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N-BODIPYs Come into Play: Smart Dyes for Photonic Materials

C8sar Ray,[a] Laura D&az-Casado,[a] Edurne Avellanal-Zaballa,[b] Jorge BaÇuelos,[b]

Luis Cerd#n,[a, c] Inmaculada Garc&a-Moreno,[c] Florencio Moreno,[a] Beatriz L. Maroto,[a]

2Çigo Ljpez-Arbeloa,[b] and Santiago de la Moya*[a]

Abstract: N-BODIPYs (diaminoboron dipyrromethenes) are

unveiled as a new family of BODIPY dyes with huge techno-
logical potential. Synthetic access to these systems has been

gained through a judicious design focused on stabilizing the
involved diaminoboron chelate. Once stabilized, the ob-
tained N-BODIPYs retain the effective photophysical behav-
ior exhibited by other boron-substituted BODIPYs, such as
O-BODIPYs. However, key bonding features of nitrogen com-

pared to those of oxygen (enhanced bond valence and dif-
ferent bond directionality) open up new possibilities for
functionalizing BODIPYs, allowing an increase in the number
of pendant moieties (from two in O-BODIPYs, up to four in
N-BODIPYs) near the chromophore and, therefore, greater
control of the photophysics. As a proof of concept, the fol-

lowing findings are discussed: (1) the low-cost and straight-

forward synthesis of a selected series of N-BODIPYs; (2) their
outstanding photophysical properties compared to those of

related effective dyes (excellent emission signatures, includ-
ing fluorescence in the solid state; notable lasing capacities

in the liquid phase and when doped into polymers; im-
proved laser performance compared to the parent F-BODI-
PYs) ; (3) the versatility of the diaminoboron moiety in allow-
ing the generation of multifunctionalized BODIPYs, permit-
ting access to both symmetric and asymmetric dyes; (4) the

capability of such versatility to finely modulate the dye pho-
tophysics towards different photonic applications, from
lasing to chemosensing.

Introduction

BODIPYs (boron dipyrromethenes; 4-bora-3a,4a-diaza-s-inda-

cenes) constitute one of the most valuable families of techno-
logical dyes.[1–10] Nowadays, there is a plethora of available syn-
thetic procedures for their direct functionalization, focused on
appropriate modulation of key physical (mainly photophysical)

properties.[6, 8, 11–15] These transformations usually involve the
BODIPY dipyrrin moiety and well-established chemical reac-
tions, such as nucleophilic and electrophilic aromatic substitu-
tions, metal-catalyzed cross-couplings or enol-like condensa-
tions, among others (blue in Figure 1).[16–20] This ample reactivi-

ty allows the derivatization of BODIPYs at their dipyrrin moiet-
ies with a great variety of pendant functional groups. However,

less synthetic diversity is found when directly functionalizing
BODIPYs at boron[21–36] (red in Figure 1), although such func-

tionalization allows the facile preparation of dyes with en-
hanced photostability for lasing,[21–24] with improved water sol-
ubility for biological applications,[25–27] with boosted energy-

transfer processes for efficient light collection,[19, 28–31, 33] or with
enhanced chiral perturbation enabling circularly polarized lu-

minescence,[32–36] among other valuable properties.
Remarkably, all reported protocols to directly functionalize

BODIPYs at boron with key pendant functionalities have hither-
to been based only on nucleophilic substitutions with certain

Figure 1. Some useful chemical transformations in BODIPY dyes. In red, func-
tionalizations at boron reported to date.
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C- and O-moieties under specific reaction conditions,[21–36] yield-
ing the corresponding respective C- and O-BODIPYs (i.e. , BODI-

PYs having boron–carbon or boron–oxygen bonds). Such
a low variety of BODIPYs functionalized at boron (only halo-

gen-, O-, and C-BODIPYs are currently available) can be ex-
plained by a key factor, namely the decrease in stability of the

dyes that stems from substitution of the highly electronegative
fluorine atoms in the parent F-BODIPY frameworks. Thus, the

absence of fluorine atoms significantly increases the electron

density at the boron center, lowering its Lewis acidity and di-
minishing its capability to be chelated by the dipyrrin moiety.

This drawback has been solved in stabilized C- and O-BODIPYs
by using sufficiently electron-poor C- and O-moieties, such as

aryl,[23] alkenyl,[23] alkynyl,[21, 23, 25–28] aryloxyl,[29, 32–36] or acylox-
yl[22, 24] units, even bearing additional electron-withdrawing

groups in some cases.[21, 25–27, 36]

To expand the applicability of BODIPY dyes, efforts should
be made to increase the range of boron-substituted BODIPYs.

In this sense, the specific structural and electronic features of
nitrogen, intermediate between those of carbon and oxygen,

make access to hitherto unknown diaminoboron dipyrrome-
thenes (N-BODIPYs) particularly interesting. Thus, the photo-

physical properties of stabilized N-BODIPYs should be similar

to those of related O-BODIPYs (e.g. , significant fluorescence
would be expected). However, the distinct key bonding fea-

tures of nitrogen compared with those of oxygen (enhanced
bond valence and different bond directionality) should open

up new possibilities for functionalizing BODIPY dyes, allowing
an increase in the number of pendant moieties near the

BODIPY chromophore (from two in O-BODIPYs, up to four dif-

ferent residues in N-BODIPYs). Such versatile and multiple func-
tionalization is of great interest for achieving a smarter modu-

lation of the BODIPY photophysics, which should increase the
applicability of the these dyes as advanced photonic platforms.

In view of their technological relevance, as well as the rela-
tive ease with which O- and C-BODIPYs may be synthesized by

means of straightforward nucleophilic substitutions, there is

a striking lack of reported N-BODIPY dyes. We hypothesize that
this unavailability must be attributed to the lack of specific

protocols/designs to properly stabilize the diaminoboron che-
late. In this sense, simply compensating the charge redistribu-
tion by means of modulating key electronic effects in the
boron moiety may not be enough to achieve chemical stability,
and specific steric and/or reactive factors imposed by the nitro-

gen-based pendant functionalities must also be taken into ac-
count (note the structural and reactive differences between re-
lated moieties based on carbon, nitrogen, or oxygen, for exam-
ple, C=C@B versus C=N@B, the latter expected to be highly re-
active towards nucleophiles).

To support this hypothesis, we report here the synthesis,

structural features, photophysics, lasing behavior, and worka-
bility as sensors of an unprecedented library of N-BODIPYs.
Through its deep analysis, the impact of the key versatile N-
substitution pattern (symmetric vs. asymmetric, rigid and
closed vs. more flexible open structures) on the stabilization of
the resulting BODIPY dyes and, consequently, on their photon-
ic behavior, has been rigorously delineated.

Results and Discussion

Synthesis of N-BODIPYs

An N,N’-ditosylated diamine moiety based on ethylenediamine
(in red in Figure 2) was chosen to confirm the hypothesis of

obtaining the first N-BODIPY by stabilizing the corresponding
diaminoboron complex. Thus, the reduced electron-donating

ability of the relevant nitrogen atoms caused by the tosyl sub-

stitution was expected to generate a diaminoboron moiety (in
red in Figure 2) with sufficient Lewis acidity as to be efficiently

chelated by the dipyrrin ligand (in blue in Figure 2). With the
same purpose, a dipyrromethene electronically enriched with

alkyl groups (in blue in Figure 2) was selected as the chelating
ligand. Besides, the orthogonal spiranic design of 1 a, based on

ethylenediamine, should also improve the stability of the final

boron complex by minimizing steric hindrances, as well as its
fluorescence by diminishing conformational flexibility, as

shown below. Finally, the selection of an amine-based diamino-
boron moiety (C@N@B) instead of an imine-based one (C=N@B)

is crucial, not only to allow N-tosyl functionalization, but also
to improve the chemical robustness of the diaminoboron

moiety.

On the basis of the above design, N-BODIPY 1 a could be
straightforwardly prepared (75 % isolated yield) from the

parent F-BODIPY (the commercially available PM567 dye) and
commercial N,N’-ditosylethylenediamine by a simple one-pot

nucleophilic F-substitution promoted by boron trichloride
(Figure 3).[37]

Based on 1 a, a selected library of stabilized N-BODIPYs (1 in
Figure 4) could be straightforwardly obtained following the

Figure 2. Electronically stabilized spiranic design for achieving N-BODIPYs.

Figure 3. Synthesis of N-BODIPYs from commercially available starting mate-
rials (exemplified for 1 a). See the Supporting Information for experimental
details.
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same procedure (Figure 4). This series was judiciously chosen

to corroborate the stabilization strategy and to test the amena-
bility of the new BODIPY design to fine modulation of its pho-

tophysics through different functionalization of the diamino-
boron nitrogen atoms. Thus, different N,N’-difunctionalized

(1 f), N,N,N’-trifunctionalized (1 c), and N,N,N’,N’-tetrafunctional-
ized (1 a, 1 b, 1 d, and 1 e) N-BODIPYs, having different structur-

al designs (symmetric vs. asymmetric, spiranic vs. more flexible

open structures, etc.), were obtained. A consistent feature is
sulfonamide units attached to the boron atom, so that the

electron-donor character of the nitrogen atoms is minimized,
stabilizing the final N-BODIPY (diaminoboron chelate). Indeed,

we have confirmed that analogous N-BODIPYs based on elec-
tron-rich diamines (e.g. , simple ethylenediamine) cannot be

prepared under the same conditions. It should be noted here

that both aryl sulfonamide and alkyl sulfonamide moieties can
be used for this stabilizing purpose (see, for example, 1 a and

1 e, respectively), which broadens the range of possibilities for
BODIPY functionalization. Benzo-fused derivatives (1 b and 1 c)
can also be efficiently obtained. On the other hand, the open
(non-spiranic) N-BODIPY 1 f proved to be less stable than its

spiranic analogue 1 a (although it could nevertheless be pre-
pared and isolated; see the Supporting Information). This fact

highlights the importance of the initially proposed spiranic
design to properly stabilize the involved diaminoboron chelate.

These results confirmed our starting hypothesis: simply com-
pensating the charge redistribution by means of modulating

electronic factors (inductive effects of the involved dipyrrin
and boron moieties) is not sufficient to achieve chemical stabil-
ity in N-BODIPYs, and specific steric or/and reactive factors im-

posed by the nitrogen centers must also be taken into ac-
count.

Photophysical properties

A comprehensive computationally-aided photophysical study

based on conventional steady-state and time-resolved UV/Vis

spectroscopies was performed on the newly synthesized N-
BODIPYs (Table 1; Table S1 and Figure S1 in the Supporting In-

formation). Compounds 1 a, 1 d, 1 e, and 1 f maintain the excel-
lent photophysical signatures of the parent PM567,[16] which
are also almost independent of the solvent used (polarity and
protic character ; Table S1). Replacement of the strongly elec-
tronegative fluorine atoms by sulfonylated amine groups re-

sults in a slight bathochromic shift of the spectral bands (by
around 10 nm) and a modest reduction of the absorption
probability. This correlates with the decrease in the radiative
rate constant, as reflected in longer lifetimes (Table 1). In this

sense, the spiranic design of 1 a, 1 d, and 1 e restricts the con-
formational flexibility of the molecules, lowering the probabili-

ty of non-radiative relaxation channels from the excited state.
In contrast, one may expect a higher flexibility and, in turn,
a lower fluorescent capability, in the non-spiranic compound

1 f.[29] However, the size of the tosyl groups and the steric hin-
drance exerted by the methyl groups at BODIPY positions 3

and 5 suffice to hamper the conformational freedom of this
compound. In fact, the geometries optimized on the basis of

density functional theory (DFT) for 1 a, 1 d, 1 e, and 1 f (not

shown) reveal an orthogonal arrangement between the diami-
noboron and dipyrrin moieties (especially if they are grafted

spiranically), leaving the tosyl groups held apart from the di-
pyrrin backbone. This disposition is in good agreement with

the solid-state geometry determined experimentally by X-ray

Figure 4. Developed library of N-BODIPYs (Ts = p-toluenesulfonyl (tosyl),
Naph = 2-naphthyl, Bu = butyl).

Table 1. Photophysical properties of N-BODIPYs dissolved in ethyl acetate. Full photophysical data in different solvents are listed in Table S1. For compari-
son purposes, photophysical data of commercial PM567 are also included.

Dye lab
[a] [nm] emax

[b] [m@1 cm@1] lfl
[c] [nm] f[d] t[e] [ns] kfl

[f] [108 s@1] knr
[g] [108 s@1]

PM567 517.0 76 000 533.0 0.84 5.78 1.45 0.28
1 a 526.5 65 000 543.5 0.83 7.65 1.08 0.22
1 b 529.0 43 000 546.5 0.009 0.011 (99 %)

5.84 (1 %)
– –

1 c 524.5 25 000 540.5 0.004 – – –
1 d 527.0 63 000 544.5 0.80 7.70 1.03 0.27
1 e 523.5 50 000 540.5 0.80 7.19 1.11 0.28
1 f 528.0 59 000 547.0 0.76 7.64 1.00 0.31

[a] Absorption maximum wavelength. [b] Molar extinction coefficient at maximum. [c] Fluorescence maximum wavelength. [d] Fluorescence quantum yield.
[e] Fluorescence lifetime. [f] Radiative decay rate. [g] Non-radiative decay rate.
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diffraction analysis for 1 a (see Figures S2 and S3 and Table S2
in the Supporting Information).

Notably, N-BODIPYs 1 a, 1 d, 1 e, and 1 f also display signifi-
cant fluorescence in the solid state (Figure 5; Figure S4). In par-

ticular, 1 a in the crystalline state shows an absolute quantum
yield of around 3 % (see the Supporting Information for experi-

mental details). The corresponding fluorescence peaks are

bathochromically shifted by 50–60 nm with respect to those in

solution. The absence of new spectral features suggests that
these shifts are not due to aggregate formation, but to the

presence of strong re-absorption/re-emission effects, owing to
their short Stokes shifts (around 600 cm@1; similar to those ex-

hibited by common BODIPYs; see Table S1). The valuable fluo-

rescent ability of these compounds in the solid state may also
be explained in terms of their exceptional structures. Thus, the
X-ray crystal structure of 1 a (Figures S2 and S3 in the Support-
ing Information) shows the tosyl groups disposed in a cross-

like arrangement, one in front of the dipyrromethene moiety
and the other one behind, depending on the orientation of

the ethyl groups present. Such a disposition of the bulky tosyl
groups leads to a crystalline packing in which the dipyrrin
chromophores are far away from one another (Figure S3),

avoiding chromophoric interactions and aggregations, and
causing 1 a to display a significant fluorescence response in

the solid state.
Unlike the opening of the spiranic ring, which proved to

have negligible effect on the photophysics, the fusion of a ben-

zene ring to the spiranic diazaboracycle (see compounds 1 b
and 1 c) led to a reduction in the absorption probability and

an almost complete quenching of the emission, which was
more noticeable for asymmetric 1 c (Table 1). Besides, the fluo-

rescence decay curve of 1 b acquires a bi-exponential charac-
ter, with the main contribution from the short-lifetime compo-

nent (around 100 ps; the weak fluorescence of 1 c hinders full
analysis of the decay curve). The origin of this drastic reduction

in fluorescence might be the electron-donor capability of the
amine group grafted to the boron atom, which should be

stronger upon its arylation and even more so after removal of
one tosyl unit. A similar fluorescence quenching has been re-

ported in a related, catechol-based O-BODIPY.[38] Indeed, theo-
retical calculations based on DFT point to a photoinduced
electron transfer (PET) process as being responsible for the

fluorescence quenching. As can be appreciated in Figure 6, the

HOMO@1 and LUMO of compound 1 c, responsible for the ab-

sorption and emission transitions under visible excitation, are
located entirely on the BODIPY core, whereas the HOMO is

centered almost entirely on the diamino fragment anchored to
the boron atom.

Thus, upon photoinduced promotion of an electron from
the HOMO@1 to the LUMO, an electron transfer (PET) from the

HOMO to the semi-vacant low-lying HOMO@1 is thermody-

namically feasible. Such a reductive PET from the monotosylat-
ed amines to the BODIPY core avoids radiative deactivation

from the LUMO back to the HOMO@1, explaining the almost
negligible fluorescence response of 1 c. However, in symmetric

1 b the localizations of the HOMO and HOMO@1 are inter-
changed compared with those in the asymmetrically substitut-

ed 1 c (Figure S5). This is because the amine moieties of the

former are both tosylated and, therefore, less electron-donat-
ing than the mono-tosylated diamine moiety of the latter. Nev-

ertheless, despite the PET process becoming thermodynamical-
ly less favorable in 1 b, the frontier orbitals HOMO and

HOMO@1 are so energetically close (within ca. 0.1 eV) that the
PET process can effectively compete (i.e. , under thermal activa-

tion) with the fluorescence emission, thus reducing the overall

quantum yield. The improvement of the fluorescent quantum
yield in polar and protic solvents, such as 2,2,2-trifluoroethanol

(Table S1), with an ability to interact with the amine lone pairs
to reduce its electron-donor character, supports PET as the

quenching mechanism operating in these N-BODIPYs.

Figure 5. Fluorescence image of a representative crystal of 1 a and its fluo-
rescence spectrum in the solid state (bold line) upon irradiation at 470 nm.
The corresponding spectrum recorded from a diluted solution of 1 a in ethyl
acetate (dashed line) is included to account for the influence of the solid en-
vironment and the role of the re-absorption/re-emission phenomena (very
important due to the large size of the crystal), as well as to rule out chromo-
phoric aggregation within the crystal. See the Supporting Information for ex-
perimental details.

Figure 6. Computationally aided energy diagram (in eV) of the molecular or-
bitals involved in the absorption/fluorescence electronic transitions, as well
as in the quenching PET pathway, for 1 c and its amino-protonated form.
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As we have shown, two distinct photophysical behaviors
may be observed for the new derivatives depending on the

substituents. Compounds 1 a, 1 d, 1 e, and 1 f show a highly ef-
ficient fluorescence that could be useful in applications in

which light extraction efficiency is of central importance, such
as in biophotonics or laser devices. In contrast, compounds 1 b
and 1 c are barely fluorescent in common neat solvents, but
owing to the operation of PET and its dependency on the elec-

tron-donor ability of the amines, they could be useful as cation

sensors. The prospects for using the newly designed N-BODI-
PYs for lasing and sensing applications are assessed below.

N-BODIPYs as laser media

N-BODIPYs 1 a, 1 d, 1 e, and 1 f were expected to exhibit tech-

nologically valuable lasing behavior in solution (see the Sup-
porting Information for experimental details). Thus, under

transversal pumping at 532 nm (second harmonic of Nd:YAG
laser), the new fluorescent derivatives 1 a, 1 d, 1 e, and 1 f ex-
hibit a highly efficient laser emission centered at 569 nm

(lasing efficiencies of 65, 60, 57, and 55 %, respectively). These
efficiencies are much higher than that recorded for PM567,
which does not exceed 48 % when pumped under identical ex-
perimental conditions. This fact could be related to the signifi-

cant increase in the molar absorption at 532 nm of the N-BOD-
IPYs (e&5–6 V 104 m@1 cm@1) compared to the F-BODIPY

(e&1.8 V 104 m@1 cm@1). Consequently, the dye concentration re-

quired to achieve optimal pumping conditions is much lower
for 1 a, 1 d, 1 e, and 1 f than for PM567 (0.35 vs. 1.00 mm),

which is also an important obvious advantage when develop-
ing dye lasers.

As a proof of concept on the technological potential of N-
BODIPYs in lasing, we assessed the laser properties of 1 a oper-

ated as an integrated device,[39] and compared them to those

observed for parent dye PM567. To explore this new applica-
tion field, we doped each laser dye, 1 a and PM567, in poly(-

methyl methacrylate) (PMMA) films of thickness 635 nm, imple-
mented as distributed feedback (DFB) lasers.[40] The concentra-

tions were chosen so as to give absorbance of around 0.1 at
the pump wavelength (532 nm). Full details on the DFB laser

operation, sample preparation, and evaluation are given in the
Supporting Information. Figure 7 shows the differential lasing

behavior obtained.
Thus, by pumping the devices based on 1 a and PM567 at

well above the threshold, DFB laser emission with a line width

of about 0.2 nm centered at around 567 nm was obtained
(Figure 7), consistent with the Bragg resonant wavelength ex-

pected for the chosen corrugated substrate and film thickness.
Notably, the dependence of the laser emission intensity (DFB

output intensity) on the pump (input) intensity was significant-
ly different in the respective cases (see the corresponding
light–light curves in Figure 7). Thus, N-BODIPY 1 a not only has

a lower DFB laser threshold than that of parent dye PM567 (17
vs. 28 kW cm@2), but also shows a two-fold enhancement in

output intensity when pumped at well above the said thresh-
olds (Figure 7). These results show the potential of the herein

reported new BODIPY structure in the development of valua-

ble solid-state lasing devices.

N-BODIPYs as cation sensors

With regard to the use of non-fluorescent N-BODIPY 1 c as

a cation sensor, theoretical calculations revealed that the in-
duced PET process is no longer workable upon protonation of

the non-tosylated amine. In fact, the HOMO becomes localized
along the BODIPY core and lies well above the HOMO@1 (by

around 0.6 eV), which is now centered on the pendant group
grafted to the boron atom (see Figure 6). As a consequence of

this energy separation, the said PET process from the mono-to-

sylated amine is thermodynamically inaccessible. Therefore,
blocking the availability of the electronic lone pair on the

amine (e.g. , by interaction with protons as shown above)
should preclude the non-radiative PET channel and the bright

fluorescence should be recovered, providing the basis of a po-
tential off/on switch for the detection of cations.[4] To confirm
this hypothesis, we firstly conducted a screening of the fluores-
cence response of this compound with an excess of different

cations, including protons (Figure S6 in the Supporting Infor-
mation, around 25 equivalents of cation per dye molecule).

The presence of the assayed monovalent metal cations (Li+ ,

Na+ , or K+) in the surrounding environment of 1 c and some
of the assayed divalent cations (Ca2+ , Mg2 + , Ni2 + , and Zn2 +)

elicited the opposite behavior to what was expected, leading
to a decrease in the fluorescence signal. This fluorescence

quenching was most likely due to the promotion of non-radia-

tive deactivation channels (i.e. , intersystem crossing by the in-
termolecular heavy atom effect, charge-transfer phenomena,

or collisional effects) because of the excess of such cations.
Such ion sensing (based on a cation-induced loss of fluores-

cence) is not recommended because the detection may be
masked by photobleaching. However, the addition of protons,

Figure 7. Light–light curves for the solid-state DFB laser emission of 1 a
(hollow circles) and PM567 (filled circles). A dye-doped 635 nm-thick PMMA
film (giving an absorbance of 0.1) deposited on a corrugated substrate was
used as an integrated lasing device (see the Supporting Information for ex-
perimental details). Error bars account for the standard deviation in three ac-
quisitions. Inset: DFB laser spectra at Ipump = 50 kW cm@2. The change in the
curve slope shows the DFB laser threshold.
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as well as of metal ions such as Co2 + and Fe2+ or the more
electrophilic trivalent cations Fe3 + and Cr3+ , induced a marked

increase in fluorescence intensity (Figure S6), whereas the ab-
sorption probability remained unaltered (or even decreased

slightly ; data not shown). Such results not only support that
1 c undergoes a PET process, as predicted theoretically, but

also suggest that this fluorophore is valuable for the detection
of the latter set of cations. Indeed, complexation of cations by

the amine groups at the boron bridge hinders the PET process,

leading to an enhancement of the fluorescence response. This
distinct behavior caused by the cations added to 1 c can be ex-

plained in terms of the lyotropic series (Figure S6). The re-
quired electrostatic interaction for the sensing process should

be driven by the cation charge density, which is defined as the
ratio between the charge and the solvation volume. Thus,
each ion carries its solvation shell, which decreases the electro-

static interaction. Consequently, in the first set of cations (mon-
ovalent, with the exception of the proton, and the divalent

ones with the lowest charge density), such solvation hampers
their interaction with the amine groups. However, the high

charge density in the second set of cations (the remaining di-
valent and trivalent ones, and the proton) allows interaction

with the electron lone pair on the amine, suppressing the PET

process (mainly the proton, which is placed first in the lyotrop-
ic series) and making the off/on fluorescence sensing feasible.

To gain a deeper insight into this sensing behavior, we per-
formed titration measurements on the cations having a greater

impact on the fluorescence response of 1 c ; that is, the proton,

divalent Co2 + , and trivalent Cr3 + . The high sensitivity of the
dye to the presence of protons and Cr3+ should be noted,

with up to 90- and 70-fold increases, respectively, in the fluo-
rescence intensity under the same experimental conditions

(Figure 8). Accordingly, the minimum detection level for these
cations was well below 10@5 m. In all cases, the fluorescence in-

tensity increased progressively with the cation concentration
until it reached a maximum response (between 1 and 4 V
10@4 m, depending on the cation). Beyond this point, the fluo-

rescence decreased, presumably due to the huge excess of
metal ions, which activates competitive non-radiative relaxa-
tion pathways suchlike those mentioned above. Therefore,
these results show that this dye behaves like an off (absence
of cation, PET allowed)/on (presence of cation; forbidden PET)
fluorescence switch for the detection of certain cations, and

even as a proton sensor.
Finally, it must be highlighted that the maximum fluores-

cence response attained for moderately acidic Cr3 + (Ifl/I0
fl&70

in Figure 8) was reached at a cation concentration of 8 V
10@5 m, whereas a higher proton concentration (ca. 16 V 10@5 m
in Figure 8) was required to reach the same response level. On
the other hand, Ni2+ and Zn2 + , aqueous complexes of which

are as acidic as those formed from Co2 + and Fe2 + , respective-

ly,[41] were not detected under the same experimental condi-
tions. These results discard significant effects caused by pro-

tons from possible acidic cation–water complexes formed in
the measuring media.

Figure 8. Fluorescence spectra corresponding to the titration of dilute ethanolic solutions of 1 c (dye concentration 4 V 10@6 m) with representative cations
(Co2 + , H+ , and Cr3+ from concentrated aqueous solutions). The spectra in dashed lines are those in which the fluorescence intensity starts to decay with the
cation concentration. Beneath each spectral plot, the ratio between the fluorescence intensity (at 535 nm) with (Ifl) and without (I0

fl) cation has been plotted
as a function of cation concentration.
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Conclusion

In summary, we have reported the key design principles for
stabilizing N-BODIPY dyes, allowing their straightforward syn-

thetic access: (1) use of electron-poor amine moieties based
on sulfonylated amines with both low flexibility and low steric

hindrance, and (2) use of electron-rich BODIPY cores. The work-
ability of such principles has been evidenced by the synthesis

of the first library of N-BODIPYs, which were easily prepared in

a single step from a commercial F-BODIPY precursor. The key
diaminoboron group of the N-BODIPYs opens up interesting

possibilities for multifunctionalization of the technologically
valuable BODIPY dyes at boron, allowing a smarter modulation

of the dye photophysics directed to different specific applica-
tions, from lasing to chemosensing. Indeed, we have shown
that the photophysical signatures of these novel compounds

depend markedly on chemical modifications around the nitro-
gen atoms of their diaminoboron moieties. Thus, stabilized N-
BODIPYs based on tosylated amines (and even those in which
the arylsulfonyl group is replaced by an alkylsulfonyl group),

spiranic or not, give rise to bright fluorophores even in the
solid crystalline state, with notable lasing capacities in the

liquid phase (surpassing 60 % laser efficiencies) and when

doped into polymers, improving the laser performance of their
commercial counterpart PM567. In contrast, sole arylation of

the spiranic diaminoboron moiety (benzene fusion) activates
a PET process that effectively quenches the fluorescence re-

sponse of the dye. The reliability of such a pathway has been
predicted theoretically, and supported experimentally by the

recorded increase in fluorescence emission upon the addition

of cations with high charge density. This fluorescence sensitivi-
ty makes the described benzo-fused spiranic N-BODIPYs quite

useful as cation sensors, especially for protons and Cr3 + ions.
In conclusion, the ability to finely modulate the photophysi-

cal properties of stabilized N-BODIPYs by properly selecting
the substitution pattern around the nitrogen atoms, together

with the multiple possibilities for such patterns and straightfor-

ward synthetic access from accessible F-BODIPYs, make these
new dyes highly interesting scaffolds to expand the applica-
tions of BODIPY dyes towards the development of improved
photonic materials.
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ABSTRACT: We took advantage of the chemoselective meso-functionalization of 2,3,5,6-tetrabromo-8-methylthioBODIPY 6
to prepare a series of 2,3,5,6-tetrabromo-8-arylBODIPY derivatives suitable for SNAr substitution reactions with phenols
exclusively at positions 3 and 5. Pd(0)-catalyzed intramolecular arylation reaction ensued on the remaining brominated
positions 2 and 6 to give a new family of benzofuran-fused BODIPY dyes. This method utilizes readily available starting
materials and allows for the preparation of the title compounds with excellent functional group tolerance. Moreover, it was
demonstrated that the methodology described herein is amenable for the incorporation of biomolecules. The photophysical and
lasing properties of the benzofuran-fused BODIPY dyes were thoroughly analyzed with the aid of electrochemical
measurements and quantum mechanical simulations. These dyes show bright and intriguing emission (both fluorescence and
laser) toward the red edge of the visible spectrum with remarkable tolerance under strong and continuous irradiation.

■ INTRODUCTION

Borondipyrromethenes (BODIPYs)1 1 (Figure 1) are arguably
some of the most versatile fluorophores.2 Plenty has been
written about their synthesis,3 postfunctionalization,4 water
solubility,5 and halogenated derivatives.6 Similarly, there is vast

amount of information regarding their applications: in organic
photovoltaic devices,7 as components of novel light active
materials,8 as fluorescent tools,9 as sensitizers for dye-sensitized
solar cells,10 as sensors for reactive oxygen species,11 and in
photodynamic therapy,12 just to mention a few.
There are well-established fluorophores with a marked

diversity of structures that emit at specific wavelengths.13

However, the core structure of BODIPYs is one of the few
capable of fluorescing over the whole visible and near-infrared
(NIR) regions of the electromagnetic spectrum, if properly
functionalized (Figure 1).2,14

The possibility of inducing a bathochromic shift in the
optical properties of these dyes is highly desirable. Many
imaginative attempts to design red-emitting BODIPYs have
been tested.15 The reason for this search rests in the serious
drawbacks of most of the available fluorophores in that spectral
region for their optimal practical application.16 In fact, cyanine
dyes can provide spectral bands deep in the red edge, even
reaching the near infrared (NIR), but with low fluorescence
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Figure 1. Panchromatic properties of BODIPY dyes.

Article

pubs.acs.org/jocCite This: J. Org. Chem. 2019, 84, 2523−2541

© 2019 American Chemical Society 2523 DOI: 10.1021/acs.joc.8b02933
J. Org. Chem. 2019, 84, 2523−2541

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
L

 P
A

IS
 V

A
SC

O
 o

n 
M

ar
ch

 5
, 2

01
9 

at
 0

8:
16

:2
8 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/joc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.8b02933
http://dx.doi.org/10.1021/acs.joc.8b02933


efficiencies because of their push−pull and conformationally
flexible chromophores.17 On the other hand, oxazine dyes
render bright emission but are easily photobleached.18 One
way to circumvent such limitations is by shifting the spectral
bands of BODIPYs, characterized by their excellent photo-
physics and robustness,2 to the red edge thanks to the chemical
versatility of its dipyrrin core.4 These red-emitting BODIPYs
are used as building blocks to prepare polymers that can be
used in photovoltaics, solar cells, photodetectors, etc.19 Such
compounds find numerous applications in biomedicine and
related areas. Thus, NIR-emitting BODIPYs have been used as
pH probes and in bioimaging,20 in photodynamic therapy,21

and as molecular probes for reactive oxygen species (ROS).22

A well-known approach to red-shift both the absorption and
the emission of BODIPY dyes is to reduce their HOMO−
LUMO gap by extending their conjugated system. Thus, the
groups of Wu,23 Rurack,24 Jiao,25 Okujima,26 Ziessel,27

Shinokubo,28 and Kubo,29 among others, have reported a
variety of different BODIPY structures featuring extended
conjugated systems (Figure 2). Moreover, Wu and Ni have
published a review with additional conjugated BODIPY
structures.30

The so-called Keio Fluors 2 are BODIPY dyes with extension
of the conjugation, including heterocycles, specifically, furan.
These features result in dyes with improved properties, such as
color tunability, sharp spectral bands, high extinction
coefficients, and fluorescence quantum yields. Additionally,
their brightness depends little on solvent polarity. A significant
disadvantage is that each derivative must be prepared by a
linear synthesis comprising seven steps, leaving little or no
room for further modifications of the final products (Scheme
1).31

The synthesis of a single regioisomer 3 was described in
2010, using an alternative methodology (Scheme 2).32

After analyzing the synthetic sequence, one realizes that it
becomes quite an undertaking to prepare different analogues
for each of them because that would require repeating the
whole process to vary the meso-substituent. Moreover, the

introduction of additional functional groups into the
benzofuran system would need a substituted o-bromophenol.
Herein, we disclose a fully flexible method that allows the

preparation of a novel family of benzofuran-fused BODIPY
dyes. Easy modifications in the synthesis permit variations both
at the meso-position and in the benzofuran substitution pattern
because the latter requires only substituted phenols. This
method also features the use of an advanced, commercially
available BODIPY starting material 4, complete chemoselective
control over three reaction sites, and the preparation of
BODIPY dyes with unique architectures and important
photophysical and laser properties. In 2016,33 we reported
the synthesis of multifunctional BODIPY 5 and demonstrated
that it displayed orthogonal reactivity; i.e., the C−S bond was
activated under Liebeskind−Srogl cross-coupling reaction
(LSCC)34 conditions, leaving the C−Br bond intact. This
chemoselectivity allowed us to introduce a variety of functional
groups in a programmed fashion on the periphery of the
BODIPY core. Now we decided to challenge even further the
chemoselectivity of novel BODIPY building block 6 and apply
it this time to the preparation of a new family of benzofuran-
fused BODIPY dyes (Figure 3).
The types of benzofuran-fused BODIPYs readily available by

this novel approach display quite red-shifted absorption and
emission bands. Hereafter, we describe the photophysical and
lasing properties of the benzofuran-fused BODIPYs and
demonstrate their viability as laser dyes endowed with high
laser and fluorescence efficiencies and high photostability
under strong and prolonged pumping. To the best of our
knowledge, the laser capabilities of the red-emitting benzo-
fused BODIPYs overall are almost hitherto unexploited (just
early conference proceedings from SPIE).35

■ RESULTS AND DISCUSSION

Retrosynthetic Analysis. The retrosynthetic analysis is
shown in Scheme 3. The final products 9 will be formed after a
Pd-catalyzed arylation reaction of 8.36 Bis-phenoxy-containing
intermediate 8 would be formed after a double SNAr of 7 with
substituted phenols under basic conditions, at exclusively
positions 3 and 5 because only those C−Br bonds are activated
toward the addition−elimination process.37 meso-Aryl-substi-
tuted BODIPY 7 would be prepared from the chemoselective
LSCC under neutral conditions leaving intact the four
brominated positions.33 This selectivity would allow for the
introduction of varied aryl groups at the meso-position, a key
step of our synthetic plan. Finally, tetrabrominated inter-
mediate 6 would be produced from commercially available 4.

Figure 2. Representative examples of BODIPYs with extended conjugation.

Scheme 1. Linear Synthesis of Keio Fluors
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Synthesis. Tetrabromination of commercially available 8-
methylthioBODIPY 4 was carried out according to eq 1.Next,
the key step of our synthetic plan followed, i.e., the
chemoselective LSCC on 6 in the presence of other reactive
sites (Table 1).

The typical Cu(I) sources for the LSCC reaction were
tested. All of them, except CuI, yielded the desired product
(entry 5); however, the best results were observed with CuTC
(entry 1). A further increase in the yield was observed when 3

equiv of the boronic acid was used (entry 2). Notably, under
these reaction conditions, only BODIPY 10 was produced
along with trace amounts of other colored compounds in
quantities too small to be characterized. This key result allowed
the selective functionalization of the meso-position leaving the
other brominated positions available to be manipulated at will.
Once the best conditions were determined, we set out to

react 6 with several arylboronic acids (Table 2) to study the
scope of the LSCC reaction.
The LSCC took place smoothly in the set of phenols that we

studied to give the meso-aryl-substituted products in modest to
good yields in relatively short reaction times. Electron-rich
boronic acids gave the highest yields (entries 4 and 6). No
detrimental effect due to sterics was observed when o-
tolylboronic acid was employed (entry 2). Once derivatives
10−15 were obtained, the nucleophilic substitution of phenol
at position 3 was explored. The results are listed in Table 3.
Phenol was added to BODIPYs 10−15 under basic

conditions in acetonitrile at 110 °C.32 The 2-fold substitution
reaction took place uneventfully to give 3,5-diphenoxy-
substituted BODIPY dyes in good yields (entries 1−5).
However, when we attempted to add phenol to BODIPY 15,
decomposition of this compound was observed.
Next, the polyfunctionalized BODIPYs so prepared were

subjected to the Pd-catalyzed intramolecular arylation (Chart
1).
In sharp contrast to the reaction conditions that gave rise to

isomer 3,38 2-fold arylation reaction of dyes 16−20 was
achieved under mild conditions to furnish the cyclized products
in yields that ranged from 48 to 72%. The electronic properties
of the meso-aryl ring did not seem to have any significant
influence on either the reaction time or the resulting isolated
yield.
We then decided to study the scope and limitations of the

overall process using various substituted phenols (Table 4).
Compound 11 was chosen to start the sequence because it has
hindered rotation around the Cmeso−aryl bond. This feature

Scheme 2. Synthesis of BODIPY 3

Figure 3. BODIPY dyes with orthogonal reactivity.

Scheme 3. Retrosynthetic Analysis of the Preparation of Benzofuran-Fused BODIPY Dyes
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increases the probability of observing a high fluorescent
quantum yield (Φfl) in the final products due to restricted
rotation of said bond, thereby inhibiting nonradiative relaxation
pathways.39

Addition of substituted phenols took place as expected. All of
the products were obtained, except when 4-hydrophenylpinacol
boronate and 1-hydroxypyrene were used, for decomposition
was observed in both cases (entries 6 and 7, respectively).
Addition of the rest of the substituted phenols and naphthol
was carried out under mild reaction conditions and short
reaction times (1−2 h) to yield the highly colored products in
good to excellent yields (entries 1−5).
With derivatives 27−31 in hand, we proceeded to study their

Pd(0)-catalyzed ring closure to yield the corresponding
benzofuran-fused products. The results are illustrated in
Chart 2.

Satisfyingly, the cyclization reaction took place to produce
the final products in moderate to good yields. Iodine-
containing derivative 38 was not formed because quick
decomposition of the starting material was observed within
the first 30 min. Presumably, the more reactive iodide
participated in undesired reaction in the presence of Pd.

Incorporation of Two Biomolecules. To demonstrate
the applicability of the methodology described herein, two
phenolic biomolecules were chosen to be incorporated into the
BODIPY core: estrone and N-BOC-L-tyrosine methyl ester.
TetrabromoBODIPY 13 was chosen as the starting material
because the o-tolyl analogue 11 would give rise to
diastereoisomeric final products due to its hindered rotation
around the meso−σ bond. To this end, both biomolecules were
reacted with 13 under the reaction conditions described in
Tables 3 and 4 (Scheme 4), producing the expected products
in good yields and short reaction times.
We then proceeded to carry out the arylation reaction on

both 39 and 40 that would produce the final products

Table 1. Optimization of the LSCC Reaction on 6a

entry boronic acid (equiv) Cu source Pd source % of conversionb

1 1 CuTCc Pd2(dba)3 72
2 3 CuTC Pd2(dba)3 80
3 3 CuMeSald Pd2(dba)3 24
4 3 CuO2PPh2

e Pd2(dba)3 65
5 3 CuI Pd2(dba)3 −f

6 3 CuTC Pd(PPh3)4
g 10

aConditions: 6 (1 equiv), Pd(0) (2.5 mol %), TFP (2.5 mol %), Cu(I) source (equimolar with respect to the boronic acid). bDetermined by
HPLC. cCopper(I) thiophene-2-carboxylate. dCopper(I) 3-methylsalicylate. eCopper(I) diphenylphosphinate. fNo product was formed. gNo TFP
was used.

Table 2. LSCC Reaction on BODIPY 6a

aConditions: 6 (1 equiv), boronic acid (3 equiv), Pd2(dba)3 (2.5 mol
%), TFP (2.5%), CuTC (3 equiv), in THF at 55 °C. bIsolated yield.

Table 3. Nucleophilic Substitution of Phenol on Derivatives
10−15a

aConditions: BODIPYs (1 equiv), phenol (6 equiv), Na2CO3 (6
equiv), sealed tube. bIsolated yields. cDecomposition of the BODIPY
was observed.
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according to the conditions depicted in Charts 1 and 2.
Cyclization of 39 gave fused derivative 41 in 68% yield after 6 h
(eq 2).Cyclization of 40 posed an interesting regiochemistry
issue because the estrone fragment has two nonequivalent
reaction sites (Figure 4).

With these aspects in mind, the Pd-catalyzed arylation
reaction on BODIPY 40 was carried out (eq 3). Even though

the overall isolated yield was low (34%), only regioisomer 42
was obtained after 6 h.Inspection of the NMR data led us to
this conclusion. If isomer 43 had been formed, in addition to
the characteristic AA′XX′ coupling pattern of the 8-(p-
MeOphenyl) fragment, and a singlet of the pyrrole moiety,
two doublets should appear in the aromatic region due to the
cis-hydrogens from the estrone fragment (red protons in Figure
5). On the other hand, if 42 were formed, the two aromatic
protons of estrone would be para to each other (blue protons
in Figure 5) and therefore uncoupled. Indeed, the latter is the
pattern we observe.
The actual COSY spectrum of 42 is illustrated in Figure 6,

showing no cross-peaks between aromatic protons d and e.
X-ray Structure of 25. BODIPY 25 was crystallized by

diffusion from petroleum ether/CH2Cl2 (Figure 7). The
heterocyclic fragment of 25 is almost planar, displaying a

Chart 1. Pd-Catalyzed Arylation of BODIPYs 16−20a,b

aConditions: BODIPY (1 equiv), Pd(OAc)2 (0.05 equiv), PPh3 (0.1 equiv), K2CO3 (3 equiv), in toluene at 150 °C in a sealed tube. bIsolated yield.

Table 4. Addition−Elimination Reaction of Substituted
Phenols on TetrabromoBODIPY 11a

aConditions: BODIPY (1 equiv), phenol (6 equiv), Na2CO3 (6
equiv), in MeCN at 110 °C in a sealed tube. bIsolated yields. cThe
product decomposed on chromatography (SiO2 gel) purification.
dDecomposition was observed.
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very slight concavity at the center. On the other hand, the B
atom has a tetrahedral geometry (the F−B−F angle is 110°,
and the N−B−N angle is 104°) and lies off the plane by 10°.
The 8-aryl ring is at a 55° angle with respect to the BODIPY
plane because of the steric hindrance between the hydrogens
placed at the ortho-position of the ring and those at
chromophoric positions 1 and 7. The X-ray structure of tolyl

analogue 22 was already reported and displays very similar
features.32

Photophysical Properties. The fusion of benzofuran rings
to the α−β positions of the dipyrrin core extends the π-system
and, in turn, entails a pronounced bathochromic spectral shift
that pushes the spectral band toward the red spectral window
(Figure 8 and Figures S1−S3). In contrast, the meso-aryl group

Chart 2. Pd-Catalyzed Arylation of BODIPYs 27−31a,b

aConditions: BODIPY (1 equiv), Pd(OAc)2 (0.05 equiv), PPh3 (0.1 equiv), K2CO3 (3 equiv), in toluene at 150 °C in a sealed tube. bIsolated
yields.

Scheme 4. Reaction of Estrone and N-BOC-L-Tyrosine Methyl Ester with BODIPY 13
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has no effect in the spectral band positions. In fact, in the
compounds bearing methyl at the ortho position of the 8-
phenyl, the sterical hindrance places this ring almost
orthogonal to the dipyrrin plane (dye 23), but even in absence
of such alkylation (dye 22 or 26 for example in Chart 1), the 8-
phenyl is also twisted (around 60°), because of steric hindrance
with the hydrogens at chromophoric positions 1 and 7 and,
hence, it is not electronically coupled to the chromophoric
core. Such a red-shift is strengthened by the addition of larger
and more conjugated aryl groups to the chromophoric core.
For instance, in dye 37, with an aromatic framework
comprising up to seven aromatic rings, the spectral bands are
located well above 600 nm (Figure 8). The electrochemistry
measurements reveal that all of the dyes have a similar cyclic
voltammogram featuring two well-resolved and reversible
anodic (around 1.25 V) and cathodic (around −0.75 V)
waves (Figure 9 and Figure S4). The extension of the
chromophoric framework (dye 37) implies a reduction of
both redox potential [with regard to its analogue, 23 (Figure
9)], in agreement with the calculated lower-energy gap
between the frontier molecular orbitals (from 5.80 eV in 23
to 5.73 eV in 37) and the recorded bathochromic shift (Figure
8).
Despite the number of rings fused to the dipyrrin core and

the ensuing structural stress, the whole chromophore remains
planar (for instance, deviations of <2° in compound 26, even in
the excited state). As a result of this planar and rigid molecular
structure, reflected in a small Stokes shift [overall <500 cm−1

(Table S1)], the aromaticity is high (as shown by a bond length

alternation, BLA, parameter of ∼0.02 in the ground and excited
states). These features explain the remarkably high absorption
probability [reaching values of >2 × 105 M−1 cm−1 (Table 5)],
the notable radiative rate constant [kfl > 2 × 108 s−1 (Table 5)],
and the low internal conversion probability (Table 5).
Therefore, these conformationally restricted and symmetrical
red-emitting dyes display a bright fluorescence response,
approaching 100% in apolar media (Table 5). It should be
highlighted that the presence of unconstrained 8-aryl fragments
with conformational freedom efficiently quenches the fluo-
rescence response in simpler and more compact BODIPYs.40

In contrast, in the dyes tested herein, the extension of the π-
system through the aryls fused to the pyrroles shifts the
electronic density away from the key meso position, avoiding, or
at least hampering, the quenching pathway associated with the
8-aryl motion.33 In fact, those dyes sharing the same
chromophoric unit (dipyrrin fused with benzofurans), but
differing in their meso-substitution, show similar and high
fluorescence quantum yields (Table 5) regardless of the
conformational mobility of the 8-aryl (unconstrained, twisting
angle of the phenyl of ∼65° in dyes 22 and 26, or constrained,
orthogonal o-tolyl in 23) or its functionalization (electron
donor p-methoxy in 25). The only exception to the rule is 24
with a para-formylated 8-aryl, which shows an unexpected weak

Figure 4. Two possible regioisomers that could be produced from the cyclization reaction of 40.

Figure 5. Expected 1H NMR signals of isomers 42 and 43.

Figure 6. Aromatic region of the COSY spectrum of estrone-fused BODIPY 42.

Figure 7. X-ray structure of 25 (ORTEP drawing, 50% probability).
The corresponding crystallographic data are listed in Table S3.
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fluorescence response (Table 5). This exception will be
rationalized below.

The evolution of the fluorescence efficiency with the solvent
depends both on the type of functional groups decorating the
chromophoric backbone and on the number of fused rings
(Figure 10 and Table S1). Thus, the presence of heteroatoms,
like fluorine 34, or alkyl groups (bulky tert-butyl in 36) or a
functionalized aliphatic chain (tyrosine biomolecule in 41) in
the fused benzofuran renders highly fluorescent dyes in all of
the considered solvents. In contrast, the addition of alkoxy
chains (35) induces a progressive decrease in both the
fluorescence efficiency and the fluorescence lifetime with
solvent polarity [down to 29% and 1.67 ns, respectively, in
methanol (Table S1)]. Such a tendency is consistent with the
activation of an intramolecular charge transfer (ICT) state in
polar media. Thus, the benzofuran itself could act as an
electron donor because of its oxygen heteroatom at the α-
pyrrolic position. The additional presence of alkoxy groups in
the periphery increases such electron donor character, thereby
being high enough to switch on the nonfluorescence ICT.
Indeed, in the contour maps depicted in Figure 9, some
electron transfer from the benzofuran to the dipyrrin upon
excitation can be visualized (from HOMO to LUMO). Likely,
such charge separation is enlarged with fused benzofuran
bearing alkoxy moieties, further favoring the nonradiative
energy loss through the claimed ICT. Moreover, similar red-
emitting dyes have been reported in the literature but with
nitrogen instead of oxygen (fusion of indole).41 The stronger
electron donor ability of the aza group induced a more
pronounced spectral red-shift but lower fluorescence efficien-
cies compared to those of analogue 26 tested herein, likely
related to a higher charge transfer probability. In this line of
reasoning, the presence of electron-withdrawing groups at the
8-aryl moiety, albeit moderately weak like the formyl group in
dye 24, could reinforce the formation of ICT processes,
because of the induced push−pull character (from the alkoxy-
containing benzofuran to the formylated 8-phenyl group),
explaining the unexpected quenching of this dye in polar media
mentioned above (Figure 10 and Table 5). To unambiguously
back up the idea that the ongoing ICT is the key process that
rules the fluorescence response in these last dyes (24 and 35),
we have measured the photophysical properties of the
structurally related analogues 22 (bearing a nonformylated 8-
phenyl ring) and 24 (with the said formylated ring) in a battery
of solvents with different physicochemical properties (Table
S2). Whereas in the former dye 22 the fluorescence quantum
yield remains high [always >0.84 (Table S2 and Figure S5)]
regardless of the solvent properties [described by the
normalized ET(30) solvent scale42], in the last dye 24 the
fluorescence quantum yields are lower and the values show a
marked dependency on solvent polarity [from 0.63 in
cyclohexane to 0.37 in acetonitrile (Table S2 and Figure
S5)]. Such a decrease in fluorescence efficiency with solvent
polarity is a fingerprint of an ongoing dark ICT, which
quenches the emission from the locally excited (LE) state,
mainly in polar media where the low-lying ICT is further
stabilized. Indeed, the recorded fluorescence quantum yield for
dye 24 in a polar/protic solvent (methanol) does not follow the
expected trend (Figure S5), and the value is higher [0.44
(Table S2)]. Such an exception is likely due to a specific
interaction with the electron donor (oxygen atom of the
benzofuran), which hampers the population of the photo-
induced ICT state.
On the other hand, compounds 37 and 42, bearing the most

fused aryl fragments, show low fluorescence efficiencies in polar

Figure 8. Absorption, normalized fluorescence, and laser (dual
emission depending on the dye concentration) spectra of dye 23
and its analogue, 37, with additional fused phenyl rings, in ethyl
acetate. The spectra of the rest of the compounds are included in
Figures S1−S3.

Figure 9. Cyclic voltammograms and calculated contour maps and
energies of the frontier orbitals for compounds 23 and 37. Additional
voltammograms of representative compounds are collected in Figure
S4.
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media [down to 50% in methanol (Figure 10)], but the
fluorescence lifetimes remain similar (∼3 ns) (Table 5). In
these highly extended derivatives, the structural stress to keep
the whole chromophore planar should be high, although
theoretical calculations predict that the chromophore remains
quite planar. However, in the more polar media, where the
interactions are stronger, such planarity could be slightly
distorted, likely increasing the level of internal conversion
relaxation with a consequent reduction in the fluorescence
ability. Alternatively, a further addition of aromatic rings to the
chromophoric core could increase the charge separation,

enhancing the nonradiative deactivation pathways in polar
media.

Laser Properties. In view of the high fluorescence
efficiency of these red-emitting dyes, we tested their perform-
ance as active media for tunable lasers (see the Methods in the
Supporting Information). Because of the limited solubility of
some of the dyes in apolar media, we chose ethyl acetate as the
right solvent to measure the laser properties. In addition, this
solvent allows assessment of the prospects of doping these dyes
into solid state dye lasers (SSDL), as it mimics the chemical
structure of methyl methacrylic polymers.43 Hence, the laser

Table 5. Photophysical pProperties of Red-Emitting Benzofuran-Fused BODIPYs in Cyclohexanea

λab (nm) εmax (×10
4 M−1 cm−1) λfl (nm) ΔνSt (cm−1) ϕ τ (ns) kfl (×10

8 s−1) knr (×10
8 s−1)

22 548.5 21.5 596.5 345 0.88 4.09 2.15 0.29
23 586.5 21.5 595.5 260 0.88 4.21 2.09 0.29
24 592.5 13.7 612.0 540 0.63 2.47 2.55 1.49
25 583.5 20.0 593.5 290 0.88 4.10 2.14 0.29
26 586.0 15.6 597.5 330 0.84 3.99 2.10 0.40
34 581.5 17.3 590.0 250 0.95 4.02 2.35 0.14
35 592.0 19.0 603.0 310 0.96 4.12 2.33 0.09
36 591.5 23.2 602.0 295 0.89 4.11 2.16 0.27
37 613.0 12.9 625.0 315 0.81 4.31 1.89 0.43
41 586.5 18.0 596.5 285 0.81 3.94 2.07 0.47
42b 596.5 17.9 611.5 410 0.88 4.04 2.18 0.30

aAll of the photophysical data in additional solvents are listed in Table S1. b42 was insoluble in cyclohexane; thus, the reported data were recorded
in diethyl ether.

Figure 10. Evolution of the fluorescence quantum yield of the novel red-emitting BODIPYs reported herein with the tested media (from apolar
cyclohexane in gray to polar methanol in blue).

Figure 11. Normalized laser spectra (left) and output energy (right) as a function of pump energy for dye 25 at 0.38 mM in ethyl acetate.
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characterization and optimization in ethyl acetate could be
directly extrapolated to these polymers. Even so, in the most
functionalized and largest dyes, the solubility was restricted to
0.5 mM (37 and 41) or the required concentration to attain
laser emission could not be reached (42).
The laser properties correlate, grosso modo, with the

photophysical signatures (Table 5 and Table S1). At high
concentrations, all of the dyes (with the aforementioned
exception of 42 owing to solubility reasons) display a laser
emission line far from the absorption and fluorescence band
(around 70 and 50 nm, respectively), much stronger than what
is usually recorded for BODIPY dyes (around 40 and 20 nm,
respectively).44 In particular, dye 37 presents the redder laser
band, which is centered at 685 nm because of its larger number
of aromatic rings fused to the chromophoric core (Figure 8). In
contrast, at low concentrations or low pump energies, the laser
emission band appears in the expected position for BODIPYs
(Figure 8), leading, in some cases, to bichromatic emission
(Figure 11 and Table S3). Such dual laser emission has been
previously ascribed to the formation of excited state aggregates
(excimers or superexciplexes) under strong laser pumping
conditions of high-optical density active media;45 hence, it is
absent from the photophysical measurements. In this sense, the
laser band recorded for these dyes at high concentrations in
ethyl acetate corresponds to an aggregated form of the dyes,
whereas the blue-shifted laser band at low concentrations
corresponds to the dye in monomeric form (Figure 11). The
presence of this kind of aggregate also enables widening of the
tuning range.45b

With regard to the laser efficiencies, those dyes that showed a
high fluorescence efficiency regardless of the surrounding
medium (22, 23, 25, 26, 34, 36, and 41) display high laser
efficiencies (surpassing 40% at the optimal concentration). On
the other hand, those dyes that exhibited the lowest
fluorescence efficiencies (24 and 37) show accordingly the
worst laser efficiency (<30%). The only exception to such a
good correlation is dye 35, which underwent an ICT process.
Indeed, in spite of its weak fluorescence response, the recorded
laser efficiency for 35 places this compound among the best in
this study. Such an apparent mismatch can be rationalized
considering the shorter excited state lifetime of such a dye,
which favors the stimulated radiative deactivation and
compensates for the low spontaneous emission probability.
An analogous behavior was reported previously for LDS722, a
hemicyanine dye with a quantum yield as low as 14% but a 43%
laser efficiency owing to a lifetime of ∼500 ps.46 Most of the
dyes show a good tolerance to a prolonged and intense laser
pumping, with the exception of the dyes bearing methoxy (25
and 41) or formyl (24) functional groups at the para-position
of the 8-phenyl ring. Indeed, >3 GJ/mol is required to decrease
the laser output energy to 90% of its initial value, with the
exception of fluorinated dye 34, which is able to tolerate up to
7.4 GJ/mol before the same energy loss is recorded (Table 6).
These results are consistent with a previously reported strategy
based on the fluorination of organic dyes, which enabled the
achievement of long-lasting active media even under a drastic
pumping regime.47

To put these results into perspective, we compared the laser
performance of these red-emitting laser dyes with that of the
commercially available BODIPY PM650, consisting of a
methylated dipyrrin core with a cyano group at the meso-
position, that emits in the same spectral region.43 This dye is
very photostable (tolerance of ≤6.3 GJ/mol) because of the

electron withdrawing character of the said cyano group, which
reduces the reactivity against the oxidizing ambient oxygen,
involved in the photodegradation mechanism.48 At the same
time, such functionalization enables the population of ICT
states. Such a nonradiative deactivation channel shortens the
lifetime, supporting the recorded moderately high laser
efficiencies [30% (Table 6)] in spite of its reduced fluorescence
efficiency. The photostabilities of most of the dyes tested
herein are lower than that of PM650, but some of them reach
close values, with the exception of dye 34 whose photostability
surpasses even that of the reference PM650. On the other hand,
the recorded laser efficiencies of most of the dyes tested herein
(mainly, 22, 23, 25, 26, 34, 36, and 41) are better than that
displayed by PM650. Therefore, the benzofuran-fused
BODIPYs reported herein are suitable candidates for the
development of efficient red-emitting lasers with a reasonable
photostability.

■ CONCLUSIONS
We have described a novel synthetic methodology for
preparing benzofuran-fused BODIPY dyes in four steps starting
from commercially available 8-methylthioBODIPY 4. Careful
selection of the reaction conditions permitted the chemo-
selective functionalization of the meso-position of multiply
functionalized BODIPY 6. The SNAr-like reaction of
phenolates exclusively at positions 3 and 5 allows the
positioning of such a moiety for the final intramolecular
Pd(0)-catalyzed arylation at positions 2 and 6 of the BODIPY
nucleus. The synthetic avenue reported herein not only allows
easy access to benzofuran-fused BODIPYs with different
substitution patterns but also enables incorporation of relevant
biomolecules into the BODIPYs core. Once these biomolecules
are endowed with new fluorescent properties, they may find
very interesting biology-related applications such as use as
sensors, cell imaging, protein labeling, etc. The extended
aromatic framework of these conformationally restricted
BODIPYs renders strong absorption, fluorescence, and laser
bands shifted to the red edge of the visible spectrum. Indeed,
the fluorescence and laser efficiencies almost reach 100% and

Table 6. Laser Properties of Red-Emitting Benzofuran-
Fused BODIPYs in Ethyl Acetate at the Optimum Dye
Concentrationa

dye [dye] (mM) Effb (%) λpeak (nm) Edose
90% (GJ/mol)

22 0.75 44 646.5 2.14
23 0.50 48 648.8 3.30
24 0.50 28 636.0 1.07
25 1.00 45 645.2 0.96
26 0.75 44 647.2 1.94
34 1.25 43 642.0 7.39
35 1.25 43 657.6 5.26
36 0.75 43 656.2 4.24
37 0.50 27 685.0 4.46
41 0.50 40 650.0 1.96
PM650 1.00 31 656.5 6.29

aThe full set of laser data as a function of dye concentration appears
in Table S3. The data corresponding to the commercially available
red-emitting BODIPY laser dye (PM650) are included for
comparison. bAbbreviations: Eff, laser efficiency or ratio of output/
input energy; λpeak, laser peak wavelength; Edose

90%, molar energy dose
needed to reduce LIF to 90% of its initial value (see the Experimental
Section for a detailed description).
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are >40%, respectively, in the best cases. It is worth noting that
the laser emission is rather intriguing, displaying a deep shift
toward the red edge because of the promotion of excited state
aggregates at high concentrations and under intense laser
pumping. Therefore, these π-extended BODIPYs show good
behavior as red laser dyes in terms of efficiency and
photostability, because ≤7.3 GJ/mol of dye is required to
induce a decrease in the output laser emission of just 10%,
overcoming the limitations of most of the commercially
available dyes (such as cyanines or oxazines) in this spectral
region. This method is amenable to grafting other heterocycles
such as indoles and benzothiophenes by adding either anilines
or thiophenols. We are currently exploring these possibilities as
well as the cell imaging properties of both 41 and 42. The
results will be reported in due course.

■ EXPERIMENTAL SECTION
Photophysical Properties. Spectroscopic properties were regis-

tered in diluted solutions (∼2 × 10−6 M), 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 and decay curves were recorded on a Varian
model CARY 4E spectrophotometer and an Edinburgh Instruments
spectrofluorimeter (model FLSP 920), respectively. Fluorescence
quantum yields (φ) were obtained using as a reference commercial
cresyl violet (φr = 0.54 in methanol). The values were corrected by the
refractive index of the solvent. Radiative decay curves were registered
with the time-correlated single-photon counting technique using a
multichannel plate detector with picosecond time resolution. The
fluorescence emission was monitored at the maximum emission
wavelength after excitation by means of a wavelength-tunable Fianium
Supercontinuum laser. The fluorescence lifetime (τ) was obtained
after the deconvolution of the instrumental response signal from the
recorded decay curves by means of an iterative method. The goodness
of the exponential fit was controlled by statistical parameters (χ2 and
the analysis of the residuals). The radiative (kfl) and nonradiative (knr)
rate constants were calculated from the fluorescence quantum yield
and lifetime; kfl = φ/τ, and knr = (1 − φ)/τ.
Quantum Mechanical Calculations. Ground state geometries

were optimized with density functional theory (DFT) using the range-
separated hybrid wB97XD method, whereas the first singlet excite
state was optimized by the time-dependent (TD) method and the
same functional. In both cases, the triple valence basis set with two
polarization functions (6-311g**) was used. The geometries were
considered as energy minima when the corresponding frequency
analysis did not give any negative value. The solvent effect (ethyl
acetate) was considered in the conducted theoretical simulations by
means of the polarizable continuum model (PCM). All of the
calculations were performed using Gaussian 16 as implemented in the
computational cluster “arina” of the UPV/EHU.
Electrochemistry. Cyclic voltammograms (Metrohm Autolab)

were recorded using a three-electrode setup with a platinum layer
(surface of 8 mm × 7.5 mm) working electrode, a platinum wire
counter electrode, and a Ag/AgCl reference electrode. A 0.1 M
solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in
dry acetonitrile was used as the electrolyte solvent in which the
compounds were dissolved to achieve a concentration of ∼1 mM. All
redox potentials were reported versus ferrocene as the internal
standard. The solutions were purged with argon, and all of the
measurements were performed under an inert atmosphere.
Laser Measurement Setup. Liquid solutions of dyes in ethyl

acetate were contained in 1 cm optical path length rectangular quartz
cells carefully sealed to avoid solvent evaporation during experiments.
The liquid solutions were transversely pumped with 20 ns full width at
half-maximum (fwhm) pulses from a frequency-doubled (532 nm) Q-
switched Nd:YAG laser (Lotis TII SL-2132) at a repetition rate of 1
Hz. The exciting pulses were line-focused onto the cell using a

combination of positive and negative cylindrical lenses ( f = 15 cm and
f = −15 cm, respectively) perpendicularly arranged. The plane parallel
oscillation cavity (2 cm length) consisted of a 90% reflectivity
aluminum mirror acting as a back reflector and with the lateral face of
the cell acting as an output coupler (4% reflectivity). The pump and
output energies were detected by a calibrated laser energy meter (QE
12LP-S-MB-DO, Gentec). The output laser emission was directed
toward a fiber bundle and detected with a spectrograph/mono-
chromator (Spectrapro-300i Acton Research) equipped with a
thermoelectrically cooled CCD detector (SpectruMM:GS 128B). A
shortwave cutoff filter (OptoSigma, cutoff at 540 nm) was placed
before the fiber bundle to prevent any scattered pump light from
entering the spectrograph. Neutral density filters were used to avoid
CCD detector saturation.

The photostability of the dyes in an ethyl acetate solution was
evaluated by using a pumping energy and geometry exactly equal to
those of the laser experiments. We used spectroscopic quartz cuvettes
with 1 cm optical path lengths and depths (L) of 0.1 cm to allow the
minimum solution volume (VS = 60 μL) to be excited. The lateral
facets were grounded, whereupon no laser oscillation was obtained.
Nevertheless, information about photostabilities can be obtained by
monitoring the decrease in laser-induced fluorescence (LIF) intensity.
To facilitate comparisons in a manner independent of the
experimental conditions and sample, the photostability figure of
merit was defined as the accumulated pump energy absorbed by the
system (Edose), per mole of dye, before the output energy falls to 90%
of its initial value. In terms of experimental parameters, this energy
dose, in units of gigajoules per mole, can be expressed as

E
E f

CV

(1 10 )CL

dos
90% pump pulses

S
=

− ∑ε−
#

(4)

where Epump is the energy per pulse in gigajoules, C is the molar
concentration, ε is the molar absorption coefficient in units of M−1

cm−1, L is the depth of the cuvette in centimeters, VS is the solution
volume, in liters, within the cuvette, and f is the ratio of the LIF
intensity after #pulses to the LIF intensity in the first pulse. It can be
shown that ∑f accounts for the reduction in pump absorption due to
species photodegradation. To accelerate the experiment, the pump
repetition rate was increased to 15 Hz. The fluorescence emission was
monitored perpendicular to the exciting beam, collected by an optical
fiber, and acquired using the previously described spectrograph/
monochromator system.

X-ray Crystal Structure Determination. Intensity data were
collected on an Agilent Technologies Super-Nova diffractometer,
which was equipped with monochromated Cu Kα radiation (λ =
1.54184 Å) and an Atlas CCD detector. Measurement was carried out
at 99.99(10) K with the help of an Oxford Cryostream 700 PLUS
temperature device. Data frames were processed (united cell
determination, analytical absorption correction with face indexing,
intensity data integration, and correction for Lorentz and polarization
effects) using the Crysalis software package. The structure was
determined using Olex2 and refined by full-matrix least squares with
SHELXL-97. Final geometrical calculations were carried out with
Mercury and PLATON as integrated in WinGX. Crystallographic data
(excluding structure factors) for the structure(s) reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication CCDC-1877155. Copies of the
data can be obtained free of charge from www.ccdc.cam.ac.uk/conts/
retrieving.html.

Synthesis and Characterization. 1H and 13C NMR spectra were
recorded in deuteriochloroform (CDCl3), with either tetramethylsi-
lane (TMS) (0.00 ppm for 1H, 0.00 ppm for 13C) or chloroform (7.26
ppm for 1H, 77.00 ppm for 13C). Data are reported in the following
order: chemical shift in parts per million, multiplicities [br
(broadened), s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), exch (exchangeable), and app (apparent)], coupling
constants, J (hertz), and integration. Infrared spectra were recorded on
a FTIR spectrophotometer. Peaks are reported (cm−1) with the
following relative intensities: s (strong, 67−100%), m (medium, 40−
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67%), and w (weak, 20−40%). Melting points are not corrected. TLC
was conducted in silica gel on TLC Al foils. Detection was achieved
with UV light (254 or 365 nm). HRMS samples were ionized by ESI+
and recorded via the TOF method.
Materials. Starting 8-methylthioBODIPY, CuTC, tri(2-furyl)-

phosphine, and boronic acids are commercially available. Solvents
were dried and distilled before use.
General Procedure for the L−S Cross-Coupling Reaction

(GP1). A Schlenk tube equipped with a stir bar was charged with 6
(1.0 equiv), the corresponding boronic acid (3.0 equiv), and dry THF
(0.03 M). The mixture was sparged with N2 for 3 min, whereupon
Pd2(dba)3 (2.5 mol %), trifurylphosphine (7.5%), and CuTC (3.0
equiv) were added under N2. The Schlenk tube was then immersed in
a preheated oil bath at 55 °C. The oil bath was removed after the
starting material 6 BODIPY was consumed (TLC, AcOEt/hexanes).
After the mixture reached rt, the solvent was removed and the crude
material was adsorbed in SiO2 gel, dried under reduced pressure, and
purified by flash chromatography on SiO2 gel using AcOEt/hexanes as
eluent.
General Procedure for the Nucleophilic Substitution with

Phenols and Phenol Derivatives (GP2). A sealed tube with a stir
bar was charged with the corresponding BODIPYs (10−15) (1.0
equiv), phenol or phenol derivatives (4 or 6 equiv), Na2CO3 (5 or 6
equiv), and acetonitrile (0.02 M), and then the mixture was sparged
with N2 for 5 min. The tube was sealed, and the solution was stirred at
110 °C until competition ensued (TLC monitoring, AcOEt/hexanes,
THF/hexane, or acetone/hexane as indicated). The oil bath was
removed after the starting BODIPY was consumed. After the mixture
reached rt, the solvent was removed under reduced pressure, and the
crude material was adsorbed in SiO2 gel, dried under vacuum, and
purified by flash chromatography on SiO2 gel using THF/hexanes,
acetone/hexanes, CHCl3/hexanes, or AcOEt/hexanes as indicated.
General Procedure for the Cyclization Reaction (GP3). A

sealed tube with a stir bar was charged with the corresponding
BODIPY (16−21 and 27−33) (1.0 equiv), Pd(OAc)2 (0.05 equiv),
PPh3 (0.1 equiv), K2CO3 (3 equiv), and toluene, and then the mixture
was sparged with N2 for 5 min. The tube was sealed, and the solution
was stirred at 150 °C until the reaction reached completion (TLC
monitoring, AcOEt/hexanes, THF/hexane, or CHCl3/hexane as
indicated). The oil bath was removed after the starting BODIPY
was consumed. After the mixture reached rt, the solvent was removed
under reduced pressure, and the crude material was adsorbed in SiO2
gel, dried under vacuum, and purified by flash chromatography on
SiO2 gel using acetone/hexanes or CHCl3/hexanes as indicated.
Synthesis of 6.

A round-bottom flask under N2 was charged with 4 (30 mg, 0.126
mmol, 1 equiv), N-bromosuccinimide (112.1 mg, 0.63 mmol, 5.0
equiv), and acetic acid (4.2 mL). The reaction mixture was stirred at
room temperature overnight whereupon water (30 mL) was added
and the pH was adjusted using saturated Na2CO3 to pH 7. The
product was extracted with ethyl acetate, washed with brine (5 × 20
mL), dried with anhydrous MgSO4, and filtered. The solvent was
removed under reduced pressure, and the crude product was adsorbed
in SiO2 gel, dried under vacuum, and purified by flash chromatography
using 10% EtOAc/hexanes. The desired product (20 mg, 0.036 mmol,
70%) was obtained as a dark red solid: TLC (15% EtOAc/hexanes; Rf
= 0.25); mp 212−214 °C; IR (KBr, cm−1) 2669 (w), 1516 (s), 1441
(m), 1364 (s), 1335 (s), 1303 (m), 1237 (s), 1161 (s), 1097 (s), 979
(m), 966 (m), 916 (s), 819 (w), 808 (w), 744 (w), 632 (w), 587 (w),
502 (w); 1H NMR (500 MHz, CDCl3) δ 7.44 (s, 2H), 2.83 (s, 3H);
13C{1H} NMR (126 MHz, CDCl3) δ 147.7, 134.9, 133.5, 128.7, 111.8,

21.5; HRMS (ESI+) m/z calcd for C10H5BBr4F2N2SK [M + K]+

592.6560, found 592.6547.
Synthesis of 10.49

According to GP1. 6 (25 mg, 0.045 mmol), p-tolylboronic acid (18.4
mg, 0.135 mmol), Pd2(dba)3 (1.0 mg, 1.1 × 10−3 mmol), TFP (0.79
mg, 3.4 × 10−3 mmol), and CuTC (25.8 mg, 0.135 mmol) were used.
After 2 h, the crude was purified using 0.2% AcOEt/hexanes. The
desired product (13 mg, 0.022 mmol, 48%) was obtained as a dark red
solid: TLC (20% THF/hexanes; Rf = 0.79); mp >260 °C dec; 1H
NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.2
Hz, 2H), 6.93 (s, 2H), 2.47 (s, 3H); HRMS (ESI+) m/z calcd for
C17H10BBr4F2N2 [M + H]+ 598.7596, found 598.7619.

Synthesis of 11.

According to GP1. 6 (20 mg, 0.036 mmol), o-tolylboronic acid (14.7
mg, 0.108 mmol), Pd2(dba)3 (0.82 mg, 9.0 × 10−4 mmol), TFP (0.63
mg, 2.7 × 10−3 mmol), and CuTC (20.7 mg, 0.108 mmol) were used.
After 2 h, the crude material was purified using 3% AcOEt/hexanes.
The desired product (16.5 mg, 0.027 mmol, 76% yield) was obtained
as dark red crystals: TLC (20% AcOEt/hexanes; Rf = 0.57); mp >260
°C dec; IR (KBr, cm−1) 3679 (w), 2921 (w), 2661 (w), 1554 (s),
1539 (s), 1488 (m), 1452 (w), 1354 (s), 1312 (s), 1247 (s), 1225 (s),
1179 (s), 1141 (s), 1083 (s), 1014 (m), 999 (m), 905 (m), 839 (m),
819 (m), 737 (s), 701 (m), 651 (w), 597 (w), 543 (w), 488 (w); 1H
NMR (500 MHz, CDCl3) δ 7.45 (t, J = 7.1 Hz, 2H), 7.35−7.28 (m,
2H), 7.21 (d, J = 7.4 Hz, 2H), 6.68 (s, 2H), 2.23 (s, 3H); 13C{1H}
NMR (126 MHz, CDCl3) δ 142.5, 136.6, 135.7, 135.4, 131.0, 131.0,
130.9, 130.6, 129.9, 125.9, 112.3, 20.2; HRMS (ESI+) m/z calcd for
C16H10BBr4F2N2 [M + H]+ 598.7596, found 598.7620.

Synthesis of 12.

According to GP1. 6 (10 mg, 0.02 mmol), p-formylphenyl boronic
acid (5.4 mg, 0.04 mmol), Pd2(dba)3 (0.4 mg, 5.0 × 10−4 mmol), TFP
(0.3 mg, 1.4 × 10−3 mmol), and CuTC (10.3 mg, 0.05 mmol) were
used. After 1 h, the crude material was purified using 5% AcOEt/
hexanes. The desired product (4.2 mg, 0.007 mmol, 38% yield) was
obtained as green crystals: TLC (15% AcOEt/hexanes; Rf = 0.46); mp
271−272 °C; IR (KBr, cm−1) 3679 (w), 3120 (w), 1701 (s), 1573 (s),
1551 (s), 1447 (w), 1357 (s), 1314 (m), 1287 (w), 1238 (s), 1207
(w), 1179 (w), 1097 (s), 1018 (w), 995 (m), 833 (m), 753 (m), 705
(m), 652 (w), 486 (w); 1H NMR (500 MHz, CDCl3) δ 10.15 (s, 1H),
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8.07 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H) 6.85 (s, 3H);
13C{1H} NMR (126 MHz, CDCl3) δ 191.0, 140.5, 138.2, 137.3, 136.6,
134.7, 131.3, 131.0, 130.0, 112.8; HRMS (ESI+) m/z calcd for
C16H7BBr4F2N2ONa [M + Na]+ 634.7208, found 634.7212.
Synthesis of 13.50

According to GP1. 6 (20 mg, 0.036 mmol), p-methoxyphenyl boronic
acid (16.5 mg, 0.108 mmol), Pd2(dba)3 (0.83 mg, 9.0 × 10−4 mmol),
TFP (0.63 mg, 2.7 × 10−3 mmol), and CuTC (20.7 mg, 0.11 mmol)
were used. After 3 h, the crude was purified using 15% AcOEt/
hexanes. The desired product (14 mg, 0.023 mmol, 63% yield) was
obtained as a dark red solid: TLC (20% AcOEt/hexanes; Rf = 0.5);
mp 238−239 °C; 1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 8.7 Hz,
2H), 7.06 (d, J = 8.7 Hz, 2H), 6.95 (s, 2H), 3.92 (s, 3H); HRMS (ESI
+) m/z calcd for C16H9BBr4F2N2ONa [M + Na]+ 636.7366, found
636.7364.
Synthesis of 14.50

According to GP1. 6 (50 mg, 0.090 mmol), phenylboronic acid (40.0
mg, 0.072 mmol), Pd2(dba)3 (1.7 mg, 1.8 × 10−3 mmol), TFP (1.3
mg, 5.4 × 10−3 mmol), and CuTC (41.3 mg, 0.260 mmol) were used.
After 2 h, the crude was purified using 1% AcOEt/hexane. The desired
product (9.5 mg, 0.016 mmol, 18%) was obtained as a purple solid:
TLC (10% AcOEt/hexanes; Rf = 0.48); mp >200 °C dec; 1H NMR
(500 MHz, CDCl3) δ 7.63 (t, J = 7.4 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H),
7.48 (d, J = 7.2 Hz, 2H), 6.90 (s, 1H); HRMS (ESI+) m/z calcd for
C15H7BBr4F2N2Na [M + Na]+ 606.7259, found 606.7278.
Synthesis of 15.

According to GP1. 6 (50 mg, 0.09 mmol), 4-(dimethylamino)phenyl
boronic acid (44.7 mg, 0.27 mmol), Pd2(dba)3 (2.07 mg, 2.3 × 10−3

mmol), TFP (1.6 mg, 6.8 × 10−3 mmol), and CuTC (51.7 mg, 0.27
mmol) were used. After 50 min, the crude material was purified using
30% AcOEt/hexanes. The desired product (30 mg, 0.048 mmol, 53%
yield) was obtained as a dark blue solid: TLC (20% AcOEt/hexanes;
Rf = 0.2); mp 221−223 °C; IR (KBr, cm−1) 2918 (w), 1602 (s), 1542
(w), 1512 (m), 1493 (m), 1431 (w), 1403 (w), 1361 (s), 1328 (m),
1283 (m), 1254 (m), 1195 (m), 1106 (m), 1004 (w), 984 (m), 976
(m), 826 (w), 751 (w), 647 (w), 537 (w); 1H NMR (500 MHz,
CDCl3) δ 7.45 (d, J = 8.8 Hz, 2H), 7.01 (s, 2H), 6.79 (d, J = 8.8 Hz,
2H), 3.13 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 153.3, 144.4,

134.3, 133.4, 131.6, 131.0, 119.9, 112.0, 110.8, 40.3; HRMS (ESI+)
m/z calcd for C17H13BBr4F2N3 [M + H]+ 627.7862, found 627.7854.

Synthesis of 16.

According to GP2. 10 (46.0 mg, 0.08 mmol), phenol (36.2 mg, 0.39
mmol), Na2CO3 (40.8 mg, 0.39 mmol), and acetonitrile (4 mL) were
used. The reaction mixture was stirred at 110 °C for 6 h. The crude
was purified using 1% AcOEt/hexanes. The desired product (19.4 mg,
0.032 mmol, 80% yield) was obtained as red crystals: TLC (10%
AcOEt/hexanes; Rf = 0.26); mp 197−199 °C; IR (KBr, cm−1) 3679
(w), 2971 (w), 1571 (m), 1553 (m), 1546 (m), 1501 (m), 1485 (m),
1448 (s), 1333 (w), 1253 (s), 1204 (w), 1181 (m), 1128 (s), 1038 (s),
1003 (w), 988 (w), 840 (m), 711 (w); 1H NMR (500 MHz, CDCl3) δ
7.44 (d, J = 8.0 Hz, 2H), 7.38−7.30 (m, 6H), 7.16−7.09 (m, 6H), 6.94
(s, 2H), 2.48 (s, 2H); 13C{1H} NMR (126 MHz, CDCl3) δ 157.9,
155.8, 142.6, 141.6, 132.1, 130.5, 129.8, 129.6, 129.5, 127.7, 124.6,
117.9, 96.1, 21.6; HRMS (ESI+) m/z calcd for C28H19BBr2F2N2O2Na
[M + Na]+ 646.9753, found 646.9743.

Synthesis of 17.

According to GP2. 11 (43.0 mg, 0.07 mmol), phenol (33.8 mg, 0.36
mmol), Na2CO3 (38.1 mg, 0.36 mmol), and acetonitrile (4 mL) were
used. The reaction mixture was stirred at 110 °C for 3 h. The crude
was purified using 1% AcOEt/hexanes. The desired product (34.6 mg,
0.055 mmol, 77% yield) was obtained as red crystals: TLC (10%
AcOEt/hexanes; Rf = 0.30); mp 202−203 °C; IR (KBr, cm−1) 3672
(w), 2972 (w), 2917 (w), 1563 (m), 1485 (m), 1450 (s), 1352 (w),
1337 (w), 1251 (s), 1197 (m), 1182 (m), 1118 (s), 1034 (s), 1003
(w), 912 (w), 839 (m), 741 (m), 706 (w), 685 (w); 1H NMR (500
MHz, CDCl3) δ 7.46−7.41 (m, 1H), 7.37−7.27 (m, 7H), 7.17−7.10
(m, 6H), 6.69 (s, 2H), 2.31 (s, 3H); 13C{1H} NMR (126 MHz,
CDCl3) δ 158.1, 155.7, 141.7, 136.9, 131.5, 131.4, 130.8, 130.3, 130.1,
129.8, 128.1, 125.7, 124.7, 118.0, 96.2, 20.2; HRMS (ESI+) m/z calcd
for C28H20BBr2F2N2O2 [M]+ 624.9933, found 624.9934.

Synthesis of 18.

According to GP2. 12 (20.0 mg, 0.03 mmol), phenol (18.5 mg, 0.20
mmol), Na2CO3 (20.8 mg, 0.20 mmol), and acetonitrile (2 mL) were
used. The reaction mixture was stirred at 110 °C for 3 h. The crude
material was purified using 10% AcOEt/hexanes. The desired product
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(12.0 mg, 0.019 mmol, 57% yield) was obtained as red crystals: TLC
(20% AcOEt/hexanes; Rf = 0.30); mp 112−113 °C; IR (KBr, cm−1)
3694 (w), 2973 (w), 1704 (m), 1574 (m), 1556 (m), 1500 (m), 1450
(s), 1350 (w), 1253 (s), 1201 (m), 1182 (m), 1123 (s), 1037 (s),
1003 (m), 833 (m), 757 (w), 686 (w); 1H NMR (500 MHz, CDCl3)
δ 10.15 (s, 1H), 8.07 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H)
7.37−7.30 (m, 4H), 7.16 (t, J = 7.4 Hz, 2H), 7.13−7.10 (m, 4H), 6.86
(s, 2H); 13C{1H} NMR (126 MHz, CDCl3) δ 191.3, 158.6, 155.6,
139.8, 138.0, 137.8, 131.8, 131.1, 129.9, 129.9, 127.4, 124.9, 118.0,
96.7; HRMS (ESI+) m/z calcd for C28H18BBr2F2N2O3 [M + H]+

638.9726, found 638.9730.
Synthesis of 19.

According to GP2. 13 (34.5 mg, 0.06 mmol), phenol (26.4 mg, 0.29
mmol), Na2CO3 (29.8 mg, 0.28 mmol), and acetonitrile (3 mL) were
used. The reaction mixture was stirred at 110 °C for 5.5 h. The crude
material was purified using 2% AcOEt/hexanes. The desired product
(25.9 mg, 0.040 mmol, 72% yield) was obtained as orange crystals:
TLC (10% AcOEt/hexanes; Rf = 0.08); mp 237−238 °C; IR (KBr,
cm−1) 3694 (w), 2972 (w), 2917 (w), 2845 (w), 1605 (w), 1575 (m),
1551 (s), 1500 (m), 1485 (m), 1452 (s), 1444 (s), 1351 (w), 1333
(w), 1297 (w), 1256 (s), 1182 (s), 1130 (s), 1108 (s), 1039 (s), 1020
(m), 838 (s), 716 (m), 684 (w), 606 (w), 575 (w); 1H NMR (500
MHz, CDCl3) δ 7.50 (d, J = 8.7 Hz, 2H), 7.35−7.30 (m, 4H), 7.17−
7.05 (m, 8H), 6.96 (s, 2H), 3.92 (s, 3H); 13C{1H} NMR (126 MHz,
CDCl3) δ 162.2, 157.7, 155.9, 142.4, 132.3, 132.0, 129.8, 127.6, 124.7,
124.6, 117.9, 114.5, 96.0, 55.73; HRMS (ESI+) m/z calcd for
C28H20BBr2F2N2O3 [M + H]+ 640.9883, found 640.9867.
Synthesis of 20.

According to GP2. 14 (31 mg, 0.05 mmol), phenol (25 mg, 0.27
mmol), Na2CO3 (28.1 mg,0.27 mmol), and acetonitrile (2.5 mL) were
used. The reaction mixture was stirred at 110 °C for 3 h. The crude
material was purified using 2% AcOEt/hexanes. The desired product
(38.4 mg, 0.062 mmol, 60% yield) was obtained as red crystals: TLC
(10% AcOEt/hexanes; Rf = 0.30); mp 213−214 °C; IR (KBr, cm−1)
3368 (w), 2972 (w), 1578 (w), 1551 (s), 1502 (m), 1485 (m), 1451
(s), 1440 (s), 1333 (w), 1289 (w), 1253 (s), 1206 (w), 1182 (m),
1123 (s), 1038 (s), 1003 (w), 988 (w), 840 (m), 731 (w), 718 (w),
605 (w); 1H NMR (500 MHz, CDCl3) δ 7.62−7.58 (m, 1H), 7.35−
7.31 (m, 4H), 7.16−7.09 (m, 6H), 6.92 (s, 2H); 13C{1H} NMR (126
MHz, CDCl3) δ 158.1, 155.8, 142.2, 132.3, 132.1, 130.9, 130.5, 129.8,
128.9, 127.7, 124.7, 117.9, 96.2; HRMS (ESI+) m/z calcd for
C27H18BBr2F2N2O2 [M + H]+ 610.9777, found 610.9767.

Synthesis of 22.

According to GP3. 16 (30.0 mg, 0.05 mmol), Pd(OAc)2 (0.54 mg, 2.4
× 10−3 mmol, 0.05 equiv), PPh3 (1.3 mg, 4.8 × 10−3 mmol, 0.1 equiv),
K2CO3 (19.9 mg, 0.14 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 7 h. The crude material
was purified using 80% CHCl3/hexanes. The desired product (13.0
mg, 0.04 mmol, 59% yield) was obtained as a golden solid: TLC (20%
THF/hexanes; Rf = 0.3); mp 263−265 °C; IR (KBr, cm−1) 2921 (w),
1628 (w), 1577 (s), 1478 (m), 1449 (s), 1442 (s), 1408 (s), 1367 (s),
1348 (s), 1323 (s), 1291 (m), 1277 (m), 1186 (w), 1159 (m), 1143
(s), 1113 (s), 1012 (w), 987 (s), 926 (w), 818 (m), 808 (m), 760 (w),
743 (m), 714 (w), 696 (w), 555 (m), 467 (w); 1H NMR (500 MHz,
CDCl3) δ 7.60−7.50 (m, 6H), 7.38 (d, J = 7.7 Hz, 2H), 7.33 (t, J = 7.3
Hz, 2H), 7.29−7.24 (m, 3H), 6.87 (s, 2H), 2.51 (s, 3H); 13C{1H}
NMR (126 MHz, CDCl3) δ 167.4, 161.0, 145.9, 140.8, 134.6, 130.9,
130.5, 129.3, 126.6, 124.7, 121.6, 121.6, 118.7, 118.1, 113.2, 21.6;
HRMS (ESI+) m/z calcd for C28H18BF2N2O2 [M + H]+ 463.1429,
found 463.1419.

Synthesis of 23.

According to GP3. 17 (30.0 mg, 0.05 mmol), Pd(OAc)2 (0.54 mg, 2.4
× 10−3 mmol, 0.05 equiv), PPh3 (1.3 mg, 4.8 × 10−3 mmol, 0.1 equiv),
K2CO3 (19.9, 0.14 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 6 h. The crude was
purified using 60% CHCl3/hexanes. The desired product (14.7 mg,
0.04 mmol, 66% yield) was obtained as a golden solid: TLC (60%
CHCl3/hexanes; Rf = 0.3); mp >300 °C dec; IR (KBr, cm−1) 3352
(w), 3066 (w), 2972 (w), 1627 (m), 1578 (s), 1477 (m), 1448 (s),
1441 (s), 1344 (s), 1319 (s), 1292 (s), 1185 (w), 1158 (s), 1140 (s),
1107 (s), 1012 (m), 985 (s), 818 (s), 762 (m), 745 (m), 737 (m), 702
(m), 554 (m), 529 (m), 476 (w); 1H NMR (500 MHz, CDCl3) δ
7.56−7.52 (m, 4H), 7.47 (t, J = 8.2 Hz, 1H), 7.41−7.30 (m, 5H),
7.28−7.23 (m, 3H), 6.63 (s, 2H), 2.33 (s, 3H); 13C{1H} NMR (126
MHz, CDCl3) δ 167.6, 161.1, 144.9, 137.3, 134.8, 132.5, 130.6, 130.6,
129.8, 126.7, 125.6, 124.7, 121.7, 121.5, 118.4, 118.0, 113.2, 20.1;
HRMS (ESI+) m/z calcd for C28H18BF2N2O2 [M + H]+ 463.1429,
found 463.1438.

Synthesis of 24.

According to GP3. 18 (25.0 mg, 0.04 mmol), Pd(OAc)2 (0.44 mg, 1.9
× 10−3 mmol, 0.05 equiv), PPh3 (1.0 mg, 3.9 × 10−3 mmol, 0.1 equiv),
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K2CO3 (16.2 mg, 0.12 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 5 h. The crude was
purified using 30% CHCl3/hexanes. The desired product (12.5 mg,
0.03 mmol, 67% yield) was obtained as a golden solid: TLC (30%
CHCl3/hexanes; Rf = 0.1); mp >300 °C dec; IR (KBr, cm−1) 3116
(w), 3063 (w), 2971 (w), 2732 (w), 1705 (s), 1627 (s), 1557 (s),
1479 (s), 1450 (s), 1442 (s), 1415 (m), 1377 (s), 1355 (s), 1324 (m),
1292 (w), 1191 (w), 1161 (m), 1144 (s), 1118 (s), 1110 (s), 1013 (s),
992 (s), 820 (s), 810 (w), 751 (m), 697 (m), 557 (m); 1H NMR (500
MHz, CDCl3) δ 10.19 (s, 1H), 8.10 (d, J = 8.1 Hz, 2H), 7.83 (d, J =
8.0 Hz, 2H), 7.56 (t, J = 8.9 Hz, 4H), 7.35 (t, J = 8.5 Hz, 2H), 7.30−
7.26 (m, 2H), 6.77 (s, 2H); 13C{1H} NMR (126 MHz, CDCl3) δ
191.5, 167.9, 161.2, 143.3, 139.2, 137.6, 134.2, 131.5, 129.8, 127.1,
124.9, 121.8, 121.3, 118.9, 118.2, 113.3; HRMS (ESI+) m/z calcd for
C28H15BF2N2O3 [M]+ 476.1143, found 476.1154.
Synthesis of 25.

According to GP3. 19 (20.0 mg, 0.03 mmol), Pd(OAc)2 (0.35 mg, 1.6
× 10−3 mmol, 0.05 equiv), PPh3 (0.82 mg, 3.1 × 10−3 mmol, 0.1
equiv), K2CO3 (12.9 mg, 0.094 mmol, 3 equiv), and toluene (4 mL)
were used. The reaction mixture was stirred at 150 °C for 6 h. The
crude material was purified using 80% CHCl3/hexanes. The desired
product (7.2 mg, 0.02 mmol, 48% yield) was obtained as a golden
solid: TLC (20% THF/hexanes; Rf = 0.4); mp 297−299 °C; IR (KBr,
cm−1) 2970 (w), 2926 (w), 2854 (w), 1735 (w), 1627 (w), 1605 (w),
1577 (s), 1478 (m), 1449 (s), 1442 (s), 1371 (s), 1356 (s), 1292 (m),
1252 (m), 1180 (w), 1159 (s), 1144 (s), 1114 (s), 1012 (m), 989 (s),
818 (m), 761 (w), 746 (w), 697 (w), 556 (w); 1H NMR (500 MHz,
CDCl3) δ 7.61−7.53 (m, 6H), 7.33 (t, J = 8.5 Hz, 2H), 7.29−7.26 (m,
2H), 7.10 (d, J = 8.6 Hz, 2H), 6.89 (s, 2H), 3.94 (s, 3H); 13C{1H}
NMR (126 MHz, CDCl3) δ 167.2, 161.7, 161.0, 145.7, 134.5, 132.4,
126.6, 125.8, 124.7, 121.7, 121.6, 118.6, 118.1, 114.2, 113.2, 55.7;
HRMS (ESI+) m/z calcd for C28H17BF2N2O3 [M]+ 478.1300, found
478.1322.
Synthesis of 26.

According to GP3. 20 (30.0 mg, 0.05 mmol), Pd(OAc)2 (0.55 mg, 2.4
× 10−3 mmol, 0.05 equiv), PPh3 (1.3 mg, 4.9 × 10−3 mmol, 0.1 equiv),
K2CO3 (20.4 mg, 0.15 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 6 h. The crude material
was purified using 60% CHCl3/hexanes. The desired product (15.9
mg, 0.03 mmol, 72% yield) was obtained as a golden solid: TLC (20%
THF/hexanes; Rf = 0.4); mp >290 °C dec; IR (KBr, cm−1) 2972 (w),
1628 (w), 1578 (s), 1478 (m), 1448 (s), 1345 (s), 1324 (s), 1292
(m), 1185 (w), 1159 (s), 1143 (s), 1108 (s), 1012 (w), 983 (s), 926
(w), 819 (s), 762 (w), 747 (w), 721 (m), 554 (m), 519 (w); 1H NMR
(500 MHz, CDCl3) δ 7.66−7.54 (m, 9H), 7.34 (t, J = 8.5 Hz, 2H),
7.29−7.24 (m, 2H), 6.85 (s, 2H); 13C{1H} NMR (126 MHz, CDCl3)
δ 167.5, 161.1, 145.6, 134.6, 133.4, 130.8, 130.4, 128.6, 126.7, 124.7,
121.7, 121.6, 118.7, 118.3, 113.2; HRMS (ESI+) m/z calcd for
C27H16BF2N2O2 [M + H]+ 449.1272, found 449.1271.

Synthesis of 27.

According to GP2. 11 (30.0 mg, 0.05 mmol), p-fluorophenol (33.8
mg, 0.30 mmol), Na2CO3 (31.9 mg, 0.30 mmol), and acetonitrile (2.5
mL) were used. The reaction mixture was stirred at 110 °C for 2 h.
The crude material was purified using 15% AcOEt/hexanes. The
desired product (26.1 mg, 0.039 mmol, 79% yield) was obtained as
red crystals: TLC (20% THF/hexanes; Rf = 0.55); mp 89−91 °C; IR
(KBr, cm−1) 3121 (w), 2922 (w), 1564 (s), 1504 (s), 1491 (s), 1449
(s), 1351 (w), 1337 (w), 1252 (s), 1190 (s), 1175 (s), 1119 (s), 1033
(s), 1010 (s), 994 (s), 911 (m), 860 (m), 835 (m), 791 (m), 741 (m),
704 (m), 573 (w), 514 (w); 1H NMR (500 MHz, CDCl3) δ 7.46−
7.42 (m, 1H), 7.36−7.27 (m, 3H), 7.13−7.07 (m, 4H), 7.05−7.00 (m,
4H), 6.69 (s, 2H), 2.29 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ
160.7, 158.7, 158.1, 151.6, 151.5, 136.8, 131.8, 131.2, 130.8, 130.3,
130.2, 125.8, 119.6, 119.5, 116.5, 116.3, 95.9, 20.2; HRMS (ESI+) m/
z calcd for C28H18BBr2F4N2O2 [M + H]+ 660.9745, found 660.9772.

Synthesis of 28.

According to GP2. 11 (30.0 mg, 0.05 mmol), 4-(hexyloxy)phenol
(58.5 mg, 0.30 mmol), Na2CO3 (31.9 mg, 0.30 mmol), and
acetonitrile (2.5 mL) were used. The reaction mixture was stirred at
110 °C for 2 h. The crude material was purified using 60% CHCl3/
hexanes. The desired product (37.2 mg, 0.045 mmol, 90% yield) was
obtained as a red oil: TLC (15% DCM/hexanes; Rf = 0.90); IR (KBr,
cm−1) 3694 (w), 2952 (s), 2929 (s), 2870 (s), 2858 (s), 1565 (s),
1493 (s), 1450 (s), 1350 (w), 1337 (w), 1295 (w), 1251 (s), 1213 (s),
1193 (s), 1178 (s), 1118 (s), 1033 (s), 1007 (m), 994 (m), 831 (m),
793 (w), 740 (m), 706 (m), 610 (w), 515 (w); 1H NMR (500 MHz,
CDCl3) δ 7.42 (t, J = 8.8 Hz, 1H), 7.35−7.25 (m, 3H), 7.06 (d, J = 9.1
Hz, 4H), 6.83 (d, J = 9.1 Hz, 4H), 6.63 (s, 2H), 3.91 (t, J = 6.6 Hz,
4H), 2.28 (s, 3H), 1.79−1.71 (m, 4H), 1.50−1.40 (m, 4H), 1.37−1.27
(m, 8H), 0.90 (t, J = 6.9 Hz, 6H); 13C{1H} NMR (126 MHz, CDCl3)
δ 158.4, 156.3, 149.3, 140.9, 136.9, 131.5, 131.5, 130.7, 130.3, 130.0,
127.8, 125.7, 119.3, 115.3, 95.5, 68.6, 31.7, 29.4, 25.8, 22.7, 20.2, 14.2;
HRMS (ESI+) m/z calcd for C40H44BBr2F2N2O4 [M + H]+ 825.1714,
found 825.1730.

Synthesis of 29.

According to GP2. 11 (30.0 mg, 0.05 mmol), 4-tert-butylphenol (45.2
mg, 0.30 mmol), Na2CO3 (31.9 mg, 0.30 mmol), and acetonitrile (2.5
mL) were used. The reaction mixture was stirred at 110 °C for 1 h.
The crude was purified using 15% THF/hexanes. The desired product
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(33.3 mg, 0.045 mmol, 90% yield) was obtained as a red solid: TLC
(20% THF/hexanes; Rf = 0.68); mp 108−110 °C; IR (KBr, cm−1)
3681 (w), 2962 (m), 2864 (w), 1564 (m), 1494 (m), 1451 (s), 1364
(w), 1351 (w), 1334 (w), 1252 (s), 1215 (m), 1194 (m), 1120 (s),
1033 (s), 1013 (w), 830 (w), 741 (w), 699 (w), 549 (w); 1H NMR
(500 MHz, CDCl3) δ 7.43 (t, J = 8.1 Hz, 1H), 7.36−7.27 (m, 7H),
7.02 (d, J = 8.8 Hz, 4H), 6.67 (s, 2H), 2.30 (s, 3H), 1.29 (s, 18H);
13C{1H} NMR (126 MHz, CDCl3) δ 158.2, 153.5, 147.5, 141.3, 136.9,
131.4, 131.3, 130.7, 130.3, 130.1, 128.0, 126.6, 125.7, 117.2, 96.3, 34.5,
31.6, 20.2; HRMS (ESI+) m/z calcd for C36H36BBr2F2N2O2 [M + H]+

737.1188, found 737.1203.
Synthesis of 30.

According to GP2. 11 (30.0 mg, 0.05 mmol), 1-naphthol (28.9 mg,
0.20 mmol), Na2CO3 (21.3 mg, 0.20 mmol), and acetonitrile (2.5 mL)
were used. The reaction mixture was stirred at 110 °C for 1 h. The
crude material was purified using 20% THF/hexanes. The desired
product (29.3 mg, 0.040 mmol, 81% yield) was obtained as a purple
solid: TLC (20% THF/hexanes; Rf = 0.3); mp 223−225 °C; IR (KBr,
cm−1) 3673 (w), 3113 (w), 3055 (w), 1599 (w), 1560 (s), 1492 (s),
1455 (s), 1389 (s), 1349 (w), 1248 (s), 1223 (s), 1178 (m), 1132 (s),
1072 (s), 1044 (s), 1013 (s), 878 (m), 791 (w), 771 (m), 742 (m),
703 (m), 541 (w); 1H NMR (500 MHz, CDCl3) δ 8.33−8.31 (m,
2H), 7.86−7.82 (m, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.57−7.49 (m,
4H), 7.48−7.42 (m, 1H), 7.40−7.31 (m, 5H), 7.04 (d, J = 7.6 Hz,
2H), 6.72 (s, 2H), 2.36 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ
158.4, 151.4, 141.3, 136.8, 134.6, 131.4, 131.3, 130.7, 130.2, 130.0,
128.0, 127.5, 126.9, 126.4, 125.6, 125.5, 125.2, 124.7, 121.9, 112.2,
95.7, 20.1; HRMS (ESI+) m/z calcd for C36H24BBr2F2N2O2 [M + H]+

725.0249, found 725.0267.
Synthesis of 31.

According to GP2. 11 (30.0 mg, 0.05 mmol), 4-iodophenol (66.3 mg,
0.30 mmol, 6 equiv), Na2CO3 (31.9 mg, 0.30 mmol, 6 equiv), and
acetonitrile (2.5 mL) were used. The reaction mixture was stirred at
110 °C for 2 h. The crude material was purified using 10% THF/
hexanes. The desired product (25.6 mg, 0.03 mmol, 58% yield) was
obtained as a red solid: TLC (20% THF/hexanes; Rf = 0.6); mp 106−
107 °C; IR (KBr, cm−1) 3680 (w), 2972 (w), 1561 (s), 1496 (m),
1477 (s), 1448 (s), 1351 (w), 1336 (w), 1252 (s), 1216 (s), 1202 (s),
1186 (m), 1120 (s), 1033 (s), 1006 (s), 911 (w), 839 (w), 823 (w),
741 (w), 707 (w), 687 (w), 541 (w), 488 (w); 1H NMR (500 MHz,
CDCl3) δ 7.63 (d, J = 8.9 Hz, 4H), 7.44 (t, J = 8.2 Hz, 1H), 7.37−7.26
(m, 3H), 6.87 (d, J = 8.9 Hz, 4H), 6.70 (s, 2H), 2.29 (s, 3H). 13C{1H}
NMR (126 MHz, CDCl3) δ 157.6, 155.6, 142.5, 138.8, 136.8, 131.7,
131.1, 130.9, 130.3, 130.3, 128.2, 125.8, 120.0, 96.4, 88.1, 20.3; HRMS
(ESI+) m/z calcd for C28H18BBr2F2I2N2O2 [M + H]+ 876.7866, found
876.7868.

Synthesis of 34.

According to GP3. 27 (23.0 mg, 0.04 mmol), Pd(OAc)2 (0.39 mg, 1.7
× 10−3 mmol, 0.05 equiv), PPh3 (0.91 mg, 3.5 × 10−3 mmol, 0.1
equiv), K2CO3 (14.4 mg, 0.104 mmol, 3 equiv), and toluene (4 mL)
were used. The reaction mixture was stirred at 150 °C for 6 h. The
crude material was purified using 60% CHCl3/hexanes. The desired
product (13.3 mg, 0.03 mmol, 75%) was obtained as a golden solid:
TLC (20% THF/hexanes; Rf = 0.6); mp >300 °C; IR (KBr, cm−1)
3401 (w), 2972 (w), 1635 (m), 1579 (s), 1474 (w), 1459 (m), 1374
(s), 1312 (s), 1265 (w), 1168 (w), 1137 (s), 1101 (s), 1072 (w), 993
(s), 966 (m), 860 (w), 804 (w), 771 (w), 740 (w), 699 (w), 601 (w),
563 (w), 507 (w); 1H NMR (500 MHz, CDCl3) δ 7.50−7.45 (m,
3H), 7.41−7.33 (m, 3H), 7.22 (dd, J = 8.0, 2.7 Hz, 2H), 7.03 (td, J =
8.9, 2.7 Hz, 2H), 6.66 (s, 2H), 2.32 (s, 3H); 13C{1H} NMR (126
MHz, CDCl3) δ 168.2, 161.0, 159.1, 156.9, 156.9, 145.9, 137.2, 135.0,
132.1, 130.7, 130.5, 130.0, 125.7, 122.5, 122.4, 118.8, 118.1, 113.8,
113.8, 113.7, 113.5, 108.5, 108.3, 20.1; HRMS (ESI+) m/z calcd for
C28H16BF4N2O2 [M + H]+ 499.1240, found 499.1238.

Synthesis of 35.

According to GP3. 28 (40.0 mg, 0.05 mmol), Pd(OAc)2 (0.54 mg, 2.4
× 10−3 mmol, 0.05 equiv), PPh3 (1.3 mg, 4.8 × 10−3 mmol, 0.1 equiv),
K2CO3 (20.1 mg, 0.15 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 7 h. The crude material
was purified using 40% CHCl3/hexanes. The desired product (22.3
mg, 0.03 mmol, 69%) was obtained as a golden solid: TLC (20%
THF/hexanes; Rf = 0.7); mp 205−206 °C; IR (KBr, cm−1) 3066 (w),
2934 (m), 2868 (m), 1635 (m), 1577 (s), 1465 (s), 1460 (s), 1452
(s), 1415 (m), 1350 (s), 1316 (s), 1275 (s), 1207 (s), 1150 (s), 1106
(s), 993 (s), 965 (s), 945 (m), 871 (w), 858 (w), 828 (w), 778 (m),
742 (m), 701 (m), 691 (m), 580 (m), 494 (m); 1H NMR (500 MHz,
CDCl3) δ 7.45 (t, J = 8.2 Hz, 1H), 7.42−7.31 (m, 5H), 7.03 (d, J = 2.0
Hz, 2H), 6.85 (dd, J = 9.0, 2.6 Hz, 2H), 6.58 (s, 2H), 3.94 (t, J = 6.6
Hz, 4H), 2.32 (s, 3H), 1.85−1.71 (m, 4H), 1.49−1.41 (m, 4H), 1.39−
1.25 (m, 8H), 0.9 (t, J = 7.0 Hz, 6H); 13C{1H} NMR (126 MHz,
CDCl3) δ 168.1, 156.6, 155.5, 144.6, 137.2, 134.7, 132.5, 130.6, 130.5,
129.7, 125.5, 122.0, 118.7, 117.8, 113.7, 113.4, 106.9, 69.0, 31.7, 29.4,
25.8, 22.7, 20.1, 14.2; HRMS (ESI+) m/z calcd for C40H42BF2N2O4
[M + H]+ 663.3207, found 663.3194.

Synthesis of 36.

According to GP3. 29 (26.0 mg, 0.04 mmol), Pd(OAc)2 (0.4 mg, 1.8
× 10−3 mmol, 0.05 equiv), PPh3 (0.9 mg, 3.5 × 10−3 mmol, 0.1 equiv),
K2CO3 (14.6 mg, 0.11 mmol, 3 equiv), and toluene (4 mL) were
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added. The reaction mixture was stirred at 150 °C for 6 h. The crude
material was purified using 60% CHCl3/hexanes. The desired product
(13.0 mg, 0.02 mmol, 64% yield) was obtained as a golden solid: TLC
(15% AcOEt/hexanes; Rf = 0.5); mp 250−252 °C; IR (KBr, cm−1)
3684 (w), 2960 (m), 2906 (m), 2868 (m), 1632 (m), 1575 (s), 1460
(s), 1404 (m), 1356 (s), 1342 (s), 1311 (m), 1291 (m), 1168 (s),
1124 (s), 1099 (s), 993 (s), 962 (m), 857 (w), 816 (s), 742 (w), 697
(m), 596 (w), 562 (w), 517 (w), 461 (w); 1H NMR (500 MHz,
CDCl3) δ 7.55 (d, J = 2.0 Hz, 2H), 7.46−7.42 (m, 3H), 7.41−7.30 (m,
5H), 6.61 (s, 2H), 2.33 (s, 3H), 1.34 (s, 18H); 13C{1H} NMR (126
MHz, CDCl3) δ 167.9, 159.2, 147.9, 144.3, 137.3, 134.7, 132.6, 130.6,
130.5, 129.7, 125.5, 124.1, 121.1, 118.7, 118.5, 117.6, 112.3, 35.0, 31.8,
20.1; HRMS (ESI+) m/z calcd for C36H34BF2N2O2 [M + H]+

575.2683, found 575.2675.
Synthesis of 37.

According to GP3. 30 (30.0 mg, 0.04 mmol), Pd(OAc)2 (0.5 mg, 2.07
× 10−3 mmol, 0.05 equiv), PPh3 (1.1 mg, 4.1 × 10−3 mmol, 0.1 equiv),
K2CO3 (17.2 mg, 0.12 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 7 h. The crude material
was purified using 30% CHCl3/hexanes. The desired product (8.4 mg,
0.01 mmol, 36% yield) was obtained as golden crystals: TLC (60%
CHCl3/hexanes; Rf = 0.4); mp >300 °C; IR (KBr, cm−1) 3058 (w),
2970 (w), 1639 (w), 1606 (m), 1580 (s), 1558 (m), 1461 (m), 1438
(m), 1390 (s), 1373 (s), 1357 (s), 1335 (s), 1279 (m), 1262 (m),
1144 (s), 1131 (s), 1026 (s), 1005 (s), 965 (s), 847 (m), 803 (m),
736 (m), 696 (m), 671 (w), 602 (w), 582 (w), 560 (w), 503 (w), 457
(w); 1H NMR (500 MHz, CDCl3) δ 8.42 (d, J = 8.3 Hz, 2H), 7.92 (d,
J = 8.2 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H) 7.68−7.60 (m, 4H), 7.54 (t, J
= 8.0 Hz, 2H), 7.49 (t, J = 8.2 Hz, 1H), 7.45 (d, J = 6.6 Hz, 1H),
7.43−7.34 (m, 2H), 6.67 (s, 2H), 2.37 (s, 3H); 13C{1H} NMR (126
MHz, CDCl3) δ 167.5, 156.6, 145.3, 137.3, 135.1, 132.8, 132.6, 130.7,
130.6, 129.8, 128.5, 127.3, 126.4, 125.6, 125.1, 121.8, 120.9, 119.5,
119.1, 117.3, 116.9, 20.2; HRMS (ESI+) m/z calcd for
C36H21BF2N2O2K [M + K]+ 601.1302, found 601.1288.
Synthesis of 39.

According to GP2. 13 (30.0 mg, 0.05 mmol), N-(tert-butoxycarbon-
yl)-L-tyrosine methyl ester (86.6 mg, 0.29 mmol, 6 equiv), Na2CO3
(31.1 mg, 0.29 mmol, 6 equiv), and acetonitrile (2.5 mL) were used.
The reaction mixture was stirred at 110 °C for 1 h. The crude material
was purified using 20% acetone/hexanes. The desired product (36.0
mg, 0.034 mmol, 71% yield) was obtained as a red solid: TLC (20%
acetone/hexanes; Rf = 0.9); mp 106−108 °C; IR (KBr, cm−1) 3666
(w), 2975 (w), 1743 (m), 1713 (s), 1605 (w), 1575 (m), 1555 (m),
1510 (m), 1492 (s), 1450 (s), 1366 (w), 1350 (w), 1255 (s), 1209
(m), 1179 (m), 1164 (m), 1127 (s), 1037 (m), 1016 (m), 993 (w),
854 (w), 835 (w), 760 (w), 706 (w); 1H NMR (500 MHz, CDCl3) δ
7.49 (d, J = 8.7 Hz, 2H), 7.10−7.00 (m, 10H), 6.94 (s, 2H), 4.94 (d, J
= 8.1 Hz, 2H), 4.54 (dd, J = 13.7, 6.1 Hz, 2H), 3.91 (s, 3H), 3.65 (s,

6H), 3.10−2.99 (m, 4H), 1.41 (s, 18H); 13C{1H} NMR (126 MHz,
CDCl3) δ 172.3, 162.2, 157.6, 155.2, 154.9, 142.4, 132.4, 132.2, 132.0,
130.6, 127.5, 124.6, 118.0, 114.5, 95.8, 80.1, 55.7, 54.6, 52.3, 37.8,
28.4; HRMS (ESI+) m/z calcd for C46H50BBr2F2N4O11 [M + H]+

1043.1891, found 1043.1884.
Synthesis of 40.

According to GP2. 13 (30.0 mg, 0.05 mmol), estrone (79.3 mg, 0.29
mmol, 6 equiv), Na2CO3 (31.1 mg, 0.29 mmol, 6 equiv), and
acetonitrile (2.5 mL) were used. The reaction mixture was stirred at
110 °C for 1 h. The crude material was purified using 40% AcOEt/
hexanes. The desired product (34.0 mg, 0.034 mmol, 70% yield) was
obtained as a red solid: TLC (40% acetone/hexanes; Rf = 0.2); mp
180−182 °C; IR (KBr, cm−1) 2929 (s), 2862 (s), 1738 (s), 1605 (s),
1576 (s), 1554 (s), 1487 (s), 1450 (s), 1349 (m), 1297 (w), 1252 (s),
1225 (s), 1202 (s), 1179 (s), 1123 (s), 1036 (s), 993 (m), 928 (m),
913 (s), 837 (w), 819 (w), 792 (w), 763 (w), 732 (w), 707 (w), 634
(w), 548 (w); 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 7.8 Hz,
2H), 7.20 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 7.8 Hz, 2H), 6.95 (s, 2H),
6.85−6.79 (m, 4H), 3.92 (s, 3H), 2.86 (d, J = 5.2 Hz, 4H), 2.50 (dd, J
= 19.1, 8.7 Hz, 2H), 2.40−2.33 (m, 2H), 2.29−2.22 (m, 2H), 2.18−
2.09 (m, 2H), 2.07−1.91 (m, 6H), 1.69−1.37 (m, 15H), 0.91 (s, 6H);
13C{1H} NMR (126 MHz, CDCl3) δ 220.9, 162.1, 157.6, 153.9, 142.2,
138.3, 135.8, 132.2, 131.8, 127.6, 126.6, 124.8, 117.4, 114.7, 114.4,
96.2, 55.7, 50.6, 48.1, 44.2, 38.2, 36.0, 31.7, 29.6, 26.5, 25.9, 21.7, 14.0;
HRMS (ESI+) m/z calcd for C52H52BBr2F2N2O5 [M + H]+ 993.2293,
found 993.2271.

Synthesis of 41.

According to GP3. 39 (35.0 mg, 0.03 mmol), Pd(OAc)2 (0.4 mg, 1.68
× 10−3 mmol, 0.05 equiv), PPh3 (0.9 mg, 3.4 × 10−3 mmol, 0.1 equiv),
K2CO3 (24.0 mg, 0.10 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 6 h. The crude material
was purified using 35% acetone/hexanes. The desired product (20.0
mg, 0.02 mmol, 68% yield) was obtained as a dark blue solid: TLC
(40% acetone/hexanes; Rf = 0.5); mp 144−146 °C; IR (KBr, cm−1)
3351 (w), 2975 (w), 1739 (m), 1715 (m), 1694 (m), 1605 (m), 1577
(s), 1525 (w), 1510 (w), 1497 (w), 1468 (m), 1459 (m), 1416 (w),
1360 (s), 1293 (m), 1255 (m), 1159 (s), 1111 (s), 1001 (s), 860 (w),
814 (w), 801 (w), 754 (w), 721 (w), 699 (w), 558 (w), 528 (w); 1H
NMR (500 MHz, CDCl3) δ 7.59 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 8.4
Hz, 2H), 7.37 (d, J = 1.6 Hz, 2H) 7.13−7.06 (m, 4H), 6.87 (s, 2H),
5.01 (d, J = 8.0 Hz, 2H), 4.60 (dd, J = 12.3, 5.6 Hz, 2H), 3.95 (s, 3H),
3.69 (s, 6H), 3.22−3.06 (m, 4H), 1.40 (s, 18H); 13C{1H} NMR (126
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MHz, CDCl3) δ 172.4, 167.4, 161.8, 160.1, 155.2, 145.8, 134.5, 132.8,
132.5, 127.6, 125.7, 122.2, 121.9, 118.7, 117.9, 114.2, 113.0, 80.2, 55.7,
54.8, 52.5, 38.6, 28.4; HRMS (ESI+) m/z calcd for C46H48BF2N4O11
[M + H]+ 881.3383, found 881.3378.
Synthesis of 42.

According to GP3. 40 (32.0 mg, 0.03 mmol), Pd(OAc)2 (0.4 mg, 1.61
× 10−3 mmol, 0.05 equiv), PPh3 (0.8 mg, 3.2 × 10−3 mmol, 0.1 equiv),
K2CO3 (13.4 mg, 0.10 mmol, 3 equiv), and toluene (4 mL) were used.
The reaction mixture was stirred at 150 °C for 6 h. The crude material
was purified using 60% CHCl3/hexanes. The desired product (9.1 mg,
0.01 mmol, 34% yield) was obtained as a blue solid: TLC (50%
acetone/hexanes; Rf = 0.6); mp >300 °C dec; IR (KBr, cm−1) 2930
(w), 2864 (w), 1738 (m), 1606 (w), 1574 (m), 1454 (m), 1417 (w),
1362 (s), 1338 (s), 1289 (m), 1254 (w), 1183 (m), 1114 (s), 996
(m), 983 (s), 974 (s), 906 (w), 892 (w), 877 (w), 758 (w), 737 (w),
702 (w), 666 (w), 583 (w); 1H NMR (500 MHz, CD2Cl2/CDCl3) δ
7.61 (d, J = 8.4 Hz, 2H), 7.56 (s, 2H), 7.27 (s, 2H), 7.11 (d, J = 8.4
Hz, 2H), 6.85 (s, 2H), 3.94 (s, 3H), 3.07−3.01 (m, 4H), 2.52−2.32
(m, 6H), 2.18−2.02 (m, 7H), 2.02−1.88 (m, 3H), 1.69−1.57 (m,
6H), 1.56−1.39 (m, 6H), 0.91 (s, 6H); 13C{1H} NMR (126 MHz,
CD2Cl2/CDCl3) δ 221.0, 167.9, 162.2, 160.0, 145.4, 137.4, 136.9,
134.8, 133.0, 126.3, 119.8, 118.9, 118.7, 118.3, 114.6, 113.1, 56.2, 51.2,
48.5, 45.0, 38.7, 36.5, 32.3, 30.9, 27.0, 26.8, 22.2, 14.4; HRMS (ESI+)
m/z calcd for C52H50BF2N2O5 [M + H]+ 831.3784, found 831.3773.
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Tailoring the Molecular Skeleton of Aza-BODIPYs to Design
Photostable Red-Light-Emitting Laser Dyes
Alejandro Prieto-Castañeda,[a] Edurne Avellanal-Zaballa,[b] Leire Gartzia-Rivero,[b]

Luis Cerdán,*[c] Antonia R. Agarrabeitia,[a, d] Inmaculada Garcı́a-Moreno,[c] Jorge Bañuelos,*[b]

and Marı́a J. Ortiz[a]

In this article the design and characterization of a set of novel

red-light-emitting laser aza-BODIPY dyes is reported. The

applied synthetic method allows an exhaustive and versatile

functionalization of both the dipyrrin core and the boron

bridge. From the analysis of the photophysical and laser

signatures, we determine the suitable modifications of the

chromophoric backbone necessary to modulate the emission

spectral region, efficiency and photostability under a strong

irradiation regime. These dyes are endowed with efficient

fluorescence and laser emission, and are particularly outstand-

ing in terms of their high photostability, a key parameter to

guarantee long-lasting emission in any (bio)technological

application. The herein-reported results support, for the first

time, the viability of aza-BODIPYs as tunable red laser dyes. In

fact, the laser performances of some of the tested aza-BODIPYs

surpass those of commercially available laser dyes in the same

spectral region.

1. Introduction

The search for organic fluorophores with specific functionalities

is the cornerstone of many ongoing challenging researches.

The careful selection of the groups decorating the chromo-

phoric core rules the photophysical properties and defines the

target application field in which the luminophore might be

applied. In this regard, modern synthetic avenues enable an

exhaustive structural modification of previously existing dyes or

the design of new families of organic molecules with tailor

made functionalities.[1] Such chemical versatility supports the

success and spread of organic dyes in many application fields

ranging from lasers[2] to labeling or photosensing,[3] thereby,

covering most of the demands from photonics or biomedicine,

including super resolution optical detection techniques.[4] To

this aim, it is not only desirable to use fluorophores with bright

fluorescence response, biocompatibility or recognition of

specific binding sites, but it is fundamental that they also

display high resistance to photodegradation under prolonged

and intense irradiation. Otherwise, the fluorophore can be

easily photobleached, hampering the visualization and monito-

rization of the molecular event in real time.

Accordingly, one of the most active topics in dye chemistry

deals with the development of highly efficient and stable

fluorophores but with emission deeply shifted towards the red

edge of the visible spectral region, even reaching the near-

infrared (NIR).[5] Both its lower spectral overlap with tissues

auto-fluorescence background and its deeper penetration into

them (if the energy falls within the so-called biological window,

650–900 nm) provide additional advantages for higher resolu-

tion sensing.[6] Hitherto, dyes based mainly on cyanine (includ-

ing squaraine and aza-derivatives)[7] or oxazines cores have

been usually tested as red-emitting fluorochromes.[8] However,

they present some important drawbacks: low emission efficien-

cies and/or poor photostability under intense irradiation, and

limited chemical versatility for postfunctionalization to enhance

biocompatibility and promote the recognition of targeted sites.

In the last years, fluorophores based on the difluoroboron

dipyrromethene (BODIPY)[9] chromophore have arisen as an

alternative, since they can be designed to meet all the above

pointed requirements. Originally, the spectral bands of this dye

are placed in the middle part of the visible (green-yellow

region).[10] Nevertheless, the chemical versatility of its dipyrrin

core, readily amenable to a wide pool of chemical reactions,

enables an exhaustive functionalization of the chromophoric

core.[11] In fact, many red-emitting BODIPYs have been already

reported in the literature.[12] Different synthetic strategies have

been tested to this aim: (i) extension of the p-system through

peripheral aromatic substituents,[9,10,11a,13] (ii) fusion of aromatic

rings[14] and (iii) replacement of the central meso-carbon by a

[a] A. Prieto-CastaÇeda, Prof. Dr. A. R. Agarrabeitia, Prof. Dr. M. J. Ortiz
Departamento de Qu�mica Org�nica
Facultad de Ciencias Qu�micas
Ciudad Universitaria s/n, 28040 Madrid (Spain)

[b] E. Avellanal-Zaballa, Dr. L. Gartzia-Rivero, Prof. Dr. J. BaÇuelos
Departamento de Qu�mica-F�sica
Universidad del Pais-Vasco-EHU Apartado 644
48080 Bilbao (Spain)
E-mail: jorge.banuelos@ehu.es

[c] Dr. L. Cerd�n, Dr. I. Garc�a-Moreno
Departamento de Sistemas de Baja Dimensionalidad
Superficies y Materia Condensada
Instituto de Qu�mica-F�sica “Rocasolano” (CSIC)
Serrano 119, 28006 Madrid (Spain)
E-mail: lcerdan@iqfr.csic.es

[d] Prof. Dr. A. R. Agarrabeitia
Departamento de Qu�mica Org�nica
Facultad de �ptica y Optometr�a
c/ Arcos de Jal�n 118, 28037, Madrid (Spain)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cptc.201800225

75ChemPhotoChem 2019, 3, 75 – 85 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ArticlesDOI: 10.1002/cptc.201800225

Wiley VCH Freitag, 01.02.2019
1902 / 126080 [S. 75/85] 1

http://orcid.org/0000-0002-8444-4383
http://orcid.org/0000-0002-8444-4383
https://doi.org/10.1002/cptc.201800225


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

nitrogen leading to aza-BODIPYs.[15] This last approach is very

appealing since such simple structural change entails a

pronounced red shift of the spectral bands.[16] Thus, nowadays,

bright long-wavelength emitting dyes have been designed

based on aza-BODIPYs in combination with the aforementioned

strategies, that is, p-extended aza-BODIPYs[17] or benzo-fused

aza-BODIPYs.[18] These fluorochromes have been successfully

applied as near-infrared fluorophores[17,18] or polymers,[19] fluo-

rescent sensors[20] and labels for bioimaging,[21] subunits in

molecular antennae,[22] photosensitizers for solar cells,[23] and

light-driven therapeutic purposes in biomedicine.[24]

To the best of our knowledge, the evaluation of the

performance of aza-BODIPYs under strong irradiation regime

has not been yet reported, despite photostability playing a key

role for a useful operative lifetime. Therefore, in the present

work we have designed and synthesized a battery of aza-

BODIPYs with peripheral aromatic groups (p-extended aza-

BODIPYs) to push their emission deeper into the red-edge

(Figure 1). The conducted chemical modifications are not

limited to the dipyrrin backbone, since the boron atom has

been functionalized as well to yield both O-aza-BODIPYs and C-

aza-BODIPYs, from the corresponding F-aza-BODIPYs. In the

literature some pioneer reports can be found dealing with the

displacement of fluorine by O- and C- nucleophiles, respective-

ly.[20a,25,26]

Apart from the comprehensive analysis of the photophysical

signatures, aided by computational simulations, we focus

mainly on the photostability of the dyes under laser pumping

to offset this lack of information. Moreover, we report for the

first time to the best of our knowledge the laser performance

of these red-emitting aza-BODIPYs under suitable pumping

conditions. To put the laser performance of the aza-BODIPYs

into perspective we compare their lasing signatures with

representative commercially available laser dyes working in the

same spectral region.

2. Results and Discussion

2.1. Synthesis

The known aza-BODIPYs 1-F,[27] 2-F[15a,24a] and 4-F[28] were

prepared according to the previously described procedure,

from an aldol condensation between aldehydes and ketones, a

subsequent Michael addition of nitromethane, and a final

condensation with ammonium acetate and BF3 complexation

reactions. We used the same methodology to synthesize 3-F in

a four step route from 4-(trifluoromethyl)benzaldehyde and

benzophenone (Scheme 1). Condensation of aldehyde with

ketone gave a,b-unsaturated ketone 1.[29] Conjugate addition of

nitromethane to 1 in MeOH with diethylamine (DEA) gave the

nitroketone 2 in excellent yield. This nitroketone has been

previously described but through a different procedure.[30]

Subsequently, the aza-dipyrromethene 3 was obtained in 49 %

yield by refluxing compound 2 with ammonium acetate in

ethanol. This intermediate was used for the synthesis of

compound 3-F (37 %) by reaction with BF3·Et2O and N,N-

ethyldiisopropylamine in dichloromethane (Scheme 1).

Replacement of the fluorine atoms of the boron bridge by

trifluoroacetoxy (2-O, 3-O and 4-O) or cyano (1-C, 2-C, 3-C and

4-C) groups was carried out by the reaction of F-aza-BODIPY

with trimethylsilyl trifluoroacetate (TMSOCOCF3) or trimethylsilyl

cyanide (TMSCN), respectively, in the presence of AlCl3 as Lewis

acid in 18 to 79 % yield (see Experimental Section), according to

the experimental procedure previously describe by our research

group.[31]

2.2. Photophysical Properties

The periphery of the dipyrrin core of the aza-BODIPY, as well as

its boron bridge (C- and O-aza-BODIPYs from the corresponding

F-aza-BODIPYs), have been systematically functionalized to gain

a deeper insight into the complex impact of the molecular

structure onto the photophysical and laser signatures.

2.2.1. F-aza-BODIPYs

The sole replacement of the central meso carbon by an aza

group entails a pronounced bathochromic shift of the spectral

bands. The electronegative character of the nitrogen stabilizes

the LUMO state (around 0.58 eV), whose electronic density is

concentrated in such key meso position, lowering the energy

gap (Figure 2).[32] To push this shift even further towards the red

edge of the visible region, the chromophoric backbone has

been decorated with aromatic frameworks, bearing also

Figure 1. Studied aza-BODIPY molecules.

Scheme 1. Synthesis of aza-BODIPY 3-F.
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electronic rich moieties (such as electron donor methoxy and

electron acceptor trifluoromethyl), at positions 3 and 5, and 1

and 7 respectively. The addition of phenyl rings at the a-pyrrolic

positions (1-F) places the spectral bands in the red part of the

visible (Figure 3), as consequence of a more extended p-system

(Figure 2). Further bathochromic shift (around 30–40 nm) can

be achieved by the additional insertion of phenyls at the

opposite 1 and 7 positions (2-F), being slightly higher (around

10 nm) upon functionalization with para-trifluoromethyl groups

(3-F) (Figure 3). It should be noticed that the presence of

aromatic rings at positions 1 and 7 has typically a limited

impact on the spectroscopic properties of BODIPYs, since they

adopt an almost orthogonal disposition owing to steric

reasons.[33] However, the replacement of the meso-methine by

an aza group, vanishes such geometrical constraint and now

the 1,7-aryls can promote resonant interactions. Indeed, the

twisting angle of such phenyls is just 248 with respect to the

dipyrrin plane in the ground state (Figure 2). Therefore, the

delocalized p-system comprises the whole molecule, including

the four peripheral aryl rings. Nevertheless, the strongest

spectral shift towards the red-edge is achieved acting at

positions 3 and 5. In fact, their functionalization with anisoles

(4-F) pushes the absorption and emission bands more deeply

into the red region (670 nm and 710 nm, respectively, Figure 3),

even though the 1,7-mesityl groups do not interact by

resonance with the dipyrrin owing to steric reasons (ortho-

methyl groups force them to be orthogonally oriented). There-

fore, the designed strategy to develop red-emitting BODIPYs is

successful owing to the synergetic contribution of the replace-

ment by the aza group and the anchoring of peripheral

aromatic moieties.

The electrochemistry measurements reveal that the herein

tested F-aza-BODIPYs are easier to reduce (around �0.5 V),

owing to the presence of cathodic waves at low potentials,

while the anodic waves remain at high potentials (1.2–1.3 V), in

Figure 2. Calculated frontier orbitals from the ground state optimized geometries (B3LYP/6-311G*) and cyclic voltammograms (in acetonitrile 0.1 M TBAPF6) of
the F-aza-BODIPYs 1-F, 2-F and 4-F. The corresponding maps and scans of 3-F are closely related to those of 2-F, owing to their structural similarity, and are
not including for the sake of simplicity.

Figure 3. Absorption (scaled by their molar absorption) and fluorescence
(scaled by their fluorescence efficiency) of the F-aza-BODIPYs (1-F to 4-F) in
diluted solutions (2 mM) of cyclohexane.

77ChemPhotoChem 2019, 3, 75 – 85 www.chemphotochem.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Articles

Wiley VCH Freitag, 01.02.2019
1902 / 126080 [S. 77/85] 1

https://doi.org/10.1002/cptc.201800225


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

agreement with the theoretically predicted LUMO stabilization

by the replacement of the central methine by an aza group

(Figure 2). Moreover, the extension of the chromophoric p-

system lowers the reduction potential (from �0.53 V in 1-F to

�0.32 V in 2-F). In contrast, the further addition of electron

donor methoxy groups entails a decrease of the oxidation

potential down to 1.0 V, matching the theoretically predicted

increase of the HOMO energy (Figure 2).

Dye 1-F displays a moderate absorption probability (molar

absorption around 30000 M�1 cm�1) but reasonable bright

fluorescence signal (almost 40 % with a lifetime of 2.6 ns in

non-polar cyclohexane) at around 640 nm (Table 1). A further

increase of the solvent polarity implies a concomitant and

parallel decrease of both parameters (down to 18 % and

1.44 ns, respectively in polar methanol, Table 1). Usually

BODIPYs are characterized by higher fluorescence efficiencies

and longer lifetimes,[9,10,11a] but a red-shift of the spectral bands

implies that the ground and excited state are closer, hence,

enhancing the internal conversion (energy gap law).[34] Besides,

Kuznetsova et al. pointed out to a higher n-p* character of the

transition upon replacement of the central methine unit by an

aza group.[35] Such trend could increase the intersystem cross-

ing probability, further enhancing the non-radiative rate

constant (Table 1 and S1). However, Harriman et al. suggested

that, albeit the replacement of the methine carbon by an aza

group affects the S1-T1 energy gap, the intersystem crossing is

Table 1. Photophysical properties of the polyarylated aza-BODIPYs in diluted solutions of non-polar (cyclohexane, c-hex) and polar/protic (methanol, MeOH)
solvents. Photophysical data in additional solvents are collected in Table S1.[a]

Compound
Solvent

lab

[nm]
emax

[104 M�1 cm�1]
lfl

[nm]
DnSt

[cm�1]
f t

[ns]
kfl

[108 s�1]
knr

[108 s�1]
1-F

c-hex 614.0 3.2 637.5 600 0.39 2.64 1.51 2.28
MeOH 613.0 3.0 638.0 640 0.18 1.44 1.25 5.69

1-C

c-hex 599.5 5.6 636.5 970 0.34 2.53 1.33 2.61
MeOH 600.5 5.3 636.0 930 0.12 1.14 1.05 7.72

2-F

c-hex 645.0 8.5 666.0 490 0.15 0.90 1.65 9.39
MeOH 644.0 8.4 665.5 500 0.09 0.60 1.50 15.20

2-O

c-hex 643.5 5.7 675.5 735 0.42 3.70 1.13 1.57
MeOH 641.5 4.8 665.5 560 0.09 0.95 0.95 9.58

2-C

c-hex 653.0 7.8 669.5 380 0.51 4.49 1.14 1.09
MeOH 650.0 6.6 667.0 390 0.38 3.92 0.98 1.57

3-F

c-hex 653.0 8.7 676.0 520 0.19 1.51 1.26 5.36
MeOH 652.0 8.5 676.0 545 0.12 1.16 1.03 7.58

3-O

c-hex 651.0 6.9 683.5 730 0.43 4.05 1.06 1.40
MeOH 649.0 5.7 679.0 680 0.10 1.43 0.70 6.29

3-C

c-hex 648.5 6.3 676.0 870 0.11 1.03 1.07 8.64
MeOH 650.0 7.3 679.0 655 0.13 1.48 0.88 5.88

4-F

c-hex 662.5 7.5 688.5 570 0.46 3.26 1.41 1.65
MeOH 668.0 7.5 699.0 665 0.28 2.32 1.20 3.10

4-O

c-hex 672.5 8.0 699.5 575 0.54 3.98 1.35 1.15
MeOH 666.5 5.0 709.5 830 0.18 1.80 1.00 4.55

4-C

c-hex 662.5 5.3 693.0 665 0.24 2.00 1.20 3.80
MeOH 666.0 5.6 705.0 830 0.15 1.73 0.87 4.91

[a] Absorption (lab) and fluorescence (lfl) wavelengths; molar absorption at the maximum absorbance (emax); Stokes shift (DnSt); fluorescence quantum yield
(f) and lifetime (t); radiative (kfl) and non-radiative (knr) rate constants.
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ineffective in aza-BODIPYs.[32] They pinpoint that the sensitivity

of the fluorescence deactivation with the solvent could be

related to a specific interaction between hydrogen bonding

solvents (i. e., alcohols) and the chromophoric aza group. Thus,

the lone pair would be located at the nitrogen rather than

delocalized, decreasing the aromaticity and the radiative rate

constant. The key role of hydrogen bonding on the

fluorescence efficiency has been verified for other dyes.[36]

Furthermore, such specific interaction entails that the nitrogen

can interconvert from a planar sp2 hybridization to a tetrahedral

sp3, which tends to be out of plane. This umbrella like motion

(ULM model)[37] could have a meaningful impact in aza-BODIPYs

since the typical butterfly-like bending of the dipyrrin core

takes place along the transversal axis. Indeed, the aza atom

carries the highest negative charge in the whole molecule (i. e.,

for dye 1-F is �0.52, even larger than in the fluorine atoms,

Figure S1). Therefore, the meso nitrogen is readily available to

H-bonding with the solvent, supporting the recorded

fluorescence quenching in alcohols.

Further arylation of the aza-BODIPY (2-F) provides a more

extended and aromatic p-system, as reflected in a higher

absorption probability (up to 85000 M�1 cm�1, Table 1). How-

ever, the red shift of the emission goes hand in hand with a

decline in the fluorescence response (efficiencies lower than

15 % and lifetime shorter than 1 ns, Table 1). The photophysical

properties of 2-F have been analysed in detail in the

bibliography.[38] The published fluorescence quantum yields are

quite different depending on the consulted bibliographic

source. Our results are in better agreement with those recently

published by Antina et al.[38c] Such fluorescence quenching

should be related to the free motion of the aryls at positions 1

and 7, in analogy to the detected high internal conversion

probability in unconstrained 8-arylBODIPYs.[39]. In this line of

reasoning, the corresponding analogue bearing para-trifluor-

omethyl groups at such rings (3-F) displays also low

fluorescence response (Table 1), albeit slightly higher than in 2-
F owing to the electron withdrawing character of such

functionalization which seems to slightly counterbalance the

deleterious effect of the phenyl motion. Low fluorescence

efficiencies have been also reported for aza-BODIPYs decorated

with electron withdrawing groups in the peripheral aryl

groups.[40] It should be mentioned that the sensitivity of the

fluorescence quantum yield and lifetime of compounds 2-F and

3-F with the solvent is lower than in 1-F (Table 1). This could be

related to the presence of the adjacent twisted phenyls, which

makes the aza-group less accessible to the H-bonding in

alcohols.

In view of these results, and to unambiguously check the

role of the flexibility/rigidity around positions 1 and 7, we

designed an aza-BODIPY (4-F) bearing bulky mesityls at such

positions, and with anisoles at positions 3 and 5 to reinforce

the pursued red-shift (Figure 3). As a result, we achieve a strong

absorption (almost 80000 M�1 cm�1 at around 670 nm) and

bright emission at 700 nm with an efficiency approaching the

50 % and a lifetime of around 3 ns (Table 1), being the higher

among the herein tested F-aza-BODIPYs. In fact, high

fluorescence responses have been reported for conformation-

ally restricted aza-BODIPYs.[28,41] Again the fluorescence re-

sponse is lower in alcohols (down to 28 % and 2.3 ns,

respectively in methanol, Table 1), supporting an ongoing H-

bonding as an additional non-radiative pathway in these media.

Indeed in this dye the negative charge at the aza group

increases up to �0.64 (see dye 4 in Figure S1), likely related to

the electron donor ability of the methoxy groups. Besides, the

perpendicular disposition of the adjacent phenyl rings makes

the aza group more accessible to the solvent.

2.2.2. Chemical Modifications at the Boron Centre: C- and
O-aza-BODIPYs

In previous publications dealing with BODIPYs, we reported

that their fluorescence response could be ameliorated by

substituting the fluorine atoms at the boron bridge with

electron withdrawing moieties like cyano and, especially,

trifluoroacetoxy.[31] Against this background, we tested this

strategy in the above described F-aza-BODIPYs and designed

the corresponding C- and O-aza-BODIPYs to further optimize

the fluorescence performance of the red-emitting dyes. The

corresponding O-aza-BODIPY from compound 1-F could not be

attained, since the product was chemically unstable and

decomposed quickly.

On first consideration, the replacement of the fluorine

atoms of the boron bridge should faintly affect the spectral

bands positions, however the recorded photophysics show that

it matters and depends on the substitution pattern at the

dipyrrin core (Table 1). Indeed, the spectral bands shift moder-

ately but randomly upon functionalization at the boron bridge

and no common trend can be drawn out. Albeit the boron

does not take part in the delocalized p-system, the replacement

of a highly electronegative fluorine by electron withdrawing

moieties with different strength could rearrange the electronic

density at the chromophore, swaying its aromaticity.[28,41]

Figure 4 shows a comparison of the fluorescence quantum

yield of each set of dyes, after modification at the boron atom,

in two opposite solvents. It should be highlighted the nice

correlation with the fluorescence lifetime (Table 1), since an

increase/decrease of the fluorescence efficiency is correlated

with a lengthening/shortening of the lifetime.

In all cases, the fluorescence response in low polarity

solvents is ameliorated with regard to their parent F-aza-

BODIPYs (Figure 4). Such improvement is modest in compound

4-O, but very pronounced in the dyes bearing the uncon-

strained 1,7-aryls (2-O and 3-O). Indeed, in these last dyes the

increase of the fluorescence efficiency is around 2–3 fold

(Figure 4) and the lengthening of the lifetime around 2–3 ns

(Table 1 and S1) with regard to compounds 2-F and 3-F,

respectively. Therefore, this straightforward molecular design at

the boron centre is strongly suitable (fluorescence efficiency up

to 45 % with a lifetime of around 4 ns, Table 1). However, the

fluorescence response in alcohols is again limited, likely by the

claimed hydrogen bond, reaching values similar to those

recorded for F-aza-BODIPYs (Figure 4). Indeed, overall the

fluorescence efficiency of the O-aza-BODIPYs is more sensitive
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to the solvent effect than their F-aza-BODIPYs counterparts. The

corresponding charge distribution suggests that the replace-

ment of the fluorine by trifluoroacetoxy at the boron implies an

increase of the negative charge at the meso nitrogen (up to

�0.69 in dye 4-O, the highest among the herein tested dyes).

Therefore, in O-aza-BODIPYs the lone pair of the aza group is

more available to interact with surrounding hydrogens, even in

presence of sterically hindered adjacent phenyl groups.

The impact of the cyano group at the boron centre on the

fluorescence signatures was rather intriguing. The C-aza-

BODIPYs 1-C, 3-C and 4-C do not ameliorate the fluorescence

signatures of their corresponding F-aza-BODIPYs (Figure 5 and

Table 1). However, dye 2-C, bearing unconstrained 1,7-aryl

groups, shows a notable increase of the fluorescence response.

A similar trend was attained for the corresponding O-aza-

BODIPY analogue (2-O). However, in the C-aza-BODIPY 2-C the

fluorescence efficiency and lifetime remain strikingly high

regardless of the surrounding environment, even in alcohols

(Table 1 and S1), being one of the herein developed aza-

BODIPYs with the best fluorescence performance. The rear-

rangement of the electronic charge distribution induced by the

cyano group decreases the negative charge at the aza-group

(�0.37 for 2-C, among the lowest of the herein tested dyes).

Thus, its aza group is less prone to undergo hydrogen bonding,

avoiding this fluorescence quenching pathway in alcohols. In

this line of reasoning, it is rather unexpected the fluorescence

performance of the 3-C analogue, bearing also 1,7-phenyls with

conformational freedom but para- functionalized with electron

acceptor trifluoromethyl groups (Figure 5 and Table 1). The

fluorescence parameters are rather insensitive to the solvent

effect, in agreement with a lower negative charge at the aza

atom (-0.38) and steric hindrance induced by the neighbouring

twisted 1,7-phenyls. However, the recorded fluorescence quan-

tum yield and lifetime are rather low. Perhaps, the presence of

the electron withdrawing trifluoromethyls and cyano groups at

opposite positions could increase the charge separation upon

excitation, adding an unexpected additional non-radiative path-

way in 3-C.

Summing up, whereas all the O-aza-BODIPYs ameliorate the

fluorescence response of F-aza-BODIPYs in less polar media,

specific C-aza-BODIPYs are more suitable to overcome the

fluorescence quenching in alcohols (Figure 5). These results

point out that the chemical modification around the boron

atom is a successful approach to enhance the fluorescence

response, however there is not a common trend and the more

suitable functionalization of the boron should be adjusted

depending on the substitution pattern of the dipyrrin core.

2.3. Laser Properties

Once adjusted the chemical modification at the dipyrrin core

and at the boron bridge, some of the developed aza-BODIPYs

might be suitable candidates as laser dyes in the red-edge. In

the bibliography, just a short mention of laser emission from a

tetra-arylated aza-BODIPYs has been reported.[42] However, the

authors recognize that the low recorded efficiency (4 %) could

be underestimated owing to the low absorbance of this dye at

the pumping wavelength (532 nm, second harmonic of

Nd:YAG). Hence, to test unambiguously the laser performance

(tunability range, efficiency and photostability) of the aza-

BODIPYs, they were transversally pumped by a wavelength-

tunable Optical Parametric Oscillator (OPO), which allows

irradiation of each dye at its maximum absorption wavelength

(see Experimental Section). The registered results of the laser

performance are collected in Table 2. The concentration which

optimizes the laser efficiency, understood as the ratio of the

output and input (pump) energies, depends on the given dye

(around 0.75-0.5 nm). In this sense, the laser output efficiency

Figure 4. Evolution of the fluorescence efficiency of the novel O-aza-BODIPYs
(2-O to 4-O) and C-aza-BODIPs (1-C to 4-C) with regard to their parent F-aza-
BODIPY (1-F to 4-F) in non-polar (cyclohexane) and polar/protic (methanol)
solvents.

Figure 5. Normalized laser spectra of 1-F, 2-F and 4-F, and their correspond-
ing O- (1-O, 2-O and 4-O) and C-aza-BODIPYs (1-C, 2-C and 4-C) in ethyl
acetate at 0.5 mM. The corresponding spectra of the dyes derived from 3-F
(3-O and 3-C) are not included because they are similar (around 690–
700 nm) to those recorded for those derived from 2-F, 2-O and 2-C,
respectively.
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increases with the concentration up to a maximum plateau,

from which it decreases owing to reabsorption/reemission

phenomena, whose probability is high owing to the low Stokes

shift (mostly between 500–700 cm�1, Table 1). The shift of the

emission peak to longer wavelengths with the concentration

increase backs up this interpretation (Table 2).

All the tested dyes show laser emission in the red-edge of

the visible, ranging from 640 nm to 730 nm, depending mainly

on the anchored peripheral aromatic groups and to a lesser

extent on the chemical modification around the boron atom

(Figure 5). In general terms, the evolution of the laser wave-

length correlates well with the fluorescence one. Thus, the dyes

non-arylated at positions 1 and 7 lase at higher energies

(around 650 nm), followed by those arylated at such positions

(around 690–700 nm), and finally the dyes with the laser

emission deeper in the red (up to 725 nm) are those bearing

anisole at positions 3 and 5.

The F-aza-BOIPYs bearing unrestricted 1,7-phenyl groups (2-
F and 3-F) show an unexpected high laser efficiency (Table 2),

even higher than that of dye 1-F, although this last one was

characterized by a higher fluorescence efficiency (Table 1). This

apparent mismatch can be rationalized taking into account the

short lifetime of the former dyes. Such fast decay ameliorates

the population inversion and enhances the stimulated emission

probability, counterbalancing their low probability of sponta-

neous emission. Indeed, styryldyes, which are also characterized

by low fluorescence efficiency and short lifetimes, show unusual

high laser efficiencies also in the red-edge of the visible.[43] On

the other hand, the conformationally restricted dye 4-F shows

the higher laser efficiency (23 %) among the tested F-aza-

BODIPYs, being also the one with the highest fluorescence

quantum yield (Table 2 vs 1).

The chemical modification around the boron atom has low

impact in the laser efficiency of the corresponding derivatives

from 1-F, 2-F and 3-F. The recorded increase of the fluorescence

efficiency upon replacement of the fluorine, mainly by trifluor-

oacetoxy in the last two dyes (2-O and 3-O, Table 1), is not so

noticeable in the laser efficiency providing similar values (C-aza-

BODIPYs) or slightly higher (O-aza-BODIPYs, Table 2). However,

in the conformationally restricted aza-BODIPYs bearing anisole

the structural modification at the boron atom is effective. In

fact, the O-aza-BODIPY 4-O display laser efficiency up to 33 %

(Table 2), being the highest (and the reddest) one among all

the tested dyes, in good agreement with the photophysical

results since this dye is also the one with the highest

fluorescence response (Table 1).

Regarding the photostability, described as the required

energy to decrease the laser induced fluorescence (LIF) in a

10 % (see Experimental Section), an opposite trend in observed,

and the more photostable dyes are those with the lower

efficiencies (Table 2). In any case, most of the dyes retain 90 %

of the laser output after receiving more than 10 GJ/mol.

Moreover, the F-aza-BODIPY are the most stable ones under

strong laser irradiation, requiring up to 47 GJ/mol for a 10 %

decrease of the LIF (see dye 2-F in Table 2). The free motion of

the 1,7-phenyl is likely dissipating the excess energy during the

pumping process. It is noticeable that the chemical modifica-

tion at the boron implies a decrease of the photostability. In

fact, we realized that the stored solutions of O- and C-aza-

BODIPYs were bleached (loss of colour) in just a few days.

Probably, such lower chemical stability could be related with

their reduced photostability.

To put these results into perspective and settle the perform-

ance of aza-BODIPYs as laser dyes, we compare them with Nile

Blue, a commercially available oxazine with emission in a similar

spectral region (around 690 nm) (Figure 6). Nile Blue is a bright

Table 2. Lasing wavelength (lla), efficiency (%Eff) and photostability (Edose)
of the aza-BODIPYs in ethyl acetate at different concentrations. The amount
of pumping energy absorbed by the dye to retain 90 % of the emission has
been calculated for the concentration which optimizes the laser efficiency
in each dye.

Dye concentration [mM] Edose
90%

1 0.75 0.5 0.25 0.1 [GJ/mol]

1-F %Eff 10 10 12 13 10 44.3
lla [nm] 656 653 651 647 643

1-C %Eff 7 10 12 13 3 13.5
lla [nm] 653 651 648 644 641

2-F %Eff 11 13 15 16 5 47.2
lla [nm] 689 687 684 681 676

2-O %Eff 13 16 19 17 10 21.2
lla [nm] 693 691 689 684 681

2-C %Eff 11 12 11 8 0 21.1
lla [nm] 688 686 683 679 –

3-F %Eff 12 16 19 20 13 24.9
lla [nm] 696 695 694 690 687

3-O %Eff 15 14 15 16 11 9.91
lla [nm] 702 700 699 696 691

3-C %Eff 14 15 16 14 11 14.3
lla [nm] 695 694 692 688 684

4-F %Eff 16 19 23 22 18 16.8
lla [nm] 711 710 708 704 700

4-O %Eff 15 20 30 33 32 4.75
lla [nm] 725 724 723 720 716

4-C %Eff 27 29 24 21 12 11.8
lla [nm] 719 717 715 712 706

Figure 6. Comparison of the laser efficiency and photostability under
prolonged and continuously pulsed irradiation of the herein-tested aza-
BODIPYs with respect to Nile Blue (NB). Vertical lines are plotted for a better
comparison of the laser efficiency and photostability.
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fluorophore with remarkable high laser efficiency (33 %) but

limited photostability (10 GJ/mol for a 10 % loss of the LIF

output). Most of the tested aza-BODIPYs show lower laser

efficiencies than Nile Blue, but some of them (dyes 4-F, 4-O and

4-C, Figure 6) reach similar laser efficiencies. Therefore, they can

be considered as efficient laser dyes able to compete with the

standard ones in this red spectral region. Nonetheless, the most

noteworthy improvement of aza-BODIPYs relies on the photo-

stability, since most of the herein tested aza-BODIPYs are able

to tolerate higher energies for a given loss of laser output

(Figure 6). Moreover, some of these dyes are by far more

photostable. In fact, the F-aza-BODIPYs 1-F and 2-F show a four

times higher tolerance under strong pumping (Figure 6). These

results support the viability of the aza-BODIPYs as bright and

long lasting active media for laser and bioimaging purposes.

4. Conclusions

Hitherto the laser performance and resistance under intense

irradiation of the aza-BODIPY was unreported, or at least not-

well documented due to technical reasons. We have shown

that, thanks to the chemical versatility of the chromophoric

core, suitable structural modifications can improve the photonic

behavior of these dyes affording bright and stable red-emitting

luminophores.

The extension of the delocalized p-system of aza-BODIPYs

through functionalized aromatic peripheral groups is a suitable

strategy to shift the emission deep into the red-edge of the

visible. There are some key structural guidelines to consider in

the molecular design not only to modulate the spectral shift

but also to adjust mainly the fluorescence signatures. Rigidized

substituents should be anchored to the 1 and 7 positions to

ensure high fluorescence efficiencies. Alternatively, the

fluorescence response can be further ameliorated acting at the

boron atom. In fact, O-aza-BODIPYs display the higher

fluorescence efficiency, whereas C-aza-BODIPYs are recom-

mended to avoid H-bonding and ameliorate the fluorescence

response in polar/protic media.

All the tested aza-BODIPYs display a bright laser emission at

the red region, with good tolerance to strong and prolonged

pumping. To improve the laser efficiency, conformationally

restricted and boron functionalized aza-BODIPYs are recom-

mended, whereas to enhance the photostability F-aza-BODIPYs

are more suitable, being up to 4 times stronger than the

reference Nile Blue. In other words, we have designed aza-

BODIPYs with better laser efficiency and photostability than

those commercially available in the red-edge of the visible

spectrum. It must be highlighted the improved photostability

since it is a key parameter to take into account for any

application dealing with labeling, sensing and photonics since

it guarantees long-lasting photoactive media.

Experimental Section

General Synthesis Details

Anhydrous solvents were prepared by distillation over standard
drying agents according to common methods. All other solvents
were of HPLC grade and were used as provided. Starting chemical
substrates and reagents were used as commercially provided
unless otherwise indicated. Thin-layer chromatography (TLC) was
performed with silica gel plates, and the chromatograms were
visualized by using UV light (l = 254 or 365 nm). Flash column
chromatography was performed using silica gel (230–400 mesh).
1H- and 13C-NMR spectra were recorded in CDCl3 solution at 20 8C.
NMR chemical shifts are expressed in parts per million (d scale)
downfield from tetramethylsilane and are referenced to the residual
signals of CDCl3 (d= 7.260 and 77.03 ppm, respectively). Data are
presented as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, m = multiplet and/or multiple resonances, b =
broad), coupling constants in hertz (Hz), integration and assign-
ment. Assignments were based on signal multiplicity and DEPT-135
NMR experiments for 1H- and 13C-NMR signals, respectively. FTIR
spectra were obtained from neat samples using the attenuated
total reflection (ATR) technique. High-resolution mass spectrometry
(HRMS) was performed using the EI and MALDI-TOF techniques.

Photophysical, Electrochemical and Quantum Mechanical
Properties

The photophysical properties were registered in diluted solutions
(around 2 � 10�6 M), prepared by adding the corresponding solvent
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 an Edinburgh Instruments
spectrofluorimeter (model FLSP 920), respectively. Fluorescence
quantum yields (f) were obtained using a zinc phthalocyanine (f=
0.30 in toluene with 1 % of pyridine) as reference, from corrected
spectra (detector sensibility to the wavelength). The values were
corrected by the refractive index of the solvent. Radiative decay
curves were registered with the time correlated single-photon
counting technique as implemented in the aforementioned
spectrofluorimeter. Fluorescence emission was monitored at the
maximum emission wavelength after excitation by means of a
Fianium pulsed laser (time resolution of picoseconds) with tunable
wavelength. The fluorescence lifetime (t) was obtained after the
deconvolution of the instrumental 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, Durbin-Watson and the analysis of the
residuals). The radiative (kfl) and non-radiative (knr) rate constants
were calculated from the fluorescence quantum yield and lifetime;
kfl =f/t and knr = (1-f)/t.

Electrochemical experiments (Metrohm Autolab) were done using a
three-electrode set up with a platinum layer (surface 8 mm �
7.5 mm) working electrode, platinum wire as counter electrode and
Ag/AgCl as reference electrode. A 0.1 M solution of tetrabutylam-
monium hexafluorophosphate (TBAPF6) in dry acetonitrile was used
as the electrolyte solvent in which the compounds were dissolved
to achieve a concentration of around 1 mM. All redox potentials
were reported vs ferrocene as internal standard. The solutions were
purged with argon and all the measurements were performed
under an inert atmosphere.

Ground state geometries were optimized with the B3LYP hybrid
functional, within the Density Functional Theory (DFT), using the
triple valence basis set with a polarization function (6-311G*), as
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implemented in the Gaussian 16. The geometries were considered
as energy minimum when the corresponding frequency analysis
did not give any negative value. The charge density was simulated
by the CHelpG method, which fits the charge of each atom to the
molecular electrostatic potential. All the calculations were carried
out considering the solvent effect (ethyl acetate) by means of the
Polarizable Continuum Model (PCM).

Laser Experiments

Liquid solutions of dyes in ethyl acetate were contained in 1 cm
optical-path rectangular quartz cells carefully sealed to avoid
solvent evaporation during experiments. The liquid solutions were
transversely pumped with a wavelength tunable OPO coupled to
the third harmonic (355 nm) of a Q-switched Nd:YAG laser (Lotis TII
2134) at a repetition rate of 1 Hz. The exciting pulses were line-
focused onto the cell using a combination of positive and negative
cylindrical lenses (f = 15 cm and f =-15 cm, respectively) perpendic-
ularly arranged. The plane parallel oscillation cavity (2 cm length)
consisted of a 90 % reflectivity aluminium mirror acting as back
reflector, and the lateral face of the cell acting as output coupler
(4 % reflectivity). The pump and output energies were detected by
an Ophir powermeter.

The photostability of the dyes in ethyl acetate solution was
evaluated by using a pumping energy and geometry exactly equal
to that of the laser experiments. We used spectroscopic quartz
cuvettes with 1 cm optical paths and depths L = 0.1 cm to allow for
the minimum solution volume (VS = 40 mL) to be excited. The
lateral faces were grounded, whereupon no laser oscillation was
obtained. Nevertheless, information about photostabilities can be
obtained by monitoring the decrease in laser-induced fluorescence
(LIF) intensity. In order to facilitate comparisons independently of
the experimental conditions and sample, the photostability figure
of merit was defined as the accumulated pump energy absorbed
by the system (Edose), per mole of dye, before the output energy
falls to a 90 % its initial value. In terms of experimental parameters,
this energy dose, in units of GJ mol�1, can be expressed as
Equation (1):

E90%
doseðGJ �mol�1Þ ¼

EpumpðGJÞ � 1� 10�eCL
� �

�
P

#pulses

f

CVS

ð1Þ

where Epump is the energy per pulse, C is the molar concen-

tration, e is the molar absorption coefficient in units of

M�1 cm�1, L is the depth of the cuvette expressed in cm, VS is

the solution volume, in litres, within the cuvette, and f is the

ratio between the LIF intensity after #pulses and the LIF

intensity in the first pulse. It can be shown that Sf accounts for

the reduction in pump absorption due to species photo-

degradation. To speed up the experiment the pump repetition

rate was increased up to 10 Hz. The fluorescence emission was

monitored perpendicular to the exciting beam, collected by an

optical fibre, and imaged onto a spectrometer (USB2000 + from

Ocean Optics).

Synthesis and Characterization

Aza-BODIPYs 1-F,[27] 2-F[15a,24a] and 4-F[28] and compound 1[29] were
synthetized by the corresponding described method.

Compound 2: This nitroketone was obtained through a method
different from that previously described in the literature.[30] To a

solution of 1[29] (1.76 g, 6.4 mmol) in MeOH (25 mL) were added,
under an argon atmosphere, diethylamine (3.3 mL, 32 mmol) and
nitromethane (1.7 mL, 32 mmol). The mixture was refluxed for 24 h,
then cooled to r.t. and removed the solvent at reduced pressure.
The residue was dissolved in CH2Cl2 (50 mL) and washed with a
solution of HCl (10 % m/v) (50 mL) and then with H2O (2 � 50 mL).
The organic layer was dried over anhydrous Na2SO4, filtered and
evaporated the solvent to dryness under vacuum. The obtained
residue was submitted to purification by flash chromatography on
silica gel using hexane/EtOAc (9 : 1) as eluent to give 2 (2.09 g,
97 %) as a yellow oil. The spectroscopic data are in agreement with
the literature.[30]

Compound 3: A mixture of 2 (2.09 g, 6.2 mmol) and ammonium
acetate (7.17 g, 93 mmol) in EtOH (50 mL) was refluxed for 24 h,
under an argon atmosphere. Then, the reaction was cooled to r.t.
and removed the solvent at reduced pressure. The residue was
dissolved in CH2Cl2 (50 mL) and washed with H2O (2 � 50 mL). The
organic layer was dried over anhydrous Na2SO4, filtered and
evaporated the solvent to dryness under vacuum. The obtained
residue was submitted to purification by flash chromatography on
silica gel using hexane/CH2Cl2 (9 : 1) as eluent to give 3 (889 mg,
49 %) as a blue solid. 1H NMR (700 MHz, CDCl3/TFA) d 8.02 (d, J =
7.0 Hz, 4H), 7.68 (d, J = 8.4 Hz, 4H), 7.64-7.59 (m, 6H), 7.56 (d, J =
7.7 Hz, 4H), 7.40 (s, 2H) ppm; 13C NMR (176 MHz, CDCl3/TFA) d 156.8
(C), 147.2 (C), 136.3 (C), 135.0 (C), 133.8 (CH), 131.5 (q, 2JCF =
32.9 Hz), 130.6 (CH), 129.9 (CH), 128.2 (CH), 127.5 (C), 125.4 (s, CH),
123.8 (q, 1JCF = 272.6 Hz), 116.8 (CH) ppm; FTIR n 2923, 2853, 1537,
1461, 1378, 1328, 1128, 1070, 1039, 991 cm�1; HRMS (EI) m/z
585.1630 (585.1640 calcd for C34H21F6N3).

Compound 3-F: To a solution of 3 (1.80 g, 3.07 mmol) in anhydrous
CH2Cl2 (15 mL) were added, under an argon atmosphere, ethyl-
diisopropylamine (2.7 mL, 15.4 mmol) and BF3·Et2O (7.9 mL,
30.7 mmol), and the reacting mixture was stirred at r.t. for 4 h Then,
the mixture was treated with a solution of HCl (10 % m/v) (50 mL)
and H2O (2 � 50 mL). The organic layer was separated by decant-
ation and dried over anhydrous Na2SO4, filtered and evaporated the
solvent to dryness under vacuum. The obtained residue was
submitted to purification by flash chromatography on silica gel
using hexane/CH2Cl2 (8 : 2) as eluent to give 3-F (719 mg, 37 %) as a
red solid. 1H NMR (300 MHz, CDCl3) d 8.12 (d, J = 8.1 Hz, 4H), 8.07-
8.03 (m, 4H), 7.71 (d, J = 8.1 Hz, 4H), 7.53-7.48 (m, 6H), 7.11 (s, 2H)
ppm; 13C NMR (75 MHz, CDCl3) d 160.2 (C), 145.6 (C), 142.4 (C),
135.4 (C), 131.4 (CH), 131.13 (q, 2JCF = 32.2 Hz), 131.10 (C), 129.7 (t,
JCF = 4.5 Hz, CH), 129.4 (CH), 128.8 (CH), 125.6 (q, 3JCF = 3.7 Hz, CH),
124.0 (q, 1JCF = 270.7 Hz), 120.4 (CH) ppm; 19F NMR (282 MHz, CDCl3)
d �62.7 (s, CF3Ar), �131.7 (q, J = 31.0 Hz, BF2) ppm; FTIR n 2926,
2855, 1523, 1482, 1457, 1326, 1128, 1069, 1033 cm�1; HRMS (EI) m/z
633.1628 (633.1623 calcd for C34H20BF8N3).

General synthetic procedure for nucleophilic substitution reac-
tion in the boron atom: To a solution of aza-BODIPY (1 equiv) in
dry CH2Cl2 was added AlCl3 (3 equiv) under an argon atmosphere
and the mixture resulting was stirred at 60 8C for 15 min. Then,
trimethylsilyl trifluoroacetate (TMSOCOCF3) or trimethylsilyl cyanide
(TMSCN) (20 equiv.) was added and the mixture was stirred at 60 8C
until the complete consumption of the starting material (observed
by TLC). Water was added, and the solution was extracted with
CH2Cl2. The organic layer was dried over Na2SO4, filtered and
concentrated to dryness. The compounds were purified by flash
chromatography on silica gel.

Compound 1-C: According to the above mentioned general
procedure, 1-F (50 mg, 0.13 mmol) in CH2Cl2 (10 mL), AlCl3

(53.3 mg, 0.40 mmol) and TMSCN (0.33 mL, 2.6 mmol) were reacted
for 1 h. Flash chromatography using hexane/CH2Cl2 (5 : 5) afforded
1-C (29.5 mg, 57 %) as a metallic blue solid. 1H RMN (700 MHz,
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CDCl3) d 7.85 (d, J = 7.0 Hz, 4H), 7.52-7.51 (m, 6H), 6.62 (s, 2H), 2.43
(s, 6H) ppm; 13C RMN (176 MHz, CDCl3) d 160.9 (C), 145.7 (C), 143.8
(C), 131.4 (CH), 130.4 (C), 129.4 (CH), 128.8 (CH), 123.3 (CH), 11.4
(CH3) ppm, CN not observed; FTIR n 2924, 2855, 2340, 1538, 1514,
1487, 1452, 1394, 1133, 1097, 966 cm�1; HRMS (EI) m/z 387.1651
(387.1655 calcd. for C24H18BN5).

Compound 2-O: According to the above mentioned general
procedure, 2-F (60 mg, 0.12 mmol) in CH2Cl2 (10 mL), AlCl3 (48 mg,
0.36 mmol) and TMSOCOCF3 (0.41 mL, 2.4 mmol) were reacted for
1 h. Flash chromatography using hexane/CH2Cl2 (7 : 3) afforded the
corresponding aza-dipyrromethene[44] (31 mg, 57 %) as a blue solid,
and 2-O (15 mg, 18 %) as a blue solid. 1H RMN (700 MHz, CDCl3)
d 8.11 (d, J = 7.0 Hz, 4H), 7.74 (d, J = 7.0 Hz, 4H), 7.48 (broad s, 12H),
6.99 (s, 2H) ppm; 13C RMN (176 MHz, CDCl3) d 159.1 (C), 156.1 (q,
2JCF = 42.2 Hz, COO), 146.0 (C), 145.6 (C), 131.8 (C), 131.2 (CH), 130.5
(C), 130.2 (CH), 129.7 (CH), 129.1 (CH), 128.72 (CH), 128.70 (CH),
119.7 (CH), 114.2 (q, 1JCF = 286.9 Hz, CF3) ppm; 19F NMR (282 MHz,
CDCl3) d �76.1 (s, CF3CO) ppm; FTIR n 2925, 2854, 2337, 1767, 1515,
1475, 1220, 1163, 1120, 1163, 1121, 1039 cm�1; HRMS (MALDI-TOF)
m/z 685.1600 (685.1608 calcd. for C36H22BF6N3O4).

Compound 2-C: According to the above mentioned general
procedure, 2-F (50 mg, 0.1 mmol) in CH2Cl2 (10 mL), AlCl3 (40 mg,
0.3 mmol) and TMSCN (0.25 mL, 2.0 mmol) were reacted for 1 h.
Flash chromatography using hexane/EtOAc (8 : 2) afforded 2-C
(41 mg, 79 %) as a blue solid. 1H RMN (700 MHz, CDCl3) d 8.49 (d,
J = 7.7 Hz, 4H), 8.12 (d, J = 7.7 Hz, 4H), 7.51–7.40 (m, 12H), 7.17 (s,
2H) ppm; 13C RMN (176 MHz, CDCl3) d 158.2 (C), 145.3 (C), 142.5 (C),
132.9 (C), 132.2 (C), 131.2 (CH), 130.3 (CH), 129.3 (CH), 128.9 (CH),
128.5 (CH), 128.3 (CH), 119.1 (CH) ppm, CN not observed; FTIR n
2925, 2854, 2338, 1518, 1479, 1131, 1013, 896 cm�1; HRMS (EI) m/z
511.1958 (511.1968 calcd. for C34H22BN5).

Compound 3-O: According to the above mentioned general
procedure, 3-F (30 mg, 0.047 mmol) in CH2Cl2 (10 mL), AlCl3 (19 mg,
0.14 mmol) and TMSOCOCF3 (0.16 mL, 0.94 mmol) were reacted for
1.5 h. Flash chromatography using hexane/CH2Cl2 (9 : 1) afforded 3-
O (10 mg, 26 %) as a purple solid, and aza-dipyrromethene 3
(12.5 mg, 45 %) 1H NMR (700 MHz, CDCl3) d 8.16 (d, J = 7.7 Hz, 4H),
7.76–7.74 (m, 8H), 7.53–7.49 (m, 6H), 7.07 (s, 2H) ppm; 13C NMR
(176 MHz, CDCl3) d 159.8 (C), 156.2 (q, 2JCF = 42.2 Hz, COO),146.1 (C),
143.8 (C), 134.9 (C), 131.8 (CH), 131.7 (q, 2JCF = 31.7 Hz, C), 130.0 (C),
129.7 (CH), 129.2 (CH), 128.9 (CH), 125.6 (q, 3JCF = 3.2 Hz, CH), 123.9
(q, 1JCF = 272.8 Hz, CF3Ar), 121.0 (CH), 114.2 (q, 1JCF = 286.9 Hz,
CF3CO) ppm; 19F NMR (282 MHz, CDCl3) d �62.7 (s, CF3Ar), �76.7 (s,
CF3CO) ppm; FTIR n 2926, 2855, 1769, 1521, 1480, 1325, 1162 cm�1;
HRMS (MALDI-TOF) m/z 821.1367 (821.1355 calcd for
C38H20BF12N3O4).

Compound 3-C: According to the above mentioned general
procedure, 3-F (40 mg, 0.063 mmol) in CH2Cl2 (10 mL), AlCl3

(25.4 mg, 0.19 mmol) and TMSCN (0.16 mL, 1.26 mmol) were
reacted for 1 h. Flash chromatography using hexane/CH2Cl2 (7 : 3)
afforded 3-C (30 mg, 73 %) as a red solid.1H NMR (300 MHz, CDCl3)
d 8.12 (d, J = 8.1 Hz, 4H), 7.96-7.95 (m, 4H), 7.76 (d, J = 8.1 Hz, 4H),
7.60-7.58 (m, 6H), 7.13 (s, 2H) ppm; 13C NMR (75 MHz, CDCl3) d
161.6 (C), 143.6 (C), 143.0 (C), 134.6 (C), 132.1 (CH), 131.9 (q, 2JCF =
30.7 Hz, C), 129.9 (C), 129.6 (CH), 129.5 (CH), 129.1 (CH), 125.8 (q,
3JCF = 3.7 Hz, CH), 123.9 (q, 1JCF = 270.0 Hz, C), 121.6 (CH) ppm, CN
not observed; 19F NMR (282 MHz, CDCl3) d �62.8 (s, CF3Ar) ppm;
FTIR n 2926, 2854, 2250, 1516, 1479, 1325, 1126, 1101, 1068,
1034 cm�1; HRMS (EI) m/z 647.1707 (647.1716 calcd for
C36H20BF6N5).

Compound 4-O: According to the above mentioned general
procedure, 4-F (27 mg, 0.042 mmol) in CH2Cl2 (10 mL), AlCl3

(17.3 mg, 0.13 mmol) and TMSOCOCF3 (0.14 mL, 0.84 mmol) were

reacted for 1 h. Flash chromatography using hexane/CH2Cl2 (9 : 1)
afforded 4-O (9 mg, 26 %) as a red solid, and the corresponding
aza-dipyrromethene[45] (14.6 mg, 58 %) as a blue solid. 1H RMN
(700 MHz, CDCl3) d 7.84 (d, J = 8.4 Hz, 4H), 6.99 (d, J = 8.4 Hz, 4H),
6.86 (s, 4H), 6.64 (s, 2H), 3.88 (s, 6H), 2.27 (s, 6H), 2.16 (s, 12H) ppm;
13C RMN (176 MHz, CDCl3) d 162.2 (C), 157.5 (C), 155.9 (q, 2JCF =
42.2 Hz, COO), 147.0 (C), 146.3 (C), 137.7 (C), 137.0 (C), 131.5 (CH),
129.1 (C), 128.1 (CH), 124.0 (CH), 122.8 (C), 114.4 (q, 1JCF = 286.9 Hz,
CF3), 114.3 (CH), 55.6 (CH3O), 21.1 (CH3), 20.9 (CH3) ppm, CN not
observed; 19F NMR (282 MHz, CDCl3) d �76.5 (s, CF3CO) ppm; FTIR n
2925, 2855, 1770, 1604, 1495, 1466, 1435, 1266, 1220, 1154, 1097,
1034 cm�1; HRMS (MALDI-TOF) m/z 829.2785 (829.2758 calcd. for
C44H38BF6N3O6).

Compound 4-C: According to the above mentioned general
procedure, 4-F (20 mg, 0.03 mmol) in CH2Cl2 (10 mL), AlCl3

(12.0 mg, 0.09 mmol) and TMSCN (0.075 mL, 0.60 mmol) were
reacted for 1 h. Flash chromatography using hexane/CH2Cl2 (5 : 5)
afforded 4-C (13 mg, 64 %) as a green solid. 1H RMN (700 MHz,
CDCl3) d 8.00 (d, J = 8.4 Hz, 4H), 7.09 (d, J = 8.4 Hz, 4H), 6.87 (s, 4H),
6.69 (s, 2H), 3.90 (s, 6H), 2.28 (s, 6H), 2.13 (s, 12H) ppm; 13C RMN
(176 MHz, CDCl3) d 162.4 (C), 159.3 (C), 146.6 (C), 143.0 (C), 138.0
(C), 136.8 (C), 131.9 (CH), 128.7, 128.3 (CH), 124.9 (CH), 122.8 (C),
114.5 (CH), 55.5 (CH3O), 21.11 (CH3), 21.07 (CH3) ppm, CN not
observed; FTIR n 2925, 2854, 2340, 1603, 1468, 1434, 1263, 1181,
1095, 1028 cm�1; HRMS (EI) m/z 655.3113 (655.3119 calcd. for
C42H38BN5O2).
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BODIPYs as Chemically Stable Fluorescent Tags for Synthetic
Glycosylation Strategies towards Fluorescently Labeled
Saccharides

Clara Uriel,[a] Caterina Permingeat,[a] Juan Ventura,[a] Edurne Avellanal-Zaballa,[b]

Jorge BaÇuelos,*[b] Inmaculada Garc&a-Moreno,[c] Ana M. Gjmez,*[a] and J. Cristobal Lopez*[a]

Abstract: A series of fluorescent boron-dipyrromethene

(BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes
have been designed to participate, as aglycons, in synthetic
oligosaccharide protocols. As such, they served a dual pur-

pose: first, by being incorporated at the beginning of the
process (at the reducing-end of the growing saccharide

moiety), they can function as fluorescent glycosyl tags, facili-
tating the detection and purification of the desired glycosi-
dic intermediates, and secondly, the presence of these chro-
mophores on the ensuing compounds grants access to fluo-
rescently labeled saccharides. In this context, a sought-after

feature of the fluorescent dyes has been their chemical ro-

bustness. Accordingly, some BODIPY derivatives described in
this work can withstand the reaction conditions commonly

employed in the chemical synthesis of saccharides; namely,

glycosylation and protecting-group manipulations. Regard-
ing their photophysical properties, the BODIPY-labeled sac-

charides obtained in this work display remarkable fluores-
cence efficiency in water, reaching quantum yield values up

to 82 %, as well as notable lasing efficiencies and photosta-
bilities.

Introduction

The chemical synthesis of oligosaccharides[1] and the develop-
ment of fluorescent probes[2] are two well-recognized research

areas with increasing relevance. In addition, the combination
of fluorescent labels and carbohydrates for the generation of
fluorescent glycoprobes has become an active topic of re-
search in recent years.[3] Remarkably, the interest in these as-

semblies could arise from at least two different research fields.
Focusing on the carbohydrate partner, the fluorescent labeling
of glycans allows investigations on glycoconjugates and their
interactions in biological systems at high sensitivity.[4, 5, 6] Alter-
natively, from the fluorescent-probe standpoint, owing to the

relevance that carbohydrate–receptor interactions have on a

number of biological processes,[7] a glycosyl moiety linked to a
fluorophore could play a significant role as a targeting[8] and

internalizing[9] agent for the probe, sometimes providing less
cytotoxic entities.[10]

On the other hand, borondipyrromethene (BODIPY) dyes, for
example, A (Scheme 1),[11] have emerged as remarkable fluoro-
phores owing to their outstanding properties that include
strong UV/Vis absorption profiles, high fluorescence quantum

yields (f) and excellent photochemical and thermal stabilities,
which has led to their use in biomaterials labeling,[12] among
others.[13]

Of particular interest to us was that the ligation step of the
fluorophore, for example, A, and the glycoligand, for example,

B, leading to glycoprobes, for example, C (Scheme 1, ap-
proach i), is generally carried out as the last synthetic event,

sometimes in situ, prior to their submission to the different vis-

Scheme 1. i) General synthetic approach to glycoprobe C by ligation of a
given saccharide B to a generic BODIPY dye (A, IUPAC numbering); and ii)
proposed sequential glycosylation/deprotection/glycosylation strategy from
hydroxymethyl-BODIPY D and glycosyl donors E, leading to BODIPY-saccha-
ride structures C.
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ualization or detection techniques.[14] Based on these prece-
dents, we decided to investigate the feasibility of a synthetic

approach to fluorescently labeled oligosaccharides in which
the fluorescent probe, installed at the reducing end of the

growing saccharide from the beginning of the process, could
additionally function as a tagging element, facilitating the visu-

alization and detection of the synthetic saccharide intermedi-
ates (Scheme 1, approach ii).

Accordingly, in this manuscript, we disclose our investiga-

tions on an alternative approach to BODIPY-saccharide deriva-
tives, that is, C (Scheme 1), based on sequential glycosylation/

deprotection/glycosylation events of a starting hydroxymethyl-
BODIPY D, with different glycosyl donors, for example, E
(Scheme 1, approach ii).

Consequently, our studies have focused on the search for
BODIPY derivatives that can endure the reaction events com-

monly employed in oligosaccharide synthesis ; namely, glycosy-
lation protocols[15] and protecting-group manipulations.[16, 17]

Results and Discussion

The present studies on the potential of BODIPY-aglycons as
glycosyl tags in synthetic oligosaccharide strategies originated

from an ongoing project that required a reliable synthetic

route to an appropriately protected 2-hydroxy-mannopyrano-
side bearing a fluorophore as aglycon, and able to undergo

further glycosylation at O-2.
Accordingly, based on our experience with 1,2-methyl or-

thoesters[18, 19] (MeOEs) in glycosylation,[20] and our recent
method for the efficient, one-pot, access[21] to hydroxymethyl-

BODIPY 1,[22] we attempted the glycosylation of the latter with

MeOE 2 (Scheme 2). The glycosyl coupling, mediated by
BF3·OEt2, took place smoothly to provide BODIPY-mannopyra-

noside 3, which, upon treatment with NaOMe in MeOH, pro-
duced 4,4’-methoxy-BODIPY 4.[23, 24] The latter was the result of
an unwanted methoxy substitution at boron accompanying
the desired de-O-benzoylation process. The use of milder sapo-
nification conditions (Et3N/MeOH, reflux) also induced methoxy
substitution at boron, but left the 2-O-Bz group in mannosyl-

BODIPY 5, unaffected.
Thus, even though compound 4 displayed good fluorophor-

ic behavior, it was found to be of no use to us since further

glycosylation attempts on 4 with MeOE donors, mediated by
BF3·OEt2, resulted in partial or total methoxy!fluor replace-

ment at boron, thus giving rise to complex product mixtures.
According to these results, and despite the fact that BODI-

PYs are typically described as “chemically robust” substra-
tes,[24b, 25, 26] we considered that a comprehensive screening of

the compatibility of the BODIPY core with the reaction condi-
tions employed in standard glycosylation protocols (including
protecting-group manipulations) will be necessary prior to

their use as fluorophoric tags in oligosaccharide synthesis.
In this context, a general survey of the scientific literature on

the chemical stability of BODIPYs allowed us to identify at least
two structural aspects with an influence on their stability. Thus,
the degree of peripheral alkyl-substitution on the BODIPY
core[27] and the presence of an 8-aryl substituent,[28, 29] have

long been known to stabilize the fluorophore. On the other

hand, substitution at boron has also been identified as a key
factor determining the stability of BODIPYs.[30] In this context,

Yan and co-workers recognized 4,4’-diphenyl BODIPY deriva-
tives as more stable, under acidic and basic conditions, than

the corresponding 4,4’-dimethyl, 4,4’-dimethoxy, or 4,4’-di-
fluoro derivatives.[31] More recently, reports from Vicente’s and

Bobadova-Parvanova’s laboratories have identified 4,4’-dicya-

no-BODIPYs[32] as the most stable derivatives, under acidic con-
ditions, from a series of 4,4’-disubstituted BODIPYs (including

-F, -CN, -Ph, -Me and -OMe derivatives).[33]

According to these literature precedents, we selected readily

available BODIPYs 6–10[21] to conduct our stability studies
(Figure 1). Thus, derivatives 6 and 7, and 8 and 9 differed in

the substitution at boron (F vs. CN). Compounds 8 and 9 pos-

sessed ethyl substituents at C-2 and C-6 (when compared to 6
and 7) aimed at shielding the BODIPY core towards the elec-

trophilic reagents[34] required in the activation of some of the
glycosyl donors evaluated in this work. Additionally, since our

planned studies also include the stability of these BODIPYs
under hydrogenolytic conditions (necessary to deprotect

benzyl groups at the glycosyl units), the hydroxyethyl deriva-

tive 10[35] was also considered as a non-benzylic analogue of 8.

BODIPYs and protecting group manipulations

The polyhydroxylic nature of carbohydrates and the high reac-

tivity of the hydroxyl groups in glycosylation reactions is the

reason why, in most cases, only the hydroxyl group that is
meant to be glycosylated can remain unprotected during the

glycosylation reaction. Therefore, protecting group manipula-
tions have become a key issue in oligosaccharide synthesis.[17]

In this context, most of the synthetic strategies towards oligo-
saccharides require the handling of at least three types of or-

Scheme 2. Glycosylation of BODIPY 1 with MeOE 2. Attempted saponifica-
tion of benzoate 3, leading to O-BODIPYs 4 and 5.

Figure 1. BODIPY derivatives 6–10 selected for our studies.
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thogonal[16, 17] protecting groups: acyl derivatives, silyl ethers
and benzyl ethers. Among them, the first two are considered

“temporary” protecting groups, since they can be placed and
removed several times during the synthesis, whereas benzyl

ethers are regarded as “permanent” protecting groups, since
they are: 1) only to be removed at the very end of the saccha-

ride preparation, 2) stable to all reaction conditions used, and
3) removable under reaction conditions that do not tamper

with the integrity of the target (oligo)saccharide.[36] For these

reasons, we have evaluated the compatibility of the reaction
conditions used for the deprotection of benzoyl esters, and
silyl and benzyl ethers with the structural integrity of some of
the BODIPYs displayed in Figure 1.

Thus, to find appropriate reaction conditions for the removal
of the protecting groups, we carried out our initial model stud-

ies with tert-butyldiphenylsilyl BODIPYs (BODIPY-OTBDPS), and

benzoyl BODIPYs (BODIPY-OBz) (Table 1 and Table 2, respective-
ly).

As representative methods for de-O-silylation, we selected
three sets of reaction conditions: 1) tetra-n-butyl ammonium
fluoride (TBAF) ; 2) HF-pyridine in THF; and 3) HCl/methanol in

THF, under microwave irradiation (Table 1). The best results in
terms of deprotection yields and substrate stabilities were ob-

tained with 4,4’-dicyano BODIPYs (7-OTBDPS and 9-OTBDPS)
upon treatment with HCl/methanol under microwave irradia-
tion (entries 5 and 7, respectively). Treatment with HF/pyridine
furnished an excellent yield of 4,4’-dicyano-2,6-diethyl BODIPY-

OH (9) (entry 8), and reasonable yields of BODIPYs 7 and 8 (en-
tries 6 and 7, respectively).

From the results in Table 1, we concluded that desilylation

could be successfully carried out with HCl/methanol in deriva-
tives arising from 4,4’-dicyano-BODIPYs 7 and 9, and with HF/

pyridine in 4,4’-dicyano-2,6-diethyl BODIPY-OH (9). In the case
of silyl BODIPYs 6 and 8, treatment with HCl/methanol (entries

9 and 11, respectively) caused desilylation accompanied by ni-
trogen–boron cleavage on the BODIPY core leading to the cor-

responding, non-fluorescent, dipyrromethenes.[37] This could be

confirmed in the case of 6-OTBDPS, for which treatment of the
crude desilylation mixture with BF3·OEt2 produced BODIPY 6
(entry 9 ; 47 % yield).[37]

Finally, in keeping with literature precedents,[38] TBAF caused
considerable decomposition of the BODIPY-core in all the de-
rivatives (Table 1, entries 1–4).

Analogously, de-O-benzoylation of the corresponding
BODIPY-OBz 6–9 derivatives was attempted under two sets of
reaction conditions: 1) NaOMe/MeOH and 2) Et3N in methanol

(reflux) (Table 2).
The best outcome in terms of reaction yields and substrate

stabilities, was observed in the case of 4,4’-difluoro BODIPYs 6-
OBz and 8-OBz, and 4,4’-dicyano-BODIPY 9-OBz derivatives,

upon treatment with NaOMe in MeOH (Table 2, entries 1, 3,

and 4, respectively). Contrariwise, the treatment of B(CN)2-
BODIPY with Et3N in MeOH produced complex mixtures con-

taining B(OMe,CN)- and B(OMe)2-BODIPYs, with or without the
ortho-8-benzoyl group (entries 5–8).

In these debenzoylation studies in basic media, regardless of
the reaction conditions employed, BF2-BODIPYs, i.e. , 6 and 8,

Table 1. De-O-silylation of BODIPY-tert-butyldiphenylsilyl ethers (BODIPY-
OTBDPS) to regenerate the starting BODIPY-OHs (6–9).

Entry BODIPY-OTBDPS Reaction conditions BODIPY-OH Yield [%][c]

1 6-OTBDPS TBAF[a] 6 48
2 7-OTBDPS TBAF[a] 7 41
3 8-OTBDPS TBAF[a] 8 38
4 9-OTBDPS TBAF[a] 9 –
5 6-OTBDPS HF/pyridine[b] 6 52[d]

6 7-OTBDPS HF/pyridine[b] 7 64[e]

7 8-OTBDPS HF/pyridine[b] 8 78[f]

8 9-OTBDPS HF/pyridine[b] 9 94
9 6-OTBDPS HCl/MeOH[c] 6 47[g]

10 7-OTBDPS HCl/MeOH[c] 7 93
11 8-OTBDPS HCl/MeOH[c] 8 –
12 9-OTBDPS HCl/MeOH[c] 9 94

[a] Tetra-n-butylammonium fluoride (TBAF; 1.5 equiv), CH2Cl2, 0 8C!RT.
[b] HF-pyridine (40 equiv), THF, RT. [c] HCl/MeOH (1.25 m), THF, microwave
irradiation, 60 8C. [d] 88 % corrected yield, based on recovered starting
material. [e] 87 % corrected yield, based on recovered starting material.
[f] 92 % corrected yield, based on recovered starting material. [g] Yield ob-
tained after treatment of the crude reaction mixture with Et3N, BF3·OEt2.

Table 2. Saponification of BODIPY benzoates (BODIPY-OBz) to regenerate
the starting BODIPY-OHs (6–9).

Entry BODIPY-OBz Reaction conditions BODIPY-OH Yield [%][c]

1 6-OBz NaOMe/MeOH[a] 6 92
2 7-OBz NaOMe/MeOH[a] 7 47
3 8-OBz NaOMe/MeOH[a] 8 92
4 9-OBz NaOMe/MeOH[a] 9 95
5 6-OBz Et3N/MeOH[b] 6 43[c]

6 7-OBz Et3N/MeOH[b] 7 –[d]

7 8-OBz Et3N/MeOH[b] 8 65[e]

8 9-OBz Et3N/MeOH[b] 9 –[f]

[a] Sodium methoxide (4.4 equiv) in methanol, RT, 1–2 h. [b] Triethylamine
in methanol, reflux, overnight. [c] An additional 23 % of the starting ben-
zoate was recovered. [d] Complex reaction mixture containing at least
five different compounds including B-(F,OMe) and B(OMe)2-BODIPYs, with
or without the C-8-ortho benzoyl substituent. [e] 86 % corrected yield,
based on recovered starting material. [f] The reaction mixture consisted
of the corresponding B(F,OMe) and B(OMe)2-BODIPYs, with and without
the C-8-ortho-benzoyl substituent.
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were found to be more stable than the corresponding B(CN)2-
BODIPYs (compare Table 2 entry 1 vs. entry 2, and entries 5

and 7 vs. entries 6 and 8). Nevertheless, de-O-benzoylation of
peralkylated B(CN)2-BODIPY 9-OBz proved to be successful

when short reaction times and stoichiometric amounts of
NaOMe were used.

BODIPYs and glycosylation reactions

We next set up to study the behavior of our hydroxymethyl-
BODIPYs in glycosylation reactions. Accordingly, we have vali-
dated five types of commonly employed glycosyl donors: tri-

chloroacetimidates (TCA),[39] thioglycosides,[40] glycosyl bro-
mides,[41] n-pentenyl orthoesters (NPOEs),[42] and MeOEs.[18, 20]

The results obtained are collected in Scheme 3 and

Scheme 4. Accordingly, trichloroacetimidate 11, reacted
smoothly with 4,4’-dicyano BODIPYs 7 and 9, upon activation

with BF3·OEt2 at low temperature, to give tetra-O-benzoyl man-
nopyranosides 12 and 14, respectively, in moderate yields

(Scheme 3 A and B). These benzoyl glycosides yielded, upon
saponification with NaOMe/MeOH, tetraols 13 and 15, respec-

tively (Scheme 3 A and B). Likewise, glycosylation of 4,4’-di-

fluoro-BODIPY 10 with TCA 11 at higher temperature yielded

mannopyranoside 16, which, upon saponification, produced
tetraol glycoside 17 (Scheme 3 C).

Next, the glycosylation of BODIPY 9 with phenyl thioglyco-
sides 18, 19, 22 and 25, was examined. Thus, armed and dis-

armed[43] thioglycosides could be activated by treatment with
NIS in the presence of Yb(OTf)3,[44] to yield BODIPY-glycosides

14, 20 and 23 in moderate to good yields (Scheme 3 D, E, and
F, respectively), the latter being isolated as a (2:1) a/b anome-
ric mixture. The use of the N-iodosuccinimide (NIS)/BF3·OEt2

system,[45] as the promotor in the activation of the thioglyco-
sides, caused partial replacement of -CN by fluoride at boron,
thus yielding mixtures of the corresponding 4,4-difluoro- and
4-fluor-4’-cyano-BODIPY glycosides. The use of electrophilic NIS
as promotor precluded the use of BODIPYs 6 and 7 as accept-
ors, owing to the nucleophilicity of the BODIPYs at positions C-

2 and C-6.[34] On the other hand, desilylation of BODIPY-glyco-

sides 20 and 23, leading to the hydroxyl derivatives 21 and 24
(Scheme 3 E and F, respectively), could be efficiently effected

by treatment with HCl/methanol, as seen before (Table 1, entry
12). Finally, activation of phenyl thioglycoside 25 with the thio-

philic promotor system Ph2SO/Tf2O,[46] in the presence of 4-tert-
butyl-2,6-di-methylpyridine (TBMP), was also possible and

yielded glucoside 26 in 68 % yield, as an (8:1) a/b anomeric

mixture with the a-anomer prevailing.
In keeping with these studies, the system NIS/

BF3·OEt2 was found to successfully activate NPOE 27
in the glycosylation of BODIPY 9, to furnish manno-

pyranosyl BODIPY 28 in 85 % yield (Scheme 4 A). In
this case, no -CN replacement by fluoride at boron

was observed, probably due to the short reaction

time required for the reaction to be completed
(15 min).

As seen earlier (Scheme 2), MeOEs could be effi-
ciently activated by the action of BF3·OEt2 at low tem-

perature, and, accordingly, glycosyl BODIPYs 28, 14,
12 and 20 were uneventfully obtained from MeOEs

2, 29 and 30, (Scheme 4 B–E). The use of AgOTf to ac-

tivate glycosyl bromide 31, was also compatible with
BODIPY 9, and mannopyranosyl BODIPY 32 could be
obtained in 36 % yield (45 % yield based on recov-
ered starting material, Scheme 4 F). In this case, the

low yield of 32 was explained by a competing acety-
lation of the BODIPY aglycon (24 % of BODIPY-OAc 9
could be isolated).

Glycosyl BODIPYs and benzyl protecting groups

As noted earlier, benzyl groups play a key role in the

synthesis of saccharides, since they are visualized as
permanent protecting groups to be usually removed

at one of the last steps of the synthetic sequence.[47]

Thus, the question of the stability of our BODIPYs,
and their benzylic BODIPY-glycoside bonds under hy-

drogenolytic conditions became worthy of study.
In this context, previous studies had shown that al-

kylated BODIPYs were stable under hydrogenolytic
conditions.[48] With these precedents in mind, we

Scheme 3. Glycosylation of BODIPYs 7, 9, and 10 with glycosyl trichloroacetimidate 11,
and glycosylation of BODIPY 9 with thioglycosyl donors 18, 19, 22, and 25.
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checked the stability of substituted BODIPYs 6–10, compared

to that of non-alkylated BODIPY 1 (Scheme 5 A). Thus, whereas
the former derivatives were recovered unmodified after pro-

longed treatment with H2 [(35 psi), 7 h, Pd/C, MeOH/CH2Cl2] ,

treatment of fluorescent BODIPY 1 with H2 (balloon, Pd/C,
MeOH/CH2Cl2, 40 min) caused complete disappearance of its

fluorescence, thereby indicating that cleavage of the BODIPY
core might have taken place (Scheme 5 A). Next, we tested the

stability of the benzylic-BODIPY bond in our BODIPY-glycosides
by submitting perbenzoylated derivatives 12 and 14, to hydro-

genolytic conditions (Scheme 5 B). Accordingly, treatment of

glycosides 12 and 14 with H2 [(35 psi), 7 h, Pd/C, MeOH/
CH2Cl2] , left the substrates unchanged, proving the stability of

the benzylic BODIPY bond (Scheme 5 B).

Based on these preliminary results, the hydrogenation of tri-
O-benzyl-mannopyranoside 28, and tetrabenzyl mannopyrano-

side 34 took place uneventfully, leading to triol 33 and tetraol
a,b-13, respectively, in excellent yields (Scheme 6 A and B).

Likewise, hydrogenation of tri-O-benzyl mannopyranoside 35
gave access to triol 36 in almost quantitative yield
(Scheme 6 C). Finally, to gain further knowledge on the behav-

ior of “non-substituted” BODIPY 1 towards hydrogenation, a
green fluorescent solution of mannopyranosyl BODIPY 3 was

treated with H2 [(balloon), Pd/C, MeOH/CH2Cl2] . After 40 min,
and in line with our previous observation (Scheme 5 A), the
fluorescence as well as the green color of the solution had

completely disappeared. Then, acetylation of the ensuing
crude reaction mixture led to the isolation of a nonfluorescent
glycoside, for which we tentatively propose the structure 37,
based on its NMR and mass spectra (Scheme 6 D).

From these studies, it appeared that benzyl ethers in the
saccharide portion of these BODIPY glycosides could be re-

moved chemoselectively, leaving the (benzyl)BODIPY aglycon

intact (e.g. , Scheme 6 A and B).
From these studies, it also seemed that the benzyl BODIPY

bond between the BODIPY and the carbohydrate is more re-
sistant to hydrogenolysis than the “standard” benzyl protecting

groups, probably owing to the steric hindrance of its “ortho-
BODIPY” substituent. Finally, alkylation around the BODIPY

core in these derivatives played an important role in determin-

ing their stability towards hydrogenation, especially when
compared to that of non-alkylated BODIPY 1.

Accordingly, benzyl ethers could be used as protecting
groups in combination with our BODIPY derivatives; the

former being able to be chemoselectively removed without
tampering with the BODIPY aglycon.

Scheme 4. NPOE 27, MeOEs 2, 29, and 30 and glycosyl bromide 31, in the
glycosylation of BODIPYs 7 and 9.

Scheme 6. Hydrogenolysis of BODIPY-glycosides 28, 34, 35, and 3.

Scheme 5. Hydrogenolysis studies on BODIPYs 1, 6, 7, 8, and 10 and
BODIPY glycosides 12 and 14.
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From the collection of results summarized above, it became
clear that some BODIPY derivatives could tolerate, without de-

composition, the protection and deprotection events common-
ly employed in oligosaccharide synthesis.

Synthesis of BODIPY trisaccharides

As proof of concept, and to illustrate the potential of BODIPY

aglycons for the synthesis of oligosaccharides, we embarked

on the synthesis of one branched and one linear BODIPY-la-
beled mannose trisaccharides 38 and 39, respectively

(Scheme 7 A and B). Thus, unprotected mannopyranoside 15
(Scheme 3 B) was glycosylated with perbenzoylated thioglyco-

side 18 to give disaccharide 40, which was then regioselective-
ly glycosylated at O-3 with NPOE 41,[49] to yield branched tri-
mannan 38 a. Saponification of the latter (NaOMe/MeOH) yield-

ed unprotected trisaccharide 38 b (Scheme 7 A). On the other
hand, the route to linear trimannan derivative 39, started from

6-hydroxy mannopyranoside 21 (Scheme 3 E), which, upon gly-
cosylation with thioglycoside donor 19, mediated by NIS/

Yb(OTf)3, produced disaccharide 42 a. De-O-silylation of the
latter (HCl/MeOH, MW irradiation) yielded disaccharide 42 b, in

fairly good yield. Finally, glycosylation of disaccharide 42 b with
phenyl thioglycoside 18 generated trisaccharide 39 a, which,
upon de-O-benzoylation, yielded linear BODIPY-labeled tri-

mannan 39 b (Scheme 7 B).

Photophysical studies

To impel the advanced applications of the new glycoprobes

we have analyzed the photonic behavior under low (photo-
physical properties) and high (laser properties) irradiation re-
gimes of some representative BODIPY-labeled saccharides. The
ortho-glycosylation of the chromophoric C-8-benzyl group led

to a rigid and compact molecular structure because of a
higher steric hindrance imposed by the bulky saccharides (up

to three units in 38 a and 38 b). In fact, the structural arrange-
ment of the C-8-benzyl residue was nearly orthogonal (twisting

dihedral angle computed in the ground state of 85–908 in ana-
logues 15 and 17, Figure 2) reducing the internal conversion

pathways associated with its free motion. Such geometrical
disposition explained the low impact of the grafted functionali-
zation (number of saccharide units, sugar protecting groups,
and chain-length between the saccharide and the eight-aryl
unit) on the photophysical signatures and the recorded high

fluorescence efficiencies (Table 3). The replacement at the
boron bridge of fluorine atoms (F-BODIPYs) by cyano groups

(CN-BODIPYs) had a low impact on the spectral properties of
the BODIPYs (Figure 2), but induced an increase in the emis-
sion efficiency (see for example 17 versus 15 in Table 3), reach-
ing values higher than 80 %, and approaching the value report-

ed for the parent 1,3,5,7,8-pentamethyl-2,6-diethylpyrrome-
thene-difluoroborate (pyrromethene PM567) dye (Table 3).[50]

Such enhancement, upon chemical modification at the boron

Scheme 7. A) Synthesis of branched trisaccharides 38, and B) synthesis of linear trisaccharides 39, containing 4,4’-dicyano-BODIPY 9, as the aglycon.

Figure 2. A) Computed frontier molecular orbitals (b3lyp/6-311g*)[52] involved
in B) the recorded absorption, and C) fluorescence (scaled by their efficiency)
transitions in water for the BODIPY-labeled monosaccharide 17 (in black)
and its analogue 15 (in red), where the 4,4’-fluorine atoms are replaced with
cyano groups. The ground-state optimized geometries in side-view (A) are
also shown to highlight the orthogonal arrangement of the 8-aryl moiety
linked to the BODIPY scaffold.
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bridge with electron-withdrawing groups, is consistent with
previously reported results with similar functionalization at the

boron center.[32b]

It is worth mentioning that the glycoprobes based on fully

unprotected saccharides, such as 17 and 15 (with a monosac-
charide) and 38 b (with a trisaccharide), displayed high water

solubility. If fact, these derivatives, and particularly those based

on 4,4’-dicyano BODIPYs, displayed a remarkable fluorescence
efficiency in water, reaching quantum yield values up to 82 %

(Table 3). Nevertheless, they showed a slight trend toward mo-
lecular aggregation upon increasing the dye concentration in

water. For example, 38 b, which was soluble in water at con-
centrations as high as 2 mm, tended to aggregate at concen-

trations higher than 0.1 mm, as revealed by the increased ab-

sorbance observed at the short-wavelength vibronic shoulder
(Figure S1 in the Supporting Information). Such change in the

absorption spectrum profiles can be regarded as a fingerprint
of non-emissive H-aggregates, which decreased the fluores-
cence response and impaired effective laser action. However, it
is worth mentioning that a water-soluble and highly fluores-
cent BODIPY at concentrations up to 0.1 mm fulfilled the re-

quirements normally demanded in biological microscopy stud-
ies. As a corollary, from a photophysical standpoint, the ensu-
ing BODIPY-labeled saccharides could be used as stable and
fluorescent water-soluble chromophores, thereby addressing
one of the current challenges in molecular imaging.

Lasing properties

According to their absorption properties, the lasing properties
of the new dyes were studied under pumping at 532 nm.
Under our experimental conditions (transversal excitation and

strong focusing of the incoming pump radiation) the concen-
tration of the dyes should be in the millimolar range, to ensure

total absorption of the pump radiation within the first millime-
ter at most of the solution, in order to obtain an emitted

beam with near-circular cross-section and optimize the lasing
efficiency (ratio between the energy of the dye laser output

and the pump energy incident on the sample surface). To de-
termine the dye concentration that optimizes the laser emis-

sion of the new dyes, first the dependence of their laser emis-
sion on the corresponding dye concentrations was analyzed in

methanol by varying the concentration from 0.1 to 2 mm,

while keeping all the other experimental parameters constant.
In all cases, the dyes followed the typical behavior, with the

lasing efficiency first increasing with dye concentration until a
maximum value was reached. Increasing the dye concentration

beyond this point resulted in a decrease of the lasing efficiency
that can be related to reabsorption/reemission processes,

which become increasingly important as the dye concentration

rises. The optimum value of the dye concentration so deter-
mined was then used to analyze the effect of the molecular

structure of the solvent on the laser properties of the different
derivatives. The lasing data recorded under these experimental

conditions are collected in Table 3.
All the new dyes exhibited laser action that peaked at ca.

570 nm, with a pump threshold energy of 0.8 mJ, a beam di-

vergence of 0.5 mrad, and a pulse duration of 8 ns full-width
at half-maximum (FWHM). The observed lasing efficiencies cor-

related well with their photophysical properties; 1) the higher
the fluorescence quantum yield the higher became the lasing

efficiency; 2) the replacement at the boron bridge of the fluo-
rine atoms with cyano groups enhanced significantly the

lasing efficiency; that is, from 48 % recorded for 17 to an im-

pressive 68 % recorded for its similar cyano derivative 15 ; and
3) the lasing efficiency of the glycoprobes built on F-BODIPY as

well as on CN-BODIPY scaffold became independent of the
structure of the saccharide inserted in the final dye (i.e. , pro-

tected and unprotected mono-, di-, and tri-saccharides led to a
lasing efficiency ca. 48 % for F-BODIPYs and 68 % for the corre-

sponding C-BODIPYs).

An important parameter for any practical applications of
these glycoprobes is their lasing photostability under hard ra-

diation conditions and long operation times. A reasonable
evaluation of the photostability of these dyes can be obtained

by irradiating a small amount of solution with exactly the
same pumping energy and geometry as used in the laser ex-

periments, and monitoring the evolution of the laser-induced

fluorescence intensity with respect to the number of pump
pulses (see Experimental Section). In Table 3 are collected data

on the decrease of the laser-induced fluorescence intensity
under transversal excitation at 532 nm, with 5 mJ/pulse and

10 Hz repetition rate after 100 000 pump pulses, for the new
glycoprobes herein synthesized. Once again, the lasing photo-

stability of the new BODIPY-saccharides matched their photo-

physical properties since the lower the non-radiative rate con-
stant, the higher became the resistance to pumping showed

by the new dyes regardless of the saccharide inserted in its
molecular structure. In this way, the glycoprobes derived from

the CN-BODIPY skeleton behaved as highly efficient and pho-
tostable dyes since its laser emission remained at its initial

Table 3. Photophysical[a] and laser[b] properties of the synthesized glycop-
robes in a common solvent (methanol). The corresponding data for the
water-soluble compounds (in H2O) are also included (in italics). Additional
photophysical data in other solvents are collected in Table S1 in the Sup-
porting Information.

lab [nm][a] emax V 104

[m@1 cm@1][a]

lfl [nm][a] F[a] t [ns][a] Eff [%][b] I [%][b]

PM567 516.0 6.9 534.0 0.81 6.10 48 17
15 523.5 7.7 535.0 0.87 7.21 68 100

524.0 5.1 535.5 0.82 7.28
17 523.0 5.4 536.0 0.74 6.67 44 25

523.0 3.0 533.5 0.60 6.86
28 525.0 6.7 535.5 0.81 7.24 65 100
40 524.5 6.2 534.0 0.82 6.71 64 100
38 a 525.0 6.6 533.5 0.83 6.97 68 100
38 b 524.0 6.9 535.0 0.81 7.18 66 100

525.0 5.2 537.0 0.77 7.29

[a] Dye concentration: 2 mm. Absorption (lab) and fluorescence (lfl) wave-
length, molar absorption at the maximum (emax), fluorescence quantum
yield (F) and lifetime (t). [b] Dye concentration 0.8 mm. Laser efficiency
(Eff [%]) and photostability (I (%)): intensity of the laser output after
100 000 pump pulses with respect to its initial intensity I0 ; I (%) = (I/I0) V
100, at 10 Hz repetition rate.
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level after 100 000 pump pulses, enhancing that recorded with
the corresponding F-BODIPY saccharides which lasing emission

dropped more than 80 % in the same pumping period.

Conclusions

To validate the potential of BODIPY dyes as aglycons in syn-
thetic sequences leading to saccharides, we have performed a

comprehensive study of the compatibility of some BODIPY de-
rivatives with the reaction conditions normally employed in
these protocols, namely: 1) glycosylation and 2) protecting-
group manipulations. Regarding the glycosylation phase, we
have evaluated the endurance of BODIPY derivatives in glyco-

sylations with glycosyl tricholoracetimidates, thioglycosides, n-
pentenyl orthoesters (NPOEs), 1,2-methyl orthoesters (MeOEs),
or glycosyl bromides, as glycosyl donors. From the standpoint
of protecting-group manipulations, we have identified reaction
conditions that do not tamper with the BODIPY core and allow
the removal of silyl and benzoyl substituents, as representative

of “temporary” protecting groups, and of benzyl substituents
as protecting groups that are regarded as “permanent”.[36] In
general, and in keeping with literature precedents,[33] we have

found that B(CN)2-BODIPYs are more resistant to acidic condi-
tions than the corresponding BF2 derivatives. The latter, how-

ever, are more stable than the former under basic conditions.
Also noteworthy, we have observed that the substitution pat-

tern on the dipyrromethene core also plays a significant role in

determining the stability of the dye. Thus, 1,3,5,7-tetramethyl-
2,6-diethyl BODIPY derivatives, that is, 8 and 9, proved to be

more stable than their corresponding 2,6-des-ethyl analogues,
that is, 6 and 7, under either acidic or basic conditions.

Accordingly, it has become apparent from these studies that
BODIPY derivatives 8 or 9 could be successfully employed as

aglycons in synthetic oligosaccharide synthesis. As such, they

could play a dual role, as glycosyl tags by facilitating the visu-
alization and identification of reaction products, and as fluores-

cent labels in the target oligosaccharides.
Appealingly, from a synthetic standpoint, access to these

BODIPYs could be carried out efficiently in gram-scale opera-
tions. Thus, BODIPY 8 is readily obtained by a one-step reac-

tion from 2,4-dimethyl-3-ethyl pyrrole and phthalide,[21] and
B(CN)2-BODIPY 9 is then easily available from BF2-BODIPY 7 by

reaction with TMSCN mediated by BF3·OEt2.[32]

From the photophysical perspective, B(CN)2-BODIPYs dis-
played better photophysical properties than the corresponding

BF2 derivatives, possibly making B(CN)2-BODIPY 9 the aglycon
of choice in BODIPY-assisted fluorescent saccharide synthesis.

In addition, we have found that the carbohydrate subunits
have a beneficial effect on the, already good, photophysical

features of these BODIPY dyes.

In summary, the incorporation of a BODIPY tag at the reduc-
ing-end of the target saccharide could prove particularly useful

in glycosylations when an excess of nonfluorescent glycosyl
donors will be required, because it allows the easy visualization

of the fluorescent final product and the unreacted glycosyl ac-
ceptor.

Experimental Section

Synthesis of fluorescently labeled branched trisaccharide
36 b, using [B(CN)2] BODIPY 9 as the aglycone; Typical pro-
cedure

Synthesis of B(CN)2-BODIPY 9 from BF2-BODIPY 8 : A solution of
BF2-BODIPY 8[21] (1.3 g, 3.17 mmol) in anhydrous CH2Cl2 (20 mL) was
cooled to 0 8C and treated with BF3·OEt2 (78 mL, 0.63 mmol). The
mixture was stirred at r.t. for 5–10 min, then TMSCN (1.97 mL,
15.8 mmol) was added and the reaction mixture was kept under
these conditions for 120 min. The mixture was neutralized with sa-
turated aqueous NaHCO3 solution, diluted with CH2Cl2 and washed
with water (2 V). The organic phase was dried over MgSO4, concen-
trated and purified on a silica gel column (hexane/ethyl acetate;
9:1). Yield: 1.17 g (87 %); 1H NMR (400 MHz, CDCl3): d= 7.70 (d, J =
7.7 Hz, 1 H), 7.55 (d, J = 7.6 Hz, 1 H), 7.44 (t, J = 7.5 Hz, 1 H), 7.18 (d,
J = 7.7 Hz, 1 H), 4.56 (s, 2 H), 2.69 (s, 6 H), 2.34 (q, J = 7.6 Hz, 4 H),
1.31 (s, 6 H), 1.00 ppm (t, J = 7.6 Hz, 6 H); 13C NMR (100 MHz, CDCl3):
d= 154.4, 139.7, 139.2, 138.3, 134.5 (broad C), 132.6, 130.0, 128.8
(broad C), 128.6, 128.1, 62.3, 17.3, 14.6, 13.5, 11.5 ppm; 19F NMR
(376 MHz, CDCl3): no peaks; 11B NMR (128 MHz, CDCl3): d=
@16.25 ppm; HRMS (ESI-TOF): m/z calcd for C26H30BN4O: 425.25118
[M++H]+ ; found: 425.25088.

Mannopyranosyl BODIPY 14 : To a solution of BODIPY-acceptor 9
(424 mg, 1 mmol) and TCA 11 (1 g, 1.36 mmol) in anhydrous
CH2Cl2 (15 mL) was added 4 a molecular sieves (100 % w/w). The
mixture was stirred at rt for about 15 min under an Ar atmosphere,
then cooled to @78 8C. Fresh BF3·OEt2 (84 mL, 0.68 mmol) was then
added and the reaction mixture was kept at this temperature. The
mixture was stirred under these conditions for 30 min, and then
neutralized by addition of Et3N (1 mL). The mixture was evaporated
and purified by chromatography over silica gel flash column
(hexane/ethyl acetate, 8:2) to give compound 14 (661 mg, 66 %);
red film-like solid; [a]21

D = + 15.1 (c 0.4 in CHCl3) ; 1H NMR (500 MHz,
CDCl3): d= 8.01–7.16 (m, 24 H), 6.01 (t, J = 10.1 Hz, 1 H), 5.63 (dd,
J = 10.2, 3.3 Hz, 1 H), 5.28 (dd, J = 3.3, 1.8 Hz, 1 H), 4.91 (d, J = 1.8 Hz,
1 H), 4.64 (d, J = 11.5 Hz, 1 H), 4.57 (dd, J = 12.3, 2.7 Hz, 1 H), 4.40 (d,
J = 11.5 Hz, 1 H), 4.34 (dd, J = 12.3, 3.4 Hz, 1 H), 4.19 (dt, J = 10.1,
3.1 Hz, 1 H), 2.60 (s, 6 H), 2.38–2.19 (m, 4 H), 1.36 (s, 3 H), 1.25 (s,
3 H), 0.91 (t, J = 7.5 Hz, 3 H), 0.90 ppm (t, J = 7.5 Hz, 3 H); 13C NMR
(126 MHz, CDCl3): d= 166.2, 165.5, 165.1, 156.1, 153.9, 140.4, 139.0,
138.4, 135.3, 134.7, 134.4, 134.3, 133.5, 133.4, 133.3, 133.1, 130.3,
130.1, 130.0, 129.9, 129.8, 129.7, 129.5, 129.2, 128.8, 128.6, 128.5,
128.4 ppm; 11B NMR (128 MHz, CDCl3): d=@16.16 ppm; 19F NMR
(376 MHz, CDCl3): no peaks; HRMS (ESI-TOF): m/z calcd for
C60H59BN5O10 : 1020.43594 [M + NH4]+ ; found: 1020.43754; m/z
calcd for C60H55BN4NaO10 : 1025.39133 [M + Na]+ ; found:
1025.39126.

Mannopyranosyl-tetraol BODIPY 15 : A solution of BODIPY man-
nopyranoside 14 (572 mg, 0.57 mmol) in MeOH (10 mL) was treat-
ed with NaOMe (184 mg, 3.42 mmol). After stirring at RT for 3 h,
the solution was neutralized with ion-exchange resin (H+), then fil-
tered and concentrated. The residue was purified by column chro-
matography on silica gel (MeOH/CH2Cl2 ; 9:1) to provide tetraol 15
(228 mg, 70 %) as a red solid; m.p. 140.1 8C (decomposition);
[a]21

D = + 179.4 (c 0.07 in MeOH); 1H NMR (500 MHz, CDCl3): d=
7.61–7.44 (m, 3 H), 7.21 (d, J = 7.2 Hz, 1 H), 4.67 (s, 1 H), 4.50 (d, J =
11.0 Hz, 1 H), 4.22 (d, J = 11.4 Hz, 1 H), 3.80–3.55 (m, 2 H), 3.53–3.34
(m, 3 H), 3.13–2.99 (m, 1 H), 2.66 (m, 6 H), 2.44–2.25 (m, 4 H), 1.27 (s,
6 H), 1.00 ppm (q, J = 7.5 Hz, 6 H); 13C NMR (126 MHz, CDCl3): d=
154.5, 154.3, 140.0, 139.8, 139.1, 134.8, 134.7, 134.5, 133.8, 130.0,
129.9, 129.3, 129.0, 128.7, 128.3, 100.2, 72.4, 71.5, 70.6, 67.3, 65.8,
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60.6, 17.3, 14.6, 14.5, 13.5, 11.6, 11.5 ppm; 11B NMR (128 MHz,
CDCl3): d=@16.25 ppm; HRMS (ESI-TOF): m/z calcd for
C32H43BN5O6 : 604.33066 [M++NH4]+ ; found: 604.33040; m/z calcd for
C32H39B N4NaO6 : 609.28605 [M++Na]+ ; found: 609.28555.

BODIPY-disaccharide 40 : To a stirred solution of tetraol 15 (50 mg,
0.087 mmol), and thioglycoside donor 18 (139 mg, 0.22 mmol) and
N-iodosuccinimide (NIS) (49 mg, 0.22 mmol) in CH2Cl2 (8 mL),
Yb(OTf)3 (136 mg, 0.22 mmol) was added at RT. The reaction mix-
ture was stirred for 15 min and then partitioned between aqueous
sodium thiosulfate/NaHCO3 and CH2Cl2. After washing with water
and brine, the combined organic extracts were dried over anhy-
drous Na2SO4, and evaporated. The residue was purified by chro-
matography over silica gel flash column (hexane/ethyl acetate, 6:4)
to give disaccharide 40 (75 mg, 74 %) as a red film-like solid;
[a]21

D = + 392.1 (c 0.2 in CHCl3) ; 1H NMR (500 MHz, CDCl3): d= 8.21–
7.69 (m, 8 H), 7.67–7.21 (m, 16 H), 6.11 (t, J = 10.2 Hz, 1 H), 5.94 (dd,
J = 10.2, 3.3 Hz, 1 H), 5.69 (dd, J = 3.3, 1.8 Hz, 1 H), 5.24 (d, J = 1.8 Hz,
1 H), 4.72–4.64 (m, 3 H), 4.58–4.52 (m, 1 H), 4.47 (dd, J = 12.2, 4.1 Hz,
1 H), 4.35 (d, J = 11.3 Hz, 1 H), 3.97 (dd, J = 11.4, 5.5 Hz, 1 H), 3.89
(dd, J = 11.4, 1.9 Hz, 1 H), 3.70 (td, J = 9.6, 2.7 Hz, 1 H), 3.59–3.52 (m,
1 H), 3.31 (td, J = 9.1, 3.5 Hz, 1 H), 3.28–3.21 (m, 1 H), 2.70 (s, 3 H),
2.68 (s, 3 H), 2.39–2.31 (m, 4 H), 1.35 (s, 3 H), 1.30 (s, 3 H), 1.04–
0.97 ppm (m, 6 H); 13C NMR (126 MHz, CDCl3): d= 166.3, 165.7,
165.6, 154.2, 154.1, 140.6, 140.1, 139.9, 134.7, 134.6, 133.6, 133.5,
133.3, 133.1, 131.0, 130.1, 130.0, 129.9, 129.6, 129.4, 129.2, 128.7,
128.6, 128.5, 128.4, 100.6, 97.6, 71.9, 71.5, 70.9, 70.1, 69.9, 69.2,
69.0, 68.1, 67.1, 66.9, 63.0, 17.4, 17.3, 14.6, 13.6, 11.9, 11.5 ppm;
HRMS (ESI-TOF): m/z calcd for C66H69BN5O15 : 1182.4885 [M++NH4]+ ;
found: 1182.49303; m/z calcd for C66H65BN4NaO15 : 1187.44424
[M++Na]+ ; found: 1187.44934.

BODIPY-trisaccharide 38 a : To a stirred solution of BODIPY-disac-
charide 40 (41 mg, 0.035 mmol), NPOE donor 41 (70 mg,
0.105 mmol) and N-iodosuccinimide (23 mg, 0.105 mmol) in CH2Cl2

(8 mL), BF3·OEt2 (5 mL, 0.022 mmol) was added at @30 8C. The reac-
tion mixture was stirred for 15 min and then partitioned between
aqueous sodium thiosulfate/NaHCO3 and CH2Cl2. After washing
with water and brine, the combined organic extracts were dried
over anhydrous Na2SO4, and evaporated. The residue was purified
by chromatography over silica gel flash column (hexane/ethyl ace-
tate, 6:4) to give compound 38 a as a noncrystalline red film-like
solid product (76 mg, 53 %); [a]21

D =@125.9 (c 0.9 in CHCl3) ; 1H NMR
(500 MHz, CDCl3): d= 8.19–7.76 (m, 16 H), 7.67–7.17 (m, 28 H), 6.20
(t, J = 10.2 Hz, 1 H), 6.14 (t, J = 10.1 Hz, 1 H), 5.98 (dd, J = 4.5, 3.2 Hz,
1 H), 5.96 (dd, J = 4.4, 3.3 Hz, 1 H), 5.78 (dd, J = 3.2, 1.9 Hz, 1 H), 5.73
(dd, J = 3.3, 1.8 Hz, 1 H), 5.34 (d, J = 1.8 Hz, 1 H), 5.10 (d, J = 2.0 Hz,
1 H), 4.86 (dt, J = 10.3, 3.1 Hz, 1 H), 4.73 (dd, J = 12.2, 2.5 Hz, 1 H),
4.67 (d, J = 1.7 Hz, 1 H), 4.64 (dd, J = 12.3, 2.6 Hz, 1 H), 4.62 (d, J =
11.2 Hz, 1 H), 4.60–4.53 (m, 2 H), 4.50 (dd, J = 12.2, 3.9 Hz, 1 H), 4.25
(d, J = 11.1 Hz, 1 H), 4.15 (t, J = 9.7 Hz, 1 H), 4.03 (dd, J = 11.8, 4.5 Hz,
1 H), 3.89 (dd, J = 11.8, 1.8 Hz, 1 H), 3.81 (s, 1 H), 3.63 (dd, J = 9.4,
3.2 Hz, 1 H), 3.52 (ddd, J = 9.9, 4.5, 1.8 Hz, 1 H), 2.65 (s, 3 H), 2.60 (s,
3 H), 2.35–2.23 (m, 2 H), 2.22–2.13 (m, 2 H), 1.29 (s, 3 H), 1.29 (s, 3 H),
1.29 (s, 3 H), 0.93 (t, J = 7.6 Hz, 3 H), 0.75 ppm (t, J = 7.6 Hz, 3 H);
13C NMR (126 MHz, CDCl3): d= 166.4, 166.3, 165.8, 165.6, 165.5,
154.6, 154.4, 140.0, 139.7, 139.4, 134.8, 134.6, 134.5, 133.7, 133.6,
133.5, 133.4, 133.3, 133.2, 133.1, 131.0, 130.2, 130.1, 130.0, 129.9,
129.5, 129.4, 129.3, 129.2, 129.1, 128.8, 128.7, 128.6, 128.5, 128.4,
100.7, 99.2, 97.8, 82.9, 72.1, 71.0, 70.8, 70.4, 70.1, 69.6, 69.4, 69.0,
68.5, 67.1, 66.6, 65.1, 63.0, 62.9, 17.4, 17.3, 14.6, 14.4, 13.6, 13.5,
11.8, 11.5 ppm; 11B NMR (128 MHz, CDCl3): d=@16.25 ppm; HRMS
(ESI-TOF): m/z calcd for C100H95BN5O24 : 1760.64696 [M++NH4]+ ;
found: 1760.64620; m/z calcd for C100H91BN4NaO24 : 1765.60236
[M++Na]+ ; found: 1765.61089.

BODIPY-trimannan derivative 38 b : A solution of benzoylated tri-
saccharide 38 a (56 mg, 0.032 mmol) in MeOH/CH2Cl2 (v/v 2:1,
4 mL) was treated with NaOMe (14 mg, 0.26 mmol). After stirring at
RT for 4 h, the solution was neutralized with ion-exchange resin
(H+), then filtered and concentrated. The residue was purified by
column chromatography on silica gel (ethyl acetate/MeOH/H2O;
10:2:1) to give 38 b (22 mg, 77 %) as a red film-like solid; [a]21

D = +
960.9 (c 0.3 in CHCl3) ; 1H NMR (500 MHz, CDCl3): d= 7.70 (dd, J =
7.7, 1.4 Hz, 1 H), 7.63 (td, J = 7.6, 1.5 Hz, 1 H), 7.58 (dt, J = 7.5, 1.4 Hz,
1 H), 7.33 (dd, J = 7.5, 1.4 Hz, 1 H), 4.94 (d, J = 1.8 Hz, 1 H), 4.78 (d,
J = 1.7 Hz, 1 H), 4.71 (d, J = 1.7 Hz, 1 H), 4.60 (d, J = 10.8 Hz, 1 H),
4.27 (d, J = 10.9 Hz, 1 H), 3.94 (dd, J = 3.4, 1.8 Hz, 1 H), 3.91 (dd, J =
3.4, 1.7 Hz, 1 H), 3.83–3.74 (m, 6 H), 3.73–3.65 (m, 3 H), 3.64–3.57 (m,
4 H), 3.45–3.40 (m, 2 H), 3.14 (ddd, J = 10.1, 4.8, 1.9 Hz, 1 H), 2.70 (s,
3 H), 2.69 (s, 3 H), 2.54–2.37 (m, 4 H), 1.42 (s, 3 H), 1.37 (s, 3 H),
1.04 ppm (t, J = 7.5 Hz, 67 H); 13C NMR (126 MHz, CDCl3): d= 156.2,
155.0, 142.0, 141.4, 141.0, 136.5, 136.2, 136.1, 136.0, 135.5, 132.4,
131.2, 130.7, 130.5, 130.2, 129.7, 103.6, 101.9, 101.2, 81.2, 74.8, 74.0,
73.3, 72.6, 72.5, 72.1, 71.9, 71.0, 68.7, 68.6, 68.1, 66.5, 66.4, 62.8,
62.7, 18.2, 18.0, 14.9, 14.9, 13.8, 13.6, 12.1, 11.9 ppm; HRMS (ESI-
TOF): m/z calcd for C44H63BN5O16 : 928.43650 [M++NH4]+ ; found:
928.43253; m/z calcd for C44H59BN4NaO16 : 933.39190 [M++Na]+ ;
found: 933.39046.

Photophysical properties : Spectroscopic properties were recorded
in dilute solutions (ca. 2 V 10@6 m), prepared by adding the corre-
sponding solvent (spectroscopic grade) to the residue from the re-
quired amount of a concentrated stock solution in acetone, after
vacuum evaporation of this solvent. UV/Vis absorption spectra
were recorded with a Varian model CARY 4E spectrophotometer ;
the fluorescence and excitation spectra, as well as the decay
curves were recorded with an Edinburgh Instruments spectro-
fluorimeter (model FLSP 920). Fluorescence quantum yields (f)
were obtained using as reference commercial cresyl violet (fr =
0.54 in methanol), for the long-wavelength emission of the energy
acceptor, and commercial PM546 (fr = 0.81 in methanol) to ac-
count for the green, and quenched emission owing to energy
transfer of the energy donor subunit. The values were corrected
for the refractive index of the solvent. Radiative decay curves were
registered with the time correlated single-photon counting tech-
nique using a multichannel plate detector with picosecond time-
resolution. Fluorescence emission was monitored at the maximum
emission wavelength after excitation by means of a wavelength-
tunable Fianium Supercontinuum laser. The fluorescence lifetime
(t) was obtained after the deconvolution of the instrumental re-
sponse signal from the recorded decay curves by means of an iter-
ative method. The decay curve was essentially the same regardless
of the excited visible absorption band. The goodness of the expo-
nential fit was controlled by statistical parameters (chi-square and
the analysis of the residuals). The radiative (kfl) and nonradiative
(knr) rate constants were calculated from the fluorescence quantum
yield and lifetime; kfl =f/t and knr = (1@f)/t.

Quantum mechanical calculations : Ground-state geometries were
optimized at the density functional theory (DFT) level using range-
separated hybrid wB97XD method. The vertical Franck–Condon
electronic transition was predicted by the time-dependent (TD)
method and the same functional. In both cases the double valence
basis set with one polarization function (6–31g*) was used because
of the large size of the computed multichromophoric molecules.
The geometries were considered as energy minimum when the
corresponding frequency analysis did not give any negative value.
The solvent effect (cyclohexane) was considered in the conducted
theoretical simulations by applying the polarizable continuum
model (PCM). All the calculations were performed using the Gaussi-
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an 16 software[51] as implemented in the computational cluster
“arina” of the UPV/EHU.

Laser properties : Laser efficiency was evaluated from concentrat-
ed solutions (millimolar) of dyes in ethyl acetate contained in 1-cm
optical-path rectangular quartz cells carefully sealed to avoid sol-
vent evaporation during experiments. The liquid solutions were
transversely pumped with 8 mJ, 8 ns FWHM pulses from the third
harmonic (355 nm) or the second harmonic (532 nm) of a Q-
switched Nd:YAG laser (Lotis TII 2134) at a repetition rate of 1 Hz.
The excitation pulses were line-focused onto the cell using a com-
bination of positive and negative cylindrical lenses (f = 15 cm and
f =@15 cm, respectively) arranged perpendicularly. The plane paral-
lel oscillation cavity (2 cm length) consisted of a 90 % reflectivity
aluminum mirror acting as back reflector, and the lateral face of
the cell acting as output coupler (4 % reflectivity). The pump and
output energies were detected with a GenTec power meter. The
photostability of the dyes in ethyl acetate solution was evaluated
by using a pumping energy and geometry exactly equal to that of
the laser experiments. We used spectroscopic quartz cuvettes with
0.1 cm optical path to allow for the minimum solution volume
(VS = 40 mL) to be excited. The lateral faces were ground, where-
upon no laser oscillation was obtained. Information about photo-
stability was obtained by monitoring the decrease in laser-induced
fluorescence (LIF) intensity. To facilitate comparisons independently
of the experimental conditions and sample, the photostability
figure of merit was defined as the accumulated pump energy ab-
sorbed by the system (Edose), per mole of dye, before the output
energy falls to 50 % of its initial value. In terms of experimental pa-
rameters, this energy dose, in units of GJ mol@1, can be expressed
as Equation (1):

E80 %
doseðGJ mol@1Þ ¼

EpumpðGJÞð1@10@eCLÞ P
#pulses

f

CVs

ð1Þ

where Epump is the energy per pulse, C is the molar concentration, e

is the molar absorption coefficient in units of M@1 cm@1, L is the
depth of the cuvette expressed in cm, VS is the solution volume, in
liters, within the cuvette, and f is the ratio between the LIF intensi-
ty after #pulses and the LIF intensity in the first pulse. To speed up
the experiment, the pump repetition rate was increased to 15 Hz.
The fluorescence emission and laser spectra were monitored per-
pendicular to the excitation beam, collected with an optical fiber,
and imaged with a spectrometer (Acton Research corporation)
and detected with a charge-coupled device (CCD) (Spec-
truMM:GS128B). The fluorescence emission was recorded by feed-
ing the signal to the boxcar (Stanford Research, model 250) to be
integrated before being digitized and processed by a computer.
The estimated error in the energy and photostability measure-
ments was 10 %.
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ABSTRACT: An efficient synthesis of formylBODIPYs has
been established based on an oxidation with PCC of 3-
methylBODIPYs. It has been demonstrated that this reagent
can oxidize methyl groups at such position of the BODIPY
core, regardless of its substitution pattern. Moreover, through
this procedure it is possible to synthesize 8-aryl-3,5-
diformylBODIPYs, which are otherwise difficult to obtain.
These precursors have been functionalized to develop fluorescent sensors of amino acids or photosensitizers for singlet oxygen
generation.

Fifty years ago, when Treibs and Kreuzer1 accidentally
discovered a small but very versatile molecule, 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene (known as BODIPY),
they could not imagine the importance of this discovery today.
This fluorophore was not studied for 20 years, and it was not
until the beginning of the 1990s when this type of dye began to
be studied in depth.2 Since then, development of these dyes
has grown exponentially.3 Currently, they are the cornerstone
of many ongoing research projects around the world to modify
their functionalization with one main objective: to obtain
BODIPYs with improved properties for the different and
important applications available with this smart and multi-
functional chromophore.4

Within the research carried out in our group, we were
interested in obtaining 3-formyl- and 3,5-diformylBODIPYs,
since they are versatile precursors in various synthetic routes5

and also show notable applications as sensors.6 The data
collected in the literature show that 2-formyl- and 2,6-
diformylBODIPYs can be easily obtained by post-functional-
ization of the BODIPY core through the Vilsmeier−Haack
reaction.7 This same reaction can be used to obtain 3-formyl-
and 3,5-diformylBODIPYs, although in this case, as far as we
are aware, the reaction has been carried out in meso-
aryldipyrromethanes, obtained only from the corresponding
benzaldehyde and unsubstituted pyrroles (Scheme 1).5a,6a,7b

Another method for obtaining 3-formylBODIPYs was
described by Boyer et al. in 1994 by means of an oxidation
reaction of the commercial BODIPY PM567 using 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as an oxidiz-
ing agent.8 The authors indicate that it is not possible to obtain
the formyl derivative if there is any free position in the
BODIPY skeleton. Thus, when they carried out the study with

1,3,5,7,8-pentamethyl- and 1,2,3,5,6,7-hexamethylBODIPYs,
they only observed complex mixtures of products.
Subsequently, other authors, following this same protocol,

have obtained a few 8-aryl-3-formylBODIPYs with all positions
of the BODIPY core substituted by alkyl or aryl groups
(Scheme 1).5e,6d,9

We were interested in the use of this last method since a
post-functionalization of the BODIPY is highly attractive
because it avoids the manipulation of unstable pyrroles and
allows us to work with a larger variety of derivatives. Therefore,
we wanted to check whether oxidation with DDQ was possible
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Scheme 1. Strategies for the Synthesis of 3-Formyl and 3,5-
DiformylBODIPYs, and Our Observations
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in 8-arylBODIPYs with hydrogens in the 2,6-positions of the
skeleton. First, we carried out the reaction of 8-mesityl-1,3,5,7-
tretramethylBODIPY (1a) with this oxidizing agent, under the
conditions described in the literature for referable compounds
(THF/H2O, rt) for 24 h, not observing the desired product
(Table 1, entry 1). By increasing the time to 48 h, it was
possible to isolate 10% of the corresponding formyl derivative
2a, recovering 30% of the starting compound (Table 1, entry
2).

However, during the course of this study, Kang et al.10

reported the synthesis of 3-formyl-8-(p-methoxyphenyl)-1,5,7-
trimethylBODIPY by oxidation with DDQ of the correspond-
ing 1,3,5,7-tretramethylBODIPY, with a yield of 60%. This
result contrasted with that observed by us for the BODIPY 1a
(Table 1, entries 1 and 2). In order to clarify this discrepancy,
we reinvestigated the results under the same conditions
indicated by the authors, and we isolated only traces of the
3-formyl derivative. A longer reaction time (72 h) allowed us
to isolate the said derivative but with a 15% yield, similar to
that obtained by us with 1a. Considering the observed results,
we set out to investigate the possibility of using another
oxidizing agent that would allow the optimization of this type
of reaction. Therefore, we chose to carry out the reaction in
the presence of pyridinium chlorochromate (PCC) as an
alternative oxidizing agent. The reaction of 1a with PCC in the
conditions above employed, for 48 h, did not lead to the
expected product 2a (Table 1, entry 3). However, when the
reaction was carried out with PCC in a 1:6 ratio, using THF as
solvent at rt, it allowed us to obtain 2a with a 55% yield (Table
1, entry 4) and recover 20% of the starting compound. A larger
amount of PCC (1:9) was also added, but no improvement
was observed (Table 1, entry 5). Screening of the reaction
solvent revealed that EtOAc afforded the best result (Table 1,
entries 6 and 7). Then, DDQ was used under the optimal
reaction conditions, and 2a was obtained only in traces (Table
1, entry 8).
Next, we further investigated the scope of the reaction using

a variety of 3,5-dimethylBODIPYs (1; see Figure S1) under
optimized conditions, using EtOAc as solvent (Scheme 2).
Thus, the reaction of 8-(p-methoxyphenyl)-1,3,5,7-tretrame-
thylBODIPY (1b) with PCC during 24 h gave a 65% yield of
the corresponding 3-formylBODIPY (2b), which indicates
that, according to the results obtained by us, PCC is a better
oxidizing agent than DDQ in this process. Similarly, 8-(p-
chloromethylphenyl)-1,3,5,7-tretramethylBODIPY (1c), 8-(p-

nitrophenyl)-1,3,5,7-tretramethylBODIPY (1d), and 8-(p-
trifluoromethylphenyl)-1,3,5,7-tretramethylBODIPY (1e)
were converted to the corresponding 3-formyl derivatives
2c−e in good yields (ca. 70%). Considering these results, we
carried out the reaction over a 3,5-dimethylBODIPY with
hydrogens in the 1,2,6,7-positions. Thus, treatment of 8-
mesityl-3,5-dimethylBODIPY (1f) under the same conditions
allowed us to obtain 2f in 56% yield (Scheme 2).
At this point, we were interested in checking the possibility

of extending this reaction to aliphatic BODIPYs. Then, the
reaction was carried out using alkylBODIPYs (1g−k) with
different degrees and types of substitution, under the same
conditions, but with THF or EtOAc as solvents (see the SI),
obtaining in all cases the corresponding 3-formyl derivatives
(2g−k) in 35−60% yields (Scheme 2). These additional
examples add further support to the proposal that PCC is a
versatile and general oxidant that allows aldehydes to be
obtained in the 3-position of the BODIPY core, regardless of
the degree and type of substitution, contrary to previous
reports.8

Encouraged by these interesting results, we explored the
possibility of obtaining 8-aryl-3,5-diformylBODIPYs. We chose
to start our study with 1a as a model substrate, but
unfortunately, only traces of 3a, together with a low yield of
2a and a complex mixture of unidentifiable polar compounds,
were observed when the reaction was carried out at reflux with
different solvents and 1a/PCC ratios (Table S1). In contrast,
when 3-formylBODIPY 2a was refluxed in EtOAc or DCE with
PCC (1:6 ratio) the desired product 3a was obtained with a
yield about 40%. No transformation was observed by treatment
of 2a with DDQ under the above-mentioned conditions
(Table S1). Next, we focus on the extent of the synthesis of 8-
aryl-3,5-diformylBODIPYs using the corresponding 3-formyl-
BODIPYs as starting material. The reactions of 2b−f gave the
corresponding products 3b−f with yields of 30−40% (Scheme
3). These results are important since the 8-aryl-3,5-
diformylBODIPYs, which are very useful synthetic intermedi-
ates, cannot be obtained by oxidation with DDQ. In addition,
with exception of 3j, synthesis by direct formylation of 8-

Table 1. Optimization of Reaction Conditions

entry oxidation agent (equiv) solvent time (h) % yield

1 DDQ (1:4) THF/H2O 24 traces
2 DDQ (1:4) THF/H2O 48 10
3 PCC (1:4) THF/H2O 48 traces
4 PCC (1:6) THF 24 55
5 PCC (1:9) THF 24 45
6 PCC (1:6) DCM 24 25
7 PCC (1:6) EtOAc 24 80
8 DDQ (1:6) EtOAc 24 traces

Scheme 2. Scope of the Oxidation Reaction of 3-
MethylBODIPYs

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b01465
Org. Lett. 2019, 21, 4563−4566

4564

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b01465/suppl_file/ol9b01465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b01465/suppl_file/ol9b01465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b01465/suppl_file/ol9b01465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b01465/suppl_file/ol9b01465_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b01465


aryldipyrromethanes is not trivial either, since it requires using
pyrrole precursors that are difficult to obtain.
The photophysical properties of the reference BODIPYs

1a−k (Scheme 1) are ruled by the meso-substituent. As
expected, alkylated BODIPYs (1g−i and 1k) are highly
fluorescent (higher than 80%, Table S2).4c Dye 1j retains
notable emission but is red-shifted (around 50 nm, Table S2)
owing to the reduced energy gap provided by the electron
acceptor 8-acetoxy methyl group.4c Arylation at the meso
position (1a−f) has a minor impact in the spectral band
positions but triggers the fluorescence response. Thus, the
sterical hindrance provided by the adjacent 1,7-methyls avoids
nonradiative pathways associated with the aryl-free motion,4c

leading to notable emission (up to 100% in 1a and around 40−
50% in the rest, Table S2), regardless of the functionalization
of the 8-phenyl group (1a−c and 1e−f). The only exception is
dye 1d, where the attachment of the electron acceptor nitro at
the constrained 8-phenyl drastically decreases the fluorescence
efficiency (down to almost 0, Table S2), according to the
quenching induced by the promoted intramolecular charge
transfer (ICT) processes. The 3-monoformylation of these
compounds (2a−k, Scheme 2) implies a slight bathochromic
shift of the spectral bands and a reduction of the fluorescence
efficiency together with faster lifetimes (Table S2). This last
trend is strikingly stronger for the dyes featuring alkylated
cores (2h and 2k and mainly 2g and 2j).6c Such trend is
strengthened upon further formylation (3,5-diformylBODIPYs
3a−f, Scheme 3). The only clear exception to the rule are the
nitro derivatives 2d and 3d, where formylation at the opposite
positions to the nitro group seems to soften the ICT and
ameliorates the fluorescence efficiency (Table S2).
At this point, taking advantage of the chemical versatility

afforded by the formyl group, 2f was easily converted to the 3−
8′ dimer 4 in 20% yield (Scheme 4). It should be noted that

only one similar dimer, albeit less constrained around the 3−8′
linkage, has been previously described.11 Such steric hindrance
avoids electronic couplings, placing both chromophoric
subunits orthogonal. This disposition favors ICT processes
according to a symmetry-breaking mechanism (SBCT). Thus,
the spectral band positions match those of the monomers and
the fluorescence response is very low (almost 0, Table S3). Just

in apolar solvent the red-shifted and weak emission of the ICT
(at 640 nm) can be hardly detected, together with the strongly
quenched emission from the locally excited (LE) state at 540
nm. However, it is known that the photoinduced SBCT can
populate the triplet state after charge recombination.4b

Therefore, we measured the singlet oxygen generation as up
to 54% in toluene (Table S3). Thus, this dyad behaves as a
halogen-free singlet oxygen photosensitizer with potential for
light-driven therapeutic purposes in cancer diseases.
On the other hand, in view of the reported viability of

formylated dyes as sensors for amino acids (AA),6c,d,12 we
decided to test this possibility for the dyes listed in Schemes 2
and 3. Thus, we performed a screening of the sensibility of
their photophysical signatures to the presence of a fixed
amount of AA, like cysteine (CYS), homocysteine (HCYS),
and glutathione (GSH) in buffered water−ethanol mixtures
simulating the physiological environment (Figure S2). From
such a systematic study we concluded that just the
diformylated 3d works as an AA sensor. Indeed, its
fluorescence intensity decreases progressively with the content
of AA in the media, being more prominent for HCYS and GSH
(Figures S3−S6). We hypothesize that the nucleophilic attack
of the amine or thiol groups to the formyls places electron-
donor groups at the 3,5-methynes,6d increasing the push−pull
character and enhancing the fluorescence quenching by the
nitro-enabling ICT. However, those sensors based a switch off
of the fluorescence signal upon detection of the target analite
are not the best owing to the competing degradation of the
dyes under prolonged irradiation.
Therefore, we decided to convert one of these 3,5-

diformylBODIPYs into the corresponding α,β-unsaturated
diester, which could be used for specific sensing of thiols.13

Thus, 3f has been employed in a Wittig reaction, affording 5 in
56% yield (Scheme 4), and we carried out the study of this dye
as sensor for AA. The resonance interaction of such a
conjugated moiety increases the π-system delocalization in 5
and induces a pronounced bathochromic shift of the spectral
bands (around 90 nm, Table S2). The addition of AA provokes
noticeable changes in the profile of the spectral bands (HCYS
in Figure 1, CYS in Figure S7, and GSH in Figure S8). Indeed,
the main band, both in absorption (590 nm) and fluorescence
(600 nm) spectra, decreases in favor of new growing
hypsochromic bands (550 nm in absorption and 560 nm in

Scheme 3. Synthesis of 8-Aryl-3,5-diformylBODIPYs by
Oxidation with PCC of 3-FormylBODIPYs

Scheme 4. Synthesis of 3,8′-BODIPY Dimer and 3,5-Bis(3-
tert-butoxy-3-oxoprop-1-en-1-yl)BODIPY

Figure 1. Fluorescence spectra of 5 (5 μM) at different
concentrations of HCYS in HEPES/ethanol (1:1). Photographs
under UV lamp at representative amounts of HCYS for each emission
band. Inset: corresponding absorption spectra.
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fluorescence, and 515 and 525 nm, respectively, at high
amounts, around mM, of AA), being especially notorious for
CYS and HCYS (sensitivity down to micromolar level, Figure
1). It should be noted that this ratiometric sensor 5 provides
up to three channels for detection of AA both by absorption
and mainly fluorescence spectroscopy since the new
hypsochromic bands induced by AA show higher fluorescence
response. We believe that the nucleophilic attack of the AA at
the vinyl group of compound 5 breaks the resonant interaction
at the 3 and 5 positions, explaining the decline of the long-
wavelength band and the growth of the short-wavelength ones.
Indeed, the shorter wavelength absorption and emission match
those expected for the 3,5-alkylated BODIPYs.
In summary, we have designed a straightforward route to

obtain 3-mono- and 3,5-diformylated BODIPYs by oxidation
with PCC of α-methylBODIPYs regardless of the substitution
pattern. These functionalizations pave the way for the design of
multifunctional dyes for advanced photonic applications. Thus,
the attachment of a second BODIPY unit leads to singlet
oxygen photosensitizers suitable for photodynamic therapy. On
the other hand, the insertion of unsaturated esters leads to a
ratiometric and sensitive sensor for AA. Further work in this
area is in progress.
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Stereochemical and Steric Control of Photophysical and
Chiroptical Properties in Bichromophoric Systems
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Edurne Avellanal-Zaballa,[c] Jorge BaÇuelos,*[c] M. Luisa Jimeno,[d] IÇigo Ljpez-Arbeloa,[c] and
Jose Luis Chiara*[a]

Abstract: Stereochemical and steric control of the relative
spatial arrangement of the chromophoric units in multichro-

mophoric systems offers an interesting strategy for raising

unusual and appealing light-induced emission states. To ex-
plore and exploit this strategy, a series of conformationally
restricted boron–dipyrromethene (BODIPY) dimers were de-
signed by using tartaric acid as a symmetrical connector be-

tween the boron atoms of the dyes. The variety of stereoiso-
meric forms available for this bis(hydroxy acid) allows the

relative spatial orientation of the chromophoric units in the
dimer to be modified, which thus opens the door to modu-

lation of the photophysical and chiroptical properties of the

new bichromophoric systems. Chromophore alkylation intro-
duces an additional level of control through distance-depen-

dent steric interactions between the BODIPY units in the
dimer, which also modulates their relative spatial disposition

and properties.

Introduction

Multichromophoric systems have been the object of intense
research activity over the last decades in both natural[1] and ar-
tificial settings owing to their interesting potential applications

as light-harvesting antenna[2] components for direct solar pro-
duction of chemical fuels through artificial photosynthesis[3]

and for the conversion of solar light into electricity in dye-sen-
sitized solar cells.[4] In addition, multichromophores have been
developed as heavy-atom-free singlet-oxygen generators for
photodynamic therapy[5] and as luminescence sensors in bio-

logical research by exploiting either through-space (Fçrster res-
onance energy transfer, FRET)[6] and through-bond (through-
bond energy transfer, TBET)[7] photoinduced energy transfer
between the donor and acceptor chromophoric subunits or

the better wavelength separation between the exciting and
the analyzing light signals (as in dark resonance energy trans-

fer, DRET).[8]

Since their first synthesis in the late 1960s,[9] boron-com-
plexed dipyrromethenes (BODIPYs, Figure 1) have emerged as

a remarkable group of chromophores owing to their outstand-
ing chemical, electronic, and physical properties.[10] Thus, BODI-

PYs exhibit exceptionally rich chemistry[11] that allows fine-
tuning of their photophysical properties, including large molar

absorption coefficients, sharp fluorescence emissions with high
fluorescence quantum yields, good solubility in organic sol-

vents, and excellent photostability. As a consequence, for the
past three decades this family of chromophores has remained
the focus of novel developments in photovoltaics, optoelec-

tronics, nonlinear optics, bioimaging, sensing, photodynamic
therapy, and theragnosis.[12] In recent years, a vast amount of

work has been done on the preparation and study of multi-
chromophoric systems based on BODIPYs, which display differ-

ent phenomena and properties such as intercomponent
energy transfer,[13] intramolecular charge transfer,[14] facile inter-

Figure 1. General structure of F-BODIPYs.[a] A. Bl#zquez-Moraleja, Dr. J. L. Chiara
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system crossing,[14c, 15] circularly polarized luminescence (CPL),[16]

broadband light harvesting,[13c,g, 17] redshifted emission,[14e, 17c, 18]

and large (pseudo-)Stokes shifts.[8, 19] A large variety of dimeric,
oligomeric, and polymeric BODIPYs have been prepared by

using different connection types between the chromophores
and their properties have been studied: 1) with fused BODIPY

structures,[18c, 20] which show intense near infrared (NIR) absorp-
tion/emission owing to expanded p conjugation; 2) with direct
meso–meso,[14f, 15d] b–b,[16h, 21] meso–b,[14c, 15d] or a–a[19a, 22] carbon–
carbon single-bond connections between the dipyrromethene
systems, which behave as heavy-atom-free singlet-oxygen pho-
tosensitizers or CPL emitters; 3) with linear aliphatic carbon
scaffolds linked through carbon–carbon or carbon–heteroatom
single bonds, which show solvent- and spacer-switchable red
emission;[14d,e, 23] 4) with unsaturated (alkenyl, alkynyl, aryl, or

heteroaryl) connectors linked through carbon–carbon or

carbon–heteroatom single bonds,[7e, 19b, 24] which show redshift-
ed emission maxima or interesting electrogenerated chemilu-

minescence (ECL) properties ; and 5) with heteroatomic con-
nectors (N=N,[25] S and S@S,[26] or Si[27]), displaying NIR light ab-

sorption and/or increased fluorescence quantum yields. In ad-
dition to these linear or two-dimensional systems, 3D assem-

blies of BODIPYs have also been described, including flexible

dendrimers[13h, 28] and systems with a 3D-shape-persistent struc-
ture based on fullerene,[29] cubic octasilsesquioxane,[30] or trip-

tycene[31] central scaffolds, and they have provided information
on the effect of appropriate alignment of transition dipole

moment vectors on the efficiency of energy-transfer processes.
We herein report a series of conformationally restricted

BODIPY dimers following a dynamic and versatile synthesis

method based on the following:

1) High conformational rigidity of the bichromophoric system
with orthogonal disposition of the substituents with re-

spect to the mean plane of the boradiazaindacene unit,
which has proven key to raise light-induced exotic emission

states.[32]

2) Substitution on the boron atom of the BODIPYs, which has
a negligible effect on the photophysical properties that,
consequently, will only be affected by the geometry of the
bichromophoric system.

3) The use of tartaric acid as a symmetrical connector be-
tween the boron atoms of both dyes.[33] Although tartaric

acid has played a central role in the development of organ-
ic stereochemistry and optically active compounds, it has
very scarcely been used for the preparation of bichromo-

phoric systems.[34] Given that tartaric acid exists in three ste-
reoisomeric forms, a pair of enantiomers (R,R and S,S) and

an achiral meso isomer (R,S), the attached chromophores
will be positioned in different relative spatial orientations,

which will consequently affect their photophysical and chi-

roptical properties.
4) The introduction of alkyl substituents on the chromophore

skeleton should have a significant influence on the confor-
mational equilibrium of the dimers as a result of steric fac-

tors, which will thus modulate their photophysics accord-
ingly.

We describe below the synthesis, conformational properties
in solution, crystal structure, quantum-chemical simulations,

and the photophysical, electrochemical, laser, and chiroptical
properties of a series of O-BODIPY dimers with a tartaric acid

connector and the effect of stereochemistry and chromophore
alkylation on their photophysical properties in comparison

with their corresponding monomeric analogues.

Results and Discussion

Synthesis of compounds

The new O-BODIPYs included in this work were readily pre-

pared by following our recently described protocol for the
one-step synthesis of O-BODIPYs with a rigid B-spiranic 4,4-di-
acyloxy or 4-acyloxyl-4-alkoxy substitution pattern from the
corresponding F-BODIPY and a dicarboxylic acid or an a/b-hy-
droxy acid, respectively.[32] Thus, a stoichiometric mixture of F-

BODIPY 1 and the corresponding a-hydroxy acid in anhydrous
MeCN containing an excess amount of TMSCl (20–40 equiv.)

was heated under microwave irradiation (120 8C, 0.5–8 h) to

afford the targeted O-BODIPY in almost quantitative yield (95–
99 %) after solvent removal and chromatographic purification

(Scheme 1). The three possible stereoisomeric l-(@)-/(R,R)-, d-
(++)-/(S,S)-, and meso-/(R,S)-tartaric acids were used for the

preparation of bichromophoric systems 2, whereas glycolic
acid and l-(@)-lactic acid were selected to obtain model mono-

meric analogues 3 and 4, respectively, for comparative purpos-
es.

Structure and conformation of the bichromophoric systems

We studied the conformational properties of bis-BODIPYs 2
both experimentally, in solution and in the solid state, as well

as through theoretical calculations. The conformational prefer-

ences of tartaric acids and their derivatives have been the
object of extensive previous studies.[34, 35] The fundamental con-

formational characteristic of these molecules is the extended
(trans) or bent (gauche) orientation of the four-carbon chain. In
dimers 2, covalent attachment of each a-hydroxy acid moiety
of tartaric acid to the boron atom of a BODIPY unit reduces

the number of total attainable conformers of the molecule by
fixing the carbonyl group in an orientation that is anti to its vi-

cinal a-C@O bond in the 1,3,2-dioxaborolane ring. Thus, only a

single degree of freedom remains for the conformational equi-
librium of 2 through rotation around the central carbon–

carbon bond of the tartrate system. Figure 2 shows the
Newman projections of the three possible staggered conform-

ers of the meso isomer and one of the enantiomers of 2, as de-
fined by the torsion angle a.

Conformational data were obtained in solvents of different

polarity by using 1H NMR spectroscopy (see the Supporting In-
formation). For symmetry reasons, the 3JH,H coupling constants

of the tartrate hydrogen atoms could not be directly measured
in compounds 2, and thus, the 13C satellite signals were em-

ployed.[36] The low 3JH,H values measured for these protons in
chiral derivatives (R,R)- and (S,S)-2 a,b (0.8–1.5 Hz, Table 1) are
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usually characteristic of a preferred extended (T) conformation
of the tartrate carbon chain, as also observed for (R,R)-tartaric
acid, its esters, and NH amide derivatives with either free or

acylated hydroxy groups.[34, 35] DFT calculations (see below) con-
vincingly excluded the presence of the alternative, but unsta-
ble G+ conformer, for which low 3JH,H values may also be ex-

pected. Somewhat counterintuitively, small 3JH,H were also mea-
sured for meso derivatives (R,S)-2 a,b (1.7–3.2 Hz), which re-

vealed in this case the predominance of the two enantiomeric
gauche conformers (G+ , G@). Solvent effects on 3JH,H were small

for both series of compounds, which indicated that the confor-

mational equilibrium was only marginally affected by the po-
larity of the medium. To define and confirm further the confor-

mational equilibrium of these compounds, 1H–1H NOEs were
also studied. The experimental NOEs (see the Supporting Infor-

mation) could be readily interpreted on the basis of interpro-
ton distances determined for the DFT energy-minimized con-

formers (see below) in both series of diastereomers of 2 a,b.

The interproton NOEs and low 3JH,H values measured for all bi-
chomophoric compounds 2 a,b are compatible with the exclu-

sive presence of the T and G conformers in solutions of the
chiral and meso stereoisomers, respectively.

We also determined the X-ray crystal structures of bichromo-
phoric compounds (R,R)- and (R,S)-2 a,b and model monomeric
BODIPYs 3 a and 3 b (Figure 3).[38] As observed in solution,

chiral compounds (R,R)-2 a,b also exist exclusively in the T con-
formation in the solid state. The meso derivatives, however,

differ in their solid-state conformation. Whereas (R,S)-2 a crys-

tallizes as the G conformer, tetramethylated analogue (R,S)-2 b
is in a perfectly staggered trans (T) conformation in the crystal.

The energy-minimized structures and conformational search
performed by DFT (wB97XD/6-31G*) calculations, simulating

the solvent as a continuum, fully confirmed the aforemen-
tioned NMR spectroscopy results in solution. Indeed, chiral ste-

Scheme 1. Synthesis and structure of new steroisomeric O-BODIPY dimers 2 and monomeric analogues 3 and 4.

Figure 2. Newman projections of the possible staggered conformers of the
chiral (R,R) and meso (R,S) series of bichromophoric systems 2.

Table 1. Experimental vicinal coupling constants between protons of the
tartrate system of compounds 2 and the estimated values predicted by
the Altona empirical equation[37] for the DFT energy-minimized conform-
ers (see Figure 3).

Experimental 3JH,H [Hz] Calculated
Compound Toluene CDCl3 MeCN 3JH,H [Hz][a]

(R,R)-2 a 0.9 0.8 1.1 0.40
(R,R)-2 b 1.3 1.5 1.7 0.43
(R,S)-2 a 1.7 2.2 2.1 1.30
(R,S)-2 b 2.3 3.2 2.9 1.88

[a] DFT energy-minimized conformers and the corresponding optimized
HC@CH torsional angles of the tartrate protons: (R,R)-2 a, 67.188 (T confor-
mer); (R,R)-2 b, 66.598 (T conformer); (R,S)-2 a, 71.938 (G conformer); (R,S)-
2 b, 65.868 (G conformer). In the Altona equation, the O@B groups were
considered as OR.
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reoisomers (R,R)-2 a,b converged exclusively (regardless of the
starting input geometry) to the T conformer observed by X-ray

diffraction in the solids, and this conformer is characterized by
a folded arrangement of the dipyrromethene subunits (see

Figure 4). Accordingly, the extended G conformation of (R,R)-
2 a,b is DE&20 kcal mol@1 higher in energy. Moreover, in corre-

sponding achiral meso-diastereomers (R,S)-2 a,b, the computed
geometries showed a similar folded arrangement (G conformer

in this case). Note that the X-ray crystal structures (Figure 3)
showed a conformational change upon methylation that was

not observed in the NMR spectroscopy studies in solution nor

in the theoretical simulations that were performed. In fact, the
different starting geometries used for energy minimization,

without any geometrical constraints, all converged to the
folded G conformer as the true global energy minimum for

both compounds (R,S)-2 a,b. Again, the DFT conformational
search predicted that the extended T conformer was less
stable [DE = 17.5 and 9.7 kcal mol@1 for meso derivatives (R,S)-

2 a and (R,S)-2 b, respectively] , although the energy gap was
lower than that in the corresponding chiral counterparts, par-

ticularly in methylated dyad (R,S)-2 b. Likely, the lower stability
of the T conformer of (R,S)-2 b is compensated by its expected

more favorable crystal packing resulting from the extended co-
planar geometrical arrangement to explain its presence in the

crystal.

Photophysical properties

New mono-BODIPY dyes 3 a and 4 a exhibited typical spectral
features of their fluorinated parent analogues and other struc-

turally related O-BODIPYs (Table 2).[32, 39] The absorption maxi-

Figure 3. X-ray crystal structures of bichromophoric compounds (R,R)-2 a,b
and (R,S)-2 b and model glycolic acid derived BODIPYs 3 a,b. The HC@CH tor-
sional angle is also included for the dimers. For (R,R)-2 b, the values for the
two nonequivalent molecules present in the unit cell of the crystal of this
compound are given.

Figure 4. Conformational search performed by DFT (wB97XD/6-31G*) along the central bond of the tartaric acid spacer (HC@CH torsional angle a). The corre-
sponding geometries of the T and G conformers are also enclosed.
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mum is located at l= 504 nm, and the fluorescence emission
spectrum centered at l= 516 nm is a mirror image of the ab-

sorption band. Theoretical simulations, in agreement with the
crystalline structures provided by X-ray diffraction, predicted

an orthogonal arrangement of both the 8-mesityl and 1,3,2-di-

oxaborolane rings of dyes 3 a and 4 a with respect to the bora-
diazaindacene system, which becomes even more constrained

by methylation at the C1, C3, C5, and C7 positions (see Fig-
ure S1 in the Supporting Information). Consequently, the re-

striction of free motion and electronic coupling between the
8-mesityl group and the BODIPY core in dyes 3 b and 4 b led

to both an enhanced molar absorption coefficient and a high

fluorescence quantum yield, surpassing 0.95 (and even ap-
proaching 1).[32, 39]

meso-Diastereomer (R,S)-2 a and tetramethylated analogue
(R,S)-2 b exhibited similar spectral features, but the absorption

coefficients were nearly double those recorded for the corre-
sponding monomers, and this reflects the additive contribu-

tion of the locally excited states of each chromophoric unit

(Table 2). Accordingly, they were highly fluorescent dyes, with
quantum yields of approximately 0.9. This photophysical be-
havior indicates that the BODIPY units covalently anchored
through a meso-tartaric group do not undergo intramolecular

electronic interactions between them (at least in the ground
state) and retain their identity and photophysical properties,

which have additive contributions to the global transition. In
agreement with the X-ray crystallographic data, ground-state
DFT simulations of (R,S)-2 a (Figures 4 and 5) predicted a nearly

orthogonal arrangement of the BODIPY units (G conformer; di-
hedral angle between the longitudinal transition dipole mo-

ments &848), which remained fairly isolated, as the center-of-
mass to center-of-mass distance (dCM) was 6.7 a, which thus re-

duced the probability of exciton coupling. With respect to

nonalkylated derivative (R,S)-2 a, the methyl substituents of the
BODIPY units in (R,S)-2 b maintained the spatial configuration

of the dimer (dihedral angle between the longitudinal transi-
tion dipole moments &708) and the distance between chro-

mophores (dCM = 6.6 a). As stated above, the theoretically pre-
dicted energy-minimized geometry of (R,S)-2 b (Figure 5)

diverged from that observed in the crystal by X-ray crys-
tallography (Figure 3), for which the chromophoric units are

disposed in an extended coplanar arrangement (T conformer)
that was not observed in our NMR spectroscopy studies in so-

lution.

The frontier orbitals involved in the lowest electronic transi-
tions for both meso-derivatives (R,S)-2 a and (R,S)-2 b allocated

the electronic density preferentially on one of the chromo-
phoric units (Figure S2). In fact, the energy gap between the

HOMO and HOMO@1 was just 0.02 eV, which is very similar to
that established between the empty LUMO and LUMO + 1.

Then, each BODIPY unit acts as an independent dye contribu-

ting with similar oscillator strength to the absorption of the
dimer, which is double that of corresponding mono-BODIPY

precursors 3/4 b. Indeed, electrochemistry measurements re-
vealed that the oxidation–reduction properties of (R,S)-2 b
were comparable to those of its monomeric counterpart 4 b
and, in turn, to those previously reported for the commercial

dye PM546 (Figure S3 in the Supporting Information).[12h]

Covalently anchoring the non-methylated BODIPY units
through an optically active l-tartaric linker had a drastic effect
on the photophysical properties of derivative (R,R)-2 a with re-
spect to the behavior exhibited by both mono-BODIPY ana-

logue 3 a and corresponding meso-diastereomer (R,S)-2 a
(Table 2). Regarding the absorption profile (Figure 6), the fol-

lowing can be noted: 1) the spectrum became broadened with

a full width at half maximum (FWHM) value of approximately
1900 cm@1, which is approximately double the FWHM

(&940 cm@1) of the mono-BODIPY absorption band; 2) the ab-
sorption maximum was bathochromically shifted by more than

Dl= 15 nm; 3) a short-wavelength shoulder placed at l=

480 nm emerged; and 4) the absorption coefficient was not

double, but only slightly higher than that of mono-BODIPY an-

alogue 3 a. In addition, the fluorescence spectrum of (R,R)-2 a
(Figure 6) was no longer the mirror image of its absorption

band and was significantly broadened and redshifted by more
than Dl= 45 nm with respect to that of 3 a. This shift led to a

significant increase in the Stokes shift, from l= 475 cm@1 in 3 a
[or diastereomer (R,S)-2 a] to up to l= 1460 cm@1 for chiral

Table 2. Photophysical properties of micromolar ethyl acetate solutions of newly synthesized single O-BODIPYs precursors 3 a,b and 4 a,b and correspond-
ing bis-O-BODIPYs 2 a,b by their linkage through a (R,R)- or (R,S)-tartaric acid connector. The data in other solvents for the bichromophoric compounds are
listed in Table S1.

Compd lab
[a]

[nm]
emax

[b]

[104 m@1 cm@1]
lfl

[c]

[nm]
DnSt

[d]

[cm@1]
f[e] t[f]

[ns]
kfl

[g]

[108 s@1]
knr

[h]

[108 s@1]

3 a 504.5 5.7 516.0 440 0.96 7.71 1.25 0.05
4 a 504.5 6.3 516.5 460 0.94 7.84 1.20 0.08
3 b 504.0 8.4 513.0 350 1.00 6.44 1.55 0.00
4 b 503.0 8.2 512.5 370 1.00 6.39 1.56 0.00
(R,S)-2 a 506.0 11.4 518.5 475 0.90 6.39 1.41 0.15
(R,S)-2 b 504.5 13.2 517.0 480 0.91 7.23 1.26 0.12
(R,R)-2 a 518.0 8.6 560.5 1465 0.33[i] 2.19 (97 %)

6.41 (3 %)
– –

(R,R)-2 b 518.0 9.0 540.0 790 0.85 5.85 1.45 0.26

[a] Absorption peak wavelength. [b] Molar extinction coefficient at peak. [c] Fluorescence peak wavelength, upon excitation at l= 485 nm. [d] Stokes shift.
[e] Quantum yield. [f] Fluorescence lifetime. [g] Radiative decay rate. [h] Nonradiative decay rate. [i] This fluorescence quantum yield is only qualitative,
owing to simultaneous contribution of the intramolecular J-like aggregate and the excimer to the whole emission profile.
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dimer (R,R)-2 a. This value even surpasses those observed for
purposely designed energy-transfer cassettes[10] and reaches

those of related BODIPY dimers.[40] These features are indicative
of a geometrical rearrangement upon excitation, which boosts

energy-relaxation processes, and this leads to both a loss in
fluorescence efficiency (f= 0.33) and a significant decrease in

the fluorescence lifetime. In fact, the fluorescence decay curve
of (R,R)-2 a acquires biexponential character, with a main and

Figure 5. Optimized ground-state geometries in different views of the bis-O-BODIPYs with l-tartaric (left) and meso-tartaric (right) spacers. Geometrical param-
eters such as center-of-mass to center-of-mass distance (d [a]), dihedral angle (q) between the transition dipole moments (double arrow along the chromo-
phoric longitudinal axis), and the slip angle (a) between the transition moment and the line connecting the center of mass of the two BODIPY units (dotted
line) are also depicted. The shaded region highlights the head-to-tail exciton interaction through the side pyrroles leading to intramolecular oblique J-aggre-
gation.

Figure 6. Absorption (left) and normalized fluorescence (right) spectra of chiral isomers (R,R)-2 a and (R,R)-2 b and their corresponding meso diastereomers
(R,S)-2 a and (R,S)-2 b. The absorption spectra of the chiral compounds are deconvoluted (dotted lines) to show splitting resulting from the J-like intramolecu-
lar exciton-coupled BODIPYs. The fluorescence band of (R,R)-2 a is also deconvoluted (dotted lines) to estimate the contribution of the J-like aggregate and
the excimer to the whole emission profile.
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fast component (t= 2 ns) accompanied by a smaller contribu-
tion of a longer-lived (t= 6 ns) decay (Table 2).

All these trends provided solid arguments to conclude that
in the ground state (R,R)-2 a undergoes an intramolecular exci-

tonic interaction [not observed in the corresponding diastereo-
mer (R,S)-2 a] , which leads to a new emissive entity. Deconvo-

lution of the absorption spectrum revealed that its profile ac-
tually involved two bands with maxima located at l= 480 and

520 nm, which flank that of the single BODIPY unit peaked at

l= 500 nm (Figure 6). Time-dependent DFT (TD-DFT, TD
wB97XD/6–311G**) simulations also predicted a splitting of the

absorption band with regard to its meso diastereomer, which
does not undergo excitonic interaction (Figure S4). The abso-

lute energies predicted for the electronic transition are not ac-
curate, as expected for the TD DFT method,[41] but the method

is able to describe the experimental findings properly and pre-

dicted an allowed excitonic coupled state at lower energies
(475 cm@1) and a weakly allowed state at higher energies

(345 cm@1, Figure S4). Altogether, the corresponding orbital
plots support the existence of these intramolecular interac-

tions, as the electronic density of the frontier orbitals is simul-
taneously delocalized over the two BODIPY units for the same

molecular orbital (Figure S2). Structure minimization, by using

the same advanced DFT protocol, points out that the l-tartaric
linker allocates the BODIPY units of (R,R)-2 a in a more compact

arrangement than in corresponding diastereomer (R,S)-2 a, in
agreement with the X-ray crystallographic data. As a conse-

quence, the dCM value is reduced to 5.9 a, and the transition
moments are slipped and tilted in a V-shape orientation with a

dihedral angle of 1128, which allows “head-to-tail excitonic in-

tramolecular interactions” (in term of the Kasha excitation
model) through their overlapped lateral pyrroles (Figure 5). In

terms of the Kasha exciton model, the geometrical arrange-
ment of (R,R)-2 a resembles an oblique J-like intramolecular ag-

gregate in weakly coupled electronic systems.[42] Indeed, an
oblique disposition of the transition dipole moments enables
exciton splitting owing to “head-to-tail interactions”, which

modify significantly the absorption and fluorescence spectra.
Thus, this excitonic intramolecular interaction led to two al-
lowed absorption transitions located at higher and lower ener-
gies (the last one with higher probability) than those corre-

sponding to the mono-BODIPY unit, in agreement with the ex-
perimental findings and the TD-DFT prediction of the absorp-

tion profile.

On the other hand, the redshifted fluorescence emission of
(R,R)-2 a provides further evidence of the ongoing J-like intra-

molecular excitonic interaction (Figure 6). In fact, the slip angle
formed by the vector connecting the center of mass of two

BODIPY units with the transition moment vector is lower than
54.78 (in particular 508, Figure 5), which, in terms of the Kasha

molecular exciton model, corresponds to a J-type interaction

with low excitonic splitting, as theoretically predicted by TD-
DFT methods (Figure S4). A similar twisted arrangement of the

monomeric units was previously reported for other intermolec-
ular J-aggregated BODIPY dyes.[14f, 43]

However, the broad fluorescence profile as well as the biex-
ponential dynamics of the excited state of 2 a do not allow to

reject a priori the formation of a stronger aggregate, which
could be described as an excimer.[44] Although excimer forma-

tion is not straightforward in view of the ground-state calcula-
tions, small conformational changes upon excitation can

deeply alter the excitonic coupling[24j] assisting excimer forma-
tion, which can even coexist with intramolecular J-type aggre-

gates, and this leads to complex excited-state dynamics. In
fact, a closer inspection of the fluorescence spectrum reveals a

shoulder at higher energies, the intensity of which depends on

the excitation wavelength (Figure 6). Indeed, its deconvolution
provides two clearly distinguishable emissions, one placed at l

&560 nm, which can be ascribed to the emission from the in-
tramolecular J-type aggregates [see below the results for (R,R)-

2 b and Table 2], and another located at l&580 nm, which can
be ascribed to the emission from the excimer species. In addi-
tion, the fluorescence decay curves acquired biexponential

character (Table S2) with a short-lived component (&2 ns),
which became the main lifetime at longer emission wave-
lengths and can be associated to excimer emission, whereas
the long-lived one (&6–8 ns) prevailed at shorter wavelengths

and, hence, can be assigned to intramolecular J-type aggre-
gates. Finally, the low fluorescence efficiency of (R,R)-2 a (0.33)

also supports the coexistence of excimers and intramolecular

J-type aggregates upon excitation, as it is well established that
excimers are usually characterized by emission efficiencies

lower than those exhibited by J-aggregates.[45] To clarify the ex-
cimer/J-aggregation ratio in the (R,R)-2 a dyad, excited-state

calculations are required. However, the extended basis set
needed and the rather large size of these bichromophoric mol-

ecules would require an extremely high computational cost.

To obtain deeper insight into this intramolecular excitonic
interaction, we analyzed the photophysical features of tetrame-

thylated chiral derivative (R,R)-2 b. Once again, alkylation at the
C1, C3, C5, and C7 positions of each BODIPY unit modified the

spectral profile with respect to that of non-methylated ana-
logue (R,R)-2 a. In comparison, the absorption spectrum of

(R,R)-2 b also involved three absorption bands, but with a dif-

ferent intensity ratio, as the contribution of the above-claimed
bands at l= 480 and 520 nm, resulting from the J-like intramo-

lecular exciton-coupled BODIPYs of the dyad, was higher than
that of (R,R)-2 a (Figure 6). In contrast with (R,R)-2 a, the more

constrained molecular structure of (R,R)-2 b hindered geometri-
cal distortions upon excitation, which led to a blueshifted and
narrower fluorescence band, lower Stokes shift, higher fluores-

cence efficiency (up to 85 %), and a monoexponential fluores-
cence decay curve with a longer lifetime (Table 2). These

trends indicate that in this more compact dyad, excimer gener-
ation, if occurring, does so to a lesser extent and with lower
probability than in the case of counterpart 2 a. Therefore, the
fluorescence spectrum of (R,R)-2 b is dominated solely by emis-
sion from the low-lying excited state of the intramolecular J-

like exciton-coupled BODIPYs. As in (R,R)-2 a, the frontier orbi-
tals of (R,R)-2 b are spread over the two chromophoric units,
with orbital energies close to those predicted for diastereomer
(R,S)-2 b (Figure S2). In fact, the electrochemistry of (R,R)-2 b
was very similar to that of its meso diastereomer (R,S)-2 b and
that of its monomeric counterpart 3 b (Figure S3).
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Regarding the molecular simulations, the methyl substitu-
ents in (R,R)-2 b barely alter the distance between the BODIPY

units (dcm = 6.0 a), which retain the V-shape arrangement, clos-
ing the dihedral angle to 1128 and locating the “internal” pyr-

roles in a more cofacial disposition than in non-alkylated ana-
logue (R,R)-2 a (Figure 5). The tighter and more compact geo-

metrical disposition in (R,R)-2 b enhances intramolecular exci-
ton coupling between the side pyrroles, which accounts for a

more evident splitting of its absorption profile and for a

brighter emission (Table 2). Indeed, TD-DFT simulation predict-
ed a stronger splitting energy for the low-lying coupled state

(up to 670 cm@1, Figure S4). These intramolecular exciton-cou-
pled BODIPYs turned out to be rather stable species, as no

sign of decoupling could be detected for (R,R)-2 a or methylat-
ed derivative (R,R)-2 b by heating up to 70 8C.

Intramolecular exciton coupling in the ground states of

(R,R)-2 a and (R,R)-2 b took place regardless of the solvent po-
larity (Figures S5 and S6, respectively), whereas their fluores-

cence efficiencies drastically decreased in polar media
(Table S1). Thus, on the one hand, the emission from intramo-

lecular exciton-coupled (R,R)-2 a was completely lost in acetoni-
trile, and a very weak signal matching the position from the re-

sidual nonaggregated BODIPY was detected (Figure S4). On

the other hand, the emission from the intramolecular exciton-
coupled BODIPYs still prevailed in the fluorescence spectrum

of (R,R)-2 b in acetonitrile, although it was strongly quenched.
Again, a very weak contribution of nonaggregated BODIPY

emission could be detected at higher energies (Figure S5).
Therefore, an increase in solvent polarity boosted a nonradia-

tive deactivation channel, which quenched the emission from

the intramolecular exciton-coupled BODIPYs. An intramolecular
charge-transfer process was deemed responsible for this

marked solvent sensitivity of the fluorescence efficiency in
other closely spaced dyads, at least to some extent, among

other possible nonradiative deactivation mechanisms.[14f]

Chiroptical properties

Enantiomeric pairs (R,R)-2 a/(S,S)-2 a and (R,R)-2 b/(S,S)-2 b dis-

played identical absorption and emission spectra but with
mirror-imaged electronic circular dichroism (ECD) spectra
(Figure 7). The (R,R) enantiomers showed a positive Cotton
effect with a maximum dichroic signal matching the maximum

visible absorption of the BODIPY chromophore (l&520 and
518 nm for chiral dimers 2 a and 2 b, respectively). The TD-DFT
calculations conducted for such enantiomers nicely reproduced
the positive Cotton effect observed in their ECD spectra and
also the more intense signal of the non-methylated compound
with respected to that of the tetramethylated one (Figure S7).
The signs of the observed Cotton effects are also in agreement

with those predicted by the exciton chirality method for the
corresponding enantiomers of both compounds.[46] The maxi-
mum levels of visible ECD measured in terms of the absorption

dissymmetric factor (gabs)
[47] values were + 0.0040 for (R,R)-2 a

and + 0.0018 for (R,R)-2 b, as determined at the maximum ab-

sorption wavelength. Similar ECDs were also observed at
higher concentrations (&1 V 10@5 m) for these compounds.

Laser properties

The lasing properties of the new dyes were studied under
pumping at the usual pump wavelengths of 355 and/or

532 nm, depending on their absorption properties. First, the

dependence of the laser emission on dye concentration in
ethyl acetate was analyzed by varying the optical density (for a

1 cm optical path length) from 2 to 40, while keeping all the
other experimental parameters constant. Non-alkylated mono-

BODIPYs 3 a and 4 a derived from glycolic acid and lactic acid,
respectively, exhibited laser properties similar to those previ-

ously described for other O-BODIPYs with a B-spiranic 4,4-diac-

yloxy substitution pattern structurally related to the dyes
herein synthesized.[32] Thus, 3 a and 4 a followed the expected

behavior, with the lasing efficiency first increasing with dye
concentration until a maximum value (48 and 39 %, respective-

ly, at &2 nm) was reached. Increasing the dye concentration
beyond this point (up to 8 mm) resulted in a significant de-

crease in the lasing efficiency (to 20 %) that could be ascribed

to activation of reabsorption/re-emission processes. Under
these experimental conditions, the laser emission spectrum

always arose as a single band peaked at l= 528 nm, which
became slightly blueshifted as the concentration decreased.

On the contrary, the laser behavior of corresponding methy-
lated mono-BODIPYs 3 b and 4 b deviated from the aforemen-

tioned dependence. In this case, the highest laser efficiency
(51 and 48 %, respectively) was recorded at a moderate con-
centration of approximately 3 mm. Furthermore, these lasing

efficiencies exhibited a less pronounced reduction upon in-
creasing the dye concentration. Thus, they maintained efficien-

cies as high as 39 % at the highest concentration range (up to
8 mm), at which they were clearly operating under nonoptimal

experimental conditions, as indicated by a cross section of the

emitted beam not being near-circular (ideal conditions) but
shaped as a narrow vertical ellipse. In addition, their laser spec-

tra exhibited two distinct emission bands, at l= 542 and
528 nm, the relative strengths of which were strongly depen-

dent on dye concentration (Figure 8). At the highest concen-
tration, the spectrum was dominated by the long-wavelength

Figure 7. ECD spectra of compounds (R,R)-2 a/(S,S)-2 a and (R,R)-2 b/(S,S)-2 b
in ethyl acetate (&1 V 10@6 m).
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emission band, whereas clear bichromatic emission was estab-
lished at moderate concentrations (&1 mm). The short-wave-

length band of this bichromatic emission kept on growing as
the dye concentration decreased, and the laser spectrum even-

tually became a single-peak emission centered at l= 526 nm

at the highest dilutions. As we unambiguously demonstrated
in previous work, this behavior arises from self-assembly of the

dyes into intermolecular J-aggregates, the emission of which is
redshifted with respect to that of the nonaggregated units.[32]

Thus, the high laser efficiencies recorded at high concentra-
tion, the low threshold energy for laser emission, and the de-

pendence of the laser bichromatic emission on pump intensity,

optical gain, and solvent polarity can only be explained by the
super-radiance characteristic of intermolecular J-aggregates,

which rules out the existence of any other type of aggregation,
either in the ground state (dimers, trimers, or higher oligo-

mers) or in the excited state (excimers or superexciplexes).
Another distinctive property of laser emission from intermolec-

ular J-aggregated dyes is its tuning capability over a very

narrow spectral range. In the cases of monomers 3 b and 4 b,
each of their laser bands featured dissimilar tuning capabilities.

Placing the solution in a grazing-incidence grating tunable res-
onator, the short-wavelength band at l= 528 nm enabled a
tuning range of approximately Dl= 30 nm (l= 515–540 nm),
which is the usual tunability span of laser dyes. In contrast, the
long-wavelength laser band could only be tuned over a much
narrower Dl= 5 nm range (l= 540–545 nm), which is a “finger-
print” of intermolecular J-aggregates.

Covalent bonding of the BODIPY units through a meso-tarta-
ric linker had a significant effect on the lasing action of resul-
tant dimers (R,S)-2 a and (R,S)-2 b. At the optimum concentra-
tion (1 mm), these dyes exhibited lasing efficiencies of 29 and

33 %, respectively. Lower and higher concentrations resulted in
a significant decrease in these values, following the expected
behavior. The lasing efficiencies correlated well with the photo-
physical properties : the lower the fluorescence quantum yield,
the lower the lasing efficiency, which also accounted for the

lower lasing efficiencies recorded from the (R,S)-dimeric BODI-
PYs with respect to those exhibited by the corresponding

monomeric dyes. Notably, the laser spectral profiles of (R,S)-2 a
and (R,S)-2 b never became dual emission, even under extreme

experimental conditions, such as high dye concentration, in-
tense pumping radiation, and high optical gain. In fact, the

laser spectrum exhibited a single band peaked at l= 528 nm,
which was shifted to lower energies as the dye concentration

increased, following the expected behavior as a consequence
of the well-known reabsorption/re-emission processes.

Pumping at l= 532 nm (or at l= 355 nm), the laser spectra

of non-methylated and methylated chiral dimers (R,R)-2 a and
(R,R)-2 b also did not exhibit dual emission. With laser efficien-
cies of 24 and 45 % and emission wavelengths at 575 and
555 nm, respectively, the laser signatures of (R,R)-2 a and (R,R)-

2 b showed good correlation with their photophysical proper-
ties: the longer the fluorescence emission wavelength, the

redder the laser emission; the higher the fluorescence quan-

tum yield, the higher the lasing efficiency. Unlike methylated
mono-BODIPYs 3 b and 4 b, the laser emission from both chiral

dimers (R,R)-2 a and (R,R)-2 b enabled a tuning range of Dl=

30 nm, which is the usual tunability span of laser dyes. There-

fore, covalent attachment of BODIPYs conforming both meso
and chiral dimers prevents the laser-induced formation of in-

termolecular J-aggregates. Only methylated mono-BODIPYs 3 b
and 4 b enabled fast and efficient intermolecular J-aggregation,
which suppressed laser emission from single-dye molecules

once the experimental laser conditions fulfilled the required
pump fluence, dye concentration, and cavity configuration.

We also assessed the laser emission polarization state prop-
erties of the new chiral dimers (Figure S8). Thus, a complete

polarimetric study[43b] was run on the laser emission of com-

pound (R,R)-2 b under vertically polarized pumping. Not sur-
prisingly, this dye showed the same behavior with respect to

the pump energy (Figure S9) than other simple organic mole-
cules enabling circularly polarized luminescence.[48] In fact, the

laser emission (see Figure S9 for notation) was highly polarized
(degree of polarization, DOP&1) in the vertical direction (2 y

&3.27 rad), with ellipticity or circularly polarized laser emission

(CPLE) levels approaching zero (j2c j <0.05 rad) that came
from the birefringence induced by the strong and polarized
pump light.[43b, 48]

Conclusion

Herein, we demonstrated an effective strategy to fine-tune the
photonic behavior of bichromophoric O-BODIPY systems
through stereochemical and steric control of their structure

and properties. The variety of stereoisomeric forms available
for tartaric acid allowed modification of the relative spatial ori-

entation of the chromophoric units in the dimer, which thus
opened the door to the modulation of the photophysical and

chiroptical properties of the new systems. Experimental charac-

terization and theoretical calculations revealed that the chiral
dimers have a preferred extended (T) conformation of the tar-

trate carbon chain, whereas a folded G conformation prevailed
for the achiral meso diastereomers. The photophysical and

laser properties of the latter fully resembled those of the corre-
sponding mono-BODIPY analogues, but with twofold light ab-

Figure 8. Laser spectra of methylated monomer 3 b in ethyl acetate as a
function of the dye concentration.
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sorption probability, thus revealing the independent and addi-
tive contributions of the two dipyrromethene subunits in the

dyad. In contrast, the chiral bichromophores showed intramo-
lecular exciton interaction with redshifted absorption and

emission bands owing to more compact geometrical arrange-
ment of the dipyrromethene subunits, which was in turn

modulated by methylation of the chromophore. Thus, in me-
thylated chiral dyad 2 b bright emission was achieved from a

low-lying J-type intramolecular aggregate, whereas in more

flexible counterpart 2 a the molecular dynamics were more
complex, as excimer formation was also viable upon excitation.

Covalent dimerization prevented laser-induced formation of
the intermolecular J-aggregates observed in the corresponding

monomeric B-spiranic O-BODIPY analogues, regardless of the
stereochemistry and degree of alkylation. In conclusion, this
novel strategy could open new avenues in the development of

advanced photonic materials such as fluorescent biomarkers,
for which stereochemical and steric control of their properties

could substantially improve the contrast of fluorescent-based
images by reducing background noise; this is a tight demand
for the most sophisticated microscopy techniques.

Experimental Section

General methods

1H NMR and 13C NMR spectra were recorded with a Bruker Avan-
ce III-400 (400 and 100 MHz, respectively) or a Varian System 500
(500 and 125 MHz, respectively) spectrometer. Chemical shifts are
expressed in parts per million (d scale) downfield from tetramethyl-
silane and are referenced to residual signals of the deuterated
NMR solvent used. Data are presented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet and/or
multiple resonances, b = broad), coupling constants in hertz (Hz),
integration, and assignment. Assignments are based on gCOSY,
gHSQC, and gHMBC correlation experiments. Thin-layer chroma-
tography (TLC) was performed with Merck Silica Gel 60 F254
plates. Chromatograms were visualized by using UV light (l= 254
or 365 nm). Column chromatography was performed with a 971-FP
Flash Purification System from Agilent Technologies by using SF
Si35 silica cartridges. High-resolution mass spectrometry (HRMS)
was performed with an Agilent 6520 Q-TOF instrument with an ESI
source. Anhydrous solvents were prepared according to standard
methods by distillation over drying agents or by elution through a
PureSolv column drying system from Innovative Technology, Inc.
All other solvents were of HPLC grade and were used as provided.
Microwave irradiation experiments were performed under magnet-
ic stirring with a single-mode Anton Parr Monowave 300 reactor by
using standard Pyrex tubes (10 mL capacity) sealed with a polyte-
trafluoroethylene (PTFE)-lined rubber septum.

Syntheses

General procedure for the synthesis of O-BODIPYs by reaction
of F-BODIPYs with hydroxy acids : A solution of the starting F-
BODIPY (0.074 mmol), the hydroxy acid (0.074 mmol), and chloro-
trimethylsilane (1.49 mmol) in dry MeCN (2.5 mL) was heated
under microwave irradiation at 120 8C between 30 min and 8 h, de-
pending on the compound. The solvent and excess amounts of
volatile reagents were removed under reduced pressure, and the

crude product was purified by flash column chromatography
(hexane/EtOAc) or by crystallization.
(R,R)-2 a and (S,S)-2 a : Reaction of F-BODIPY 1 a (50 mg,
161.21 mmol) with l- and d-tartaric acid (12.10 mg, 80.60 mmol) fol-
lowing the general method for the synthesis of O-BODIPYs and
heating for 6 h gave (R,R)-2 a and (S,S)-2 a (53 mg, 95 %), respective-
ly, as dark-red solids, after flash chromatography purification
(hexane/EtOAc 100:0 to 40:60): 1H NMR (500 MHz, CDCl3) d= 8.03
(br m, 1 H, H3), 7.75 (br m, 1 H, H5), 6.96 (s, 1 H, H3’/H5’), 6.95 (s, 1 H,
H5’/H3’), 6.69 (d, J = 4.2 Hz, 1 H, H7), 6.55 (d, J = 4.2 Hz, 1 H, H1),
6.50 (dd, J = 4.2, 2.0 Hz, 1 H, H6), 5.94 (dd, J = 4.2, 2.0 Hz, 1 H, H2),
5.22 (s, 1 H, H2’’), 2.36 (s, 3 H, CH34’), 2.16 (s, 3 H, CH32’), 2.07 ppm
(s, 3 H, CH36’) ; 13C NMR (125 MHz, CDCl3) d= 176.15 (C1’’), 147.95
(C3), 147.42 (C8), 144.32 (C5), 139.11 (C4’), 136.58 (C6’), 136.07 (C2’),
135.69 (C8b), 135.61 (C7a), 130.97 (C1), 130.56 (C7), 129.65 (C1’),
128.46 (C5’), 128.29 (C3’), 118.96 (C6), 118.90 (C2), 76.71 (C2’’), 21.29
(CH34’), 20.16 ppm (CH32’ and CH36’) ; HRMS (API-ES+): m/z calcd
for C40H37B2N4O6 : 691.2907 [M++H]+ ; found: 691.2901.
(R,S)-2 a : Reaction of F-BODIPY 1 a (50 mg, 161.21 mmol) with
meso-tartaric acid (12.10 mg, 80.60 mmol) following the general
method for the synthesis of O-BODIPYs and heating for 8 h gave
(R,S)-2 a (53 mg, 95 %) as a dark-red solid, after flash chromatogra-
phy purification (hexane/EtOAc 100:0 to 40:60): 1H NMR (400 MHz,
CDCl3) d= 8.36 (br m, 1 H, H3), 7.70 (br m, 1 H, H5), 6.96 (1 H, H3’/
H5’), 6.95 (s, 1 H, H5’/H3’), 6.69 (d, J = 4.2 Hz, 1 H, H1/H7), 6.68 (d,
J = 4.2 Hz, 1 H, H7/H1), 6.48 (dd, J = 4.2, 2.0 Hz, 1 H, H6), 6.35 (dd,
J = 4.2, 2.0 Hz, 1 H, H2), 5.23 (s, 1 H, H2’’), 2.36 (s, 3 H, CH34’), 2.11 (s,
3 H, CH36’), 2.10 ppm (s, 3 H, CH32’) ; 13C NMR (100 MHz, CDCl3) d=
174.68 (C1’’), 148.27 (C3), 147.43 (C8), 143.58 (C5), 138.94 (C4’),
136.44 (C6’), 136.02 (C2’), 135.97 (C8b), 135.39 (C7a), 131.49 (C1),
130.18 (C7), 129.55 (C1’), 128.28 (C3’/C5’), 128.14 (C5’/C3’), 119.53
(C2), 118.59 (C6), 77.87 (C2’’), 21.13 (CH34’), 20.01 (CH36’),
19.85 ppm (CH32’) ; HRMS (API-ES+): m/z calcd for C40H37B2N4O6 :
691.2907 [M++H]+ ; found: 691.2866.
(R,R)-2 b and (S,S)-2 b : Reaction of F-BODIPY 1 b (50 mg,
136.51 mmol) with l- and d-tartaric acid (10.35 mg, 68.26 mmol) fol-
lowing the general method for the synthesis of O-BODIPYs and
heating for 6 h gave (R,R)-2 b and (S,S)-2 b (52 mg, 95 %), respec-
tively, as dark-red solids after flash chromatography purification
(hexane/EtOAc 95:5 to 60:40): 1H NMR (400 MHz, CDCl3) d= 6.98 (s,
1 H, C5’H), 6.92 (s, 1 H, C3’H), 5.93 (s, 1 H, H2), 5.55 (s, 1 H, H6), 4.90
(s, 1 H, H2’’), 2.42 (s, 3 H, CH33), 2.34 (s, 3 H, CH34’), 2.24 (s, 3 H,
CH35), 2.21 (s, 3 H, CH32’), 1.99 (s, 3 H, CH36’), 1.37 (s, 3 H, CH37),
1.36 ppm (s, 3 H, CH31); 13C NMR (100 MHz, CDCl3) d= 177.65 (C1’’),
158.19 (C5), 154.13 (C3), 142.69 (C8b), 142.50 (C7a), 141.60 (C8),
138.78 (C4’), 135.05 (C2 and C6’), 131.50 (C1), 131.43 (C7),
131.21(C1’), 129.15 (C5’), 129.14 (C3’), 122.95 (C6), 122.29 (C2),
77.28 (C2’’), 21.35 (CH34’), 19.83 (CH32’), 19.52 (CH36’), 15.85 (CH33),
15.73 (CH35), 13.63 (CH31/CH37), 13.62 ppm (CH37/CH31); HRMS
(API-ES+): m/z calcd for C48H53B2N4O6 : 803.4161 [M++H]+ ; found:
803.4131.
(R,S)-2 b : Reaction of F-BODIPY 1 b (28.99 mg, 79.15 mmol) with
meso-tartaric acid (6 mg, 39.98 mmol) following the general
method for the synthesis of O-BODIPYs and heating for 4 h gave
(R,S)-2 b (30 mg, 95 %) as a dark-red solid after flash chromatogra-
phy purification (hexane/EtOAc 83:17 to 55:45): 1H NMR (400 MHz,
CDCl3) d= 6.96 (s, 1 H, H5’) 6.92 (s, 1 H, H3’), 5.90 (s, 1 H, H6), 5.87
(s, 1 H, H2), 4.86 (s, 1 H, H2’’), 2.50 (s, 3 H, CH33), 2.43 (s, 3 H, CH35),
2.33 (s, 3 H, CH34’), 2.19 (s, 3 H, CH36’), 2.00 (s, 3 H, CH32’), 1.38 (s,
3 H, CH31), 1.35 ppm (s, 3 H, CH37); 13C NMR (100 MHz, CDCl3) d=
175.85 (C1’’), 158.56 (C3), 153.89 (C5), 143.88 (C8b), 142.70 (C7a),
141.83 (C8), 138.75 (C4’), 135.23 (C6’), 135.13 (C2’), 131.93 (C1),
131.61 (C7), 131.24 (C1’), 129.17 (C3’), 129.08 (C5’), 122.45 (C2),
122.06 (C6), 77.36 (C2’’), 21.35 (CH34’), 20.03 (CH36’), 19.55 (CH32’),
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16.07 (CH33), 15.94 (CH35), 13.73 (CH31), 13.64 ppm (CH37); HRMS
(API-ES+): m/z calcd for C48H53B2N4O6 : 803.4161 [M++H]+ ; found:
803.4189.
3 a : Reaction of F-BODIPY 1 a (27 mg, 87.05 mmol) with glycolic
acid (6.06 mg, 78.89 mmol) following the general method for the
synthesis of O-BODIPYs and heating for 2 h gave 3 a (30 mg, 85 %)
as a dark-red solid after flash chromatography purification
(hexane/EtOAc 83:17 to 55:45): 1H NMR (400 MHz, CDCl3) d= 7.73
(br m, 2 H, H3 and H5), 6.96 (s, 1 H, H3’/H5’), 6.95 (s, 1 H, H5’/H3’),
6.71 (d, J = 4.1 Hz, 2 H, H1 and H7), 6.47 (dd, J = 4.1, 1.8 Hz, 2 H, H2
and H6), 4.63 (s, 2 H, H2’’), 2.36 (s, 3 H, CH34’), 2.12 (s, 3 H, CH32’/
CH36’), 2.08 ppm (s, 3 H, CH36’/CH32’) ; 13C NMR (100 MHz, CDCl3)
d= 176.80 (C1’’), 148.33 (C8), 144.84 (C3 and C5), 139.18 (C4’),
136.60 (C2’/C6’), 136.30 (C6’/C2’), 135.93 (C7a and C8b), 131.20 (C1
and C7), 129.57 (C1’), 128.41 (C3’/C5’), 128.35 (C5’/C3’), 119.04 (C2
and C6), 66.58 (C2’’), 21.28 (CH34’), 20.19 (CH32’/CH36’), 20.11 ppm
(CH36’/CH32’) ; HRMS (API-ES+): m/z calcd for C20H20BN2O3 : 347.1565
[M++H]+ ; found: 347.15794.
3 b : Reaction of F-BODIPY 1 b (28.90 mg, 78.89 mmol) with glycolic
acid (6 mg, 78.11 mmol) following the general method for the syn-
thesis of O-BODIPYs and heating for 30 min gave 3 b (30 mg, 95 %)
as a dark-red solid after flash chromatography purification
(hexane/EtOAc 83:17 to 55:45): 1H NMR (400 MHz, CDCl3) d= 6.96
(s, 1 H, H3’/H5’), 6.95 (s, 1 H, H5’/H3’), 5.97 (s, 2 H, H2 and H6), 4.50
(s, 2 H, H2’’), 2.40 (s, 6 H, CH33 and CH35), 2.33 (s, 3 H, CH34’), 2.10 (s,
3 H, CH32’/CH36’), 2.08 (s, 3 H, CH32’/CH36’), 1.38 ppm (s, 6 H, CH31
and CH37); 13C NMR (100 MHz, CDCl3) d= 177.46 (C1’’), 155.32 (C3
and C5), 143.31 (C7a and C8b), 142.21 (C8), 138.76 (C4’),
134.93(C2’/C6’), 134.73 (C6’/C2’), 131.75 (C1 and C7), 130.95 (C1’),
129.13 (C3’/C5’), 129.05 (C5’/C3’), 122.15 (C2 and C6), 66.95 (C2’’),
21.20 (CH34’), 19.50 (CH32’/CH36’), 19.48 (CH36’/CH32’), 15.09 (CH3-
C5, CH3-C5), 13.58 ppm (CH31 and CH37); HRMS (API-ES+): m/z
calcd for C24H28BN2O3 : 403.2192 [M++H]+ ; found: 403.2210.
4 a : Reaction of F-BODIPY 1 a (26.60 mg, 0.086 mmol) with l-
(++)-lactic acid (6.10 mg, 0.088 mmol) following the general method
for the synthesis of O-BODIPYs and heating for 7 h gave 4 a
(30.80 mg, 99 %) as a dark-red solid after flash chromatography pu-
rification (hexane/EtOAc 1:0 to 3:2): 1H NMR (400 MHz, CDCl3): d=

7.75 (br m, 1 H, H3), 7.71 (br m, 1 H, H5), 6.96 (s, 1 H, H5’), 6.95 (s,
1 H, H3’), 6.72–6.69 (m, 2 H, H1 and H7), 6.47 (dd, J = 4.7, 1.9 Hz,
1 H, H2/H6), 6.46 (dd, J = 4.7, 1.9 Hz, 1 H, H6/H2) 4.78 (q, J = 6.8 Hz,
1 H, H2’’), 2.36 (s, 3 H, CH34’), 2.12 (s, 3 H, CH36’), 2.07 (s, 3 H, CH32’),
1.65 ppm (d, J = 6.8 Hz, 3 H, H33’’) ; 13C NMR (101 MHz, CDCl3): d=

179.08 (C1’’), 148.25 (C8), 144.99 (C3), 144.69 (C5), 139.13 (C4’),
136.59 (C6’), 136.30 (C2’), 135.93 (C7a and C8a), 131.31 (C1), 131.04
(C7), 129.61 (C1’), 128.39 (C5’), 128.32 (C3’), 119.01 (C2), 118.90 (C6),
72.49 (C2’’), 21.27 (CH34’), 20.60 (C3’’), 20.17 (CH36’), 20.07 ppm
(CH32’) ; HRMS (API-ES+): m/z calcd for C21H22BN2O3 : 361.1723
[M++H]+ ; found: 361.1715.
4 b : Reaction of F-BODIPY 1 b (27.20 mg, 0.074 mmol) with l-
(++)-lactic acid (6.80 mg, 0.074 mmol) following the general method
for the synthesis of O-BODIPYs and heating for 30 min gave 4 b
(30.70 mg, 99 %) as a dark-red solid after flash chromatography pu-
rification (hexane/EtOAc 1:0 to 7:3): 1H NMR (400 MHz, CDCl3): d=

6.95 (s, 1 H, H5’), 6.94 (s, 1 H, H3’), 5.97 (s, 1 H, H2), 5.96 (s, 1 H, H6),
4.68 (q, J = 6.9 Hz, 1 H, H2’’), 2.41 (s, 3 H, CH33), 2.42 (s, 3 H, CH35),
2.33 (s, 3 H, CH34’), 2.13 (s, 3 H, CH36’), 2.04 (s, 3 H, CH32’), 1.58 (d,
J = 6.9 Hz, 3 H, H33’’), 1.38 (s, 3 H, CH31), 1.37 ppm (s, 3 H, CH37);
13C NMR (100 MHz, CDCl3): d= 180.19 (C1’’), 155.64 (C3), 154.91
(C5), 143.37 (C7a), 143.30 (C8a), 142.24 (C8), 138.86 (C4’), 135.02
(C1’), 131.92 (C1), 131.71 (C7), 131.17 (C2’ and C6’), 129.22 (C3’),
129.16 (C5’), 122.55 (C2), 122.39 (C6), 72.83 (C2’’), 21.32 (CH34’),
19.75 (CH36’), 19.55 (CH32’), 18.66 (C3’’), 16.37 (CH33), 15.81 (CH35),

13.74 ppm (CH31 and CH37); HRMS (API-ES+): m/z calcd for
C25H30BN2O3 : 417.2349 [M++H]+ ; found: 417.2338.

Photophysical properties

Spectroscopic properties were registered in dilute solutions (&2 V
10@6 m) prepared by adding the corresponding solvent to the resi-
due from an adequate amount of a concentrated stock solution in
acetone after vacuum evaporation of this solvent. UV/Vis absorp-
tion and fluorescence spectra and decay curves were recorded
with a Varian model CARY 4E spectrophotometer and an Edin-
burgh Instruments spectrofluorimeter (model FLSP 920), respec-
tively. Fluorescence quantum yields (f) were obtained by using
commercial PM546 (fr = 0.85 in ethanol) as a reference. The values
were corrected by the refractive index of the solvent. Radiative
decay curves were registered with the time-correlated single-
photon counting technique by using a multichannel plate detector
with picosecond time resolution. Fluorescence emission was moni-
tored at different emission wavelengths (normally at the maxi-
mum) after tunable excitation (usually at l= 485 nm) by means of
a Fianium Supercontinuum laser. The fluorescence lifetime (t) was
obtained after deconvolution of the instrumental response signal
from the recorded decay curves by means of an iterative method.
The goodness of the exponential fit was controlled by statistical
parameters (c2 and analysis of the residuals). The radiative (kfl)
[Eq. (1)] and nonradiative (knr) [Eq. (2)] rate constants were calculat-
ed from the fluorescence quantum yield and lifetime:

kfl ¼
@

t
ð1Þ

knr ¼
ð1@@Þ

t
ð2Þ

Quantum-mechanical calculations

Ground-state geometries were optimized by density functional
theory (DFT) by using the range-separated hybrid wB97XD method
and the triple valence basis set with two polarization functions (6-
311G**). The geometries were considered as energy minima if the
corresponding frequency analysis did not give any negative value.
The conformational search in the ground state was performed
with a lower basis set (double valence with a polarization function
6-31G*) than in the optimization step owing to the large size of
the bis-BODIPYs, which demands an unavailable computational re-
source and an excessive calculation time. To this aim, relaxed scans
(steps of 108) were performed (in both directions, forward and
backward) with regard to the torsional dihedral angle of the C@C
bond connecting both rings of the tartaric acid spacer. The final
minimum-energy geometries were further reoptimized by using
the largest basis set (6-311G**). The absorption spectrum and its
exciton splitting in the chiral enantiomers as well as the ECD spec-
tra were predicted by time-dependent (TD-DFT, in particular TD
wB97XD/6–311G**) calculations. Solvent effects (ethyl acetate)
were considered in the conducted theoretical simulations by
means of the polarizable continuum model (PCM). All calculations
were performed by using Gaussian 16 software, as implemented in
the computational cluster “arina” of the UPV/EHU.

Electrochemistry

Cyclic voltammograms (Metrohm Autolab) were obtained by using
a three-electrode setup with a platinum layer (surface 8 V 7.5 mm)
working electrode, platinum wire as the counter electrode, and
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Ag/AgCl as reference electrode. A 0.1 m solution of tetrabutylam-
monium hexafluorophosphate (TBAPF6) in dry acetonitrile was
used as the electrolyte solvent in which the compounds were dis-
solved to achieve a concentration of 0.5–1 mm. All redox potentials
are reported versus ferrocene as an internal standard. The solutions
were purged with argon, and all the measurements were per-
formed under an inert atmosphere.

Laser measurements

A sketch of the experimental setup used in this work is depicted in
Figure S8. The dyes dissolved in organic solvents were placed in
1 cm optical path quartz cuvettes and were optically pumped at
l= 355 and/or 532 nm with a frequency-doubled Q-switched
Nd:YAG laser (Lotis TII SL-2132) emitting 20 ns full width at half
maximum (FWHM) and operated at a 15 Hz repetition rate. Pump
energy was measured with a calibrated pyroelectric energy meter
(ED200, GenTec). The pump laser radiation was horizontally polar-
ized, which allowed control of the pulse energy incident on the
sample by insertion into the pump beam path of a half-wave plate
(HWP) and a linear polarized (LP) set with its polarization axis hori-
zontal or vertical, depending on the desired final pump polariza-
tion. By rotating the HWP, the linear polarization of the input beam
was rotated out of the horizontal, and the pump beam was
blocked more or less by the LP, depending on the rotation angle
introduced by the HWP. In the transversal pumping configuration
measurements, the light incident on the sample was perpendicular
to the surface of the cuvette and was focused onto that surface in
a stripe shape of approximately 300 mm width by a combination of
negative (NCL) and positive (PCL) cylindrical quartz lens (f =@15
and + 15 cm, respectively) perpendicularly arranged. The oscillation
cavity (2 cm length) consisted of a 90 % reflectivity aluminum back
mirror and the end face of the cuvette as output coupler. A beam
splitter was used to send a reflection of the pump beam into a
photodiode acting as the trigger. The trigger signal was fed to a
boxcar (Standford Research, model 250) to convert it into a de-
layed TTL pulse to trigger the digital oscilloscope (Yokogawa,
model DL1620). The photodiode signal was also sent to the oscillo-
scope and was used as a reference signal to monitor and control
the pump energy along the experiments. To analyze the degree of
polarization and state of the dye laser emission, we tailored a po-
larimeter on the basis of a Fresnel rhomb, acting as a quarter-wave
plate, combined to a linear polarized (Thorlabs LPVISB100-MP) and
a pyroelectric energy meter, the signal of which was registered
with the oscilloscope. The polarimetry formalism can be found
elsewhere.[43b]
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K. Meral, S. Atilgan, Chem. Eur. J. 2016, 22, 736 – 745.

[20] a) A. Wakamiya, T. Murakami, S. Yamaguchi, Chem. Sci. 2013, 4, 1002 –
1007; b) M. Nakamura, H. Tahara, K. Takahashi, T. Nagata, H. Uoyama, D.
Kuzuhara, S. Mori, T. Okujima, H. Yamada, H. Uno, Org. Biomol. Chem.
2012, 10, 6840 – 6849; c) C. Yu, L. Jiao, T. Li, Q. Wu, W. Miao, J. Wang, Y.
Wei, X. Mu, E. Hao, Chem. Commun. 2015, 51, 16852 – 16855.

[21] a) L. Gai, H. Lu, B. Zou, G. Lai, Z. Shen, Z. Li, RSC Adv. 2012, 2, 8840 –
8846; b) A. B. Nepomnyashchii, M. Brçring, J. Ahrens, A. J. Bard, J. Am.
Chem. Soc. 2011, 133, 8633 – 8645; c) Y. Hayashi, S. Yamaguchi, W. Y.
Cha, D. Kim, H. Shinokubo, Org. Lett. 2011, 13, 2992 – 2995.

[22] a) A. B. Nepomnyashchii, M. Brçring, J. Ahrens, A. J. Bard, J. Am. Chem.
Soc. 2011, 133, 19498 – 19504; b) B. Ventura, G. Marconi, M. Brçring, R.

Kruger, L. Flamigni, New J. Chem. 2009, 33, 428 – 438; c) M. Brçring, Y.
Yuan, R. Krueger, C. Kleeberg, X. Xie, Z. Anorg. Allg. Chem. 2010, 636,
518 – 523.

[23] a) D. Marushchak, S. Kalinin, I. Mikhalyov, N. Gretskaya, L. B. A. Johans-
son, Spectrochim. Acta Part A 2006, 65, 113 – 122; b) J. Ahrens, B.
Cordes, R. Wicht, B. Wolfram, M. Brçring, Chem. Eur. J. 2016, 22, 10320 –
10325.

[24] a) H. Qi, J. J. Teesdale, R. C. Pupillo, J. Rosenthal, A. J. Bard, J. Am. Chem.
Soc. 2013, 135, 13558 – 13566; b) C. Dumas-Verdes, F. Miomandre, E.
Lepicier, O. Galangau, T. T. Vu, G. Clavier, R. Meallet-Renault, P. Audebert,
Eur. J. Org. Chem. 2010, 2525 – 2535; c) S. Diring, F. Puntoriero, F. Nastasi,
S. Campagna, R. Ziessel, J. Am. Chem. Soc. 2009, 131, 6108 – 6110; d) C.
Goze, G. Ulrich, R. Ziessel, Org. Lett. 2006, 8, 4445 – 4448; e) F. Berg-
strçm, I. Mikhalyov, P. Haeggloef, R. Wortmann, T. Ny, L. B. A. Johansson,
J. Am. Chem. Soc. 2002, 124, 196 – 204; f) S. J. Hendel, A. M. Poe, P. Kho-
mein, Y. Bae, S. Thayumanavan, E. R. Young, J. Phys. Chem. A 2016, 120,
8794 – 8803; g) T. Kaur, V. Lakshmi, M. Ravikanth, RSC Adv. 2013, 3,
2736 – 2745; h) J. Ahrens, B. Haberlag, A. Scheja, M. Tamm, M. Brçring,
Chem. Eur. J. 2014, 20, 2901 – 2912; i) W. Liu, A. Tang, J. Chen, Y. Wu, C.
Zhan, J. Yao, ACS Appl. Mater. Interfaces 2014, 6, 22496 – 22505; j) J.
Ahrens, A. Scheja, R. Wicht, M. Brçring, Eur. J. Org. Chem. 2016, 2864 –
2870; k) T. Li, W. Gu, C. Yu, X. Lv, H. Wang, E. Hao, L. Jiao, Chin. J. Chem.
2016, 34, 989 – 996; l) C. Yu, Q. Wu, Z. Tian, T. Li, E. Hao, L. Jiao, J. Por-
phyrins Phthalocyanines 2016, 20, 475 – 489; m) T. Sakida, S. Yamaguchi,
H. Shinokubo, Angew. Chem. Int. Ed. 2011, 50, 2280 – 2283; Angew.
Chem. 2011, 123, 2328 – 2331; n) D. T. Chase, B. S. Young, M. M. Haley, J.
Org. Chem. 2011, 76, 4043 – 4051.

[25] H. Yokoi, S. Hiroto, H. Shinokubo, Org. Lett. 2014, 16, 3004 – 3007.
[26] J. Ahrens, B. Boeker, K. Brandhorst, M. Funk, M. Brçring, Chem. Eur. J.

2013, 19, 11382 – 11395.
[27] S. Wang, H. Lu, Y. Wu, X. Xiao, Z. Li, M. Kira, Z. Shen, Chem. Asian J.

2017, 12, 561 – 567.
[28] a) S. Mula, S. Frein, V. Russo, G. Ulrich, R. Ziessel, J. Barbera, R. Desche-

naux, Chem. Mater. 2015, 27, 2332 – 2342; b) O. A. Bozdemir, M. D.
Yilmaz, O. Buyukcakir, A. Siemiarczuk, M. Tutas, E. U. Akkaya, New J.
Chem. 2010, 34, 151 – 155; c) S. P. Upadhyay, K. M. Lupo, A. N. Marquard,
J. D. Ng, D. M. Bates, R. H. Goldsmith, J. Phys. Chem. C 2015, 119,
19703 – 19714; d) E. T. EÅik, E. Senkuytu, Z. Cebesoy, G. Y. Ciftci, RSC Adv.
2016, 6, 47600 – 47606; e) M. Yuan, X. Yin, H. Zheng, C. Ouyang, Z. Zuo,
H. Liu, Y. Li, Chem. Asian J. 2009, 4, 707 – 713.

[29] J. Iehl, J.-F. Nierengarten, A. Harriman, T. Bura, R. Ziessel, J. Am. Chem.
Soc. 2012, 134, 988 – 998.

[30] a) M. E. P8rez-Ojeda, B. Trastoy, I. Lopez-Arbeloa, J. BaÇuelos, A. Costela,
I. Garcia-Moreno, J. L. Chiara, Chem. Eur. J. 2011, 17, 13258 – 13268; b) B.
Trastoy, M. E. Perez-Ojeda, R. Sastre, J. L. Chiara, Chem. Eur. J. 2010, 16,
3833 – 3841.

[31] T. Bura, F. Nastasi, F. Puntoriero, S. Campagna, R. Ziessel, Chem. Eur. J.
2013, 19, 8900 – 8912.

[32] H. Manzano, I. Esnal, T. Marques-Matesanz, J. BaÇuelos, I. Lopez-Arbeloa,
M. J. Ortiz, L. Cerdan, A. Costela, I. Garcia-Moreno, J. L. Chiara, Adv.
Funct. Mater. 2016, 26, 2756 – 2769.

[33] a) A. Harriman, L. J. Mallon, K. J. Elliot, A. Haefele, G. Ulrich, R. Ziessel, J.
Am. Chem. Soc. 2009, 131, 13375 – 13386; b) H. Maeda, Y. Nishimura, S.
Hiroto, H. Shinokubo, Dalton Trans. 2013, 42, 15885 – 15888; c) A. Kalou-
di-Chantzea, E. Martinou, K. Seintis, N. Karakostas, P. Giastas, F. Pitterl, H.
Oberacher, M. Fakis, G. Pistolis, Chem. Commun. 2016, 52, 3388 – 3391;
d) A. Kaloudi-Chantzea, N. Karakostas, F. Pitterl, C. P. Raptopoulou, N.
Glezos, G. Pistolis, Chem. Commun. 2012, 48, 12213 – 12215; e) C. Ikeda,
T. Nabeshima, Chem. Commun. 2008, 721 – 723; f) B. Liu, N. Novikova,
M. C. Simpson, M. S. M. Timmer, B. L. Stocker, T. Sohnel, D. C. Ware, P. J.
Brothers, Org. Biomol. Chem. 2016, 14, 5205 – 5209.

[34] a) R. Cysewski, M. Kwit, B. Warzajtis, U. Rychlewska, J. Gawronski, J. Org.
Chem. 2009, 74, 4573 – 4583; b) J. Grajewski, T. Madry, M. Kwit, B. War-
zajtis, U. Rychlewska, J. Gawronski, ChemPhysChem 2017, 18, 2197 –
2207.

[35] a) A. Janiak, U. Rychlewska, M. Kwit, U. Stępień, K. Gawrońska, J. Ga-
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Red/NIR Thermally Activated Delayed Fluorescence from Aza-
BODIPYs

Edurne Avellanal-Zaballa,[a] Alejandro Prieto-CastaÇeda,[b] Fernando Garc�a-Garrido,[b]

Antonia R. Agarrabeitia,[b] Esther Rebollar,[c] Jorge BaÇuelos,*[a] Inmaculada Garc�a-Moreno,*[c]

and Mar�a J. Ortiz[b]

Abstract: The search for long-lived red and NIR fluorescent
dyes is challenging and hitherto scarcely reported. Herein,
the viability of aza-BODIPY skeleton as a promising system
for achieving thermal activated delayed fluorescent (TADF)
probes emitting in this target region is demonstrated for the
first time. The synthetic versatility of this scaffold allows the
design of energy and charge transfer cassettes modulating
the stereoelectronic properties of the energy donors, the
spacer moieties and the linkage positions. Delayed emission
from these architectures is recorded in the red spectral

region (695–735 nm) with lifetimes longer than 100 ms in
aerated solutions at room temperature. The computational-
aided photophysical study under mild and hard irradiation
regimes disclose the interplay between molecular structure
and photonic performance to develop long-lived fluores-
cence red emitters through thermally activated reverse inter-
system crossing. The efficient and long-lasting NIR emission
of the newly synthesized aza-BODIPY systems provides a
basis to develop advanced optical materials with exciting
and appealing photonic response.

Introduction

Over the last few years, an intense research effort has been fo-
cused on the design and synthesis of thermally activated de-
layed fluorescence (TADF) materials[1–5] liable of converting the
excited T1 states to emissive S1 states by absorbing environ-
mental thermal energy through an efficient reverse intersystem
crossing (RISC).[6] Although a wealth of highly efficient blue[7–9]

green,[10–12] yellow[13, 14] and orange[15, 16] TADF emitters are pres-
ently available, the progress on achieving long-lived fluoro-
phores emitting in the deep red part of the visible spectrum
has unfortunately been slowed because it requires the optimi-
zation of contrasting properties[17–20] The improved understand-
ing of the processes ruling the effectiveness of RISC process
has already revealed some basic design principles on develop-

ing highly-effective red TADF emitters[21–24] In this regard, the
most effective strategy entails the synthesis of dyads with
strong, rigid, chemically stable and sterically hindered donor
and acceptor moieties spaced apart and twisted from each
other through p-linker units[25–31] These integrated molecular
platforms fulfil the photophysical and electronic key require-
ments to enhance TADF process, such as: 1) low singlet–triplet
energy gap; 2) an electronic coupling between donor and ac-
ceptor neither too strong nor too weak to enable both forward
and reverse ISC processes;[28] 3) a large fluorescence rate con-
stant; and 4) a high chemical, photochemical, and photophysi-
cal stability of the molecular building blocks.

Among the chemical structures tested to design red TADF
probes, long-wavelength emitting aza-BODIPY fluorophores
has never being considered for this application despite dyes
based on this aza-BODIPY scaffold stand out as bright, stable,
and compact red/NIR emitters.[32–34] In fact, the simple replace-
ment of the meso-methine group at the BODIPY core by an
electronegative nitrogen atom induces a pronounced batho-
chromic shift of both the absorption and emission transitions
as well as a drastic decrease of the energy gap between excit-
ed singlet and triplet states without promoting phosphores-
cence emission.[35] These effects can be enlarged through the
peripherical arylation of the aza-BODIPY chromophoric
core.[32–34] Recently, efficient and long-lasting fluorescent and
laser emission in the target red/NIR spectral region have been
recorded from polyarylated aza-BODIPYs under drastic pump-
ing conditions.[36]

In this work, we report for the first time to the best of our
knowledge red/NIR TADF emitters based on heavy-atom-free
aza-BODIPY derivatives. The new dyes (1–4) were built up as
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highly-effective energy and charge transfer cassettes based on
a BODIPY moiety acting as donor and covalently linked to a
polyarylated-aza-BODIPY group acting as acceptor and red/NIR
emitting unit (Figure 1). The chemical versatility of this chro-
mophoric core allowed synthesizing a library of structurally re-
lated dyads by: (i) increasing the number of donor BODIPY
units to intensify the energy and charge transfer efficiency; (ii)
tethering the donor units at the dipyrrin backbone as well as
at the boron bridge of the acceptor unit ; (iii) modulating the
link length between the donor-acceptor units through one or
two phenyl rings acting as p-bridge ensuring no resonant in-
teractions between the electronic clouds of the chromophoric
subunits (via imposed steric hindrance and/or using the non-
conjugated boron bridge as linkage position) ; and (iv) enhanc-
ing the photoinduced electron transfer (PET) capability of the
donor unit as a new approach to increase intersystem crossing
without relying on the phosphorescence emission.[37] This syn-
thetic strategy has yielded the first aza-BODIPY/BODIPY archi-
tectures displaying red/NIR delayed emission even in aerated
solutions at room temperature despite thermal activated de-
layed fluorescence was easily quenching by oxygen, reducing
drastically its effectiveness, which becomes one of the major
challenges for the applicability of TADF probes.[38, 39] A compre-
hensive analysis, aided by computational simulations, of the
photonic signatures of these new red-emitting materials under
soft and drastic pumping conditions promoted an enhanced
knowledge of the influence of the connecting modes between
donor and acceptor units as well as of the underlying energy
and charge transfer processes over the effectiveness of RISC
mechanism. In this regard, the present work arises as the first
proof-of-concept elucidating the interplay of molecular design,
structural factors and photonic behavior in red-emitting cas-
settes to boost aza-BODIPY scaffold as a smart chromophoric
platform in developing advanced red/NIR TADF materials.

Results and Discussion

Synthesis and chemical characterization

Cassettes 1, 2 a and 2 b were successfully obtained through
Suzuki–Miyaura reactions from the halogenated aza-BODIPY
5[40] and the corresponding pinacol boronate BODIPY 6[41] and
7[42] respectively (Scheme 1 A). First, a mixture of the brominat-
ed aza-BODIPY 5 and pinacol boronate BODIPY 6 in presence
of Na2CO3 as base and Pd(PPh3)4 as catalyst in a H2O/THF/ tolu-
ene mixture were heated at 80 8C under argon atmosphere for
10 h, affording the cassette 1, in 26 % yield. Similarly, cassette
2 a was isolated, in 77 % yield, by reaction of 5 with 7, under
the same conditions, for 20 h. Finally, cassette 2 b (40 %) was
obtained from 5 and 7 but using K2CO3 as base and carrying
out the reaction under microwave irradiation at 120 8C for 1 h.

Subsequently, cassettes 3, 4 a and 4 b were synthesized by
replacement of one or two fluorine atoms at the boron bridge
of the aza-BODIPY 8[43, 44] by reaction with the corresponding 8-
(4-hydroxyphenyl)BODIPY 9[45] or 10[46] in the presence of AlCl3

as Lewis acid, according to the experimental procedure de-
scribed in the literature[47] (Scheme 1 B). All compounds were
characterized using a combination of 1H NMR, 13C NMR, FTIR
spectroscopy and high resolution mass spectrometry (HRMS).
The synthesis and characterization of the new dyes are de-
scribed in detail in the Supporting Information.

Photophysical properties: energy transfer vs. electron trans-
fer

The absorption spectra of the new cassettes feature two
strong and clearly distinguishable bands in the visible spectral
region (Figures 2 and Figure S1 in the Supporting Information):
the long wavelength absorption owed to the p-extended aza-
BODIPY through the peripheral aryl groups linked at its dipyr-
rin core (approaching 680 nm from the most arylated cas-
settes, 2 a and 2 b), whereas the short wavelength band was

Figure 1. Structures of cassettes aza-BODIPY/BODIPY synthesized.

Scheme 1. Synthesis of cassettes aza-BODIPY/BODIPY 1–4.
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assigned to the pendant BODIPY moiety. In fact, the intensity
of this last absorption band increased proportionally with the
number of BODIPY subunits (2 a vs. 2 b in Figure 2, or 4 a vs.
4 b in Figure S1 in the Supporting Information) and its spectral
position was bathochromically shifted by increasing the alkyla-
tion degree at the dipyrrin core of the BODIPY donor (1 vs. 2 b
in Figure 2, or 3 vs. 4 a in Figure S1 in the Supporting Informa-
tion). Therefore, the broadband absorption exhibited by the
new cassettes resulted from the additive contribution of the
transitions of each chromophoric subunit, being each one elec-
tronically decoupled as supported by the computed molecular
orbitals (Figures 3 and S2 in the Supporting Information).
Indeed, the molecular orbitals (MOs) involved in each electron-
ic transition were just located at the polyarylated aza-BODIPY
moiety or alternatively at the BODIPY units. On the other hand,
the fluorescence spectra of the new cassettes were dominated
by a long-wavelength emission (peaked up to 720 nm in 2 b)
regardless of the excited absorption band, as consequence of
an efficient intramolecular excitation energy transfer (EET) from
the BODIPY donor to the energy acceptor and NIR emitting
aza-BODIPY unit (Figure 2 and Figure S1 in the Supporting In-
formation). Actually, the emission from the donor BODIPY was
almost negligible, yielding an EET efficiency close to the 100 %
in all media, as it was expected owing to the short donor–ac-

ceptor distance and geometrical disposition imposed by their
mutual covalent linkage.

However, the fluorescence efficiency showed a marked de-
pendence on the alkylation degree of the BODIPY acting as
energy donor in all media; the cassettes bearing alkylated
BODIPYs (tetramethylated in 3 or with further diethylation in
1) became almost non-fluorescent (Table 1 and Table S1 in the
Supporting Information). Quantum chemical calculations of the
electronic density distribution based on DFT atomistic simula-
tions (b3lyp/6-31G*) predicted that the alkylated BODIPY, graft-
ed at both the boron atom as well as the dipyrrin core of the
aza-BODIPY, was able to act as energy donor but also as effec-
tive electron donor. Indeed, the HOMO state of these cassettes
was entirely located on the BODIPY unit and energetically
placed above the HOMO-1 and therefore within the energy
gap responsible of the aza-BODIPY transition (Figure 3 and Fig-
ure S2 in the Supporting Information). Such energetic distribu-
tion of MOs envisaged the ability of the alkylated BODIPY to
effectively induce a reductive PET process upon excitation.[48]

Thus, upon the photoinduced promotion of an electron from
the HOMO to the LUMO + 1 (under green excitation) or from
HOMO-1 to LUMO (under red excitation), an electron transfer
from the HOMO to the low-lying HOMO-1 was thermodynami-
cally feasible. Such a reductive PET from the alkylated BODIPY
grafted to the aza-BODIPY avoided radiative deactivation from
LUMO back to the HOMO-1, thus explaining the almost negli-
gible fluorescence emission recorded from 1 and 3. Neverthe-
less, such undesirable PET pathway was totally suppressed just
selecting fully non-alkylated BODIPY as energy donor units (2 a
and 2 b, or 4 a and 4 b). This substitution pattern lowered the
energy of this HOMO state (i.e. from �5.32 eV in 3 to �5.77 eV
in 4 a) to become HOMO-1 in these cassettes, being placed
below the energy gap responsible of the aza-BODIPY electronic
transitions (Figure 3 and Figure S2 in the Supporting Informa-

Figure 2. Absorption and fluorescence (dashed, after selective excitation of
the BODIPY donor) and) spectra of the triads linked through a biphenyl
spacer (1 and 2 b) in diluted solutions of ethyl acetate. The excitation spec-
trum (dotted, monitored at the aza-BODIPY emission) of 2 b is also included.
To highlight the effect of the number of appended BODIPY donors, the ab-
sorption spectrum of the 2 a dyad is also included for comparison (dotted
line in black). The absorption spectra (filled bands) of the isolated building
blocks of the cassettes are also added to evidence the maintenance of the
integrity of the chromophores after its covalent linkage. The corresponding
spectra for the cassettes 3 and 4 b, linked at the boron atom, are collected
in Figure S1 in the Supporting Information.

Figure 3. Computed molecular orbitals (b3lyp/6-31 g*) and energies from
the analogs 3 and 4 a differing just in the methylation of the energy donor
BODIPY tethered at the boron of the aza-BODIPY. The probability of the
competing fluorescence, EET and PET processes is depicted. The correspond-
ing MOs diagram for the cassettes 1 and 2 b, linked at the 3,5-biphenyl
group of the aza-BODIPY core, are collected in Figure S2 in the Supporting
Information.
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tion). This energetic rearrangement of the MOs hampered an
effective PET process and, consequently, the fluorescence from
the aza-BODIPY was restored, together with a substantial
lengthening of the lifetime (Table 1 and Table S1 in the Sup-
porting Information).[49, 50] This result denoted that the BODIPY
functionalization was mainly involved in the composition of
the HOMO state of these cassettes controlling the effectiveness
of its final emission. Theodore software was used to account
for the probability upon excitation of the charge transfer un-
derlying the PET process[51] (scaled from 0 to 1). The cassettes
2 b and 4 b bearing non-alkylated BODIPY as energy donor sus-
tained a very low charge transfer probability (just 0.10 and
0.02 respectively). However, the sole alkylation of the BODIPY
(structural-related 1 and 3, respectively) drastically increased
the probability of transferring an electron from the BODIPY
subunit to the aza-BODIPY core (up to 0.78 and 0.72, respec-
tively, in Table 1), supporting the viability of PET as the main
non-radiative deactivation channel of the excited state in the
cassettes featuring alkylated BODIPY as energy donors.

To support the viability of the predicted PET after anchoring
alkylated energy donors to the aza-BODIPY, we conducted
electrochemical measurements for the structural related pairs
1 vs. 2 b, and 3 vs. 4 a (Figure S3 in the Supporting Informa-
tion). Whereas no changes were detected in the cathodic
region with the first reduction potential peaked at the same
potential (�0.27 V), as expected in view of the almost invariant
LUMO energy (Figure 3 and Figure S2 in the Supporting Infor-
mation), the anodic region showed variations upon alkylation
of the energy donor. Thus, the alkylation of the energy donor
BODIPY decreased the oxidation potential of the correspond-
ing aza-BODIPY cassettes (1.1 V for 1 and 1.2 V for 3, vs. 1.3 V
for 2 b and 1.4 V for 4 a, respectively). Such difference of 0.2 eV
nicely correlates with the predicted decrease of the HOMO
energy in these cassettes upon removal of the alkyls in the
BODIPY acting as energy donors (Figure 3 and Figure S2 in the
Supporting Information). Therefore, it is again confirmed that
the BODIPY alkylation enables a thermodynamically driven PET.

It is noteworthy that the fluorescence enhancement upon
removing the alkyl groups of the BODIPY energy donor de-
pended also on its grafted position at the aza-BODIPY core
(Table 1 and Table S1 in Supporting Information). Thus, the
linkage through the 3,5-biphenyl groups (2 a or 2 b) led to
bright NIR emission (up to 30 % with a lifetime of 2.3 ns) but
this efficiency was greatly reduced (8 % with a lifetime of just
1 ns) by linking the donor unit at the boron bridge of the aza-
BODIPY (4 a and 4 b). This markedly different behavior could
be attributed to the conformational freedom of each unit
inside the cassette, which should be less restricted in the sys-
tems based on boron functionalization. With respect to 2 b,
the feasible rotation of the BODIPY units linked at the boron
bridge in 4 b increased the internal conversion deactivation
process reducing consequently its fluorescence efficiency from
0.30 to a merely 0.08.

Therefore, cassette 2 b, which molecular design avoided del-
eterious effects (PET and internal conversion) on the emission
quantum yield, stands out as NIR-emitter owing to both its
more extended delocalized p-system and its high fluorescence
efficiency, which became even 2-fold higher than that recorded
from its isolated aza-BODIPY precursor 8 (Table 1).[36]

Photonic behavior under hard pumping: laser and delayed
fluorescence

With the exception of the multichromophoric systems (1 and
3) sustaining a PET process, the photophysical behavior of the
new BODIPY-aza-BODIPY dyes as effective EET and ICT cassettes
allowed them to lase efficiently in the red spectral region
when they were transversally pumped at both 532 nm and
355 nm (second and third harmonic of a Nd:YAG laser, respec-
tively). In fact, BODIPY-aza-BODIPY hybridation led to a drastic
increase of the absorption at both pump lasing wavelengths
with respect to that exhibited by the related monomeric aza-
BODIPY 8. This is a key factor from the point of view of the
laser action, since it allowed reducing significantly the required

Table 1. Photophysical properties of all the cassettes in diluted solutions (2 mm) of ethyl acetate. The corresponding data of the isolated energy acceptor
aza-BODIPY 8 are added for comparison.[36] The corresponding data in nonpolar and polar media are collected in Table S1 in the Supporting Information.

lab
[a] [nm] emax

[b] [104
m
�1 cm�1] lfl

[c] [nm] F[d] t[e] [ns] kfl
[f] [108 s�1] knr

[g] [108 s�1]

1 678.5 6.7 711.5 0.006 NR – –
523.0 12.1

2 a 667.5 7.7 701.0 0.24 1.83 1.31 4.15
500.5 5.7

2 b 680.0 10.4 718.5 0.30 2.28 1.31 3.07
500.5 13.9

3 651.5 3.9 672.5 0.007 NR – –
497.5 5.3

4 a 649.5 8.2 675.0 0.08 0.84 0.95 10.9
494.5 7.7

4 b 655.0 7.2 678.5 0.08 1.03 0.77 8.93
494.5 13.3

8 646.0 8.6 668.0 0.12 0.81 1.48 9.64

[a] Absorption wavelengths. [b] Molar extinction coefficients at the absorption maxima. [c] Fluorescence wavelength. [d] Fluorescence quantum yield.
[e] Fluorescence lifetime (independent of the excitation wavelength). [f] Radiative and [e] Non-radiative deactivation rate constants. NR: non-recorded be-
cause they are below 50 ps, the time resolution of the photon counter.
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gain-media concentrations avoiding, consequently, dye-solubil-
ity problems, emission quenching and/or aggregation process-
es, all of them with detrimental effects on laser action. Under
the selected experimental conditions (transversal excitation
and hard focusing of the incoming pumping radiation) the
concentration in ethyl acetate which optimized the laser effi-
ciency, understood as the ratio of the output and input ener-
gies, depended on the given dye and were ranging from
0.2 mm to 0.9 mm. The lasing properties of the new systems
recorded under the mentioned experimental conditions are re-
ported in Table 2. The BODIPY-aza-BODIPY systems exhibited
lasing emission peaked in the red-edge of the visible spectrum,
from 696 nm (4 a) to 730 nm (2 b) (Table 2 and Figure 4). The
dependence of the laser wavelength on the chemical structure
of the cassettes showed good correlation with the photophysi-
cal properties: the longer the fluorescence wavelength, the
“redder” became the lasing emission.

Despite its low fluorescence quantum yield, the new dyes
showed an unexpected high laser efficiency (up to 25 %),
which was even higher than that exhibited by the monomeric
aza-BODIPY 8 pumped at its maximum absorption wave-
length.[36] This apparent mismatch can be rationalized taking
into account the EET and ICT character of the emitting states in
these cassettes leading to: (i) a high Stokes shift (up to
700 cm�1), which reduced the extension of re-absorption/re-
emission processes and, thus, their deleterious effect in the
laser action; (ii) a very short lifetime (below 0.6 ns), which ame-
liorated the population inversion and enhanced the stimulated
emission probability, counterbalancing the low probability of
spontaneous emission; and (iii) a high dipole moment (four-
and six-fold higher than the isolated donor and acceptor frag-
ments, respectively), allowing the molecular alignment with re-
spect to the polarization of the exciting laser beam to enhance
the emission efficiency of the media.[52] In this regard, the
chemical modification around the boron atom had low impact
in the laser efficiency of the corresponding derivatives (4 a and

4 b) since the recorded decrease of the fluorescence efficiency
upon replacement of the fluorine atom also entailed a drastic
shortening of the corresponding lifetime (Table 1).

In terms of traceability and feasibility of red photonic materi-
als, efficiency is not the only crucial variable to be considered.
A further important parameter is the photostability of the
emission over long operation times. Ideally, a high resistance
to active medium photodegradation under repeated pumping
is sought after. A reasonable evaluation of the photostability of
laser materials can be obtained by irradiating a small amount
of solution with exactly the same pumping energy and geome-
try as used in the laser experiments, and monitoring the evalu-
ation of the laser-induced fluorescence (LIF) intensity with re-
spect to the number of pump pulses (see Supporting Informa-
tion). This experimental setup allowed us to analyze even the
long-term photostability of the cassettes 1 and 3 since the PET
process induced by its molecular structure was able to turn
the laser action off but did not extinguish LIF emission. To
proper compare the intrinsic photodegradation rate of the
active media irrespective of the cavity configuration/parame-
ters and sample concentrations used, we introduced a normal-
ized photostability parameter such as the accumulated pump
energy absorbed by the system, per mole of dye, before the
output energy falls to a 10 % of its initial value (Edose in
GJ mol�1). As it was expected, the new cassettes based on
robust building blocks exhibited good photostability since up
to 160 GJ mol�1 were required for inducing a 10 % decrease of
its LIF emission (Table 2). Energy transfer from the peripheral
BODIPYs to the central red-emitting aza-BODIPY reduced the
rate and extension of the photodegradation processes and sig-
nificantly enhanced the photostability of the multichromo-
phoric systems with respect to the own monomeric aza-
BODIPY 8, as well as other monomeric commercial laser dyes
with emission in the same spectral region.[36] This enhanced
photostability was widespread to all the cassettes herein devel-
oped regardless of the acting EET, ICT and even PET mecha-
nism sustained by its molecular design. Actually, the lasing

Table 2. Lasing properties and photostability of the new synthesized aza-
BODIPY cassettes in ethyl acetate solution at the concentration, which
optimizes the laser efficiency of each dye pumped at both wavelengths,
355 and 532 nm. The lasing behavior of the monomeric dye 8 pumped
under identical experimental conditions are also include for comparison
purposes.

532 nm 355 nm
[C][a]

[mm]

%Eff[b] lla
[c]

[nm]
Edose

[d]

[GJ mol�1]
[C]
[mm]

%Eff lla

[nm]
Edose

[GJ mol�1]

1 729[e] 160
2 a 0.9 22 712 76 0.5 19 709 62
2 b 0.5 25 730 142 0.3 21 725 123
3 720[e] 81
4 a 0.8 21 696 64 0.4 15 694
4 b 0.9 23 693 145 0.4 16 690 135
8 2.0 6 689 22 1.6 4 685

[a] Dye concentration. [b] Laser efficiency. [c] Laser wavelength. [d] Photo-
stability defined as the amount of pumping energy absorbed by the dye
to retain 90 % of its initial emission at 532 nm. [e] Laser induced fluores-
cence.

Figure 4. Normalized laser spectra of 2 a, 2 b, 4 a and 4 b in ethyl acetate so-
lution at a concentration 0.5 mm pumped with laser pulses at 532 nm and
35 mJ cm�2 fluence. The corresponding spectrum of its monomeric parent
dye 8 was also included for comparison purposes.
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action attending to both lasing efficiency and photostability
depended on the number of donor units joined to the aza-
BODIPY framework more than on its linkage length and/or po-
sition: the highest the number of peripheral BODIPYs acting as
donor units the highest became the lasing efficiency and pho-
tostability (Table 2).

Other additional advantage of the light-harvesting molecular
design of these cassettes is the excitation versatility enabling
an efficient pumping also in the UV region of the visible spec-
trum. In fact, upon laser photoexcitation at 355 nm, the newly
synthetized cassettes displayed a lasing behavior (attending to
lasing wavelength, efficiency and photostability) similar to
those recorded pumping at 532 nm (Table 2). Further enhance-
ment of the photonic behavior on going from the monomeric
dye 8 to the multichromophoric cassettes was recorded pump-
ing 8 at 532 nm and 355 nm instead of at its maximum ab-
sorption wavelength.[36] To overcome the low absorption of 8
at these laser pump wavelengths highly concentrated solu-
tions (up to 5-fold higher than those required for the cassettes)
were needed. As it was mentioned above, this experimental
issue had a deleterious effect on the laser action and, conse-
quently, a 3-fold decrease in the lasing efficiency and photosta-
bility of 8 were recorded with respect to the values achieved
pumping it at 654 nm.[36]

To get more inside on the photonic behavior of the newly
synthesized aza-BODIPY cassettes time-gated emission related
to its monomeric parent dye 8 was further investigated by irra-
diating the samples within the same optical configuration
used in the laser characterization but under experimental con-
ditions, attending to both dye concentration and pump laser
fluence, well below the threshold for onset the laser action. To
meet this requirement the analysis was carried out for dye
concentrations and energy fluences lower than 0.2 mm and
32 mJ cm�2, respectively. Time-gated emission induced by laser
pulses at 532 and 355 nm was detected with an intensified
camera (iStar, Andor Technologies) coupled to a spectrograph
(Kymera 193i-A, Andor Technologies). The camera enabled gate
widths ranging from nanoseconds up to seconds and its open-
ing can be delayed in a control way with respect to the incom-
ing pump laser. It should be noted that neither long-pass-fil-
ters nor band-pass filters were used to remove the excitation
laser since we verified that these filters (especially long pass fil-
ters) under drastic pump conditions exhibited its own fluores-
cence and/or phosphorescence emission, which could lead to
misunderstanding the experimental results. This experimental
set-up allowed carrying out the measurements even under ad-
verse conditions, such as aerated solutions and at room tem-
perature, in which the emission efficiency could become criti-
cally quenched.

Following exposure to intense laser pulses at both 355 nm
and 532 nm all the new synthesized cassettes as well as the
monomeric parent 8 exhibited delayed emission able to be
registered at delay times longer than 100 ms with respect to
the incoming laser pump radiation (Figure 5 and Figure S4 in
the Supporting Information). Delayed emission appeared with
similar spectral profile that the prompt laser-induced fluores-
cence and it did not change over time-exposure except for a

steady decrease of its intensity as the delay time was increased
(Figure 5). This is the first time to the best of our knowledge
that delayed emission was recorded from fluorophores based
on aza-BODIPY scaffold, including both monomeric dyes and
homo- and hetero-multichromophoric systems, although our
experimental arrangement did not allow determining properly
the efficiency of this delayed emission.

Considering that the prompt fluorescence had lifetimes as
short as 2 ns, delayed emission with lifetimes longer than
100 ms must unequivocally imply long-lived triplet excited
states. In this regard, it should be noted that neither solvents
(i.e. iodoethane) nor triplet sensitizers were added to the dye
solution trying to enhance the triplet quantum yield since at
the same time the external heavy atom shortened the triplet
lifetime. Two mechanisms can induce this delayed emission:
thermally activated delayed fluorescence (TADF) or triplet-trip-
let annihilation (TTA). To distinguish between these two differ-
ent processes the influence of different experimental and
structural parameters on the delayed emission was systemati-
cally analyzed.

1) Small singlet-triplet energy gap is required to facilitate
the RISC process in TADF probes. It is well known that the ISC
probability in BODIPYs is extremely low (just a 1 % of the excit-
ed electrons populate triplet excited states).[53, 54] Advanced ex-
cited state calculations for the simplest BODIPY core revealed
that the most feasible ISC funnel along the deactivation of the
S1 state took place through the conical intersection with the
high-lying T2 state.[55] Interestingly, and according to this study,
the origin of an ineffective ISC in BODIPYs was not only the
energy barrier to access to the S1–T2 conical intersection
(around 0.4–0.5 eV) but rather the very low spin-orbit coupling
(1 cm�1).

Figure 5. Delay time-dependent evolution of the fluorescence spectrum of
2 b in aerated ethyl acetate solution (0.1 mm) at room temperature upon ex-
citation with laser pulses at 532 nm and 20 mJ cm�2 fluence. The prompt
laser-induced fluorescence spectrum recorded under otherwise identical ex-
perimental conditions is also included for comparison. It must be noted that
the prompt fluorescence has been normalized to the intensity of the 3 ms
delayed emission in order to demonstrate full spectral coincidence. Howev-
er, its non-normalized intensity corresponds to a factor � 3, which does not
apply because rescaling the delayed emissions for times longer than 50 ms
would hardly be appreciated.
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Trying to estimate the ISC probability in both the aza-
BODIPY scaffold and the large-sized cassettes derived from it,
we approached tentatively the S–T energy gap via Franck–
Condon transitions (Figure S5 in the Supporting Information
for details). In this regard, it should be noted that unlike the
simplest BODIPY, the large molecular size of the herein synthe-
sized cassettes hampered more advanced simulations and ex-
cited state calculations. In the monomeric 8 aza-BODIPY as
well as in the newly synthesized dyads the excited state S1 and
the closest triplet state (T2 in aza-BODIPYs or T3 in their corre-
sponding cassettes) were almost energetically degenerate
(energy gap <20 meV). In this energetic picture, upon strong
pumping, an electron in the excited state could reach the coni-
cal intersection to access a high-lying triplet state. However,
once there, instead of relaxing down to the triplet states by in-
ternal conversion, it could come back to the S1 state via a ther-
modynamically feasible RISC allowing the recording of delayed
fluorescence in a time-scale of hundreds of microseconds.

2) Strengthening the donor character of the final molecule
on going from one donor to two donor units linked to the
aza-BODIPY moiety (for instead 2 a and 2 b), some photophysi-
cal parameters critical for the effectiveness of TADF emission
became enhanced. In fact, matching the optical density of 2 a
and 2 b at the excitation wavelength (532 nm), an emission at
delay time higher than 150 ms could be recorded from 2 b,
while 2 a, with only a donor BODIPY unit, showed considerably
less and shorter delayed fluorescence, since no emission was
registered beyond 100 ms.

3) The replacement of the meso-methine group in the
BODIPY core by an electronegative aza-N atom induced a
marked change in the internal electronic properties due to the
delocalization of the N electron lone pair along the dipyrrin
framework. Since the meso position greatly contributed to the
LUMO state upon excitation,[36] the electronic transitions in the
new dyads gained n–p* character compared to the BODIPYs,
which could enhance the spin-orbit coupling and the ensuing
ISC.[56] In fact, according to the El-Sayed rule, the low-lying
np*states significantly speed up the RISC transition compared
to the TADF emitters where only pp* excitons are energetically
accessible.[57, 58] Thus, as theoretically supported (Figure S5 in
the Supporting Information) the qualitatively approached sin-
glet-triplet energy gap should decrease but without promoting
the triplet emission in aza-BODIPY.[35] As a result, either in the
monomeric 8 aza-BODIPY or in the new 1–4 dyads we were
unable to detect neither the phosphorescence emission nor
the singlet oxygen emission sensitized from the corresponding
triplet states.

4) Since the triplet concentration can be varied by dilution
and/or by modulating the pump laser energy, the intensity of
the emission delayed 10 ms was recorded decreasing the dye
concentration or the laser fluence. Under these experimental
conditions the intensity of the delayed emission decreased lin-
early following therefore the expected dependence in one-
photon process (Figures S6 and S7 in the Supporting Informa-
tion.). Furthermore, we never observed the quadratic depend-
ence of the emission intensity on dye concentration and/or

laser power required in a two-photon process such as triplet-
triplet annihilation.

These results indicated that the delayed emission of the
monomeric aza-BODIPY 8 and the herein synthesized multi-
chromophoric cassettes should decay from the singlet excited
state populated through RISC from the corresponding long-
lived triplet excited states with no contribution of any other
processes such as TTA. Hence, the aza-BODIPY moiety became
an effective TADF probe maintaining a long-lived fluorescence
emission in the red/near IR spectral region to boost its applica-
bility in strategic research fields.

Conclusions

Red/NIR thermally activated delayed fluorescence from dyes
based on aza-BODIPY scaffolds was reported, to the best of
our knowledge, for the first time. Thermally activated delayed
fluorescence emission from 680 to 800 nm was registered even
in aerated solutions at room temperature upon laser excitation
at both 532 and 355 nm. Aza-BODIPYs due to the replacement
of the central meso-carbon by an electronegative aza group
became a better electron acceptor than the own BODIPY, thus
being prone to electron transfer processes. A new series of cas-
settes based on grafting aza-BODIPY, acting as acceptor and
red-emitting moiety, with one or two BODIPY donor units al-
lowed to achieve a subtle balance between competing exciton
energy and charge transfer processes to modulate properly
the fluorescence response just adjusting the stereoelectronic
properties of the energy donors, spacers and linkage positions.

The computational-assisted analysis of the photonic behav-
ior of the herein synthesized energy and charge transfer cas-
settes revealed some key structural guidelines to enhance their
prompt and delayed emission signatures with respect to that
achieved from its monomeric aza-BODIPY. The new cassettes
showed efficient light-harvesting properties across the UV-visi-
ble spectral region owing to the imposed steric hindrance to
avoid both resonant electronic interactions as well as supra-
molecular aggregation by p–p stacking interactions, with dele-
terious effects on the emission efficiency. Thus, a judicious
election of the BODIPY energy donors was crucial to avoid PET
and to enable bright emission. Such modulation of the elec-
tron releasing ability of the energy donors can be straightfor-
wardly done just adjusting the alkylation degree of the elec-
tron donors. In fact, non-alkylated BODIPY allowed suppressing
PET and achieving bright NIR emission regardless of the excita-
tion wavelength. Thereby, upon laser excitation at both 355
and 532 nm, these cassettes lased beyond 700 nm, with effi-
ciencies and photostabilities higher than those recorded from
the monomeric aza-BODIPY as well as other commercially avail-
able dyes with emission in the red-edge of the visible spec-
trum and pumped under otherwise identical experimental con-
ditions.

In addition, our synthetic approach fulfilled all the energetic
and electronic requirements to achieve red/NIR emission de-
layed more than 100 ms with respect to the incoming radiation,
regardless on the laser pumping wavelength as well as on the
excitation transfer mechanism sustained by the molecular
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design. Through a systematic experimental and theoretical
analysis of this surprising photonic behavior we unambiguous-
ly identified thermally activated reverse intersystem crossing
from long-lived triplet excited states as the mechanism respon-
sible for the observed delayed emission with no contribution
of any other processes such could be triplet-triplet annihila-
tion. These outstanding results pointed out the rational design
of BODIPY-aza-BODIPY cassettes as a promising starting point
from developing novel long-lived TADF materials with emission
in the strategic red/NIR spectral region boosting their medical
and optoelectronic applications.

Acknowledgements

We gratefully acknowledge the Spanish Ministerio de Econo-
mia y Competitividad for financial support (projects MAT2017-
83856-C3-1-P, 2-P and 3-P). We also thank the Gobierno Vasco
for financial support (project IT912-16) and for a predoctoral
fellowship to E.A.-Z. The authors thank SGIker of UPV/EHU for
technical support with the computational calculations, which
were carried out in the “ARINA” informatic cluster.

Conflict of interest

The authors declare no conflict of interest.

Keywords: charge transfer · delayed fluorescence · dye
chemistry · energy transfer · NIR emission

[1] T. Li, D. Yang, L. Zhai, S. Wang, B. Zhao, N. Fu, L. Wang, Y. Tao, W.
Huang, Adv. Sci. 2017, 4, 1600166.

[2] Z. Yang, Z. Mao, Z. Xie, Y. Zhang, S. Liu, J. Zhao, J. Xu, Z. Chi, M. P.
Aldred, Chem. Soc. Rev. 2017, 46, 915 – 1016.

[3] X.-K. Chen, D. Kim, J.-L. Br�das, Acc. Chem. Res. 2018, 51, 2215 – 2224.
[4] Y. Liu, Ch. Li, Z. Ren, S. Yan, M. R. Bryce, Nat. Rev. Mater. 2018, 3, 18020.
[5] X. Liang, Z.-L. Tu, Y.-X. Zheng, Chem. Eur. J. 2019, 25, 5623 – 5642.
[6] C. Baleiz¼o, M. N. Berberan-Santos, J. Chem. Phys. 2007, 126, 204510.
[7] Q. Zhang, B. Li, S. Huang, H. Nomura, H. Tanaka, C. Adachi, Nat. Photon-

ics 2014, 8, 326 – 332.
[8] S.-J. Woo, Y. Kim, M.-J. Kim, J. Y. Baek, S.-K. Know, Y.-H. Kim, J.-J. Kim,

Chem. Mater. 2018, 30, 857 – 863.
[9] C.-S. Oh, D. Sa Pereira, S. H. Han, H-J. Park, H. F. Higginbotham, A. P.

Monkmman, J. Y. Lee, ACS Appl. Mater. Interfaces 2018, 10, 35420 –
35429.

[10] C. W. Lee, J. Y. Lee, ACS Appl. Mater. Interfaces 2015, 7, 2899 – 2904.
[11] D. R. Lee, B. S. Kim, C. W. Lee, Y. Im, K. S. Yook, S.-H. Hwang, J. Y. Lee,

ACS Appl. Mater. Interfaces 2015, 7, 9625 – 9629.
[12] C. Deng, S. Zheng, D. Wang, J. Yang, Y. Yue, M. Li, Y. Zhou, S. Niu, L. Tao,

T. Tsuboi, Q. Zhang, J. Phys. Chem. C. 2019, 123, 29875 – 29883.
[13] X.-L. Li, G. Xie, M. Liu, D. Chen, X. Cai, J. Peng, Y. Cao, S.-J. Su, Adv.

Mater. 2016, 28, 4614 – 4619.
[14] D. Chen, P. Rajamalli, F. Tenopala-Carmona, C. L. Carpenter-Warren, D. B.

Cordes, C.-M. Keum, A. M. Z. Slawin, M. C. Gather, E. Zysman-Colman,
Adv. Opt. Mater. 2020, 8, 1901283.

[15] W. Zeng, H.-Y. Lai, W.-K. Lee, M. Jiao, Y.-J. Shiu, C. Zhong, S. Gong, T.
Zhou, G. Xie, M. Sarma, K.-T. Wong, C.-C. Wu, C. Yang, Adv. Mater. 2018,
30, 1704961.

[16] J.-X. Chen, W.-W. Tao, Y.-F. Xiao, K. Wang, M. Zhang, X.-Ch. Fan, W.-C.
Chen, J. Yu, S. Li, F.-X. Geng, X.-H. Zhang, C.-S. Lee, ACS Appl. Mater. In-
terfaces 2019, 11, 29086 – 29093.

[17] S. Wang, Z. Cheng, X. Song, X. Yan, K. Ye, Y. Lu, G. Yang, Y. Wang, ACS
Appl. Mater. Interfaces 2017, 9, 9892 – 9901.

[18] J. H. Kim, J. H. Yun, J. Y. Lee, Adv. Opt. Mater. 2018, 6, 1800255.
[19] J.-X. Chen, W.-W. Tao, W.-C. Chen, Y.-F. Xiao, K. Wang, C. Cao, J. Yu, S. Li,

F.-X. Geng, C. Adachi, C.-S. Lee, X.-H. Zhang, Angew. Chem. Int. Ed. 2019,
58, 14660 – 14665; Angew. Chem. 2019, 131, 14802 – 14807.

[20] X. Gong, P. Li, Y.-H. Huang, C. Y. Wang, C. H. Lu, W.-K. Lee, Adv. Funct.
Mater. 2020, 30, 1908839.

[21] M. K. Etherington, J. Gibson, H. F. Higginbotham, T. J. Penfold, A. P.
Monkman, Nat. Commun. 2016, 7, 13680.

[22] J. Gibson, T. J. Penfold, Phys. Chem. Chem. Phys. 2017, 19, 8428 – 8434.
[23] T. J. Penfold, F. B. Dias, P. Monkman, Chem. Commun. 2018, 54, 3926 –

3935.
[24] H. Wang, B. Zhao, P. Ma, Z. Li, X. Wang, C. Zhao, X. Fan, L. Tao, C. Duan,

J. Zhang, C. Han, G. Chen, H. Xu, J. Mater. Chem. C 2019, 7, 7525 – 7530.
[25] Y. Im, M. Kim, Y.-J. Cho, J.-A. Seo, K. S. Yook, J. Y. Lee, Chem. Mater. 2017,

29, 1946 – 1963.
[26] Q. Zhang, H. Kuwabara, W. J. Potscavage, S. Huang, Y. Hatae, T. Shibata,

C. Adachi, J. Am. Chem. Soc. 2014, 136, 18070 – 18081.
[27] G. A. Sommer, L. N. Mataranga-Popa, R. Czerwieniec, T. Hofbeck, H. H. H.

Homeier, T. J. J. M�ller, H. Yersin, J. Phys. Chem. Lett. 2018, 9, 3692 –
3697.

[28] G. Tang, A. A. Sukhanov, J. Zhao, W. Yang, Z. Wang, Q. Liu, V. K. Voronko-
va, M. Di Donato, D. Escudero, D. Jacquemin, J. Phys. Chem. C 2019,
123, 30171 – 30186.

[29] F. Gao, R. Du, C. Han, J. Zhang, Y. Wei, G. Lu, H. Xu, Chem. Sci. 2019, 10,
5556 – 5567.

[30] D. G. Congrave, B. H. Drummond, P. J. Conaghan, H. Francis, S. T. E.
Jones, C. P. Grey, N. C. Greenham, D. Credgington, H. Bronstein, J. Am.
Chem. Soc. 2019, 141, 18390 – 18394.

[31] S. Izumi, H. F. Higginbotham, A. Nyga, P. Stachelek, N. Tohnai, P. de Silva,
P. Data, Y. Takeda, S. Minakata, J. Am. Chem. Soc. 2020, 142, 1482 – 1491.

[32] Y. Ge, D. F. O’Shea, Chem. Soc. Rev. 2016, 45, 3846 – 3864.
[33] W. Mao, M. Zhu, C. Yan, Y. Ma, Z. Guo, W. Zhu, ACS Appl. Bio Mater.

2020, 3, 45 – 52.
[34] S. Shimizu, Chem. Commun. 2019, 55, 8722 – 8743.
[35] J. K. G. Karlsson, A. Harriman, J. Phys. Chem. A 2016, 120, 2537 – 2546.
[36] A. Prieto-CastaÇeda, E. Avellanal-Zaballa, L. Garztia-Rivero, L. Cerdan,

A. R. Agarrabeitia, I. Garc�a-Moreno, J. BaÇuelos, M. J. Ortiz, ChemPhoto-
Chem 2019, 3, 75 – 85.

[37] M. A. Filatov, S. Karuthedath, P. M. Poletshuk, H. Savoie, K. J. Flanagan,
C. Sy, E. Sitte, M. Telitchko, F. Laquai, R. W. Bpyle, M. O. Senge, J. Am.
Chem. Soc. 2017, 139, 6282 – 6285.

[38] Q. Zhang, S. Xu, M. Li, Y. Wang, N. Zhang, Y. Guan, M. Chen, C.-F. Chen,
H.-Y. Hu, Chem. Commun. 2019, 55, 5639 – 5642.

[39] Y. Wu, L. Jiao, F. Song, M. Chen, D. Liu, W. Yang, Y. Sun, G. Hong, L. Liu,
X. Peng, Chem. Commun. 2019, 55, 14522 – 14525.

[40] P.-A. Bouit, K. Kamada, P. Feneyrou, G. Berginc, L. Toupet, O. Maury, C.
Andraud, Adv. Mater. 2009, 21, 1151 – 1154.

[41] M. Koepf, M. Trabolsi, J. A. Wytko, D. Paul, A. M. Albrecht-Gary, J. Weiss,
Org. Lett. 2005, 7, 1279 – 1282.

[42] Z. Liu, S. G. Thacker, S. Fernandez-Castillejo, E. B. Neufeld, A. T. Remaley,
R. Bittman, ChemBioChem 2014, 15, 2087 – 2096.

[43] G. Sathyamoorthi, M.-L. Soong, T. W. Ross, J. H. Boyer, Heteroat. Chem.
1993, 4, 603 – 608.

[44] A. Gorman, J. Killoran, C. O’Shea, T. Kenna, W. M. Gallagher, D. F. O’Shea,
J. Am. Chem. Soc. 2004, 126, 10619 – 10631.

[45] A. Coskun, E. Deniz, E. U. Akkaya, Org. Lett. 2005, 7, 5187 – 5189.
[46] D. Prasannan, D. Raghav, S. Sujatha, H. Hareendrakrishna Kumar, K. Ra-

thinasamy, C. Arunkumar, RSC Adv. 2016, 6, 80808 – 80824.
[47] G. Dur�n-Sampedro, A. R. Agarrabeitia, L. Cerd�n, M. E. P�rez-Ojeda, A.

Costela, I. Garc�a-Moreno, I. Esnal, J. BaÇuelos, I. L�pez Arbeloa, M. J.
Ortiz, Adv. Funct. Mater. 2013, 23, 4195 – 4205.

[48] M. E. El-Khouly, A. N. Amin, M. E. Zandler, S. Fukuzumi, F. D’Souza, Chem.
Eur. J. 2012, 18, 5239 – 5247.

[49] S. Kumar, H. B. Gobeze, T. Chatterjee, F. D’Souza, M. Ravikanth, J. Phys.
Chem. A 2015, 119, 8338 – 8348.

[50] S. Kumar, K. G. Thorat, M. Ravikanth, J. Org. Chem. 2017, 82, 6568 – 6577.
[51] D. Escudero, Acc. Chem. Res. 2016, 49, 1816 – 1824.
[52] L. Cerd�n, A. Costela, I. Garcia-Moreno, J. BaÇuelos, I. Lopez Arbeloa,

Laser Phys. Lett. 2012, 9, 426 – 433.
[53] A. Schmitt, B. Hinkeldey, M. Wild, G. Jung, J. Fluoresc. 2009, 19, 755 –

758.

Chem. Eur. J. 2020, 26, 1 – 10 www.chemeurj.org � 2020 Wiley-VCH GmbH8&&

�� These are not the final page numbers!

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202002916

https://doi.org/10.1002/advs.201600166
https://doi.org/10.1039/C6CS00368K
https://doi.org/10.1039/C6CS00368K
https://doi.org/10.1039/C6CS00368K
https://doi.org/10.1021/acs.accounts.8b00174
https://doi.org/10.1021/acs.accounts.8b00174
https://doi.org/10.1021/acs.accounts.8b00174
https://doi.org/10.1002/chem.201805952
https://doi.org/10.1002/chem.201805952
https://doi.org/10.1002/chem.201805952
https://doi.org/10.1063/1.2734974
https://doi.org/10.1038/nphoton.2014.12
https://doi.org/10.1038/nphoton.2014.12
https://doi.org/10.1038/nphoton.2014.12
https://doi.org/10.1038/nphoton.2014.12
https://doi.org/10.1021/acs.chemmater.7b04437
https://doi.org/10.1021/acs.chemmater.7b04437
https://doi.org/10.1021/acs.chemmater.7b04437
https://doi.org/10.1021/acsami.8b10595
https://doi.org/10.1021/acsami.8b10595
https://doi.org/10.1021/acsami.8b10595
https://doi.org/10.1021/am508259u
https://doi.org/10.1021/am508259u
https://doi.org/10.1021/am508259u
https://doi.org/10.1021/acsami.5b01220
https://doi.org/10.1021/acsami.5b01220
https://doi.org/10.1021/acsami.5b01220
https://doi.org/10.1021/acs.jpcc.9b08563
https://doi.org/10.1021/acs.jpcc.9b08563
https://doi.org/10.1021/acs.jpcc.9b08563
https://doi.org/10.1002/adma.201505963
https://doi.org/10.1002/adma.201505963
https://doi.org/10.1002/adma.201505963
https://doi.org/10.1002/adma.201505963
https://doi.org/10.1002/adom.201901283
https://doi.org/10.1002/adma.201704961
https://doi.org/10.1002/adma.201704961
https://doi.org/10.1021/acsami.9b08729
https://doi.org/10.1021/acsami.9b08729
https://doi.org/10.1021/acsami.9b08729
https://doi.org/10.1021/acsami.9b08729
https://doi.org/10.1021/acsami.6b14796
https://doi.org/10.1021/acsami.6b14796
https://doi.org/10.1021/acsami.6b14796
https://doi.org/10.1021/acsami.6b14796
https://doi.org/10.1002/adom.201800255
https://doi.org/10.1002/anie.201906575
https://doi.org/10.1002/anie.201906575
https://doi.org/10.1002/anie.201906575
https://doi.org/10.1002/anie.201906575
https://doi.org/10.1002/ange.201906575
https://doi.org/10.1002/ange.201906575
https://doi.org/10.1002/ange.201906575
https://doi.org/10.1002/adfm.201908839
https://doi.org/10.1002/adfm.201908839
https://doi.org/10.1039/C7CP00719A
https://doi.org/10.1039/C7CP00719A
https://doi.org/10.1039/C7CP00719A
https://doi.org/10.1039/C7CC09612G
https://doi.org/10.1039/C7CC09612G
https://doi.org/10.1039/C7CC09612G
https://doi.org/10.1039/C9TC02557J
https://doi.org/10.1039/C9TC02557J
https://doi.org/10.1039/C9TC02557J
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1021/ja510144h
https://doi.org/10.1021/ja510144h
https://doi.org/10.1021/ja510144h
https://doi.org/10.1021/acs.jpclett.8b01511
https://doi.org/10.1021/acs.jpclett.8b01511
https://doi.org/10.1021/acs.jpclett.8b01511
https://doi.org/10.1021/acs.jpcc.9b09335
https://doi.org/10.1021/acs.jpcc.9b09335
https://doi.org/10.1021/acs.jpcc.9b09335
https://doi.org/10.1021/acs.jpcc.9b09335
https://doi.org/10.1039/C9SC01240K
https://doi.org/10.1039/C9SC01240K
https://doi.org/10.1039/C9SC01240K
https://doi.org/10.1039/C9SC01240K
https://doi.org/10.1021/jacs.9b09323
https://doi.org/10.1021/jacs.9b09323
https://doi.org/10.1021/jacs.9b09323
https://doi.org/10.1021/jacs.9b09323
https://doi.org/10.1021/jacs.9b11578
https://doi.org/10.1021/jacs.9b11578
https://doi.org/10.1021/jacs.9b11578
https://doi.org/10.1039/C6CS00200E
https://doi.org/10.1039/C6CS00200E
https://doi.org/10.1039/C6CS00200E
https://doi.org/10.1021/acsabm.9b00842
https://doi.org/10.1021/acsabm.9b00842
https://doi.org/10.1021/acsabm.9b00842
https://doi.org/10.1021/acsabm.9b00842
https://doi.org/10.1039/C9CC03365C
https://doi.org/10.1039/C9CC03365C
https://doi.org/10.1039/C9CC03365C
https://doi.org/10.1021/acs.jpca.6b01278
https://doi.org/10.1021/acs.jpca.6b01278
https://doi.org/10.1021/acs.jpca.6b01278
https://doi.org/10.1021/jacs.7b00551
https://doi.org/10.1021/jacs.7b00551
https://doi.org/10.1021/jacs.7b00551
https://doi.org/10.1021/jacs.7b00551
https://doi.org/10.1039/C9CC00898E
https://doi.org/10.1039/C9CC00898E
https://doi.org/10.1039/C9CC00898E
https://doi.org/10.1039/C9CC07704A
https://doi.org/10.1039/C9CC07704A
https://doi.org/10.1039/C9CC07704A
https://doi.org/10.1002/adma.200801778
https://doi.org/10.1002/adma.200801778
https://doi.org/10.1002/adma.200801778
https://doi.org/10.1021/ol050033p
https://doi.org/10.1021/ol050033p
https://doi.org/10.1021/ol050033p
https://doi.org/10.1002/cbic.201402042
https://doi.org/10.1002/cbic.201402042
https://doi.org/10.1002/cbic.201402042
https://doi.org/10.1002/hc.520040613
https://doi.org/10.1002/hc.520040613
https://doi.org/10.1002/hc.520040613
https://doi.org/10.1002/hc.520040613
https://doi.org/10.1021/ja047649e
https://doi.org/10.1021/ja047649e
https://doi.org/10.1021/ja047649e
https://doi.org/10.1021/ol052020h
https://doi.org/10.1021/ol052020h
https://doi.org/10.1021/ol052020h
https://doi.org/10.1039/C6RA12258B
https://doi.org/10.1039/C6RA12258B
https://doi.org/10.1039/C6RA12258B
https://doi.org/10.1002/adfm.201300198
https://doi.org/10.1002/adfm.201300198
https://doi.org/10.1002/adfm.201300198
https://doi.org/10.1002/chem.201103074
https://doi.org/10.1002/chem.201103074
https://doi.org/10.1002/chem.201103074
https://doi.org/10.1002/chem.201103074
https://doi.org/10.1021/acs.jpca.5b06328
https://doi.org/10.1021/acs.jpca.5b06328
https://doi.org/10.1021/acs.jpca.5b06328
https://doi.org/10.1021/acs.jpca.5b06328
https://doi.org/10.1021/acs.joc.7b00542
https://doi.org/10.1021/acs.joc.7b00542
https://doi.org/10.1021/acs.joc.7b00542
https://doi.org/10.1021/acs.accounts.6b00299
https://doi.org/10.1021/acs.accounts.6b00299
https://doi.org/10.1021/acs.accounts.6b00299
https://doi.org/10.7452/lapl.201210019
https://doi.org/10.7452/lapl.201210019
https://doi.org/10.7452/lapl.201210019
https://doi.org/10.1007/s10895-008-0446-7
https://doi.org/10.1007/s10895-008-0446-7
https://doi.org/10.1007/s10895-008-0446-7
http://www.chemeurj.org


[54] J. Zhao, K. Xu, W. Yang, Z. Wang, F. Zhong, Chem. Soc. Rev. 2015, 44,
8904 – 8939.

[55] M. de Vetta, L. Gonzalez, I. Corral, ChemPhotoChem 2019, 3, 727 – 738.
[56] R. T. Kuznetsova, Y. V. Aksenova, D. E. Bashkirtsev, A. A. Prokopenko, E. N.

Tel’minov, G. V. Mayer, N. A. Dudina, E. V. Antina, A. Y. Nikonova, M. B.
Berezin, A. S. Semeikin, High Energy Chem. 2015, 49, 16 – 23.

[57] F. B. Dias, K. N. Bourdakos, V. Jankus, K. C. Moss, K. T. Kamtekar, V. Bhalla,
J. Santos, M. R. Bryce, A. P. Monkman, Adv. Mater. 2013, 25, 3707 – 3714.

[58] I. Lyskov, C. M. Marian, J. Phys. Chem. C 2017, 121, 21145 – 21153.

Manuscript received: June 17, 2020

Revised manuscript received: July 19, 2020

Accepted manuscript online: July 28, 2020

Version of record online: && &&, 0000

Chem. Eur. J. 2020, 26, 1 – 10 www.chemeurj.org � 2020 Wiley-VCH GmbH9 &&

These are not the final page numbers! ��

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202002916

https://doi.org/10.1039/C5CS00364D
https://doi.org/10.1039/C5CS00364D
https://doi.org/10.1039/C5CS00364D
https://doi.org/10.1039/C5CS00364D
https://doi.org/10.1002/cptc.201800169
https://doi.org/10.1002/cptc.201800169
https://doi.org/10.1002/cptc.201800169
https://doi.org/10.1134/S0018143915010075
https://doi.org/10.1134/S0018143915010075
https://doi.org/10.1134/S0018143915010075
https://doi.org/10.1002/adma.201300753
https://doi.org/10.1002/adma.201300753
https://doi.org/10.1002/adma.201300753
https://doi.org/10.1021/acs.jpcc.7b06187
https://doi.org/10.1021/acs.jpcc.7b06187
https://doi.org/10.1021/acs.jpcc.7b06187
http://www.chemeurj.org


FULL PAPER

& Dyes/Pigments

E. Avellanal-Zaballa, A. Prieto-CastaÇeda,
F. Garc�a-Garrido, A. R. Agarrabeitia,
E. Rebollar, J. BaÇuelos,*
I. Garc�a-Moreno,* M. J. Ortiz

&& –&&

Red/NIR Thermally Activated Delayed
Fluorescence from Aza-BODIPYs
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of microseconds) even in aerated solu-
tions at room temperature.
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Rational molecular design enhancing the photonic
performance of red-emitting perylene bisimide dyes†

E. Avellanal-Zaballa,a G. Durán-Sampedro,b A. Prieto-Castañeda,b

A. R. Agarrabeitia,b I. Garcı́a-Moreno,c I. López-Arbeloa,a J. Bañuelos *a and
M. J. Ortiz *b

We report the synthesis of novel multichromophoric organic architectures, where perylene red is decorated

with BODIPY and/or hydroxycoumarin dyes acting as light harvesters and energy donors. The computationally-

aided photophysical study of these molecular assemblies reveals a broadband absorption which, regardless of

the excitation wavelength, leads solely to a bright red-edge emission from perylene bisimide after efficient

intramolecular energy transfer hops. The increase of the absorbance of these molecular antennas at key

pumping wavelengths enhances the laser action of the commercial perylene red. The herein applied strategy

based on energy transfer dye lasers should boost the use of perylene-based dyes as active media for

red-emitting lasers.

Introduction

Renewed interest has been focused on the design and synthesis
of fluorophores with enhanced optical properties for new
applications in medical, analytical, chemical, physics, biophy-
sics science and technology fields.1 Some of these advanced
applications require highly fluorescent and photostable photo-
nic materials under drastic irradiation conditions, such as hard
radiation laser doses and/or prolonged times.2 Although a
wealth of organic dyes is known, most of the reported work
on laser dyes has been focused on fluorophores derived from
xanthene3 and boron dipyrromethene (BODIPY)4 cores. Surprisingly,
reports on the lasing behaviour of dyes derived from perylene
bisimides (also known as perylene diimides, PDIs, Fig. 1) are scarce
in spite of their particularly attractive optical properties.5 In fact,
these dyes exhibit exceptional chemical, thermal and photochemical
stability with a fluorescence quantum yield close to unity.6 In
addition, PDI scaffolds enable straightforward functionalization
at both the imide positions and the bay region allowing efficient
modulation of their photonic behaviour.7 However, several

reasons could justify the lack of lasers based on PDIs, mainly
those related to a low solubility in common organic solvents
and/or low absorption at standard laser excitation wavelengths,
such as 532 nm and 355 nm (2th and 3th harmonics of
an Nd:YAG laser).5–7 To overcome this shortcoming, highly
concentrated dye solutions are required to achieve laser gain.
However, high dye concentrations (10�2 M) entail reabsorption/
reemission and aggregation processes,8 which reduce signifi-
cantly the laser efficiency, thereby yielding much lower laser
efficiencies than those recorded from other less fluorescent
laser dyes. At lower dye concentrations (down to 10�3 M), these
deleterious effects are reduced but the absorption of the pump
radiation is not enough to achieve net laser gain.

One approach to avoid these limitations is based on mixtures
of dyes enabling Förster resonance energy transfer (FRET) where
the excitation energy from an excited donor is non-radiatively

Fig. 1 Molecular structure of the dyes used to customize the molecular
antennas ordered with regard to their emission profile along the visible
spectral region.

a Depto. de Quı́mica Fı́sica, Universidad del Pais Vasco-EHU, Apartado 644, 48080,

Bilbao, Spain. E-mail: jorge.banuelos@ehu.es
b Depto. de Quı́mica Orgánica I, Facultad de CC. Quı́micas, Universidad

Complutense de Madrid, Ciudad Universitaria s/n, 28040, Madrid, Spain.

E-mail: mjortiz@ucm.es
c Depto. de Sistemas de Baja Dimensionalidad, Superficies y Materia Condensada,

Instituto de Quı́mica-Fı́sica ‘‘Rocasolano’’, C.S.I.C., Serrano 119, 28006, Madrid,

Spain

† Electronic supplementary information (ESI) available: Experimental, photo-
physical, computational and laser details, characterization data and NMR spectra
of the new compounds, as well as Fig. S1–S7. See DOI: 10.1039/c7cp01626c

Received 14th March 2017,
Accepted 25th April 2017

DOI: 10.1039/c7cp01626c

rsc.li/pccp

PCCP

PAPER

http://orcid.org/0000-0002-8444-4383
http://orcid.org/0000-0002-0394-4045
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp01626c&domain=pdf&date_stamp=2017-05-11
http://rsc.li/pccp


This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 13210--13218 | 13211

transferred ‘‘through space’’ to a proximal ground-state
acceptor.9 The effectiveness of this mechanism of excitation
energy transfer (EET) depends strongly on the spectral overlap
between donor emission and acceptor absorption bands, and
the mutual orientation and distance between the donor and
acceptor. As a matter of fact, the EET efficiency is greatly
improved at short donor–acceptor distances. Consequently,
the design of molecular cassettes with a rigid and short linker
connecting donor and acceptor units should enhance signifi-
cantly the efficiency of the FRET process with respect to the
physical mixture of the chromophores.10 Besides, and depending
of the molecular assembly between the chromophores, an
alternative EET mechanism to the aforementioned FRET can
be switched on, in particular that known as ‘‘through-bond
energy transfer’’ (TBET). Although this mechanism is not fully
understood, it seems to be driven by an electronic exchange
mediated via an orbital overlap.11 Compared to the spectral
overlap required for an effective FRET, TBET cassettes enable
greater freedom for the selection of donor–acceptor pairs
since they are apparently not constrained by the afore-
mentioned requirements and just demand a direct linkage of
the fragments or, alternatively, through a conjugated bridge
(superexchange).

Molecular cassettes based on the PDI skeleton acting as the
energy acceptor and BODIPY units as the donor have been
developed as effective light-harvesting systems,12 but never
until now to boost the laser action of PDI dyes. To address this
issue, we have synthesized a new library of EET cassettes to
span the absorption spectra of the high red-emitting PDI dyes.
As a result, high and broadband visible absorption, large
pseudo-Stokes shifts and a sought-after improvement of the
lasing efficiency and photostability are attained. In contrast to
the previous large dendritic molecules based on BODIPY and
PDI moieties connected by flexible and relatively long chains,12

the herein reported multichromophoric systems feature compact
integration of the donor–acceptor pair by a single C–C bond,
shortening the intramolecular distance and impelling an ultra-
fast and efficient EET process. As the final energy acceptor and
red-emitting dye, we have chosen perylene red, (Per-Red, Fig. 1),
whose molecular structure is based on a perylene bisimide
backbone with aryloxy groups at the bay positions pushing the
spectral bands towards the red edge of the visible region.13

This fluorophore stands out by both its bright fluorescence,
being among the best luminophores in the red region of
the visible spectrum, and its chemical and photochemical
robustness.6,13 Thus, taking Per-Red as a scaffold, energy
donor dyes working in the UV-blue region (coumarin) and
the blue-yellow (BODIPY) part of the visible have been tethered
to the side imide groups of the perylene core (Fig. 1). This
synthetic versatility, attending to the structure and components,
allows us to establish the dependence of the donor–acceptor
combination and linkage positions on the photonic behavior
of PDI laser dyes. The understanding of the composition–
structure–property relationship should reorient the routes
to design advanced materials with optimized properties for
specific applications.

Structural design

Prior to addressing the synthesis of the new molecular cassettes,
several features, such as, the combined dyes, the linkage position
or the kind of spacer connecting the building blocks, have to be
judiciously selected. Indeed, to develop EET cassettes the molecular
identity of each chromophoric fragment has to be maintained after
covalent binding to afford a broadband absorption and selective
excitation of each one to promote the intramolecular EET, whose
mechanism depends on the molecular assembly.

Bearing all these facts in mind, and to ensure electronic
isolation in the weak coupling limit regime14 (no resonant
interactions between the chromophores or with the spacers),
we chose the peri position of the energy acceptor Per-Red as the
target position to anchor the energy donors, since the N-imide
does not take part in the delocalized system and should have
little impact on the photophysical properties of the dye (see Fig. S1
in the ESI†). It should be mentioned that the basic structure of
Per-Red was modified at the peripheral bisimide groups to favor
its reactivity. As energy donors to be covalently linked at such a
position we selected coumarin dyes15 to reinforce the absorption
in the UV/blue region, and BODIPY dyes16 to increase the absorp-
tion probability at the green/yellow part of the visible spectral
region. These dyes were selected since they are a benchmark for
laser dyes in the respective spectral region. Besides, both fluoro-
phores show the required spectral overlap with Per-Red to
undergo effective FRET (Fig. S2 in ESI†). Firstly, the workability
of the EET process in each coumarin (or BODIPY)–Per Red pair
was assessed. To this aim, both nitrogen atoms at its peri positions
were functionalized with two coumarin units (PC-1 and PC-2 in
Fig. 2A) using a rigid ortho-methylated phenyl group as a spacer,
which is placed at a different position in the benzopyrene core of
coumarin. Alternatively, Per-Red was also linked through the same
spacer to two BODIPY units (in particular PM567, PB-1 in Fig. 2A)
bearing an additional para-phenyl group at the meso position of
the dipyrrin core. Such an aryl group was sterically hindered by
methyl moieties placed at the adjacent chromophoric positions to
avoid its conformational freedom and consequently, the deleterious
effect exerted on the emission efficiency.16

Taking advantage of the chemical versatility of BODIPYs and of
their capacity to modulate their optical spectroscopic properties by
the substitution pattern, we also built molecular dyads based on a
8-aminoBODIPY (characterized by blue-shifted spectral bands)17

tethered to the said peri position of Per-Red via an alkyl chain
(PB-2 and PB-3) or a phenyl ring (PB-4) connecting the nitrogen
atoms of both chromophores (Fig. 2B). Afterwards the next
step, which was synthetically more challenging, was to span
even more the absorption profile of Per-Red to cover a wider
region of the visible spectrum by the combination of the said
three dissimilar chromophores in a single molecular structure
(PBC in Fig. 2C). To this aim, two hydroxycoumarin units were
attached to a BODIPY–perylene dyad (similar to PB-1 but
bearing just one substituted peri-imide) through the boron bridge
of the former, providing a molecular array where cascade-like EET
should take place. The linkage of coumarin at the boron atom of
the BODIPY unit was previously tested as an optimal design to
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render efficient FRET processes since this atom is not involved in
the cyanine-like delocalized p-system.18

Result and discussion
Synthesis

PDI cassettes based on coumarin (PC-1 and PC-2) or BODIPY
(PB-1, PB-2, PB-3 and PB-4) were ready prepared according to
the convergent synthetic routes shown in Scheme 1 (for experi-
mental details see the ESI†). The multichromophoric dye (PBC)
based on BODIPY and coumarin dyes grafted to PDI was also
synthesized following the same protocol.

Key palladium-catalyzed Suzuki reactions were used to couple
the PDI scaffolds to the corresponding BODIPY or/and coumarin
moieties. Thus, Pd(PPh3)4, as a catalyst, was used to prepare
cassettes PC-1, PC-2 and PB-1 from the appropriate boronate-
ester and halogenated partners (steps xiii, xv and xvi, respec-
tively, in Scheme 1). The same catalyst was used to prepare
multichromophoric PBC from the corresponding boronate-
ester PDI and coumarin-substituted (4-iodophenyl)BODIPY
(step xviii in Scheme 1), with the latter obtained by nucleophilic
substitution of fluorine atoms by coumarin in the corres-
ponding F-BODIPY precursor (step xvii in Scheme 1). Finally,
dyads PB-2, PB-3 and PB-4 were obtained from the corres-
ponding 8-thiomethylBODIPY and amino-based PDI moieties
(steps xix, xx and xxi, respectively, in Scheme 1), following
the methodology described by E. Peña et al. for related
compounds.19

Photophysical properties

Initially, the photophysical behavior of the modified Per-Red
was analyzed from diluted solutions in ethyl acetate (Table 1).
Following the expected behavior, the conducted modifications
around the peri position allow the coupling of energy donors
and almost do not modify its photophysical behavior since the

N-phenyl group at the imide position almost does not contri-
bute to the electronic density of the frontier orbitals involved in
its visible spectral transition (Fig. S1 in ESI†). Proving our
initial hypothesis, these perylene bisimides functionalized at
the N-imide position (3, 6 and 8, see Scheme 1) becomes
suitable platforms to customize the searched molecular cassettes
since they display fluorescence efficiency around 100%, even
when heavy atoms (i.e. p-bromine units) are attached to their
structure (Table 1). The electronic isolation provided by the
phenyl group at the peri position of Per-Red defines the absorp-
tion profile of the new cassettes as the sum of the electronic
transition of each chromophore, regardless of the chromophoric
structure acting as a donor group. Thus, on one hand, in the
coumarin–perylene cassettes (PC-1 and PC-2) together with the
red absorption of Per-Red (peaked at 570 nm), an UV band
from coumarin (around 325 nm, slightly masked by the more
energetic transitions of perylene) is recorded regardless of the
coumarin structure side-linked to the perylene core (Table 2 and
Fig. S3 in ESI†). On the other hand, the linkage of two BODIPY
units at both edges of the perylene core (PB-1) gives rise to a
strong absorption band at 523 nm (emax = 165 000 M�1 cm�1,
Table 2 and Fig. S4 in ESI†), together with the perylene’s own
absorption.

With regard to the emission from these cassettes, the
fluorescence band of Per-Red peaking at 600 nm prevails clearly
in the spectral profile regardless of both the dye acting as a
donor (coumarin or BODIPY) and the excitation wavelength
(Table 2, Fig. S3 excitation at 325 nm and Fig. S4 excitation at
490 nm, respectively, in the ESI†). The quenching of the donor
fluorescence, as well as the almost complete independence of
the acceptor fluorescence quantum yield from the excitation
wavelength (even in the donor region) highlights the effective-
ness of the intra-EET process. Such an ongoing EET process
should take place by a ‘‘through-space’’ (FRET) mechanism,
since both systems fulfill the required spectral overlap to
enhance the dipole–dipole coupling involved in this mechanism
(Fig. S2 in ESI†), which is also improved by the short donor–
acceptor distance imposed by the covalent linkage. However,
considering the structure of these multichromophoric dyes, the
contribution from the ‘‘through-bond’’ (TBET) mechanism can-
not be ruled out, since the conjugated phenyl spacer enables the
required electronic exchange.20 It is noteworthy that it is quite
difficult to account for the contribution of each pathway, and
both could be additively contributing to the overall EET.20 Upon
excitation of the coumarin–perylene cassettes (PC-1 and PC-2),
the fluorescence efficiency is close to 100%, similar to that of
the Per-Red dye (Table 1 vs. Table 2), and regardless of the
excited absorption band. However, this efficiency decreases
slightly in the cassette based on the BODIPY moiety (PB-1),
probably due to the higher flexibility of the biphenyl spacer,
which increases the non-radiative (internal conversion) rate
constant. Nonetheless, the methyl groups grafted at the ortho
position of the N-phenyl ring of Per-Red as well as at 1 and 7
positions of the BODIPY core hamper to some extent the free
motion of the linker leading to a fluorescence quantum yield
of 80% (Table 2).

Fig. 2 Chemical structures of molecular cassettes.
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Scheme 1 Reagents, conditions and yields: (i) ClSO3H, I2, 70 1C, 5 h (62%); (ii) 4-tertbutylphenol (10 equiv.), K2CO3 (5 equiv.), DMF, 90 1C, 24 h (3, 42%);
(iii) PDI 3 (1 equiv.), bis(pinacolato)diboron (10 equiv.), KOAc (10 equiv.), Pd(dppf)Cl2 (10%), DME, D, 16 h (4, 90%); (iv) 2,4,6-trimethylaniline (10 equiv.),
propionic acid, D, 16 h (92%); (v) 4-tertbutylphenol (10 equiv.), K2CO3 (5 equiv.), DMF, 90 1C, 16 h (78%); (vi) (a) KOH (3 equiv.), tert-butanol, D, 90 min;
(b) acetic acid, D, 15 min (77%); (vii) 4-bromo-2,6-dimethylaniline (5 equiv.), propionic acid, D, 16 h (8, 77%); (viii) PDI 8 (1 equiv.), bis(pinacolato)diboron
(3 equiv.), KOAc (3 equiv.), Pd(dppf)Cl2 (10%), DME, D, 16 h (9, 87%); (ix) PDI 7 (1 equiv.), ethylenediamine (5 equiv.), toluene, 60 1C, 3 h (10, 83%); (x) PDI 7
(1 equiv.), 1,4-diaminobenzene (2.5 equiv.), toluene, 60 1C, 3 h (11, 36%); (xi) Tf2O (1.25 equiv.), N,N-diisopropylethylamine (1.5 equiv.), DCM, t.a., 8 h (61%);
(xii) bis(pinacolato)diboron (2 equiv.), KOAc (2 equiv.), Pd(dppf)Cl2 (10%), DME, D, 24 h (13, 81%); (xiii) PDI 3 (0.125 equiv.), K2CO3 (1 equiv.), Pd(PPh3)4 (10%),
toluene/ethanol/water (2 : 2 : 1), D, 8 h (PC-0, 26%; PC-1, 47%); (xiv) I2 (0.8 equiv.), periodic acid (0.2 equiv.), ethanol, r.t., 2 h (76%); (xv) BDP 4
(0.125 equiv.), K2CO3 (1 equiv.), Pd(PPh3)4 (10%), toluene/ethanol/water (2 : 2 : 1), D, 8 h (32%); (xvi) PDI 3 (0.34 equiv.), K2CO3 (2 equiv.), Pd(PPh3)4 (10%),
toluene/ethanol/water (2 : 2 : 1), D, 1 h (83%); (xvii) (a) AlCl3 (2 equiv.), 1,2-dichloroethane, D, 30 min; (b) Cu456 (5 equiv.), D, 30 min (40%); (xviii) PDI 9
(0.33 equiv.), K2CO3 (4 equiv.), Pd(PPh3)4 (10%), toluene/ethanol/water (2 : 2 : 1), D, 1 h (20%); (xix) BODIPY 18 (1 equiv.), PDI 10 (0.5 equiv.), CH3CN, r.t., 3 h
(PB-2, 52%); (xx) BODIPY 19 (1 equiv.), PDI 10 (0.5 equiv.), CH3CN, r.t., 3 h (PB-3, 42%); (xxi) BODIPY 18 (1 equiv.), PDI 11 (0.9 equiv.), copper(I) thiophene-
2-carboxylate (1 equiv.), CH3CN, 70 1C, 24 h (45%).

Table 1 Photophysical properties of the functionalized Per-Red compounds (3, 6 and 8, see Scheme 1) in diluted solutions (2 mM) of ethyl acetate:
absorption (lab) and fluorescence (lfl) wavelengths, molar absorption (emax), Stokes shift (DnSt), fluorescence quantum yield (f) and lifetime (t), and
radiative (kfl) and non-radiative (knr) rate constants. The corresponding data for the commercial Per-Red (in italic) are added for comparison

lab (nm) emax (M�1 cm�1) lfl (nm) f DnSt (cm�1) t (ns) kfl (108 s�1) knr (108 s�1)

Per-Red 568.0 49 000 597.5 1.00 865 6.16 1.62 0.00
3 573.0 36 550 603.0 0.96 870 6.30 1.53 0.06
6 570.0 39 850 600.0 0.98 880 6.37 1.54 0.03
8 571.0 44 100 602.0 1.00 900 6.31 1.61 0.00

Table 2 Photophysical properties of the coumarin–perylene (PC-1 and PC-2) and BODIPY–perylene (PB-1) cassettes in diluted solutions of ethyl acetate

lab (nm) emax (M�1 cm�1) lfl (nm) fa DnSt (cm�1) t (ns) kfl (108 s�1) knr (108 s�1)

PC-1 573.0 34 200 602.0 0.97 840 6.07 1.60 0.05
PC-2 571.0 37 600 600.0 1.00 845 5.98 1.67 0.00
PB-1 572.0 54 800 603.0 0.80 900 5.30 1.51 0.37

523.0 165 000 5.26b

a Similar values were attained (just 2% lower than the herein listed values upon direct excitation of the acceptor) upon selective excitation of the
donors or at the key lasing pumping wavelengths (355 and 532 nm). b Recorded upon excitation at 470 nm (BODIPY region), instead of at 570 nm
(direct excitation of perylene) as in the other data, and monitored at 600 nm (perylene region).
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With regard to the molecular antenna PBC based on the
three linked chromophores, the absorption spectral profile
shows the expected three main bands at 325 nm, 525 nm and
572 nm, corresponding to each fragment (hydroxycoumarin,
BODIPY and Per-Red dyes, Fig. 3). The molecular frontier
orbitals of PBC confirm the electronic isolation of each
chromophoric unit in the antenna since the electron density
is exclusively located on each chromophore, which retains its
own absorption transition after the covalent linkage, and no
electronic coupling between them is predicted (Fig. 4). Regard-
less of the selective excitation of each chromophore (in the UV,
green/yellow or orange/red spectral region) the bright emission
from the Per-Red dye (fluorescence efficiency 82% at 600 nm) is
solely recorded as a consequence of the ongoing efficient intra-
EET process. Moreover, the excitation spectrum, registered at
the fluorescence wavelength of perylene dye, perfectly matches
the absorption spectrum of PBC showing the three bands
corresponding to each fragment (Fig. 3). Once again, these
results support the viability of an effective EET process,
which quenches efficiently the fluorescence emission from
the coumarin and BODIPY fragments upon linkage to the perylene
core (Fig. 3). Such an intra-EET process should take place through a
cascade-like mechanism from coumarin to BODIPY, and from here
to the final perylene acceptor. Nonetheless, we cannot rule out the
possible contribution, albeit likely less feasible, of a direct FRET
from coumarin to perylene, as observed in the corresponding
donor–acceptor pairs (PC-1 and -2).

The aforementioned cassettes enhance significantly the
absorption of Per-Red in the green/yellow spectral region but
less efficiently in the blue region. Thus, to achieve a panchromatic
absorption of Per-Red over the whole visible region promoting its
laser action, new molecular cassettes with strong absorption in the
350–450 nm range were synthesized by replacing the above energy
donors by the 8-aminoBODIPY moiety, whose spectral bands
properly complemented those of Per-Red. It is well established that
the amino substitution at the meso position of the BODIPY core

greatly shifts its spectral bands to higher energies owing to the
formation of a hemicyanine mesomeric form (Fig. S5 in ESI†).17

Therefore, 8-aminoBODIPY and its 3,5-dimethylated counterpart
(such simple alkylation ameliorated the fluorescence response)17

were linked to the N-imide of perylene through an aliphatic chain
(PB-2 and PB-3, respectively).

The absorption spectra of both dyads exhibit two main and
distinct bands in the visible region, placed at 574 from perylene
and at 403 nm from 8-aminoBODIPY (Fig. 5). The a-methylation
of the donor group in PB-3 shifts the absorption maximum to
422 nm increasing, at the same time, the absorption probability
due to the inductive donor effect of the alkyl moieties. In both
cassettes, the selective excitation of 8-aminoBODIPY (at 390 nm)
leads to a main fluorescence band corresponding to Per-Red
(600 nm), suggesting that, once more, an intra-EET process takes
place, but this time only through a FRET mechanism, since the
polymethylene spacer avoids the electronic exchange required in
the TBET process. Anyway, the EET process is still very efficient, as
supported by the similarity of the excitation spectra monitored in
the perylene emission region and the absorption spectra (Fig. 5).

Strikingly, the fluorescence response of both dyads is quite
different (Table 3). While PB-2 follows the expected behaviour,
exhibiting a highly efficient fluorescence (around 87% and a
monoexponential decay curve with a lifetime of 6.21 ns), the
dimethylation of the BODIPY core (PB-3) modifies drastically
the emission properties, decreasing the effectiveness to merely
51% and inducing a multiexponential decay curve where the
short-lifetime components prevail (Fig. S6 in ESI†). Therefore, the
solely alkylation of BODIPY seems to switch on a non-radiative
pathway, which quenches the emission from the perylene dye.

To unravel the ongoing photophysical process, the molecular
orbitals of these cassettes were simulated by DFT methods
(Fig. 6). Thus, the energetic order of the molecular orbitals in
PB-2 is the expected one, with the less energetic transitions

Fig. 3 Absorption (bold line) and fluorescence spectra (thin line), upon
selective excitation of the coumarin fragment (lexc = 325 nm), in ethyl
acetate, of cassette PBC including hydroxycoumarin, BODIPY and Per-Red
dyes in the same molecular structure. The corresponding absorption
bands of these fragments (dashed lines, coumarin in blue, BODIPY in
green and Per-Red in red) are also depicted. To emphasize the intra-EET
the excitation spectrum (purple) monitored at 680 nm is also included.

Fig. 4 Energy diagram (in eV) of the molecular orbitals involved in the
main electronic transitions of the PBC cassette. The transition corres-
ponding to the other coumarin fragment (H�3 - L+5) has not been
included for simplicity, because it almost overlaps energetically with that
herein depicted for coumarin (H�2 - L+4).
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(HOMO - LUMO) and (HOMO�1 - LUMO+2) being entirely
located on the perylene and BODIPY cores, respectively. How-
ever, the simple methylation of BODIPY increases its HOMO
energy (from �5.79 eV to �5.46 eV), locating it between the
HOMO and LUMO energy gap of perylene. In other words, in
cassette PB-3, the HOMO is placed on BODIPY, while the low-
lying HOMO�1 is placed on perylene. This energetic disposition
of the molecular orbitals enables, upon selective excitation of
perylene, an electron transfer from BODIPY to perylene through
a thermodynamically feasible reductive photoinduced electron
transfer (PET), which quenches the fluorescence emission from
perylene (Fig. 6). Nevertheless, it should be mentioned that it
has been recently reported by computational simulations that
the underlying quenching mechanism in some putative PET
processes (mainly those involved in sensing) could be assigned
to the population of ‘‘dark’’ states (such as ICT or np*).21

Unfortunately the excited state calculations (potential energy profile
to unravel the conical intersections) required to unambiguously
assign the involved mechanism are unaffordable due to the large
size of the herein reported cassettes.

Trying to increase the emission efficiency of the cassettes based
on 8-aminoBODIPY, the flexible aliphatic spacer in PB-2 was
replaced by a more rigid and conjugated phenyl linker in PB-4.

Such structural modification impacts neither the shape nor the
position of the spectral bands, and also an effective intra-EET
process takes place. Nonetheless, its more constrained geometry
leads to an increase of the fluorescence efficiency up to 97%
(Table 3), a value similar to that achieved for Per-Red (Table 1).
Indeed, among all of the cassettes herein synthesized, PB-4
displays the best performance as a light-harvesting molecular
antenna, enabling panchromatic absorption in the visible spectral
region and providing exclusively, and regardless of the excitation
wavelength, a bright and red fluorescence emission from the
perylene dye with an efficiency approaching 100%.

Lasing properties

According to their absorption properties, the lasing behavior
of the new dyes was analyzing under pumping at standard
wavelengths of 355 nm and 532 nm. All the dyes studied in this
work exhibit broad-line-width laser emission, with a pump
threshold energy of B0.8 mJ, divergence of 5 mrad and pulse
duration of 8 ns full-width at half maximum (FWHM) when
placed in a simple plane–plane non-tunable resonator cavity.
To optimize the laser action of the different dyes, we first
analyzed the dependence of their lasing properties on dye
concentration in ethyl acetate solutions, by varying the optical
densities over an order of magnitude while keeping all other
experimental parameters constant. The lasing wavelength, efficiency
and photostability (see ESI†) of the new dyes at each optimal
concentration are presented in Table 4. The lasing behavior

Fig. 5 Absorption (bold line) and fluorescence spectra (thin line) of the
cassettes customized by the combination of Per-Red and 8-aminoBODIPY
(PB-2, in black) or its 3,5-dimethylated derivative (PB-3, in purple) in ethyl
acetate upon selective excitation at the BODIPY fragment (lexc = 390 nm).
The corresponding absorption bands of the building blocks (dashed lines,
Per-Red in red, 8-aminoBODIPY in cyan and its alkylated counterpart in
blue) are also depicted. To emphasize the ongoing EET the corresponding
excitation spectra (lem = 580 nm, dotted lines) are also depicted.

Table 3 Photophysical properties of the 8-aminoBODIPY–perylene cassettes (PB-2 and PB-3) in diluted solutions of ethyl acetate

lab (nm) emax (M�1 cm�1) lfl (nm) fa DnSt (cm�1) t (ns) kfl (108 s�1) knr (108 s�1)

PB-2 574.0 44 900 609.0 0.87 1000 6.21 1.40 0.21
403.0 30 600

PB-3 574.0 46 100 604.5 0.51 880 6.53(3%) — —
422.5 41 500 2.17(32%)

0.52(65%)
PB-4 569.0 45 000 602.5 0.97 980 6.08 1.59 0.06

415.0 31 000

a Similar values were attained (just 2% lower than the herein listed values upon direct excitation of the acceptor) upon selective excitation of
8-aminoBODIPY or at the key lasing pumping wavelengths (355 and 532 nm).

Fig. 6 Theoretically simulated energy (in eV) arrangement of the molecular
orbitals of 8-aminoBODIPY–perylene dyads (PB-2 and PB-3) to highlight
the ongoing PET process upon alkylation of the former chromophore.
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of the dyes shows a good correlation with their photophysical
properties: the higher the fluorescence quantum yield, the
higher the lasing efficiency; the higher the Stokes shift and
the lower the non-radiative rate constant, the higher the lasing
photostability. In addition, regardless of both the pumping
wavelength and the structure of the multichromophoric
systems, only the laser emission from Per-Red peaking at
625 nm appears since, due the effectiveness of the intra-EET
processes, laser emission from dyes acting as donor units was
never recorded. Accordingly, the corresponding fluorescence
spectra of the cassettes at these key pumping wavelengths
(collected in Fig. S7 in the ESI†) show the expected predominant
red emission from perylene, with almost no sign of emission
from the donors.

Coumarin and BODIPY moieties grafted to Per-Red enhance
the absorption of the molecular cassettes at the pumping
wavelengths, allowing a drastic decrease of the dye concen-
tration in the active medium and, consequently, a reduction
of deleterious effects, such as reabsorption/reemission and
aggregation processes, that becomes particularly important
when highly concentrated solutions are required to induce
efficient laser emission. So, the dyads based on coumarin dyes
(PC-1 and PC-2) pumped at 355 nm as well as that based on the
BODIPY unit (PB-1) pumped at 532 nm lased at 624 nm with an
efficiency around 27%, and a high photostability retaining 75%
of their initial laser efficiency after 100 000 pump pulses at
10 Hz repetition rate. Note that the Per-Red pumped under
identical experimental conditions exhibits a similar lasing lifetime
but lower lasing efficiency (22%). The molecular cassettes based
on 8-aminoBODIPY (PB-2 and PB-3) pumped at 355 nm display
similar lasing efficiency (23%) to Per-Red in spite of being the
systems with the worst photophysical properties due to the flexible
connector between donor–acceptor units. In fact, upon replacing it
by a rigid spacer (PB-4) the lasing efficiency increases up to 30%.

Attending to the lasing efficiency and photostability, the mole-
cular antenna PBC arises as a promising laser dye. When pumped

at 355 nm as well as at 532 nm, it improves the laser action of
Per-Red, enabling an efficiency of 35% with high photostability
since it retains its initial lasing efficiency without signs of
degradation after the long-term pumping run. It is important
to highlight that the photostability of PBC is noticeably higher
than those exhibited individually by the corresponding chromo-
phoric components. As an example, under identical pumping
conditions, the key blue and green components of PBC lose
completely the laser emission after just 40 000 and 75 000 pump
pulses, respectively. The same takes place when the three
individual components are physically mixed in a single solution,
which clearly demonstrates the benefits of embedding them into
a proper single molecular architecture.

Conclusions

We have developed a straightforward and cost-effective synthetic
approach to attain molecular cassettes enhancing significantly the
already valuable photophysical and laser properties of perylene
bisimide dyes. Compared to the ‘‘unmodified’’ and commercial
Per-Red, the new multichromophoric systems span the absorption
spectrum into a broad spectral region exhibiting, simultaneously,
efficient fluorescence emission in the red-edge spectral region.
The rational design of the new molecular systems ameliorates key
optical factors to improve their photonic applicability: higher
absorption coefficients at the standard pumping laser wave-
lengths; increased Stokes shifts, EET efficiency close to 100%;
and lasing efficiency and photostability higher than that exhibited
by the parent Per-Red, which is considered a bench-mark for red-
emitting commercial dyes. In this sense, the synthetic versatility of
these molecular cassettes together with a complete characterization
of their photophysical signatures provides useful information for
the understanding of the tangled composition–structure–property
relationship, emerging as an effective tool to predict their lasing
behavior and assisting in the rational design of new photonic
systems with advanced applications.
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Trends Photochem. Photobiol., 1994, 3, 145–155.
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Towards Efficient and Photostable Red-Emitting Photonic
Materials Based on Symmetric All-BODIPY-Triads, -Pentads, and
-Hexads

Edurne Avellanal-Zaballa,[a] Juan Ventura,[b] Leire Gartzia-Rivero,[a] Jorge BaÇuelos,*[a]

Inmaculada Garc&a-Moreno,[c] Clara Uriel,[b] Ana M. Gjmez,*[b] and J. Cristobal Lopez*[b]

Abstract: The development of efficient and stable red and

near-IR emitting materials under hard radiation doses and/or
prolonged times is a sought-after task due to their wide-
spread applications in optoelectronics and biophotonics. To

this aim, novel symmetric all-BODIPY-triads, -pentads, and
-hexads have been designed and synthesized as light-har-

vesting arrays. These photonic materials are spectrally active
in the 655–730 nm region and display high molar absorption
across UV–visible region. Furthermore, they provide, to the
best of our knowledge, the highest lasing efficiency (up to

68 %) and the highest photostability (tolerance

>1300 GJ mol@1) in the near-IR spectral region ever recorded
under drastic pumping conditions. Additionally, the modular
synthetic strategy to access the cassettes allows the system-

atic study of their photonic behavior related to structural
factors. Collectively, the outstanding behavior of these multi-

chromophoric photonic materials provides the keystone for
engineering multifunctional systems to expedite the next
generation of effective red optical materials.

Introduction

Red and near-infrared (NIR) fluorescent dyes are required in rel-

evant technological fields ranging from laser, information stor-
age, or solar power conversion to labeling and photosensing.[1]

To boost these advanced applications, fluorophores with high
absorption over a broad spectral window and bright red-fluo-
rescent emission are required. Even so, the keystone promot-
ing its workability is surely a high resistance against photode-

gradation especially under strong conditions, such as hard ra-
diation laser doses and/or prolonged exposure times.[2] In spite
of the efforts of modern chemistry in synthesizing highly effi-
cient and stable fluorophores with emission deeply shifted to-
wards the red edge of the visible spectral region, they still

present some important drawbacks : low absorption at stan-

dard laser wavelength, poor stability under intense irradiation,
and/or limited chemical versatility for post-functionalization.[3]

In recent years, photonic materials based on the difluorobor-

on dipyrromethene (BODIPY) chromophore have surfaced as
chromophores of choice,[4] since their unique spectroscopic

and photophysical properties can be easily fine-tuned by syn-
thetic post-modifications on its skeleton to meet all the above-
outlined requirements (Figure 1).[5] In fact, the real power of
the BODIPYs is closely related to their ability to undergo a

wavelength shift upon selective chemical or biological func-
tionalization of the diaza-indacene core. Thereby, different syn-
thetic post-modifications[6, 7] have been applied to bathochrom-
ically shift the absorption and emission wavelength from the
parent BODIPYs, for example, 1,[8] 2[4a] (&500 nm) up to the

red spectral region (>650 nm), for instance, extension of the
p-system through incorporation of peripheral alkynyl or distyr-

yl substituents (e.g. , 3,[9] 4,[10] 5[11] in Figure 1),[12] and/or fusion
of aromatic rings.[13] In this context, compounds 3 b and 4 had
already shown remarkable behavior, in terms of efficiency and

photostability, as laser dyes.[14]

An additional approach to photonic materials, also based on

the chemical versatility of the dipyrrin core, has focused on the
design of multichromophoric systems enabling effective excita-
tion energy transfer (EET) through covalently linked BODIPY

building blocks acting as either energy-donor and/or energy-
acceptor units.[15] This last strategy is very appealing since such

multichromophoric organic architectures allow a more versatile
selection of the excitation source and energy, ensure a better

exploitation of the incoming light and avoid photodegradation
since the final emitting chromophoric subunit is not directly
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pumped, but is indirectly excited through EET from the donor

units yielding in this way long-lasting and glow emission.[16]

Even though many supramolecular cassettes based on

BODIPY scaffolds have been described, light-harvesting sys-

tems with effective emission in the red-edge of the spectral
region are still scarce.[5b, 15, 16] Most of these assembled architec-

tures, rather than involving a long-wavelength BODIPY as
energy acceptor, incorporate less efficient and/or photostable

chromophoric skeletons such as perylenediimides,[16c] porphyr-
ins[17] and also aza-BODIPYs,[18] among others.[19] To the best of

our knowledge, the photonic behavior of these structures

under a strong irradiation regime, as well as their dependence
on the number and position of fluorophores acting as donor

and acceptor units have never been described.
In an attempt to simultaneously address all these challenges,

and searching for the development of highly efficient and
stable red-emitting photonic materials, here we disclose the

synthesis, the photophysical signatures (aided by computation-

al simulations), and the laser characterization of novel multi-
chromophoric all-BODIPY materials,[15a, b, g, 20] that is, BODIPY-
triads 6, 7, and 8 ; BODIPY-pentad 9 and BODIPY-hexad 10
(Figure 2). The acceptor unit(s) in these multichromophores

(highlighted in red in Figure 2) is a BODIPY, the absorption and
emission of which has been bathochromically shifted up to the

red-edge spectral region by extension of its p-conjugation
through the combination of styryl substituents at C-3 and C-5,
and either alkynyl substituents or, previously unexplored, tria-

zolyl units at C-2 and C-6. Thus, acceptor- and peripheral-
donor-BODIPYs were connected through ortho-aryl C-8 sub-

stituents by way of: i) styryl moieties, for example, 6, 7; ii) tria-
zole residues, for example, 8, or iii) through both, in the case of

BODIPY pentad 9 (Figure 2). The presence of the ortho-C8 aryl-

substituent combined with the presence of the C-1 and C-7
methyl groups was key to ensure the required orthogonal ori-

entation (by rotational restriction) between the C-8 aromatic
residue and the BODIPY core, thus avoiding resonant electron-

ic interactions. This set of derivatives differ in the number of
donor and acceptor BODIPY subunits as well as in their linkage

positions. Accordingly, i) two donors and one acceptor are

present in triads 6–8, with multichromophores 7 and 8 differ-
ing in the attachment points of the BODIPY donor elements;

ii) four donors and one acceptor in BODIPY pentad 9, and final-

ly iii) four donors and two acceptors in bis-urea dimer 10.
In this way, the new ensemble of all-BODIPY multichromo-

phores becomes the first example of: a) a straightforward syn-
thetic strategy for all-BODIPY cassettes using one single

BODIPY progenitor, that is, 11 (Figure 2), which makes use of
copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reac-

tions,[21–23] chemoselective Knoevenagel condensations of 2,6-

dialkynyl BODIPYs,[24] and an efficient ureation protocol recent-
ly described by us (synthetic disconnections A, B, C, respective-

ly, Figure 2);[25] b) a systematic analysis of the photonic behav-
ior of red-emitting cassettes based on structural factors such

as the number of donor and acceptor units, and the position
and the spacers connecting the building blocks ; and c) remark-
able red-emitting laser cassettes endowed with an effective ab-

sorption in the UV–visible spectral region, and, particularly one
of the highest emission efficiencies and photostability de-
scribed to date, key parameters to guarantee long-lasting
emission in any advanced applications.

Results and Discussion

Synthesis and characterization

As previously mentioned, our approach to multichromophores

6–10, started from a single precursor, 8-phenyl ortho-hydroxy-
methyl BODIPY 11, readily available by a one-pot protocol pre-

viously described in our laboratory.[26] In this context, synthetic

transformations on the hydroxymethyl moiety of 11 paved the
way to azidomethyl and formyl BODIPYs 12 and 13, respective-

ly.[26] Subsequent synthetic post-modifications on the dipyrro-
methene core of 11 allowed access to differently 2,6-disubsti-

tuted derivatives 14,[26] 15 a, 15 b[26] and 16 (Figure 3). Com-
pounds 15 and 16, with p-extended conjugation, displayed

Figure 1. BODIPY (1), 1,3,5,7-tetramethyl-8-phenyl BODIPY (2), 2,6-dialkynyl BODIPY (3) and 3,5-distyryl BODIPY (4), superimposed onto a portion of the visible
light spectrum. lab = absorption maximum (nm), lem = emission maximum (nm), f = fluorescence quantum yield.
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Figure 2. All-BODIPY multichromophores 6–10, studied in this work. Single BODIPY starting material (11). Key retrosynthetic disconnections: A) Knoevenagel
condensation; B) copper azido alkyne cycloaddition (CuAAC) reaction; C) bis-urea dimerization.

Figure 3. Differently 2,6-disubstituted 1,3,5,7-tetramethyl 8-phenyl ortho-hydroxymethyl BODIPYs 14–16, and their Knoevenagel-condensation products with
benzaldehyde 17–21. Dye concentration: 2 mm. Absorption (lab) and fluorescence emission maxima (lem) wavelengths (nm); fluorescence quantum yield (f).
Values measured in EtOAc.
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red-shifted absorption and emission in agreement with litera-
ture precedents.[7b]

Next, we carried out investigations on the chemoselective
Knoevenagel condensation of aldehyde 13 with BODIPYs 15
and 16 (rather than self-condensation of 13). These studies
emanated from the observation by Akkaya’s group[12a, 27] that

electron-withdrawing substituents (at C-2 and C-6) in 1,3,5,7-
tetramethyl BODIPYs experienced a clear enhancement on the
acidity of the methyl groups compared to the parent unsubsti-

tuted derivatives. They, had taken advantage of this finding for
the preparation of 1,3,5,7-tetrastyryl-BODIPY dyes.[12a] However,
to the best of our knowledge, this reactivity difference had not
been used to date in eliciting chemoselective Knoevenagel

condensations involving formyl BODIPYs[28] (see Supporting In-
formation for details).

As a result of our studies, we found that chemoselective

Knoevenagel condensation of formyl-BODIPY 13 with “activat-
ed” BODIPYs 15 a,b takes place at room temperature in DMF,

in the presence of piperidine and AcOH, to give distyryl deriva-
tives 6 a and 6 b, in fairly acceptable yields, without traces of

self-condensation products arising from 13 (Scheme 1 a). Com-
pound 7, was then easily accessed from 6 a by CuAAC reaction

with benzyl azide. On the other hand, access to BODIPY triad
8, involved Knoevenagel condensation of dialkynyl derivative

15 a with benzaldehyde (AcOH, piperidine, DMF, 24 h, room
temperature) followed by CuAAC reaction of the ensuing dis-

tyryl BODIPY 20 a with azidomethyl BODIPY 12 (Scheme 1 c).
Final access to BODIPY-pentad 9, and -hexad 10 was

straightforward from BODIPY trimer 6 a. Thus, CuAAC reaction
of dialkynyl BODIPY 6 a with azidomethyl BODIPY 12[23]

(Scheme 2) led to pentameric BODIPY 9. Conversely, dimeriza-

tion of azidomethyl BODIPY trimer 22,[25] obtained from 6 a
upon treatment with 2-azido-1,3-dimethylimidazolinium hexa-
fluorophosphate (ADMP) in the presence of DBU,[29] yielded di-
meric bisurea trimer 10.

Photophysical properties

The absorption profile of the molecular cassettes 6–10 fea-

tured three well-resolved bands (Figure 4). The long wave-
length absorption was assigned to the p-extended central

BODIPY subunit matching the spectrum recorded for the iso-
lated dye 21. This band became bathochromically shifted up

to 655 nm when the triazol group grafted at position C-2 and

Scheme 1. a) Chemoselective Knoevenagel condensation of 2,6-dialkynyl BODIPYs 15 a,b with BODIPY aldehyde 13. b) CuAAC Reaction of 6 a with benzyl
azide leading to BODIPY-triad 7. c) Synthesis of bis-triazolyl BODIPY 8.
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C-6 of the BODIPY in dyes 7, 8 and 9 was replaced by an acety-

lene group (in 6 a and 10) or by an acetylenephenyl group
(6 b). With respect to the triazol functionalization, these latter

groups allowed a stronger electronic coupling to the central

BODIPY unit inducing the red-shifted of the corresponding ab-
sorption band.

A strong and dominating absorption band was registered at
the green–yellow region (around 505 nm) and was attributed

to the absorption of the peripheral tetramethylated BODIPYs.
The molar absorption coefficient of the new dyes in the

green–red spectral region increased progressively with the

number of BODIPY units covalently linked (Figure 4). Thus, the
extinction coefficient at the red-edge maximum wavelength

reached up to 170 000 m@1 cm@1 for compound 10, bearing two

p-extended central BODIPYs, whereas this absorption coeffi-
cient at the green–yellow maximum wavelength became even

higher than 200 000 m@1 cm@1 for dyes 9 and 10, bearing four
pendant peripheral BODIPYs (Figure 4). Finally, an absorption

band placed at the ultraviolet edge (360 nm in Figures 4) was
recorded and was attributed to the interaction of the styryl

arm at positions C-3 and C-5 with the pyrrole groups of the

central BODIPY.[6d] In addition, the peripheral BODIPYs should
be contributing to increase the absorption in this spectral
region even though they weakly absorbed at this UV wave-
length, but owing to the number of chromophoric units linked

this contribution was no longer residual and became signifi-
cant.

The computational simulation of the absorption spectra sup-

ported this assignment (see simulated spectra for the triads in
Figure S3 in the Supporting Information). The molecular orbi-

tals involved in the long-wavelength transition (HOMO!
LUMO) were placed exclusively into the central BODIPY (see

the molecular orbitals for the cassettes in Figures S4–S8 in in
the Supporting Information). The molecular orbitals responsi-

ble of the absorption in the green spectral region involved

electronic configurations energetically close (for example
HOMO-2!LUMO + 1 and HOMO@1!LUMO + 2 in trimeric 6 b,

Figure S4 in the Supporting Information) and were located just
at each peripheral BODIPY (Figures S4–S8 in the Supporting In-

formation). The UV transition resulted from the simultaneous
contribution of multiple electronic configurations involving

Scheme 2. Synthetic routes to multichromophores 9 and 10, from BODIPY-triad 6 a.

Figure 4. Absorption spectra of the all-BODIPY-based cassettes 6–10 in dilut-
ed solutions of diethyl ether. The corresponding spectrum of the isolated
red-emitting dye 21 is also included for comparison.
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molecular orbitals placed at the peripheral BODIPYs and
mainly at the central BODIPY with the electronic density

mostly located at the C-3 and C-5 styryl groups. Therefore, the
molecular design and the imposed geometrical hindrance

were suitable to span the electronic delocalization through the
aromatic functionalization without reaching the peripheral

BODIPYs. As a result, each chromophoric subunit retained its
molecular identity after the covalent linkage, contributing

almost additively to the whole absorption spectrum. Moreover,

this rational molecular design avoids excitonic coupling be-
tween the chromophoric subunits, which usually leads to loss

of photon energy or poorly emissive aggregates.
The fluorescence spectra of the new cassettes, regardless of

the excitation wavelength, featured mainly a unique band
shifted to the red-edge, around 650–680 nm depending on the
aromatic group grafted at positions C-2 and C-6 (Figure 5, S1

and S2 in the Supporting Information). Moreover, the excita-

tion spectra monitored at such red emissions matched nicely
with the absorption profile (Figures S1 and S2 in the Support-

ing Information). These trends support the suggestion that
these cassettes underwent highly efficient intramolecular EET

(intra-EET) from the peripheral BODIPY donors to the central p-

extended BODIPY acting as acceptor unit. Indeed, the emission
from the donor units (placed at around 510–515 nm) was dras-

tically quenched (being almost residual, see Figure 5, with a
fluorescence efficiency lower than 1 %) promoting the growth

of the predominant red emission (fluorescence efficiency up to
68 % in apolar media, Table 1).

Based on the decline of the fluorescence quantum yield of

the donor upon binding to the acceptor, an intra-EET efficiency
of more than 98 % in all the media and cassettes was estimat-

ed. This high efficiency is related to the short donor–acceptor
distance and the high spectral overlap between the donor

fluorescence and the acceptor absorption. Both factors en-
hance and allow the required dipole–dipole coupling to under-

go through-space EET via Fçrster mechanism. Moreover, the p-
system of the central acceptor BODIPY, extended through the

aromatic substituents at positions 3 and 5, as well as through

the functional groups grafted at positions 2 and 6, could
enable a through-bond mediated EET[20c] since the donors

were directly and adequately connected to such moieties al-
lowing the required electronic superexchange mechanism. As

a consequence of the viability and simultaneous contribution
of both mechanisms, the transfer of excitation energy from the

donor moieties to the central energy-trap is almost absolute.

The multichromophoric systems bearing a donor BODIPY
grafted at the ortho position of the 3,5-styryl groups (6, 7, 9
and 10) exhibited a fluorescent efficiency strongly dependent
on the solvent polarity. In apolar media, they were character-

ized by a bright red emission peaked at 650–680 nm, with an
efficiency ranging from 55 % to 70 %, and a monoexponential

Figure 5. Absorption (solid line) and fluorescence (dashed, under selective
excitation at 475 nm) of the representative cassettes 9 (black) and 10 (red)
in diluted solutions of diethyl ether. The corresponding spectra of cassettes
6–8 are collected in Figures S1 and S2 in the Supporting Information.

Table 1. Photophysical properties of the energy transfer cassettes in di-
luted solutions (2 mm) of apolar (diethyl ether, Et2O) and polar (methanol,
MeOH) solvents. Full photophysical data in different solvents are listed in
Table S1 in the Supporting Information.

lab
[a]

(nm)
emax

[b]

(104 m@1 cm@1)
lfl

[c]

(nm)
f[d,f] t[e,f] (ns)

6 a Et2O 652.0 10.4 662.5 0.65 4.72
501.5 10.6
361.5 5.3

MeOH 649.5 8.4 660.5 0.016 0.14 (97 %) @0.47 (3 %)
500.5 9.3
360.5 4.9

6 b Et2O 655.0 8.8 676.5 0.65 4.50
504.0 10.2
361.5 4.0

MeOH 657.5 8.1 682.0 0.030 0.26 (99 %) @1.81 (1 %)
503.5 9.7
361.5 4.0

7 Et2O 632.5 7.2 654.5 0.54 4.39
503.0 10.2
350.5 5.4

MeOH 629.0 7.0 651.0 0.024 0.22 (90 %) @0.92 (10 %)
502.5 10.2
350.5 6.1

8 Et2O 627.0 8.6 652.0 0.68 4.32
502.5 13.6
349.5 6.8

MeOH 624.5 8.7 649.5 0.45 2.78
502.0 12.8
347.5 7.2

9 Et2O 633.5 9.0 657.5 0.69 4.25
502.0 20.2
352.0 6.2

MeOH 631.0 9.5 655.5 0.042 0.44 (91 %) @1.13 (9 %)
501.0 19.6
349.0 7.1

10 Et2O 651.5 17.4 664.5 0.65 4.56
503.0 20.6
362.0 10.0

MeOH 650.5 15.4 666.0 0.018 0.12 (77 %) @0.48 (23 %)
501.5 20.0
362.0 8.8

[a] Absorption wavelength. [b] Molar absorption coefficient. [c] Fluores-
cence wavelength. [d] Fluorescence quantum yield. [e] Fluorescence life-
time. [f] The fluorescence lifetimes and quantum yields are independent
on the excitation wavelength.
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decay curve leading to a lifetime around 4.5 ns regardless of
the excitation wavelength (Table 1). An increase of the solvent

polarity led to a drastic reduction of the emission efficiency
and a shortening of the lifetime (Figures 6 and Figures 7, and

Table 1). Indeed, the fluorescence decay curves acquired a
biexponential character with a main and fast component of

few hundred picoseconds (Figure 7). Moreover, in the most

polar media such as methanol and acetonitrile the emission
was almost negligible revealing that the solvent polarity

switched on in these molecular assemblies an effective non-ra-
diative deactivation channel (Figure 6). This sensitivity of the

fluorescent capacity on the solvent polarity is usually related
to a non-emissive intramolecular charge transfer (ICT) pro-

cess.[22] As the polarity of the solvent increases the charge sep-

aration inherent to this ICT becomes more stabilized, strongly
quenching the fluorescence from the locally excited (LE) state,

regardless of its excitation pathway (direct absorption and/or
via EET).

The only exception to this behavior was the photophysical
signatures of cassette 8, which showed a lower dependence

on the solvent polarity. Comparison of the photophysical prop-
erties of the structurally related trimers 7 and 8 allowed the in-

fluence of the molecular design on the effectiveness of this ICT
process to be established. In fact, these cassettes just differ in

the linkage position of the donor BODIPY units, which were
grafted at the 3,5-stryryl groups in 7 while they were linked at

the 2,6-phenyl groups in 8 (Figure 2). Thus, whereas the emis-
sion from 7 clearly dropped as the solvent polarity increased,
the fluorescent efficiency of 8 remained as high as 45 % even

in the most polar solvent (Figure 6). This finding unambiguous-
ly backs up the ability of the BODIPY grafted to 3,5-styryl

groups to induce effective ICT processes. Furthermore, in cas-
sette 10 the urea spacer linking the acceptor BODIPYs was
itself able to induce an effective ICT owing to its electron
donor ability, as was reported previously in symmetric bis-BOD-

IPYs.[25] The viability of two pathways to induce effective ICT

processes in 10 led to the lowest fluorescent quantum yield
and the shortest lifetime in polar media among the cassettes

herein synthetized (Table 1). These results highlight the com-
plex excited state dynamics of these multichromophoric sys-

tems in polar solvents where, besides the ongoing intra-EET,
ICT processes were also directing their emission response.

Therefore, the molecular design of these multichromophoric

dyes fulfilled all the desirable features of an optimal photonic
cassette. This strategy ensures broad and extremely efficient

light harvesting, large “pseudo” Stokes shift, and competitive
excitation energy transport to the final emitting trap, which

displayed glow emission in all the tested media regardless of
the pumping spectral region. Moreover, the high synthetic ver-

satility of these multichromophoric systems allowed us to

modulate and understand the influence of the molecular struc-
ture (number of donor and acceptor subunits, as well as the

donor–acceptor linkage positions) into the photophysical sig-
natures of the final cassettes.

Laser properties

According to the absorption properties of the new BODIPYs
their lasing properties were studied under transversal pumping

at standard laser wavelengths such as 355 nm and 532 nm.
Since the new multichromophoric systems were designed to

behave as highly efficient and photostable photonic materials,
to properly assess their long-term stability as well as the de-

pendence of their lasing properties on the number and posi-

tion of the linked BODIPY units, we selected strong pumping
conditions such as 8 mJ per pulse and 15 Hz, as pumping

energy and repetition rate, respectively. It is worth noting that
these pumping conditions are more drastic than those we usu-

ally select for the laser characterization of BODIPY dyes (i.e. ,
5 mJ per pulse and 5 or 10 Hz repetition rate).[30] The concen-

tration that optimized the laser efficiency in ethyl acetate solu-

tion, understood as the ratio of the output and input (pump)
energies, depended on both the given dye and the pumping

wavelength, and ranged from 0.09 to 2 mm. The lasing proper-
ties of the new monomeric and multichromophoric BODIPYs

analyzed under these experimental conditions are reported in
Table 2.

Figure 6. Comparative evolution of the fluorescence quantum yields of all
the cassettes on the solvent polarity. Full data are collected in Table S1 in
the Supporting Information.

Figure 7. Evolution of the fluorescence decay curve with the solvent polarity
for the representative pentad 9. Full data are collected in Table S1 in the
Supporting Information.
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The monomeric BODIPYs 15 a, 15 b and 16 were only
pumped at 532 nm due to its low absorption at 355 nm and

rendered broad-band laser emission peaked at 580 nm,

622 nm and 610 nm, respectively, with a pump energy thresh-
old of 0.9 mJ, and lasing efficiencies of up to 35 %. On the

other hand, the dye 21 was only pumped at 355 nm due to its
low absorption at 532 nm, rendering red-edge laser emission

peaked at 690 nm with an efficiency of 30 %.
In terms of traceability and feasibility of photonic materials,

efficiency is not the only crucial variable to be considered. A

further important parameter is the photostability of the emis-
sion over long operation times. Ideally, a high resistance to

active medium photodegradation under repeated pumping is
sought after. A reasonable evaluation of the photostability of

laser materials can be obtained by irradiating a small amount
of solution with exactly the same pumping energy and geome-

try as used in the laser experiments, and monitoring the evalu-

ation of the laser-induced fluorescence intensity with respect
to the number of pump pulses (see the Experimental Section).

To properly compare the intrinsic photodegradation rate of the
active media irrespective of the cavity configuration/parame-
ters and sample concentrations used, we introduced a normal-
ized photostability parameter such as the accumulated pump

energy absorbed by the system, per mole of dye, before the
output energy falls to a 50 % its initial value (Edose in GJ mol@1).
The monomeric BODIPYs (15 a, 15 b and 16) exhibited good

photostability (Table 2) particularly considering that they have
been pumped at high repetition rate (15 Hz). It is well-estab-

lished that the accumulation of heat into the active medium
increases significantly with the pumping repetition rate result-

ing in a rapid decrease of the lasing photostability.

More interesting was the laser behavior of the new multi-
chromophoric systems, which was a significant improvement

on those exhibited individually by the corresponding donor
and acceptor components. The photophysical behavior of 6–

10 dyes as effective EET cassettes allowed them to lase effi-
ciently in the red spectral region when they were transversally

pumped at 355 nm as well as at 532 nm. In fact, the covalent
linkage of BODIPY units into the cassettes 6–10 led to a signifi-

cant increase of the absorption at both pumping wavelengths
compared to those exhibited individually by the related mono-

meric parent dyes. This is a key factor from the point-of-view
of the laser action, since it allows significant reduction of the

required gain-media concentrations, avoiding consequent dye-
solubility problems, or emission quenching and/or aggregation

processes, all of which have detrimental effects on laser action.

Firstly, cassettes 6–10 were transversely pumped at 532 nm,
the wavelength at which only absorbed the BODIPYs acting as

donor units. Under these experimental conditions, the exhibit-
ed lasing emission peaked in the red-edge of the visible spec-

trum, ranging from 705 nm to 730 nm, with a pump energy
threshold as low as 0.04 mJ, an efficiency of up to 68 % and a
very high photostability since up to 1300 GJ mol@1 were re-

quired for a 50 % decrease of its initial emission (Table 2). The
enhancement of the photonic behavior on going from the

monomeric dyes to the multichromophoric cassettes strongly
depended on the molecular design following the rule: the

higher the number of peripheral BODIPYs acting as donor
units the lower the pump energy threshold, and the higher

the lasing efficiency and photostability. In this regard, the

lasing emission of the new multichromophoric cassettes 9 and
10 stand out by a pump energy threshold of up to 22-fold

lower, and an efficiency and photostability of up to two- and
20-fold higher than those recorded from the corresponding

monomeric BODIPY 21 acting as acceptor unit (Table 2 and
Figure 8). The outstanding laser behavior of 6–10 has to be re-

lated to the molecular design, which led to, on the one hand,

a high dipole moment presumably leading to high transition
dipole moments and allowing the molecular alignment with

respect to the polarization of the exciting laser beam to en-
hance the emission efficiency of the media,[30] and, on the

other hand, an effective EET from the peripheral BODIPYs to
the central red-emitting BODIPY, which significantly reduced
the rate and extension of the photodegradation processes.

Table 2. Lasing properties of the monomeric and multichromophoric
dyes in ethyl acetate solution pumped at wavelengths 355 and 532 nm.

532 nm 355 nm
Dye % Eff.[a] lla

[b]

(nm)
Edose

[c]

(GJ mol@1)
% Eff. lla

(nm)
Edose

(GJ mol@1)

6 a 52 720 308 49 716 265
6 b 47 710 342 50 704 294
7 51 703 388 52 700 327
8 62 705 524 58 699 445
9 68 715 993 65 710 843
10 57 730 1137 56 722 938

15 a 33 580 51
15 b 35 622 35
16 36 610 58
21 30 690 55

[a] Lasing wavelength. [b] Lasing efficiency. [c] Photostability, defined as
the amount of pumping energy absorbed by the dye to retain 50 % of its
initial emission.

Figure 8. Lasing efficiency and photostability (1010 J mol@1) of the cassettes
6–10 under pumping at 355 nm with respect to the isolated red-emitting
energy acceptor dye 21.
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Another advantage of the molecular design of these cas-
settes that increases their photonic applicability is the versatili-

ty to be pumped in the UV region. In fact, under laser pump-
ing at 355 nm, cassettes 6–10 exhibited also red laser emission

with a threshold and efficiency similar to those recorded at
532 nm (Table 2 and Figure 8). It should be noted that at

355 nm the BODIPY acting as acceptor partially absorbed the
pumping radiation although with a coefficient lower than the

multiple BODIPYs acting as donor units. The direct excitation

of the acceptor could reduce the photostability of the final
system. However, this deleterious effect in cassettes 6–10
became balanced by a “pseudo” Stokes shift that increased up
to 14 470 cm@1 thus ensuring long operation times regardless

of the laser excitation wavelength. These outstanding results
point out the rational design of multichromophoric BODIPY

cassettes as a smart skeleton for developing highly efficient

and photostable photonic materials with emission in the red-
edge region of the visible spectrum.

Conclusions

Hitherto, photonic performance and resistance under intense
irradiation of red-emitting optical materials were either too

limited or unreported or at least not-well documented. Herein
we describe a concise entry to symmetric all-BODIPY-triads,

-pentads, and -hexads as artificial light-harvesting systems in
which up to four energy donors surround and are covalently

linked to one or two central red-emitting energy acceptors.

The design and characterization of these multichromophoric
systems entailed major achievements in widespread knowl-

edge fields spanning organic synthesis, computer-assisted pho-
tophysics to photonics.

From a synthetic viewpoint a novel and efficient protocol
was designed to develop all multichromophoric systems stud-

ied herein. The new synthetic approach makes use of one

single BODIPY progenitor 11, and takes advantage of the acidity
enhancement of the 3,5-methyl groups in 1,3,5,7-tetramethyl

BODIPYs bearing electron-withdrawing substituents (at C-2
and C-6) in eliciting chemoselective Knoevenagel condensa-

tions. Additionally, we have demonstrated the effectiveness of
dimerization as a synthetic short-cut in the generation of val-

uable light-harvesting derivatives. Thus, the generation of mul-
tichromophore 10, by dimerization of BODIPY-triad 22
(Scheme 2) compares well in terms of synthetic efficiency with

the preparation of BODIPY-pentad 9 from 6 a (Scheme 2). Mul-
tichromophores 9 and 10, comprising four BODIPY donor units

each, although differing in the number of acceptor elements
(one and two, respectively) displayed comparable lasing prop-

erties (see Figure 8).
From the standpoint of computational-aided photophysical

characterization, the new BODIPY cassettes showed efficient

light-harvesting properties across the ultraviolet–visible spec-
tral region owing to the orthogonal donor–acceptor disposi-

tion, which assured the required steric hindrance to avoid both
resonant electronic interactions as well as supramolecular ag-

gregation by p–p stacking interactions, with deleterious effects
on the emission efficiency. Regardless of the excitation wave-

length, the new multichromophoric BODIPYs exhibited bright
fluorescence mainly in the red-edge spectral region due to the

ongoing effective intramolecular EET process. The high syn-
thetic versatility of the multichromophoric BODIPYs allowed

the first systematic and in-depth study of the photophysical
behavior of red-emitting cassettes on the solvent polarity as

well as on structural factors such as number of donor and ac-
ceptor units, and position and spacers connecting the corre-

sponding building blocks.

From the photonic viewpoint, the new BODIPY cassettes
lased beyond 700 nm with, to the best of our knowledge this

is the highest lasing efficiency and photostability ever recorded
under strong pumping conditions such as hard radiation laser

doses and prolonged times mimicking those applied in the
most advanced photonic and biophotonic applications. In

these materials, the enhancement of its photonic behavior

strongly depended on the molecular design following the rule:
the higher the number of peripheral BODIPYs acting as donor

units the lower the pump energy threshold, and the higher
the lasing efficiency and photostability. In this way, the new

cassettes make it possible to achieve near-IR lasing emission
with efficiencies as high as 68 %, pump energy thresholds as

low as 0.04 mJ, and most crucially, outstanding photostabilities

requiring pump energy doses as high as 1300 GJ mol@1 to drop
just 50 % its initial emission. Collectively, the improved under-

standing of the processes governing the synthesis and out-
standing photonic behavior of the new library of BODIPYs re-

lated to their structure should facilitate and speed up the ra-
tional design of advanced red-emitting optical materials.

Experimental Section

General experimental methods

All solvents and reagents were obtained commercially and were
used as received unless stated otherwise. Residual water was re-
moved from starting compounds by repeated co-evaporation with
toluene. Reactions were executed at ambient temperatures unless
stated otherwise. All moisture-sensitive reactions were performed
in dry flasks fitted with glass stoppers or rubber septa under a pos-
itive pressure of argon. Air- and moisture-sensitive liquids and solu-
tions were transferred by syringe or stainless steel cannula. Anhy-
drous MgSO4 or Na2SO4 were used to dry organic solutions during
workup, and evaporation of the solvents was performed under re-
duced pressure using a rotary evaporator. Flash column chroma-
tography was performed using 230–400 mesh silica gel. Thin-layer
chromatography was conducted on Kieselgel 60 F254. Spots were
observed under UV irradiation (254 nm). 1H and 13C NMR spectra
were recorded in CDCl3 at 300, 400 or 500 MHz and 75, 101 or
126 MHz, respectively. Chemical shifts are expressed in parts per
million (d scale) downfield from tetramethylsilane with the residual
protium (CHCl3 : d= 7.25 ppm) and carbon (CDCl3 : d= 77.0 ppm)
solvent resonances as internal references. Coupling constants (J)
are given in Hz. All presented 13C NMR spectra are proton-decou-
pled. Mass spectra were recorded by direct injection with an Accu-
rate Mass Q-TOF LC/MS spectrometer equipped with an electro-
spray ion source in positive mode. BODIPY monomers 11, 12, 13,
14, 15 b, 17 and 18 were prepared according to previously report-
ed methods.[26]
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General procedures

General method for Knoevenagel reaction. a) At 80 88C under mi-
crowave (MW) irradiation : To a solution of the corresponding
BODIPY 14–16 (0.1 mmol) and the aromatic aldehyde (4 equiv) in
dry DMF (25 mL mmol@1) were added piperidine (0.1 mL) and acetic
acid (0.1 mL). The condensation reaction was performed under MW
irradiation for 2 h at 80 8C. The resulting crude mixture was then
partitioned between CH2Cl2 and water, and the aqueous layer was
re-extracted. The organic phase was dried over MgSO4, concentrat-
ed and purified on a silica gel column. b) At room temperature :
To a solution of the corresponding BODIPY (0.1 mmol) and the ap-
propriate aldehyde (2–4 equiv) in dry DMF (25 mL mmol@1) were
added piperidine (0.1 mL) and acetic acid (0.1 mL) at room temper-
ature (usually 24 h). The resulting crude mixture was then parti-
tioned between CH2Cl2 and water, and the aqueous layer was re-
extracted. The organic phase was dried over MgSO4, concentrated
and purified on a silica gel column.

General method for copper(I)-catalyzed alkyne-azide cycloaddi-
tion reaction(CuAAC): The corresponding azide (2 equiv), sodium
ascorbate (3 equiv), and CuSO4 (1.5 equiv) were added to a solu-
tion of the appropriate alkyne-BODIPY (50 mg, 0.1 mmol) in EtOH/
H2O (1:1, v/v, 50 mL mmol@1). The solution was subjected to MW ir-
radiation at 80 8C until no starting materials were left. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by silica gel column chromatography.

General method for ureation reaction : The appropriate azidome-
thylphenyl-BODIPY (0.1 mmol) was added to a mixture of 1 m tri-
ethylammonium hydrogen carbonate buffer (2.6 equiv) and 1,4-di-
oxane (60 mL mmol@1). Triphenylphosphine (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 dry-
ness. The obtained BODIPY dimer was purified by flash chromatog-
raphy on silica gel.

Spectroscopic data of multichromophoric all-BODIPY materi-
als

Trimer 6 a : 1H NMR (500 MHz, CDCl3): d= 8.48 (d, J = 16.3 Hz, 2 H),
8.16 (d, J = 8 Hz, 2 H), 7.89 (d, J = 16.3 Hz, 2 H), 7.68–7.48 (m, 6 H),
7.29–7.25 (m, 3 H), 7.10–7.07 (m, 1 H), 5.98 (s, 4 H), 4.48 (s, 2 H), 3.47
(s, 2 H), 2.55 (s, 12 H), 1.40 (s, 12 H), 1.38 ppm (s, 6 H); 13C NMR
(125 MHz, CDCl3): d= 155.6, 152.5, 146.3, 143.4, 139.9, 138.7, 138.1,
135.4, 135.2, 135.1, 132.3, 132.2, 131.6, 130.2, 129.6, 128.8, 128.7,
128.5, 128.0, 125.5, 121.4, 119.8, 113.8, 88.6, 88.5, 68.0, 62.3, 14.6,
14.0, 12.5 ppm; 19F NMR (376 MHz, CDCl3): d=@138.97 (m),
@145,34 (m), @146.88 ppm (m). HRMS (ESI-TOF): m/z calcd for
C64H55N6OB3F6 [M++NH4]+ ; 1093.45403; found 1093.45519.

Trimer 6 b : 1H NMR (500 MHz, CDCl3): d= 8.04 (d, J = 16.0 Hz, 2 H),
7.93 (d, J = 7.8 Hz, 2 H), 7.71–7.38 (m, 12 H), 7.31–7.06 (m, 10 H),
5.70 (s, 2 H), 5.66 (s, 2 H), 4.59 (s, 2 H), 2.43 (s, 6 H), 2.42 (s, 6 H), 1.45
(s, 6 H), 1.36 ppm (s, 12 H); 13C NMR (125 MHz, CDCl3): d= 155.7,
155.6, 152.2, 145.8, 142.9, 139.6, 139.2, 138.3, 136.9, 136.2, 134.4,
132.7, 132.6, 131.6, 131.5, 131.0, 130.2, 129.8, 129.0, 128.9, 128.7,
128.5, 128.2, 128.1, 127.0, 123.0, 122.3, 121.5, 114.8, 98.3, 82.0, 68.3,
62.5, 14.8, 14.0, 13.0 ppm. 19F NMR (376 MHz, CDCl3): d=@140.12
(m), @146.94 (m), @147.99 ppm (m). HRMS (ESI-TOF): calcd for
C76H67B3F6N7O [M++NH4]+ ; 1240.55942; found 1240.56160.

Trimer 7: 1H NMR (500 MHz, CDCl3): d= 8.00 (dd, J = 8.1, 1.2 Hz,
2 H), 7.80 (d, J = 16.4 Hz, 2 H), 7.65–7.52 (m, 3 H), 7.43 (tdd, J = 7.6,
5.0, 1.3 Hz, 3 H), 7.38–7.21 (m, 10 H), 7.16–7.03 (m, 7 H), 6.71 (d, J =
16.4 Hz, 2 H), 6.04 (s, 2 H), 6.02 (s, 2 H), 5.33 (s, 4 H), 4.57 (s, 2 H),
2.62 (s, 6 H), 2.61 (s, 6 H), 1.38 (s, 6 H), 1.37(s, 6 H), 1.26 ppm (s, 6 H);

13C NMR (125 MHz, CDCl3): d= 155.3, 151.0, 143.8, 142.2, 140.1,
139.8, 139.0, 138.2, 135.8, 135.4, 134.4, 134.0, 132.8, 132.6, 131.5,
130.9, 129.8, 129.6, 129.0, 128.7, 128.4, 128.0, 127.5, 126.1, 123.0,
122.5, 121.4, 121.3, 62.3, 53.6, 14.8, 14.0, 13.9 ppm. HRMS (ESI-TOF)
m/z calcd for C78H69B3F6N12NaO [M++Na]+ : 1359.58244, found:
1359.57729.

Trimer 8 : 1H NMR (500 MHz, CDCl3): d= 7.80–7.66 (m, 3 H), 7.61–
7.19 (m, 31 H), 7.04 (d, J = 16.5 Hz, 2 H), 5.97 (s, 2 H), 5.93 (s, 2 H),
5.47 (s, 4 H), 4.70 (s, 2 H), 2.54 (s, 6 H), 2.51 (s, 6 H), 1.27–1.22 ppm
(m, 18 H); 13C NMR (125 MHz, CDCl3): d= 156.8, 156.5, 151.7, 142.7,
142.4, 142.1, 140.8, 138.8, 138.7, 137.8, 136.6, 133.6, 132.8, 132.7,
132.6, 130.9, 130.6, 130.2, 129.9, 129.4, 128.9, 128.7, 128.6, 128.4,
127.6, 124.4, 122.1, 121.8, 118.6, 62.2, 51.2, 14.7, 14.0, 12.4 ppm.
HRMS (ESI-TOF) m/z calcd for C78H70B3F6N12O [M++H]+ : 1337.60050,
found: 1337.60301.

Pentamer 9 : 1H NMR (500 MHz, CDCl3): d= 7.96 (d, J = 8.0 Hz, 2 H),
7.75 (d, J = 16.4 Hz, 2 H), 7.70–7.60 (m, 1 H), 7.51 (dtd, J = 10.6, 7.7,
1.6 Hz, 4 H), 7.45–7.30 (m, 8 H), 7.26 (s, 10 H), 7.21–7.15 (m, 1 H),
7.10 (s, 2 H), 7.06 (dd, J = 7.6, 1.4 Hz, 2 H), 7.00–6.94 (m, 2 H), 6.65 (s,
1 H), 6.62 (s, 1 H), 5.99 (s, 2 H), 5.96 (s, 2 H), 5.83 (d, J = 2.3 Hz, 4 H),
5.17 (d, J = 4.3 Hz, 4 H), 4.64 (s, 2 H), 2.55 (s, 12 H), 2.36 (s, 12 H),
1.23–1.27 ppm (m, 30 H). 13C NMR (125 MHz, CDCl3): d= 156.5,
156.4, 155.4, 151.1, 143.4, 143.0, 142.8, 141.9, 139.7, 139.4, 138.4,
138.2, 135.5, 134.6, 134.1, 133.5, 132.9, 132.5, 131.3, 130.9, 130.0,
129.9, 129.6, 129.5, 129.2, 128.7, 128.6, 128.5, 128.1, 125.9, 123.7,
122.3, 121.7, 121.2, 121.1, 62.3, 50.4, 14.6, 14.3, 13.9, 13.8, 13.7,
12.2 ppm. HRMS (ESI-TOF) m/z calcd for C104H95B5F10N16NaO
[M++Na]+ : 1851.81289, found: 1851.81945.

Hexamer 10 : 1H NMR (400 MHz, CDCl3): d= 8.47 (d, J = 16.3 Hz,
4 H), 8.16 (d, J = 8.0 Hz, 4 H), 7.88 (d, J = 16.3 Hz, 5 H), 7.63 (m, 4 H),
7.57–7.46 (m, 4 H), 7.47–7.37 (m, 3 H), 7.12–6.97 (m, 2 H), 5.97 (s,
4 H), 5.95 (s, 4 H), 4.37 (t, J = 6.0 Hz, 2 H), 4.05–4.12 (m, 4 H), 3.46 (s,
2 H), 3.45 (s, 2 H), 2.55 (s, 12 H), 2.53 (m, 12 H), 1.40–1.35 ppm (m,
36 H). 13C NMR (125 MHz, CDCl3): d= 166.2, 155.7, 152.4, 149.3,
149.0, 146.2, 143.3, 139.8, 135.6, 135.3, 132.1, 131.5, 130.2, 129.6,
128.8, 125.5, 121.4, 119.7, 113.8, 110.0, 88.8, 81.4, 58.8, 41.7, 14.6,
14.0, 12.5 ppm. HRMS (ESI-TOF) m/z calcd for C129H110B6F12N14O
[M++H]+ : 2164.95073, found: 2164.95431.

Photophysical properties

Spectroscopic properties were registered in diluted solutions
(around 2 V 10@6 m), prepared by adding the corresponding solvent
(spectroscopic grade) to the residue from the adequate amount of
a concentrated stock solution in acetone, after vacuum evapora-
tion of this solvent. UV/Vis absorption spectra were recorded on a
Varian model CARY 4E spectrophotometer, whereas the fluores-
cence and excitation spectra, as well as the decay curves were reg-
istered in an Edinburgh Instruments spectrofluorimeter (model
FLSP 920). Fluorescence quantum yields (f) were obtained using
as reference commercial cresyl violet (fr = 0.54 in methanol), for
the long-wavelength emission of the energy acceptor, and com-
mercial PM546 (fr = 0.81 in methanol) to account for the green,
and quenched emission owing to energy transfer, of the energy
donor subunit. The values were corrected by the refractive index
of the solvent. Radiative decay curves were registered with the
time correlated single-photon counting technique using a multi-
channel plate detector with picosecond time-resolution. Fluores-
cence emission was monitored at the maximum emission wave-
length after excitation by means of a wavelength-tunable Fianium
Supercontinuum laser. The fluorescence lifetime (t) was obtained
after the deconvolution of the instrumental response signal from
the recorded decay curves by means of an iterative method. The

Chem. Eur. J. 2019, 25, 14959 – 14971 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim14968

Full Paper

http://www.chemeurj.org


decay curve was essentially the same regardless of the excited visi-
ble absorption band. The goodness of the exponential fit was con-
trolled by statistical parameters (chi-square and the analysis of the
residuals). The radiative (kfl) and non-radiative (knr) rate constants
were calculated from the fluorescence quantum yield and lifetime;
kfl =f/t and knr = (1@f)/t.

Quantum mechanical calculations

Ground state geometries were optimized at the density functional
theory (DFT) using range-separated hybrid wB97XD method. Th
vertical Franck–Condon electronic transition was predicted by the
time dependent (TD) method and the same functional. In both
cases the double valence basis set with one polarization functions
(6–31g*) was used owing to the large size of the computed multi-
chromophoric molecules. The geometries were considered as
energy minimum when the corresponding frequency analysis did
not give any negative value. The solvent effect (cyclohexane) was
considered in the conducted theoretical simulations by means of
the polarizable continuum model (PCM). All the calculations were
performed using the Gaussian 16 software (Revision C.01)[31] as im-
plemented in the computational cluster “arina” of the UPV/EHU.

Laser properties

Laser efficiency was evaluated from concentrated solutions (milli-
molar) of dyes in ethyl acetate contained in 1 cm optical-path rec-
tangular quartz cells carefully sealed to avoid solvent evaporation
during experiments. The liquid solutions were transversely
pumped with 8 mJ, 8 ns FWHM pulses from the third harmonic
(355 nm) or the second harmonic (532 nm) of a Q-switched
Nd:YAG laser (Lotis TII 2134) at a repetition rate of 1 Hz. The excita-
tion pulses were line-focused onto the cell using a combination of
positive and negative cylindrical lenses (f = 15 cm and f =@15 cm,
respectively) perpendicularly arranged. The plane parallel oscilla-
tion cavity (2 cm length) consisted of a 90 % reflectivity aluminum
mirror acting as back reflector, and the lateral face of the cell
acting as output coupler (4 % reflectivity). The pump and output
energies were detected by a GenTec powermeter. The photostabili-
ty of the dyes in ethyl acetate solution was evaluated by using a
pumping energy and geometry exactly equal to that of the laser
experiments. We used spectroscopic quartz cuvettes with 0.1 cm
optical to allow for the minimum solution volume (VS = 40 mL) to
be excited. The lateral faces were grounded, whereupon no laser
oscillation was obtained. Information about photostability was ob-
tained by monitoring the decrease in laser-induced fluorescence
(LIF) intensity. In order to facilitate comparisons independently of
the experimental conditions and sample, the photostability figure
of merit was defined as the accumulated pump energy absorbed
by the system (Edose), per mole of dye, before the output energy
falls to a 50 % its initial value. In terms of experimental parameters,
this energy dose, in units of GJ mol@1, can be expressed as [Eq. (1)]:

E50%
doseðGJmol@1Þ ¼

EpumpðGJÞð1@ 10@eCLÞ P
#pulse

f

CVS

ð1Þ

where Epump is the energy per pulse, C is the molar concentration, e

is the molar absorption coefficient in units of m@1 cm@1, L is the
depth of the cuvette expressed in cm, VS is the solution volume, in
liters, within the cuvette, and f is the ratio between the LIF intensi-
ty after #pulses and the LIF intensity in the first pulse. To speed up
the experiment the pump repetition rate was increased up to
15 Hz. The fluorescence emission and laser spectra were monitored

perpendicular to the exciting beam, collected by an optical fiber,
and imaged onto a spectrometer (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. The estimated error
in the energy and photostability measurements was 10 %.
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