displacement ellipsoids are drawn at the 30% probability level and H atoms are
shown as small spheres of arbitrary radii.

Figure 2. Top: Non-centrosymmetric m-stacked pairs viewed down the axis-a. In
grey, molecule at positions x — 1/2, y, 1/2 — z; hydrogen atoms are omitted for
clarity. Bottom: Enlarged view of the crystal packing down the axis-a. The water
molecules are omitted for clarity.

the same sulfonate-O has a contact to C5A of 3.502 A. Note that
there is also a short contact of 01W to C16A of 3.266 A, though
the (water) oxygen atom lies well out of the plane of the ring
and thus the interaction may be of &t- - -O character. This water mol-
ecule is clearly involved in H-bonding to sulfonate-02 (O---O
2.803 A) and has another short contact of 3.319 A to C2 in an adja-
cent column. In any case, the Hirshfeld surface properties indicate
that the strongest lattice interactions are those between the zwit-
terionic arms, which form head-to-tail arrays (i.e., antiparallel
alignment of the dipoles) in columns also parallel to a. Interactions

Figure 3. A view of the Hirshfeld surface calculated for the stoichiometric unit of
crystalline compound 18. By convention, red regions indicate points of unusually
close contact to adjacent atoms.
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Scheme 3. Reagents and conditions: (i) Compound 13, [Pd(PPhs)4] (6 mol %), DMF, TEA, 80 °C; (ii) 1-dimethylamino-2-propyne, [Pd(PPhs;),Cl,] (6 mol %), Cul (10 mol %),

benzene, TEA, 60 °C, 82%; (iii) 1,3-propanesultone, toluene, 58 °C, 78%.
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Scheme 4. Reagents and conditions: (i) 1-(N,N-dimethylamino)-propyne magnesium bromide, THF, 60 °C, 55%; (ii) propanesultone, toluene, 60 °C, 78%.
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Figure 4. Absorption, emission and excitation spectra of 18 in water.

between the formally oppositely charged ammonium and sulfo-
nate centres appear again to be mediated through CH---O interac-
tions (Fig. 3).

Finally, this interesting strategy was applied towards the
grafting of such betaine residues onto boron using the Grignard
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Figure 5. Absorption, emission and excitation spectra of 23 in water.

analogue of 1-(N,N-dimethylamino)-prop-2-yne. The alkyne-
substituted dye 22 was prepared in 55% isolated yield, then alkyl-
ated in toluene with 1,3-propanesultone as the reagent to give
compound 23 in 78% yield after collection by centrifugation and
washing with common apolar solvents (Schemes 3 and 4).

The electronic absorption spectrum of the water-soluble pyrene
18 exhibits characteristic 7t,n* transitions for the various Ss, S, and
S; excited states. Excitation spectra match the absorption spectra
allowing to conclude that all the transitions are involved in the sin-
gle and structured emission centred at 368 nm (Fig. 4). This emis-
sion mirrors the absorption and its single exponential decay in the
nanosecond regime is typical of a singlet excited state. The water-
soluble Bodipy 23 has a weak absorption at 368 nm typical of a
So—S; transition and a strong absorption at 510 nm typical of a
So—S; transition (Fig. 5). The short lifetime (9.2 ns) and the high
quantum yield (81%) are in line with a singlet emitter. Finally,
the blue dye 16 exhibits the characteristic structured absorption
with a maximum at 643 nm and a pronounced intramolecular
charge transfer (ICT) absorption at 369 nm (Fig. 6). The intense
red emission at 660 nm has a short lifetime typical of a singlet
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Figure 6. Absorption, emission and excitation spectra of 16 in EtOH.
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Table 1
Optical properties of selected compounds at rt?
Compds Jabs €max Jem Tem Dg ke Kor
(nm) M7'cm™') (nm) (ns) (%) (108s7') (106s71)
5 (EtOH) 524 54,100 537 43 66 1.53 79
6 (CH,Cl,) 527 65,000 542 5.1 48 0.94 102
7 (CH,Cly) 527 92,600 541 5.5 64 1.16 65
8 (CH,Cl,) 523 67,000 548 4.5 78 1.73 49
9 (CH,Cl,) 523 48,000 548 3.9 79 2.04 54
10 (CH,Cl;) 523 71,500 548 5.1 74 1.47 49
11 (CH,Cl;) 522 103,000 534 6.9 50 0.72 72
12 (CHxCl;) 523 54,000 534 6.4 82 1.61 35
15 (EtOH) 501 77,600 512 255 43 1.68 223
15 (H0) 496 75,500 511 3.18 20 0.63 252
16 (EtOH) 643 47,000 660 466 60 1.29 86
18 (H,0) 359 30,600 358/ 116 32 0.28 59
405
18 (DMSO) 365 39,000 387/ 174 38 0.22 36
407
21 (DMSO) 506 44,700 529 7.2 80 1.11 28
23 (H,0) 510 63,300 528 9.2 81 0.88 21

¢ Quantum yields determined in dilute solution (¢ ~ 1.10-6 M) using Rhodamine
6G as reference (@ =0.78 in water, lexc = 488 nm) or quinine sulfate (@r=0.55 in
1 M H,S04, Jexc = 366 nm).?” All & are corrected for changes in refractive index. k.
and kp; were calculated using the following equations: k; = @g/Tg, kn, = (1 — @)/,
assuming that the emitting state is produced with unit quantum efficiency.

emission and a 60% quantum yield in ethanol. In fact, most of the
radiative rate constants of around 108s™! are the same within
experimental error (Table 1). However, the radiative rate constants
are significantly weaker for the pyrene compounds 18 compared to
those of the others, mostly because of the weaker quantum yield,
which may be attributed to the presence of aggregates.

In short, we have established new synthetic routes for function-
alization of Bodipy dyes with sulfonate residues. The use of unusual
betaine building blocks carrying a terminal alkyne allows cross-
coupling reactions to be effective under mild operational condi-
tions. In some cases, a two-step synthesis is required to first graft
the 1-dimethylamino-2-propyne fragment either on the dipyrro-
methene core or on the boron and to then quaternize the tertiary
amine centre with 1,3-propanesultone. Interestingly, in all cases
the optical properties are retained with respect to the non-substi-
tuted Bodipys. This work opens the door for the engineering of fluo-
rescent dyes in aqueous medium and a vast range of new
molecules, some being highly hydrophilic, can now be envisaged.
By extension of these protocols, the engineering of amphoteric
dyes bearing large functionalities and which are potentially able
to be properly grafted on surfaces should also be possible. Work
along these lines is currently in progress.
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