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fAbstract: Herein we describe the synthesis, and computa-
tionally aided photophysical characterization of a new set of
urea-bridged bis-BODIPY derivatives. These new dyads are
efficiently obtained by a one-pot tandem Staudinger/aza-
Wittig ureation protocol, from easily accessible meso-phenyl
ortho-azidomethyl BODIPYs. These symmetric bis-BODIPYs
outstand by a high absorption probability and excellent
fluorescence and laser emission in less polar media. Never-

theless, this emission ability decreases in more polar media,
which is ascribed to a light-induced charge-transfer from the
urea spacer to the dipyrrin core, a process that can be
modulated by appropriate changes in the substitution pat-
tern of the BODIPY core. Furthermore, this ureation protocol
can also be employed for the direct conjugation of our
BODIPY-azides to amine-containing compounds, thus provid-
ing access to fluorescent non-symmetric ureas. D

Introduction

Boron dipyrrin derivatives (BODIPY, 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene),"" that is, 1 (Figure 1), constitute a family of
widely studied chromophores and fluorophores owing to their
strong UV/Vis absorption profiles and high fluorescence quan-
tum yields (¢).”’ Their relevance also stems from their reasona-
ble stability under physiological conditions, their relative insen-
sitivity to solvent polarity, and the potential to fine-tune their
spectroscopic and photophysical properties by well-document-
ed synthetic postmodifications on the BODIPY core.®* For
these reasons, they have found ample application as photo-
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sensitizers,” fluorescent labels,® laser-dyes,”’ and artificial
light-harvesting arrays,® among others.”

More recently, the interest on covalently-linked BODIPY
dimers (also termed BODIPY dyemers,' or bis-BODIPYs""") has
surfaced as an additional area of interest in the field. In these

derivatives, the photophysical signatures can be drastically

Figure 1. BODIPY (1), meso-aryl BODIPY (2); meso-meso directly linked
dimer (3); -P-benzene ni-fused bis-BODIPY (4); meso-meso tethered bis-
BODIPYs (5, 6); and amide-linked bichromophoric BODIPYs (7).
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altered by changes on the position of attachment, geometrical
arrangement of the units, and spacers structure, thereby span-
ning a wide assortment of photonic and biophotonic applica-
tions.

From a structural perspective, contributions from different
research groups have focused in the generation and study of
at least three kinds of dimeric structures. Directly linked BODI-
PYs comprising; a-a linked,"? B-B linked,"® meso-B linked,™
and meso-meso linked, for example, 3 (Figure 1),/ have
been studied and shown to display interesting properties.
Those include the generation of electroluminescence,'**' the
formation of fluorescent aggregates,"” and their potential as
singlet oxygen photosensitizers in photodynamic therapy.'*'®
On the other hand, the interest in highly m-conjugated sys-
tems, owing to their various applications as red-edge emitters,
was at the origin of the attention paid to a second class of
BODIPY dimers," fully fused conformation-restricted BODIPY
dimers, for example, 4 (Figure 1).%” Finally, access to bridged
bis-BODIPYs,?" has given rise to a broad variety of relevant de-
rivatives that differ in the nature of the connector or linker,
and the site of tethering at the BODIPY core. In this context, al-
though a few examples of a-bridged,®*'*?? B-bridged,?*'%*
and even boron-bridged bis-BODIPYs,*” have been reported
most of the described derivatives are connected by linkers at
the meso-position, either directly® or through a meso-phenyl
substituent (then, o-, m-?® and p-*”’ orientations became pos-
sible, as in 2, Figure 1).

In bridged bis-BODIPYs, the nature of the linker, flexible or
rigid, short or long, influences the relative disposition of the
BODIPY units. For instance, in the case of compound 5
(Figure 1), a rigid dimethylxanthene spacer forces both BOD-
IPYs to adopt a cofacial arrangement allowing an efficient
energy transfer.?® Thus, subtle variations in the nature of the
rigid connector can force different relative orientations be-
tween the BODIPYs. In the case of bis-BODIPY 6 (Figure 1), a di-
benzofuran spacer induced a different bite angle between the
two BODIPY units, affecting their fluorescent properties.?* Bis-
BODIPY derivatives 7 (Figure 1), recently described by Harriman
and co-workers, represent an interesting example of meso-
phenyl substituted-BODIPYs connected by amide linkages to a
rigid phenanthroline core.”” In these derivatives, it was found
that an increase in solvent polarity tended to reduce their fluo-
rescence, and this behavior was ascribed to light-induced
charge-transfer between the two BODIPYs, probably facilitated
by conformational changes in strongly polar media.” This ten-
dency, however, was disrupted in hydrogen-bond-accepting
solvents.

As part of a research project, we became interested in rota-
tionally restricted o-azidomethyl meso-phenyl BODIPYs (8b)
and their potential use in conjugation to biomolecules.”
Access to BODIPYs 8b, was initially carried out by an efficient
Liebeskind-Srégl cross-coupling reaction,®" as described by
Pefa-Cabrera’s group.®? More recently, we have reported
access to BODIPYs 8b, by a more expeditious method that in-
volved a one-pot reaction of phthalide with pyrroles leading to
meso-(o-hydroxymethyl) BODIPYs 8a,%* followed by a synthetic
CH,0H —CH,N,, transformation.®*
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In this manuscript, we describe the synthesis and computa-
tionally aided photophysical properties of urea-bridged bis-
BODIPYs 9, which are available by a one-step reaction of
BODIPY azides, 8b, vide infra (Figure 2). Furthermore, the
method has also been applied to the synthesis of non-symmet-
ric ureas, thus making possible the BODIPY conjugation to
amino derivatives.

ane step

from 8b

8a:R'=0OH; 8b: R'= Ny g

Figure 2. Urea-bridged bis-BODIPYs (9), available from o-azidomethyl meso-
phenyl BODIPYs (8b) by a one-step process.

In our opinion, urea-bridged bis-BODIPYs, for example 9,
could be of relevance for several reasons: i) the planarity of the
urea linkage leads to a well-defined organization of its sub-
stituents,® which in conjunction with the restricted rotation
about the meso-(o-phenyl) bond in each BODIPY unit,®® might
lead to geometrically organized systemes, ii) ureas are good hy-
drogen donors, since their two parallel NH bonds are perfectly
suited for coordination, ii)) ureas have also found utility as or-
ganocatalysts and anion transporters, among others, and
iv) even though, only scarce examples of BODIPY containing
ureas have been reported,®” they have been shown to display
interesting coordinating properties towards phosphate, pyro-
phosphate and fluoride anions.*%>%

Results and Discussion
Synthesis

As previously mentioned, our interest in the preparation of
conjugatable BODIPYs had led us to the preparation of several
BODIPY derivatives (including formyl and isothiocyanyl deriva-
tives).?? In this context, to gain access to BODIPY-amines, we
attempted the well-known Staudinger “azido—amino” trans-
formation (PPh,, aqg.NaOH),“*® from BODIPY-azide, 10
(Scheme 1). However, Staudinger reduction of 10 did not led
to the desired BODIPY amine 11, and instead, bridged-urea bis-
BODIPY 12 could be isolated in fairly good yields (Scheme 1).

In order to rationalize this result, we had to contemplate the
intermediacy of an isocyanate derivative, that is, 14
(Scheme 2)," to account for the “additional” carbonyl residue
in the urea 12.*? Formation of the former could then be ex-
plained by reaction of the initial Staudinger reaction intermedi-
ate, that is, iminophosphorane 13, with “CO," in an intermolec-
ular aza-Wittig reaction.” Finally, addition of the, otherwise-
expected reaction product, amine 10, to isocyanate 14 would
lead to the formation of the urea-bridged dimer 12
(Scheme 2).4

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Staudinger reaction of BODIPY-azide 10 leading to urea-bridged
bis-BODIPY 12, rather than to BODIPY-amine, 11.

Scheme 2. Proposed reaction pathway leading to the formation of urea 12,
from BODIPY-azide 11.

Encouraged by this result, we decided to explore the gener-
ality of this process in the formation of urea-bridged bis-BODI-
PYs by tandem Staudinger/aza-Wittig and amine-isocyanate
addition reactions. Thus, hypothesizing that the origin of the
required carbon dioxide in the observed transformation could
have been absorbed CO, in the employed NaOH aqueous solu-
tion,” we decided to evaluate alternative, more reliable, CO,
sources.

Accordingly, we first examined the conversion of azide 10
into urea 12 by treatment with PPh; in freshly prepared 1m
aqueous sodium bicarbonate solution.*® However, complete
recovery of the starting material was observed after 24 hours.
Some conversion could, however, be observed when dry ice
was added to a dioxane solution containing azide 10 and
PPh;, and the resulting mixture was allowed to stir at room
temperature, in a tightly closed vessel, for 48 h. Under these
conditions, urea-bridged bis-BODIPY 12 could then be isolated
in 10% yield. Finally, a marked improvement in the formation
of 12 (98 % yield) was observed when a 1,4-dioxane solution of
azide 10 and triphenylphosphine, was treated with aqueous
triethylammonium hydrogen carbonate buffer (TEAB), as rec-
ommended by Azhayev and co-workers."”

Next, these reaction conditions were applied to various azi-
domethyl-BODIPYs 8b, 15a-c, as summarized in Table 1. All
reactions produced the expected dimers in excellent yields,
and no apparent effect from the substituents in the pyrrole

Chem. Eur. J. 2017, 23, 17511 -17520 www.chemeurj.org

17513

CHEMISTRY

A European Journal

Full Paper
Table 1. Synthesis of urea-bridged bis-BODIPYs from azido-methyl BODI-
PYs.
R4
PPh
TEAB R’
' SN s
1,4-dioxane rR2N\ Nog N R
FF R
R' R R R*  Dimer Yield [%]"
1 10 Me Et Et Br 12 98
2 8b H H H H 9 92
3 15a Me H H H 16a 95
4 15b Me Et Et H 16b 20
5 15¢ Me H CHO H 16¢ 92
[a] All reactions were carried out with 0.4 mmol of the corresponding
azide, at room temperature in dioxane in the presence of PPh; and TEAB
buffer. [b] Isolated yields.

moiety could be observed. Thus, the formyl-containing azide
15¢, proved to be a good substrate providing the correspond-
ing urea 16c in 92% yield. The BODIPY dimers 9, 16a,b were
purified by column chromatography and fully characterized by
'H, ®CNMR, and HRMS techniques. These urea-bridged bis-
BODIPYs proved to be, chemically stable compounds, readily
soluble in common organic solvents such as chloroform, di-
chloromethane, toluene, acetonitrile, tetrahydrofuran, and
methanol.

At this point, it is worth mentioning that under these reac-
tion conditions we have been unable to detect the presence
of any amino-methyl BODIPY derivative, for example 11,
(Schemes 1, 2). According to that, it could be assumed that
any amino-methyl BODIPY generated in the reaction media
was being rapidly consumed by reaction with the postulated
BODIPY-isocyanate intermediate, for example, 14 (Scheme 2),
to give the urea-bridged adduct, for example, 12 (Scheme 2),
which was always obtained in high yields (Table 1).

Along these lines, we hypothesized that addition of an “ex-
ternal” amine to the reaction media could result in the efficient
trapping of the intermediate BODIPY-isocyanate to generate
non-symmetrical ureas. To test this hypothesis, we performed
the reaction of BODIPY-azide 8b with diethylamine (2.6 equiv)
in the presence of PPh; (1.3 equiv) and TEAB buffer (2.6 equiv)
in 1,4-dioxane (5 h, room temperature). Under these reaction
conditions, urea 17 a was obtained in 93 % vyield (Figure 3). We
could also observe that a drastic reduction in the amount of
diethylamine (1.1 equiv rather than 2.6 equiv) resulted in a
slightly reduced vyield of urea 17 a (83 % yield). In order to eval-
uate the scope of this transformation, which could prove
useful in the labeling of amine-containing compounds, we
tested the reaction of BOBIPY-azides 8b and 15a with differ-
ent primary and secondary amines, and ammonia.

Our results, displayed in Figure 3, show that azido-methyl
BODIPYs could be successfully employed for BODIPY conjuga-
tion to amino-containing compounds.® The reaction proceed-
ed well with all amines tested, and good yields of the expect-
ed ureas were always obtained.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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RzzN‘R3
(2.6 equiv.)
PPhy (1.2 equiv.)

R FF R' TEAB(26equv) R F F R
1,4-Dioxane
8b R =H; 15a R' = Me 5h 17-22

17b(sa%)  F F 18 (as%)

21 (94%) 22 (95%)

Figure 3. Reaction of azido-methyl BODIPYs 8b and 15a, with amines lead-
ing to non-symmetrical ureas 17-22.

Photophysical properties

The photophysical properties of the new urea-bridged sym-
metric bis-BODIPYs (whose structure are shown in Table 1)
were systematically analyzed in dilute solutions (2x107°M) in
polar (acetonitrile and ethanol) and apolar (cyclohexane) sol-
vents (Table 2 and Table S1). The absorption profile of these
dyads is placed at wavelengths similar to those of the corre-
sponding single counterpart precursors (widely-known by the
trademark BDP, for the unsubstituted dipyrrine, PM546, for the
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tetramethylated BODIPY, and PM567, for additionally diethylat-
ed)™ while the absorption probability increases significantly
(up to 16x10*M~'ecm™'), becoming roughly twice of each
single chromophore (Figure 4). Indeed, the theoretical

@
1

ra
L

Molar absorptian (10° M cm™)

— T = T
450 500 550
Wavelength (nm)

E =-6.27 eV

HOMO+

Figure 4. Absorption spectra of the bis-BODIPYs (solid line) derived from
BDP (9) and PM567 (16 b), together with the corresponding spectra of the
own fragments (dashed). The molecular orbitals involved in the correspond-
ing spectral transitions for 9 are also enclosed.

simulation reveals that the absorption transition results from
the contribution of two configurations energetically close (just
0.03 eV), with the electronic density allocated on each dipyrrin
chromophoric unit. Moreover, after its molecular assembly,
both BODIPYs are held apart (distance between center-of-
masses longer than 10 A), hampering any intramolecular inter-
action between them (see Figure S1). In this configuration,
each BODIPY moiety is electronically decoupled retaining its
identity and photophysical properties and contributing addi-
tionally to the global transition. Furthermore, the 8-aryl unit
grafted to each BODIPY is electronically decoupled of the inda-
cene core, owing to the steric hindrance exerted by the ortho-
susbtitution, and the urea linker is separated from this 8-aryl
group by a methylene unit, avoiding, in this way, any
resonant interaction among the building blocks of

Table 2. Photophysical (diluted solutions, 2x10°°m of cyclohexane) and lasing (con-
centrated solutions of ethyl acetate owing to the solubility reasons) properties of the
bridged bis-BODIPYs. The corresponding data of the chromophoric units (in grey) are
also included for comparison. Photophysical data in solvents of different polarity are

listed in Table S1.

these bridged bis-BODIPYs.

Regarding the emission, and owing to the claimed
electronic isolation of the chromophoric units in the
dyads, the highly fluorescence efficiency distinctive
of BODIPY dyes is retained by these bis-BODIPYs

-4 fel i . .
Dye emaXfm - A A"Slw . " T . c Ais . %Eff built from BDP, PM546 and PM567 scaffolds in apolar
nml® M'em ™ '® [nm] [cm @ [ns]" mm]¢ [nm]™ . .
media (cyclohexane, Table 2). Unlike the parent dyes,
BDP 5035 76 5105 270 096 647 ! 332 42 whose fluorescence was nearly solvent-independ-
9 504.5 140 5190 555 083 557 03 535 46 41 ¢h <sion effici ¢ h dvad
PM546 499.5 9.7 5120 490 091 523 25 541 23 ent,”” the emission efficiency from the new dyads
16a 5025 134 5150 485 083 566 09 547 38 depends markedly on the polarity of the media. In
PM567 522.5 8.7 5390 585 0.88 5.0 15 566 42 fact, an increase of the solvent polarity leads to a
12 5280 155 5420 490 091 679 05 567 44 progressive decrease of the fluorescence efficiency of
16b 5255 16.2 5405 530 098 676 04 568 49 h bis-BODIPYs (Fi 5 M h
16c 4995 140 5120 490 060 081(17) 05 559 30 the new  Dis- s (Figure 5). Moreover, suc
4.50(83) quenching correlates with a drastic change in the

[a] Absorption wavelength. [b] Fluorescence wavelength. [c] Molar absorption coeffi-
cient at maximum. [d] Stokes shift. [e] Fluorescence quantum yield. [f] Fluorescence
lifetime (for biexponential decays the contribution of each lifetime (%) in indicated
between brackets). [g] Optimal concentration for laser measurements. [h] Lasing

wavelength. [i] Lasing efficiency.

fluorescence decay curves since the time-resolved
emission profile acquires a bi-exponential character
with the contribution of the shorter-lived component
increasing with the solvent polarity (Figure 6).

Chem. Eur. J. 2017, 23, 1751117520 www.chemeurj.org
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Figure 5. Evolution of the fluorescence quantum yield with the solvent po-
larity for each urea-bridged symmetric bis-BODIPYs (full data in Table S1).

10000 4

— eyclohexana

ethanal

nitril
e acetonitrile

Time {ns)

Figure 6. Fluorescence decay curves of representative bis-BODIPY 16b in
solvents of different polarity. Full data in Table S1.

Such marked dependency of the fluorescence signatures on
the solvent polarity is often indicative of a quenching process
induced by a non-emissive intramolecular charge transfer (ICT)
state. In this regard, closely spaced meso-linked BODIPY dyads
undergoing symmetry-breaking ICT processes have been re-
ported.™ However, such mechanism requires a close and
mainly mutual orthogonal disposition of the chromophoric
units that is not the structural arrangement of our bridged bis-
BODIPYs (see for instance 9 in Figure 4 and Figure S1). Alterna-
tively, in related amide-bridged bis-BODIPYs through the para-
position of the meso-phenyl group, an ICT process between
the dye units, whose probability depends on solvent-induced
conformational changes, was claimed to explain the recorded
fluorescence quenching in polar media.” The fluorescence of
the herein synthesized urea-bridged bis-BODIPYs follows a sim-
ilar dependence on solvent polarity, supporting that an ICT
process is underway. However, the process has to be triggered
through a dissimilar mechanism taking into account key struc-
tural differences with respect to the above-mentioned amide-
bridged bis-BODIPYs such as: 1) the substitution at the, more
constrained, ortho-position rather than at the para-position of
the meso-phenyl group leads to a more rigid structure; 2) the
urea linker reduces the conformational freedom compared to
that induced by the more flexible phenanonthroline linker
bearing side amides, and 3) the already mentioned electronic
decoupling of the BODIPY units. These structural features
should hamper a closely spaced disposition and hence the
probability of an ICT between the electronic clouds of the dy-
pirrin moieties in the present bis-BODIPYs. Moreover, such geo-

Chem. Eur. J. 2017, 23, 1751117520 www.chemeurj.org
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metrical arrangement rules out also the probability of excimer
formation, which is verified by the absence of long-wavelength
shifted fluorescent bands. In fact, we consider that the ICT
mechanism consistent with the experimental findings might
be a “through space” ICT process from the urea spacer acting
as donor, since the electron donor ability of the oxygen is am-
plified by the flanking amines, to the electron BODIPY core be-
having as electron acceptor. Indeed a closer inspection of the
optimized geometries (see representative compound 16a in
Figure 7) reveals that the oxygen of the urea spacer tends to

Figure 7. Simulated electrostatic potential mapped onto the electronic den-
sity for the bis-BODIPY 16a in ground state. The corresponding maps for
the rest of dyads are enclosed in Figure S1.

be close to the dipyrrin planes. Moreover, the corresponding
electrostatic maps locate negative charge (in yellow) at the
oxygen of the urea bridge, being able to effectively promote
ICT processes. As a matter of fact, we have registered the pho-
tophysics of the non-dimeric representative compounds 17a
and 17b, bearing also the mentioned urea group, and that
differ exclusively in the substitution pattern of the key BODIPY
moiety (Table S2). Whereas the fluorescence quantum yield
and lifetime of the methylated compound 17 b remained high
and almost the same regardless on the solvent polarity, in dye
17 a, bearing an unsubstituted core, both fluorescence param-
eters clearly drop in polar media (from 0.83 and 5.75 ns, re-
spectively in cyclohexane to 0.26 and 2.68 ns in acetonitrile).
These results support not only the ability of the urea to induce
ICT processes, mainly in combination with electron withdraw-
ing BODIPYs, but also suggest that the ICT probability is
higher in the dyads than in the single dye. This is reasonable
since the dyads bear two electron acceptors (the BODIPY
themselves) close to the electron donor urea making the ICT
more feasible, and consequently enhancing their fluorescence
quenching effectiveness in polar media.

To confirm our hypothesis on the ongoing ICT mechanism,
we carefully analyzed the solvent-induced dependence of the
fluorescence on the electron donor/acceptor character of the
BODIPY core (Figure 5). To this aim, different bis-BODIPYs were
rationally designed to modulate their donor/acceptor ability by
varying the functionalization (alkyl or formyl) of the dypirrin
backbone. The methylation of the chromophoric core softens
the solvent-sensitive fluorescence emission. As a matter of fact,
the fluorescence efficiency of the bis-BODIPY based on an un-
substituted BDP core (9) decreases from 83% in cyclohexane

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to merely 4% in more polar media such as acetonitrile, while
the tetramethyl substitution at 1-, 3-, 5-, and 7-positions of the
dypirrin units (16a) allows recording higher fluorescence effi-
ciency in polar media, that is 16% in the same solvent. Subse-
quent alkylation of the BODIPY core, grafting ethyl moieties at
position 2 and 6 of each dypirrin unit (16b), promotes a fur-
ther enhancement of the fluorescence efficiency (22% in ace-
tonitrile) even after para-bromination (12) of the correspond-
ing 8-phenyl substituents (i.e. 24% in acetonitrile). This behav-
ior is attributed to the inductive electron donor effect exerted
by the alkyl moieties grafted to the BODIPY that decreases the
electron-withdrawing ability of the chromophoric core and,
consequently, hampers the ICT probability from the urea
spacer. On the other hand, the C-2 formylation of the tetrame-
thylated dipyrrin core (16c¢) induces the opposite effect since
the BODIPY core becomes better electron-acceptor enhancing
the ICT probability and reducing the fluorescence efficiency
(from a 22% on the non-formylated counterpart 16a to a 13%
on formyl derivative 16¢, in acetonitrile as solvent).

To get more insight on the solvent-sensitive fluorescence of
these dyads we have also analyzed the photophysical signa-
tures of representative symmetric bis-BODIPYs (9, 16a,b,
Table S1) in an electron-donating solvent such as dimethylfor-
mamide (DMF). The behavior of the bis-BODIPYs in DMF be-
comes rather intriguing and striking, showing a marked de-
pendency on the dipyrrin alkylation pattern (Figure 8). Due to
the high polarity of DMF (described by the Catalan polarity sol-
vent scale, SAP=0.977, as similar to that of acetonitrile,
0.974),° low fluorescence efficiency and a bi-exponential
decay curve, dominated by a short lifetime component, should
be expected as result of a further stabilization of the ICT pro-
cess. However, this behavior was only followed by dyad 9, de-
rived from the unsubstituted BDP, since when dissolved in
DMF exhibits a fluorescence efficiency lower than 5% and a
lifetime with a main component (85%) as short as 100 ps
(Figure 8 and Table S1). In this case the low chemical stability
of the unsubstituted BDP should account, at least to some
extent, for this behavior since the solution of this single dye is
completely bleached upon addition of DMF (the sample be-
comes quickly uncolored). Thus, the corresponding dyad 9,
albeit more stable (the loss of color is less marked and slower),
likely undergoes such bleaching process that also contributes
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to the fluorescence quenching. On the other hand, the dyads
derived from more chemically stable dyes, such as PM546
(16a) and PM567 (16b) display an unexpected behavior. In
spite of the high polarity of DMF, which should further stabilize
the ICT state, their fluorescence efficiencies increase significant-
ly, raising up to values 37 and 66 %, respectively, even higher
than those, respectively recorded in less polar solvents like eth-
anol (Table S1). Regarding the fluorescence decay curves, they
tend to recover the typical features of BODIPY dyes (mono-ex-
ponential character with lifetimes of 2.71 and 4.08 ns, respec-
tively, Figure 8 and Table S1). Similar fluorescence enhance-
ment was reported by Harriman et al. analyzing dyads based
on BODIPYs bearing amide-phenanthroline spacers.”” The un-
usual behavior induced by DMF should be related not only to
its polarity but also to its electron-donor ability (basicity scale,
SB=0.613),°% the highest one among the herein selected sol-
vents. The basicity of DMF could induce specific interactions
between this hydrogen-bond-acceptor solvent and the proton
of the urea linker so long as the electron lone pair of the latter
is mainly located on the amine moiety and less shifted to the
oxygen atom. In agreement, the positive charge (see the blue
color in Figure 7) is located mainly around the nitrogen atoms
of the urea, highlighting this position as the most suitable for
interaction with electron donor solvents. These interactions
have to decrease the electron donor capacity of the urea and,
hence, hamper efficiently the probability of the ICT process.
Therefore, the fluorescence recorded in DMF arises from the
balance between two opposite effects; the high basicity of
DMF counterbalances the intrinsic polarity-induced stabiliza-
tion of the charge separation, hindering the ICT population
and yielding higher fluorescence efficiencies and larger life-
times (mainly in the fully alkylated dyads 16a,b) than the ex-
pected ones according to the solvent polarity.

Lasing properties

According to the absorption properties of the urea-bridged
bis-BODIPYs (Figure 4) their lasing properties were studied
under pumping at 355 nm (9, 16a and 16c) and 532 nm (12
and 16b). All the dyes studied in this work exhibit broad-line-
width laser emission, with a pump threshold energy of
~0.8 mJ, divergence of 5 mrad and pulse duration of 8 ns full-

16b
60

404

Fluorescence intensity

550 600
Wavelength (nm)

T
500 B50

10000 4

1000

Time (ns)

Figure 8. Fluorescence spectra (scaled by the fluorescence efficiency) and decay curves of representative symmetric bis-BODIPYs (9, 164a,b) in diluted solutions

of DMF.
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width at half maximum (FWHM) placed in a simple plane-
plane  non-tunable resonator cavity. Following the
photophysical analysis, the actual effect of the solvent on the
dye laser action was analyzed in solutions of polar and apolar
solvents. Although the photophysical studies showed that the
new derivatives exhibited their highest fluorescence capacity
when dissolved in apolar solvents such as cyclohexane
(Table 2), the low solubility of BODIPY dyes in this solvent pre-
vents attaining concentrated solutions required for laser ex-
periments. Then, to analyze the dependence of the laser action
on the solvent polarity, we carried out the experiments in sol-
vents of increasing polarity enabling, at the same time, good
solubility of the new dyes, such as dichloromethane, ethyl ace-
tate, ethanol, and acetonitrile.

To optimize the laser action of the new dyes in the different
solvents, firstly, we analysed the dependence of their lasing
properties on dye concentration in an ethanolic solution, by
varying the optical densities over an order of magnitude while
keeping all other experimental parameters constant. The lasing
wavelength and efficiency (see Experimental section) of the
new dyes at each optimal concentration are presented in
Table 2 and Figure 9. Highlight that the optimal concentration

I acetonitrile
I cthanol

I ethyl acetate
I dichioromethane

T
20 40

Laser efficiency (%)

Figure 9. Evolution of the lasing efficiency with the solvent for the symmet-
ric urea-bridged bis-BODIPYs.

for these bis-BODIPYs is about 3-fold lower than those re-
quired to induce effective laser action in similar commercial
BODIPYs as well as in their mono-BODIPY precursors (Table 2).
The lasing behaviour of the new compounds agree with their
photophysical properties following the fluorescence quantum
yield and the lasing efficiency a similar dependence on both
the solvent polarity and the substitution pattern of the BODIPY
core: the higher the polarity of the solvent, the lower becomes
both the fluorescence quantum yield and the lasing efficiency;
the higher is the substitution degree of the BODIPY core, the
higher becomes the emission efficiency. In fact, the highest
lasing efficiencies are recorded from the PM567 derivatives (12
and 16b) in low polar solvents such as dichloromethane
where they reach values close to 50% (Figure 9). Photostability
is an important feature that defines fluorescent dyes and, in
this context, we have analyzed the lasing photostability of
PM546 and PM567 as representative for the new bis-BODIPY
derivatives (See Experimental section for details). Both single
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commercial dyes display good photostability under drastic
pumping conditions, with the laser emission losing a 50 and a
25% of its efficiency, respectively, after 100000 pump pulses at
10 Hz repetition rate. The laser action of the new bis-BODIPYs
compares well or even enhances that exhibited by their pre-
cursors, since their laser efficiencies remain at the initial level
without signs of degradation under the same pumping condi-
tions).

The main result that draw our attention is the capacity of
the bis-BODIPYs to lase with efficiencies as high as 30% in
spite of their fluorescence quantum yields being as low as 0.13
(see 9 in ethanol, Table S1). The rational design linking the
BODIPY units in these bis-BODIPYS is key in accounting for its
lasing behaviour since it enables at the same time: 1) an ab-
sorption increase at the pumping wavelength, which leads to
a significantly decrease of the dye concentration in the active
medium reducing drastically deleterious effects, such as re-ab-
sorption/re-emission and aggregation processes, that becomes
particularly important when highly concentrated solutions are
required to induce efficient laser emission and 2) a “through-
space” ICT process that leads to a very short fluorescence life-
times, allowing to reach radiative rate constants similar to that
observed for other BODIPY dyes. These facts account for the
origin and unique features of the laser behaviour of these bis-
BODIPYs.

Conclusion

In summary, we have described a concise and efficient method
for the preparation of, chemically stable, urea-bridged bis-BOD-
IPYs from readily available meso(o-azidomethyl)phenyl BODI-
PYs. This overall ureation protocol,”" which takes place as a
one-pot reaction, involves at least, three processes, namely:
i) Staudinger azide—amine transformation, ii) Staudinger aza-
Wittig reaction (azide—isocyanate), and iii) the reaction be-
tween the so-formed BODIPY-amine and BODIPY-isocyanate
to generate the final urea-bridged dimer. Each one of these
three steps must occur in a very efficient manner, since isolat-
ed yields of the BODIPY dimers normally exceed 90 %.

This procedure, which takes place by dimerization of a
single BODIPY precursor, contrasts with alternative methods to
generate bridged bis-BODIPYs where either a bifunctional
spacer is made to react with two BODIPY units,""* or where
the BODIPY units are constructed around a bifunctionalized (al-
dehyde, or acid chloride) connector.”? Additionally, we have
also shown that meso-(o-azidomethyl)phenyl BODIPYs are
good substrates for the conjugation of BODIPY labels to
amine-containing compounds.

The herein-reported urea-bridged symmetric dyads stand
out, with both strong absorption in the green-yellow region
of the visible spectral region, and a bright fluorescence re-
sponse in apolar media. Nevertheless, the promotion of an
intra-ICT state from the urea-type spacer, acting as a donor, to
the dipyrrin unit, acting as an acceptor, triggers a solvent-sen-
sitive fluorescence in polar media. The probability and extent
of this fluorescence quenching can be finely modulated
through simple structural modifications to the dipyrrin back-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@"* ChemPubSoc
Uit Europe

bone. Thus, alkylated BODIPY scaffolds are desirable to amelio-
rate the fluorescence efficiency enabling the development of
active media for tunable dye lasers with improved absorption
of the pumping radiation. In contrast, grafting electron with-
drawing moieties at the dipyrrin units enhances the probability
of the ICT process leading to fluorescent dyes suitable as po-
larity probes.

In our opinion, this synthetic protocol is not limited to the
preparation of symmetric bis-BODIPYs, and its usefulness as a
method for the preparation multichromophoric assemblies is
under consideration.

Experimental Section

General procedure for synthesis of BODIPY dimers from 8-
(2-Azidomethylphenyl)-BODIPYs

The appropriate azidomethyl-BODIPY (1 mmol) was added to a
mixture of 1m triethylammonium hydrogen carbonate buffer
(2.6 mL) and 1,4-dioxane (6 mL), at room temperature. Triphenyl-
phosphine (1.3 equiv) was added, and the reaction was monitored
by TLC. After disappearance of the starting material, the solvent
was evaporated in vacuo to dryness. The obtained BODIPY dimers
were purified by flash chromatography on silica gel.

General procedure for the reaction of azido-methyl BODIPYs
with amines

The appropriate azidomethyl-BODIPY (1 mmol) and the desired
amine (2.6 mmol) were added to a mixture of 1™ triethylammoni-
um hydrogen carbonate buffer (2.6 mL) and 1,4-dioxane (12 mL).
Triphenylphosphine (1.3 equiv) was next added, and the reaction
was monitored by TLC. After disappearance of the starting materi-
al, the solvent was evaporated in vacuo to dryness. The obtained
products were purified by flash chromatography on silica gel.

Photophysical properties

Diluted solutions (around 2x10°°m) were prepared by adding the
corresponding solvent (spectroscopic grade) to the residue from
the adequate amount of a concentrated stock solution in acetone,
after vacuum evaporation of this solvent. UV/Vis absorption and
fluorescence spectra were recorded on a Varian model CARY 4E
spectrophotometer and a SPEX Fluorolog 3-22 spectrofluorimeter,
respectively. Fluorescence quantum yields (¢) were obtained using
the commercial dyes as reference in ethanol, which means; PM546
(¢'=0.85, upon excitation at 470 nm) and PM567 (¢'=0.84, upon
excitation at 490 nm). The values were calculated from corrected
spectra (detector sensibility to the wavelength) and corrected by
the refractive index of the solvent. Radiative decay curves were
registered with the time correlated single-photon counting tech-
nique (Edinburgh Instruments, model FL920, with picosecond
time-resolution). Fluorescence emission was monitored at the max-
imum emission wavelength with a multichannel plate detector (Ha-
mamatsu C4878 with 20 ps of time resolution), after excitation at
470 nm by means of a pulsed diode laser (PicoQuant, model
LDH470 with full width at half maximum of 40 ps). The fluores-
cence lifetime (t) was obtained after the deconvolution of the in-
strumental response signal from the recorded decay curves by
means of an iterative method. The goodness of the exponential fit
was controlled by statistical parameters (chi-square and the analy-
sis of the residuals).
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Quantum mechanical calculations

Ground-state geometries were optimized at the density functional
theory (DFT) level using the B3LYP hybrid method and the double
valence basis set adding polarization functions (6-31g*). The
energy minimization was conducted without any geometrical re-
striction and the geometries were considered as energy minimum
when the corresponding frequency analysis did not give any nega-
tive value. The simulation of the absorption spectra (from the
ground state geometry) was performed by the time-dependent
method (TD-DFT). The solvent effect (ethanol) was also simulated
during the calculations by the self consistent reaction field (SCRF)
using the polarizable continuum model (PCM). All the theoretical
calculations were carried out using the Gaussian 09 implemented
in the computational cluster provided by the SGlker resources of
the UPV/EHU.

Lasing properties

Solutions of dyes were contained in 1 cm optical-path rectangular
quartz cells carefully sealed to avoid solvent evaporation during
the experiments. The liquid solutions were transversely pumped
either at 355 nm, with 5 mJ, 8 ns FWHM pulses from the third-har-
monic of a Q-switched Nd:YAG laser (Spectron SL282G) or at
532 nm, with 5mJ, 6 ns FWHM pulses from a frequency-doubled
Q-switched Nd:YAG laser (Monocrom OPL-10), at a repetition rate
of up to 10 Hz. The exciting pulses were line-focused onto the cell,
providing pump fluences on the active medium in the range 110-
180 mJcm 2 The oscillation cavity (2 cm length) consisted of a
90% reflectivity aluminum mirror, with the lateral face of the cell
as output coupler. The photostability of the dyes was evaluated by
irradiating under lasing conditions 10 uL of a solution in ethyl ace-
tate. The solutions were contained in a cylindrical Pyrex tube (1 cm
height, 1 mm internal diameter) carefully sealed to avoid solvent
evaporation during the experiments. Although the low optical
quality of the capillary tube prevents laser emission from the dyes,
information about photostabilities can be obtained by monitoring
the decrease in laser-induced fluorescence intensity, excited trans-
versally to the capillary tube, as a function of the number of pump
pulses at 10 Hz repetition rate. The fluorescence emission was
monitored perpendicular to the exciting beam, collected by an op-
tical fiber, and imaged onto the input slit of a monochromator
(Acton Research corporation) and detected with a charge-coupled
device (CCD) (SpectruMM:GS128B). The fluorescence emission was
recorded by feeding the signal to the boxcar (Stanford Research,
model 250) to be integrated before being digitized and processed
by a computer. Each experience was repeated at least three times.
The estimated error in the energy and photostability measure-
ments was 10 %.
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