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The BODIPY family of organic dyes has emerged as a versatile platform in photonic materials science, driven
by their outstanding photophysical properties and the synthetic flexibility of BODIPY chemistry. Post-
functionalization strategies have been pivotal in expanding BODIPY's application scope. However,
current methodologies for rapid diversification with nucleophiles suffer from key limitations, including
the use of unstable intermediates, limited substrate scope, and reliance on hazardous or costly reagents.
In this work, we introduce 2-(dimethylamino)methyl BODIPYs as novel, stable, and easily accessible
electrophilic intermediates that enable efficient BODIPY diversification with a broad range of neutral
protic nucleophiles via unimolecular nucleophilic substitution. These intermediates are straightforwardly
synthesized from highly common and accesible 2-unsubstituted BODIPYs through electrophilic aromatic
substitution using inexpensive Eschenmoser’s salt, and can be activated under mild conditions via simple
amine quaternization. Importantly, this strategy is compatible with 3,5-dimethylated BODIPYs, preserving
access to Knoevenagel-like BODIPY chemistry for large chromophore m-extension towarsds
bathochromic shift into the red-to-NIR spectral region. The efficacy of this methodology is

Received 7th November 2025 demonstrated through the synthesis of a number of BODIPY dyes with diverse substitution patterns and
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selectable photophysical behavior. Furthermore, we highlight its practical utility through the design of

functional BODIPY derivatives, including ICT-based fluorescent pH indicators, fluorogenic acidotropic
bioprobes, and water-soluble laser dyes.
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Within  the  BODIPY-chemistry  framework,  post-
functionalization strategies have proven particularly powerful

Introduction

The BODIPY (boron-dipyrromethene) family of organic dyes has
become a cornerstone in photonic research, driving innovation
across a wide range of applications of high socio-economic
relevance." This prominence stems from their exceptional
photophysical behaviours, particularly their strong fluores-
cence, combined with their synthetic accessibility and versatile
tunability via a set of well-established, straightforward organic-
chemistry transformations collectively referred to as BODIPY
chemistry.
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for expanding the structural diversity and functional utility of
BODIPY dyes.¥*m°r These strategies not only allow precise
tuning of key photophysical properties, such as absorption and
emission wavelengths or fluorescence efficiencies, but also
enable the introduction of essential functional features,
including water solubility,®> biorecognition capability for bi-
oimaging and medical applications,* or selective reactivity for
chemical sensing.’ They also promote non-standard BODIPY
photophysics, such as triplet-state population® (relevant for
photodynamic therapy,” photon up-conversion,® or photo-
catalysis®), efficient chiroptical responses of the inherently
achiral BODIPY chromophore, including circularly polarized
luminescence,’” or enhanced optoelectronic behaviours
including OLED illumination,"" thereby significantly broad-
ening the scope of BODIPY-based materials for a wide range of
advanced photonic applications.

Since most common BODIPY post-functionalization strate-
gies affect the chromophoric core, they can substantially alter
the dye's photophysical properties.**™ This presents a limita-
tion when the goal is to introduce key functional moieties—
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such as for biorecognition—into a photophysically optimal
BODIPY dye.* In this context, the introduction of highly reactive
functional groups, such as halogens, pseudohalogens, activated
carboxyls, formyls, alkynes, or azides, at peripheral BODIPY
positions (i.e., positions electronically isolated from the chro-
mophore by an appropriate covalent spacer) is particularly
attractive, as it generally preserves the dye's intrinsic photo-
physics.#&m*  However, spacer-based post-functionalization
strategies, often involving BODIPY meso-phenyl or 3-styryl
positions, typically require multi-step synthetic sequences,
which can significantly reduce overall efficiency.?*™*

In this context, special attention should be given to the
bimolecular nucleophilic substitution (Sx2) reactions of 3-
(bromomethyl) and 3,5-bis(bromomethyl) BODIPYs with
neutral protic nucleophiles (NuH), particularly organic nucleo-
philes, as introduced by Ulrich and Ziessel in 2012 (Scheme 1).*
This methylene-spacer strategy offers rapid access to a wide
range of asymmetric and symmetric BODIPY derivatives, since
the key, reactive bromomethyl BODIPY intermediates are
straightforwardly generated by electrophilic bromination of 3/5-
methylated BODIPYs (enol-type BODIPY chemistry).'* However,
the method seems to be restricted to sufficiently reactive
heteroatom-based nucleophiles. Additionally, it seems to
require electron-deficient (meso-iodoarylated) persubsituted
BODIPYs,*” likely to activate the Sy2 reaction and prevent
BODIPY bromination by aromatic electrophilic substitution
(SgAr). Moreover, the key bromomethylated intermediates (i.e.,

Previous methodologies: From 3-methylBODIPYs
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Scheme 1 Comparison of previous methylene-spacer based meth-
odologies for BODIPY post-functionalization with a neutral protic
nucleophile (NuH), and the new approach reported herein. Key elec-
trophilic enablers highlighted in boxes.
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the electrophilic enablers of diversification with nucleophiles)
are unstable and non-isolable, requiring bromination and
substitution to be conducted sequentially in a one-pot protocol
for each transformation (Scheme 1).*

To address these limitations, Martinez-Martinez, Chiara,
Chiara and co-workers later proposed a more robust methylene-
spacer strategy, which is based on 3-(acetoxymethyl) BODIPY as
alternative, stable and isolable, electrophilic enabler.” Notably,
under Lewis acid activation, these compounds are proposed to
undergo unimolecular nucleophilic substitution (Sx1), enabling
reaction with a significantly broader range of organic nucleo-
philes, including carbon-based ones (Scheme 1).'* However,
this strategy requires starting from non-conventional 4,4-di-
cyano BODIPYs (CN-BODIPYs) instead of common 4,4-difluoro
BODIPYs (F-BODIPYs), likely to prevent dye decomposition
during the substitution step (and probably, competitive at-
boron substitution of fluorines). Besides, it uses potentially
hazardous reagents such as tin tetrachloride and trimethylsilyl
cyanide to generate the key CN-BODIPY from the corresponding
F-BODIPY, lead tetraacetate for achieving the required oxidative
BODIPY-methyl acetoxylation, and the expensive, rare-earth-
based scandium triflate catalyst to generate the key (BODIPY-
3-yl)methyl cation (see Scheme 1)."* Moreover, it seems to
require persubstituted BODIPYs, likely to prevent competitive
SgAr reactions at the BODIPY core.”® Furthermore, it cannot be
applied to certain nucleophiles, particularly amine-based
nucleophiles likely due to their strong coordination with the
required Lewis acid.”® It must be also noted here that the
involved (BODIPY-3-yl)methyl cation must be significantly
unstable owing to acidic nature of the BODIPY 3-methyl posi-
tion. Together, these factors may substantially limit the prac-
tical applicability of this otherwise powerful functionalization
method.

Additionally, using the BODIPY 3/5-methyls for enabling
BODIPY post-functionalization with nucleophiles blocks valu-
able BODIPY-chromophore w-extension via Knoevenagel-type
double condensation of 3,5-dimethyl BODIPYs with aromatic
aldehydes, which is the most widely used strategy to easily
achieve strong bathochromic shifts of the BODIPY absorption/
emission bands.>***** This is a big drawback in applications
that require BODIPYs acting in the red-to-NIR region of the
electromagnetic spectrum, such as certain bio-medical or
optical communication applications.>®***

To address all these limitations, while keeping the advantage
of the Sy1 processes to enable BODIPY diversification with
a broad range of neutral protic nucleophiles, we hypothesized
on the alternative use of (BODIPY-2-yl)methyl cations. On the
one hand, these carbocations should be more stable than the
(BODIPY-3-yl)methyl counterparts and, therefore, they should
be easier to generate. On the other hand, potential 3/5-methyl
groups would remain available for enol-type BODIPY chem-
istry, particularly Knoevenagel-type double condensation for
spectral red-shifting into the red-NIR region, to be performed
either prior to or following the transformation.

To access these BODIPY carbocations, we propose exploiting
the nucleophilic character of the BODIPY 2-position, which
readily undergoes SgAr with a plethora or electrophiles,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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including C-electrophiles such as one-carbon synthetic equiva-
lents (e.g., Vilsmeier-Haack reagent).” In this context, we also
hypothesized on the use of the inexpensive and commercially
available Eschenmoser's salt (N-methyl-N-methyl-
enemethanaminium iodide) as one-carbon electrophilic
synthetic equivalent to directly generate 2-(dimethylamino)
methyl BODIPYs from 2-unsusbtituted BODIPYs by SgAr. These
intermediates could then be activated for the desired Sy1
reaction with NuH via simple quaternization of the di-
methylamino group.’® Nonetheless, the m-accelerated Sy2
should not be discarded at the working reaction mechanism.
In this work, we demonstrate this possibility by reporting the
effectiveness of 2-(dimethylamino)methyl BODIPYs as enablers
of BODIPY diversification with an ample variety of NuHs under
mild reaction conditions and without using hazardous and/or
costly reagents or catalysts, showcasing some selected applica-
tions, particularly the development of valuable ICT-based
BODIPY sensors (fluorescent pH indicators and fluorogenic
acidotropic bioprobes) and water-soluble BODIPY laser dyes.

Results and discussion
Adjusting the methodology

To test our hypotheses, we selected: known 1,3,5,7-tetramethyl-
8-(4-methylphenyl)-F-BODIPY (1) as the starting reactive BOD-
IPY, standard quaternization with methyl iodide to activate the
expected (dimethylamino)methyl-based enabler (2), and benzyl
alcohol (BnOH) as the neutral nucleophile (Scheme 2).

o
CH,=NMey, | | K,CO3/DCE/A STEP 1

non-isolable
(highly-reactive)

STEP 2

a) TsCl/ K,COs/
ACN/rt.

b) BnOH /rt.

BnOH
isolable

(different condit.)

FF
3 5a

quantitative yield one-pot from 2: 78%
Overall yield from 1: 58%

Scheme 2 Chemoselective synthesis of 1-derived enabler 2; failed
activation as the trimethylammonium salt 3; and successful activation
as the (dimethyl)(tosylammonium salt 4, which enables reaction with
BnOH to generate 5. In blue, method's route. DCE: 1,2-dichloro-
ethane; ACN: acetonitrile; Ts: tosyl; Bn: benzyl. See the SI for full
experimental details.
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This selection was made based on the following criteria: (i) the
accessibility of the starting materials; (ii) the absence of substi-
tution at BODIPY positions 2 and 6 to probe chemoselectivity
during enabler synthesis (mono-SgAr vs. bis-SgAr); (iii) the pres-
ence of substituents (methyls) at BODIPY positions 1 and 3 to
evaluate potential steric hindrance effected near the reactive site
of the enabler; (iv) the presence of methyls at BODIPY positions 3
and 5, enabling assessment of compatibility with enol-type
BODIPY chemistry before or after functionalization.

As shown in Scheme 2, selected BODIPY 1 (synthesized
according to the reported procedure'’) underwent chemo-
selective aromatic substitution (mono-SgAr) with Eschenmos-
er's salt in the presence of potassium carbonate as base in
refluxing 1,2-dichloroethane (DCE), affording derivative 2 in
80% yield. Subsequent standard methylation of 2 with methyl
iodide in hexane led to the formation of the corresponding
trimethylammonium salt in quantitative yield. However, this
salt failed to undergo the expected nucleophilic substitution
with BnOH under a variety of experimental conditions. Instead,
recovery of the starting material, or dye decomposition under
harder conditions, was consistently observed.

To address this issue, we explored the activation of 2 as the
(dimethyl)(tosyl)Jammonium salt 4. The new ammonium group
was expected to serve as a better leaving group than the previous
one owing to the strong electron-withdrawing nature of the tosyl
((4-methylphenyl)sulfonyl) moiety. Indeed, this activation—
achieved via rapid reaction (<5 min) with tosyl chloride (TsCl) at
room temperature—proved highly effective. It generated
a highly reactive intermediate that could not be isolated from
the reaction mixture, but reacted cleanly and rapidly (<3 min,
r.t.) with BnOH to furnish BODIPY derivative 5a. This reactive
behaviour strongly supports the in situ formation of the (di-
methyl)(tosyl)Jammonium salt (4), and the subsequent genera-
tion of the (BODIPY-2-yl)methyl cation by rapid release of N,N-
dimethyltosylamide, which was isolated from the reaction
mixture. It must be noted here that the w-accelerated Sy2
mechanism cannot be ruled out based on these results.
However, the notably rapid reaction kinetics observed for all the
tested neutral nucleophiles, together with previous mechanistic
reports on related BODIPY-based substitution reactions,™
support the proposed Sy1 pathway.

As expected, (dimethylamino)methyl enabler 2 exhibited
significantly lower fluorescence than the parent BODIPY 1 (Table
1), with the fluorescence quantum yield (¢) decreasing as the
polarity of the medium increased (Tables S1 and S2 in the SI).

This behaviour is consistent with photoinduced intra-
molecular charge transfer (ICT) facilitated by the electron-
donating amino group. Support for this mechanism comes
from analogous trends observed in related aminomethyl BOD-
IPY systems,"***® the recovery of the starting fluorescent
behaviour in the trimethylammonium derivative 3, and the
intermediate photophysical behaviour of the (benzyloxy)methyl
derivative 5a—consistent with the lower electron-donating
ability of the oxygen in 5a compared to the amine nitrogen in
2—(see Table 1).

Thanks to its synthetic simplicity and efficiency, relatively
low cost, and the absence of hazardous reagents, the two-step
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Table 1 Photophysical signatures (maximum absorption, A5, and
fluorescence, g, wavelength; maximum molar absorption, emax;
fluorescence quantum yield, ¢; and lifetime, 1) of related BODIPYs 1-3
and 5a in chloroform, at dye concentration ca. 2 x 107° M. See the Sl
for full experimental details

Dye Aab (Nm) emax (M em™Y) Ag (nm) ¢ 7 (ns)
1 503.0 83 000 513.5 0.60 3.57
2 509.0 86 000 521.0 0.13 0.92¢
3 500.0 60 000 509.0 0.46 3.15
5a 508.0 84 000 519.0 0.65 3.79

¢ Average lifetime from biexponential fit.

derivatization of 2-unsubstituted BODIPYs into methylene-
spaced 2-substituted analogues—through the straightforward
synthesis of a 2-[(dimethylamino)methyl[BODIPY enabler (see
Scheme 2)—offers a practical and efficient method for diversi-
fying conventional F-BODIPYs with organic nucleophiles.

Exploring the scope

Nucleophiles. To explore the nucleophile scope of the
proposed chemical methodology, we selected a focused set of
NuHs with distinct reactivity profiles. This included various O-
nucleophiles (alcohols, phenols and carboxylic acids), N-
nucleophiles (primary and secondary alkyl and aryl amines),
one representative C-nucleophile (an alkylated pyrrole), and one
representative S-nucleophile (thiophenol), all aimed at diversi-
fying compound 1 via (dimethylamino)methylated enabler 2.
Fig. 1 shows this BODIPY diversification.

It is important to note that our aim was not to test an
exhaustive range of NuH species—since the intermediate
(BODIPY-2-yl)methyl cation is expected to react with a wide
variety of such nucleophiles, as has been previously reported for
the analogous (BODIPY-3-yl)methyl cation.”® Instead, our goal
was to evaluate: (i) the potential influence of steric hindrance
imposed by the substituents located at BODIPY positions 1 and
3 (methyl groups in this case); (ii) possible competition from
nucleophilic substitution at the BODIPY boron; (iii) compati-
bility with highly reactive functionalities such as primary alkyl
halides or formyl groups; and (iv) the impact of the function-
alization on the dye's photophysics.

To our pleasure, the isolated yields reached, which range from
84% for compound 5g (derivatization with highly nucleophilic
propargylamine) to 44% for 5b (derivatization with highly
unstable 2-bromoethanol), demonstrate the workability of the
methodology with different NuHs, including highly reactive/
unstable ones. These yields are comparable to those previously
reported for analogous Sy1 transformations involving (4,4-
dicyanoBODIPY-3-yl)methyl cations,"® and are significantly
influenced by the ability of the introduced moiety to act as
a leaving group (nucleofuge), or undergo further transformation
due to the presence of additional reactive groups.

BODIPYs. To evaluate the scope of the proposed method-
ology with respect to the starting BODIPY scaffolds, we selected
a focused set of accessible 2,6-unsubstituted dyes featuring
distinct electronic and steric profiles, using BnOH as the model
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Fig. 1 Workable diversification of compound 1 via enabler 2 (see
Scheme 2) with selected NuH species: benzyl alcohol (— 5a), 2-
bromoethanol (5b), 4-hydroxybenzaldehyde (5c¢), benzoic acid (5d),
methoxyacetic acid (5e), piperidine (5f), propargylamine (5g), 3,4-di-
methoxyaniline (5h), thiophenol (5i), and 2,4-dimethyl-3-ethylpyrrole
(5)). The introduced methylene-spaced Nu moiety is highlighted in red
(O-nucleophiles), blue (N-nucleophiles), green (S-nucleophile), and
pink (C-nucleophile). Isolated chemical yields from 2 are indicated in
parentheses. See the S| for full experimental details.

nucleophile. For comparative purposes, the selected set
includes the previously studied meso-arylated BODIPY 1, the
related meso-unsubstituted BODIPY 6 (the commercial PM505
laser dye) and meso-methylated BODIPY 7 (the commercial
PM546 laser dye), as well as the m-extended BODIPY 8 (see
Fig. 2), the later obtained by Knoevenagel-type double conden-
sation of 1 with 4-fluorobenzaldehyde under microwave-
assisted conditions (48%; see the SI for details).

As shown in Fig. 2, the corresponding (dimethylamino)meth-
ylated enablers (2 and 9-11) were successfully obtained in all cases
with comparable isolated yields, ranging from 70% for 11 to 85%
for 9. This is particularly noteworthy considering the significantly
varying reactivity of the selected BODIPYs toward SgAr (1<6 <7 <
8), driven by the electronic effects of their substituents. These
results can be attributed to the high electrophilic character of
Eschenmoser's salt. Remarkably, even in the case of 7, where
competitive Mannich-type condensation at the highly-reactive,
enolizable-like meso-methyl position could occur,* preferential
mono-SgAr at the BODIPY 2-position was observed, confirming the
retention of regioselectivity and chemoselectivity across the series.

Moreover, all the synthesized enablers underwent nucleophilic
substitution with BnOH at the expected methylene position with
similarly high yields (78-84%), with the exception of r-extended
11 that gave 14 with lower yield (51%) (Fig. 2). Nonetheless, the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08677a

Open Access Article. Published on 09 February 2026. Downloaded on 2/25/2026 1:49:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

more

electron-poor —
BODIPY
core
1
H
a Z N
— /
N‘,B\’N
FF
6
Me Me \ Me
N o
//// //// ////03"
et s g
FF FF FF
7 10 13
(81%) (84%)

more
electron-rich
BODIPY
core

Fig. 2 Workable diversification of selected BODIPYs 1 and 6—-8 with
benzyl alcohol (BNOH) via (dimethylamino)methylation (step 1) and
subsequent, activated nucleophilic substitution (step 2) (see Scheme
2). See the Sl for full experimental details.

straightforward synthesis of compound 14 from m-extended
BODIPY 8 via enabler 11 demonstrates the applicability of our
method for the late-stage functionalization of valuable 3,5-bi-
s(styrylated) red-emitting BODIPYs with nucleophiles (Fig. 2).
Regarding valuable methylene-spaced amination at the
BODIPY 2-position (e.g., compounds 2, 5f-h, and 9-11 in Fig. 1
and 2), the newly developed method provides an efficient
alternative to the conventional Vilsmeier-Haack formylation
followed by reductive amination.' In contrast to this traditional
route, which requires properly substituted F-BODIPY precur-
sors, particularly 3-aryl-F-BODIPYs, to minimize side-product
formation during formylation,"” the new strategy straightfor-
wardly operates on a broad scope of starting materials.
Double functionalization. To assess the potential extension of
the methodology to the preparation of photonically-valuable
symmetric BODIPYs,”® once again we selected BODIPY 1 and
BnOH for comparisons (Scheme 1). Gratifyingly, the reaction of 1-
derived 2 with Eschenmoser's salt in the same conditions as the
ones used to obtain 2 from 1, led to the expected “double” enabler
15 (41% yield). Then, after reaction of 15 with double stoichiometric
amount of BhOH—while maintaining all other reaction conditions
unchanged—we successfully obtained the expected final, doubly
substituted symmetric BODIPY 16 (58% yield) (Scheme 3).

Photophysical impact

To assess the photophysical impact of the developed BODIPY-
functionalization method, we characterized all functionalized
dyes—including the (dimethylamino)methylated enablers—
and the corresponding starting materials in diluted solutions of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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\
N— STEP 2*

15 16
(58%)

Scheme 3 Workable double functionalization of BODIPY 1 with
benzyl alcohol (BnOH) via (dimethylamino)methylation of 1-derived 2
(step 1*) and subsequent activated double nucleophilic substitution
(step 2%). Experimental conditions were identical to those previously
used for steps 1 and 2 (see Scheme 1), with only stoichiometric
adjustment of the reagents in the case of step 2*. See the Sl for full
experimental details.

organic solvents with varying polarity, specifically toluene,
chloroform, and acetonitrile (ACN) (see the SI for full experi-
mental details). This allowed us to investigate for potential
solvent-dependent processes such as fluorescence-damping
intramolecular charge transfer (ICT) or fluorescence-
quenching photoinduced electron transfer (PET). The main
photophysical data are detailed in the SI (see Tables S1, S3 and
S4 in the SI).

As shown in those tables, the developed methylene-spaced
functionalization of BODIPYs exerts minimal influence on
their light-absorption properties. This outcome was expected,
as the methylene spacer likely prevents strong electronic
coupling between the chromophoric BODIPY core and the
appended n- or w-type substituents. Indeed, all the analysed
BODIPY derivatives display sharp and intense absorption
bands, with molar extinction coefficients (¢) ranging from 70
000 to 90000 M ' cm ' (e.g, see absorption spectra of
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Fig. 3 Computed (CAM-B3LYP/6-311g*) electronic contour maps
and energy levels (in eV) of the key frontier molecular orbitals (FMOs)
for amine-based BODIPY 2, and related compounds 11 (bearing either
styryls instead of methyls at 3/5) and 5h (bearing electron-richer amine
(aniline) moiety), supporting feasibility for fluorescence-quenching
reductive PET in the case of 5h. The absorption and fluorescence
(shaded) spectra of 2 and 11 (top right, in toluene) and the fluorescence
spectra of 2 and 5h (bottom right, in acetonitrile) are included for
comparison purposes. For computed FMOs for related, PET-enabling
5j see Fig. S1 in the SI. See the Sl for full experimental details.
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representative green-emitting 2 and red-emitting 11 in Fig. 3).
Moreover, the absorption maxima match with that of the cor-
responding starting BODIPY dye (~500-515 nm for the deriva-
tives of 1, 6, and 7, and ~630 nm for those derived from -
extended 8; e.g., see the absorption spectra of 2 and 11 in Fig. 3).

Functionalization with O- and S-nucleophiles generally
maintains—or even slightly enhances—fluorescence quantum
yields, regardless of solvent polarity (e.g., compare 1 with 5a-e,
5i-j and 16; 6 with 12; 7 with 13; and 8 with 14; in Fig. 4 and
Table S1 in the SI).

In contrast, substitution with N-based moieties leads to
pronounced variations in fluorescence efficiency that are both
structure- and solvent-dependent (e.g., compare 1 with 2 and 5h;
6 with 9; 7 with 10; and 8 with 11 in Fig. 4). Thus, the fluores-
cence of the derivatives bearing electron-rich tertiary-amine
moieties (2, 5f, 15 and 9-11) clearly drops in polar solvents,
where it becomes almost negligible (see Tables S1, S3 and S4 in
the SI). This trend is softened when electron-poorer secondary-
amine moieties are involved instead (e.g., compare 5f with 5g in
Table S1 in the SI), or when the electron richness of the BODIPY
core is enhanced (e.g., compare 2 with 11 in Fig. 4). As above
mentioned, all this is consistent with polar-solvent promoted
photoinduced ICT, taking place through the space from the
electron-rich amino group to the electron-poor BODIPY core.*

Regarding fluorescence, the emission maxima wavelengths
of the functionalized dyes are largely preserved relative to their
respective starting materials (see Tables S1, S3 and S4 in SI).
However, fluorescence intensity is highly dependent on the
electronic nature of the introduced functionality (Fig. 4). The
measured electrochemical properties of representative
compounds (see the SI for full experimental details) further
support the ICT pathway in those dyes functionalized with
sufficiently electron-donating amine-based moieties (Fig. S2 in
the SI). Thus, ICT-enabling 2 and 15, which bear tertiary alkyl
amine groups, exhibit lower oxidation potentials (1.13 and
1.21 V, respectively) compared to related 5a (oxidation potential
= 1.38 V), the latter bearing alcohol-based moiety and exhibit-
ing no evidence of fluorescence-damping ICT.

Conversely, involving an electron-rich arenamine-based
moiety strongly affects the fluorescence capability of the dye,
as observed in the case of 5h (see Fig. 4), where almost null
fluorescence is observed, even in the case of apolar toluene as
the solvent. In this particular case, the strong electron-donating
capability of the arenamine system, increased by the attached
methoxyl groups, promotes fluorescence-quenching by PET
from the electron-rich m-conjugated arenamine moiety to the
electron-poor BODIPY core, as supported computationally
(Fig. 3). Thus, light excitation is computed to promote elec-
tronic transition from HOMO—1 to LUMO, both localized at the
BODIPY core, enabling thermodynamically-feasible reductive
PET from the HOMO (located at the arenamine moiety) to the
semivacant HOMO—1, which becomes fully occupied and
prevents radiative deactivation by electronic transition from the
semivacant LUMO (see Fig. 3). Indeed, compound 5h exhibits
the lowest oxidation potential (0.78 V) among all the function-
alized dyes analysed in this study, supporting its high propen-
sity to undergo electron transfer processes (see Fig. S2 in the SI).
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Fig. 4 Representative structure- and solvent-dependent variations in
fluorescence efficiency for selected BODIPYs (1 and 6—8; non-shaded
data) upon methylene-spacer based functionalization with N-nucle-
ophile (2, 5h and 9-11; blue-shaded data) and O-nucleophile (5a and
12-14; red-shaded data) moieties at BODIPY 2-position. Data selected
from Tables S1, S3 and S4 in the SI.

A related fluorescence-quenching PET process, although less
thermodynamically favoured, is also observed for compound 5j,
which features an electron-rich 2-pyrrolyl moiety (see Fig. S1 in
the SI).

All these results demonstrate that the developed function-
alization methodology allows diversification of BODIPY dyes
with a broad variety of NuHs without significantly affecting the
outstanding light absorption capability of the starting dyes,
which makes it ideal for developing dyed materials for photonic
applications based on light absorption. Fluorescence maxima
are also maintained, however, the starting BODIPY core and
introduced nucleophilic moiety must be carefully selected when
highly-brilliant final materials are targeted, and the use of
electron-rich tertiary amines should be avoided in this case.

Showcasing some applications

The synthetic accessibility and selectable photophysical
behaviour—achieved through the induction of ICT or PET
processes—make the new BODIPY functionalization method-
ology ideally suited for the development of photonic applica-
tions in which designing ICT/PET-based fluorescence variations
or the straightforward incorporation of additional functions is
essential. To demonstrate this potential, we selected two
representative application areas: ICT-based BODIPY probes,>
specifically fluorescent pH indicators and fluorogenic acid-
otropic bioprobes, and water-soluble BODIPY-based laser
dyes'23,30

ICT-based probes. As previously mentioned, employing
amines as NuHs in the newly developed BODIPY-
functionalization methodology impacts the fluorescence
behaviour of the final, functionalized dye by enabling ICT,
particularly when secondary alkyl amines are used as nucleo-
philes. This fact, combined with the Brensted basicity of benzyl-
like tertiary amines (pK;, = 4.5), makes the readily accessible 2-
[(dialkylamino)methyl]BODIPYs ideal candidates for ICT-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PH sensing. Thus, upon protonation of the tertiary amine group
to form the corresponding ammonium salt, the ICT process
responsible for fluorescence damping should be disrupted,
resulting in a significant, and therefore easily measurable,
fluorescence enhancement.

To explore this potential, we selected compounds 2 and 5f
(see Scheme 2 and Fig. 2), both featuring tertiary alkyl amine
moieties, and monitored the changes in the fluorescence
spectra in ethanol solution (4.0 uM) upon incremental addition
of p-toluenesulfonic acid (TsOH). Gratifyingly, fluorescence
intensity increased progressively with acid concentration,
especially after the addition of 4 equivalents of TsOH (fluores-
cence quantum yield = 0.05), reaching a plateau at approxi-
mately 7 equivalents (fluorescent quantum yield = 0.65 for 5f,
and = 0.46 for 2) (see Fig. 5 for 5f, and S3 in the SI for 2). These
results confirm that protonation of the amine effectively
suppresses ICT, thereby significantly enhancing fluorescence
efficiency. Notably, the fluorescent brightness of the protonated
species in ethanol exceeds that of the non-protonated species in
apolar solvents, and surpasses values reported for structurally
related BODIPY-based fluorescent pH indicators featuring (di-
alkylamino)methyl substitution at the BODIPY 3-position
instead of the BODIPY 2-position.*

This pH-dependent fluorescence response is also evident in
the fluorescence lifetimes, making possible advantageous
lifetime-based pH sensing approaches.*® For instance,
compound 5f shows a biexponential fluorescence decay in
ethanol in its non-protonated form, with a dominant short
lifetime component (~0.15 ns). Upon protonation, the decay
becomes monoexponential with a markedly longer lifetime of
3.20 ns—a 21-fold increase (see Fig. S4 in the SI).

The significant enhancement of fluorescence observed in 2-
(dialkylamino)methylated =~ BODIPYs upon  protonation,
combined with their straightforward synthesis, actuation pH
range (~4.0-5.0), expected biocompatibility and cell-membrane
permeability, makes them ideal candidates as highly sensitive
fluorogenic acidotropic lysosomal probes (Fig. 5).

Fluorogenic probes are especially valuable for bioimaging
because they allow high-contrast visualization by minimizing
background fluorescence in non-target regions.> This “signal-
on” behaviour not only improves imaging sensitivity but also
simplifies experimental protocols by reducing the need for wash
steps. In the context of live-cell imaging, where non-invasive,
selective, and responsive indicators are key, fluorogenic
probes capable of activation under specific physiological
stimuli—such as pH shifts—are of particular interest for
tracking intracellular events in real time.*

Particularly, cell-permeant pH-activatable (fluorogenic)
acidotropic  lysosomal probes (specifically = marketed
LysoSensors™) have been highlighted as valuable tools for
investigating aberrant pH variations in lysosomes and other
organelles, as well as alterations in lysosomal function or traf-
ficking that are associated with major pathologies such as
cancer, cystic fibrosis, and related diseases.>**” However, pH-
LysoSensor™ probes are limited to a small number of dyes, and
their fluorescence efficiency in the protonated (fluorescent)
state—and likely their long-term photostability—is significantly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of the fluorescence of compound 5f (4 uM in ethanol)
upon incremental addition of TsOH (molar ratios from 1: 0 to 1:20).
Naked-eye brightness (top) and fluorescence spectra (bottom left).
The dependence of the fluorescence intensity at 508 nm on proton
concentration (bottom right) is also shown, highlighting pH sensitivity
around apparent pH = 4.5. See the Sl for full experimental details.

lower than that of the widely used LysoTracker™ probes, which
are based on highly bright and photostable BODIPY fluoro-
phores.”® Nevertheless, LysoTrackers™ do not exhibit marked
fluorescence enhancement under acidic conditions,* limiting
their usefulness as ratiometric or pH-sensitive indicators.
Consequently, the low fluorescence output of existing fluoro-
genic acidotropic sensors can pose a drawback in fluorescence-
based applications, such as quantifying lysosomal number or
tracking pH variations via flow cytometry or fluorometric anal-
ysis.?**® In this context, the herein developed readily-accessible
2-(dialkylamino)methyl BODIPYs could surpass the perfor-
mance of the commercially available LysoSensor™ probes.

To evaluate this potential, we selected compounds 2 and 5f
and employed wild-type mouse embryonic fibroblasts (MEFs) as
a cellular model. Computational prediction of pharmacokinetic
parameters using the freely available SwissADME web tool*
indicated good permeability and biocompatibility profiles for
both compounds. Encouragingly, both 2 and 5f efficiently
stained living MEFs (see the SI for full experimental details),
enabling fluorescence bioimaging of lysosomes with high
specificity, as confirmed by co-localization with LysoTracker™
Red (pearson's coefficients > 0.6) (see Fig. S5 in the SI). This
result supports pH-activatable fluorescence probing of lyso-
somes, as the selected dyes are poorly fluorescent under non-
acidic conditions (e.g, see Fig. 5 for 5f).

To assess the superior behaviour of our fluorogenic acid-
otropic probes, we compared the fluorescence brightness of
MEFs treated in parallel and under nearly identical conditions
with commercial LysoTracker™ Green,*® and with compounds
2 and 5f. LysoTracker™ Green was selected due to its close
structural and functional, biophotonic similarity to 2 and 5f: all
three are highly bright, green-fluorescent BODIPY-based probes
that exhibit comparable absorption and emission properties,
and that accumulate specifically in lysosomes via a pendant
tertiary alkyl amine that becomes protonated in the acidic
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lysosomal environment. However, as mentioned above, the
fluorescence of LysoTracker™ Green is nearly pH-independent.

Satisfactorily, significantly less excitation laser power was
required to achieve comparable imaging quality in the case of
compound 2—and particularly compound 5f—when compared
to LysoTracker™ Green (see Fig. 6, and S6 in the SI).

Since fluorogenic acidotropic LysoSensors™ are significantly
less fluorescent than LysoTrackers™, as mentioned above, all
these results clearly demonstrate the higher performance of our
2-(dialkylamino)methyl BODIPYs as fluorogenic acidotropic
lysosomal probes. Moreover, they highlight the potential of the
newly developed BODIPY functionalization methodology to
expand the current toolbox of acidotropic lysosomal sensors by
enabling rapid access to advanced and structurally diverse
probes, including valuable pH-activatable sensors operating in
the biologically relevant red-to-NIR spectral region.*

Water-soluble laser dyes. The thermo-optic properties of the
gain medium solvent, together with dye flow dynamics, are key
parameters governing the maximum repetition rate of dye
lasers.* Although water exhibits superior thermo-optic perfor-
mance compared to alcoholic solvents, its use is often restricted
by the limited solubility of many hydrophobic laser dyes, where
the resulting formation of non-emissive aggregates reduces
lasing efficiency and limits their applicability in water-based
systems.** This limitation is particularly pronounced for the
well-known BODIPY laser dyes,** which, despite their excellent
fluorescence and photostability, display poor aqueous solu-
bility. Given the central role of BODIPYs among modern laser
dyes, the development of aqueous-compatible laser dyes
remains a major objective in advancing dye laser
technology.>V&3

In this context, we hypothesized that the straightforward
generation of BODIPYs functionalized with highly hydrophilic
groups, enabled by the methodology described herein, could
offer a practical route to impart water solubility to otherwise
hydrophobic 2/6-unsubstituted BODIPY dyes, thereby enabling
their use in aqueous laser operation.

_ JLysoTracker™ Green

255

Fig. 6 Representative confocal laser scanning microscopy images of
MEF cells acquired at a software setting of 20% laser power (corre-
sponding to 274 puW power output), and represented in an 8-bit
grayscale and pseudo-coloured using the LUT intensity saturation
indicator. In this colour scale, fully saturated pixels (intensity = 255) are
rendered red, and the darkest pixels (intensity = 0) are blue; inter-
mediate intensities remain on a grayscale gradient. This colour scheme
highlights overexposed regions in red and under-exposed/back-
ground areas in blue, allowing to compare signal distribution and
saturation across samples for 2, 5f and LysoTracker™ Green when
imaged at the same laser power. Aeyc = 488 nm and A, = 525 £
25 nm. Scale bars are 20 um. See the Sl for full experimental details.
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Fig. 7 Molecular structure of the newly developed water-operable
laser dye 17, shown alongside its normalized absorption (green-
shaded), fluorescence (orange-shaded), and laser emission spectra
(sharp red-shaded band with dotted line) recorded in pure water at
high dye concentration (dye concentration = 0.2 mM). For compar-
ison, the corresponding absorption and fluorescence spectra
measured at dilute concentration (2 uM, dashed lines) in pure water are
also included. See the Sl for full experimental details.

To  test this  hypothesis, selected  the
trimethylammonium-functionalized BODIPY 3, along with the
related difunctionalized dye 17 (Fig. 7), which was expected to
exhibit improved aqueous solubility due to the presence of two
ammonium groups. Compound 17 was prepared by quantita-
tive methylation of the two amino groups of precursor 15 using
methyl iodide under standard conditions.

The water solubility of 3 and 17 was experimentally evaluated,
along with their photophysical behaviour in pure water. Both
dyes were found to be highly soluble and fully stable in water—
particularly the doubly and symmetrically substituted dye 17, for
which dye concentrations up to 0.2 mM could be achieved in pure
water. Notably, no signs of aggregation were photophysically
detected, even at the highest tested concentrations, as evidenced
by the excellent overlap of the absorption and fluorescence
spectra with those recorded at 100-fold lower concentrations (e.g:,
see Fig. 7 for 17). Importantly, the photophysical signatures
recorded in pure water—such as a fluorescence quantum yield of
approximately 0.50 for dye 17 (see Table S2 in the SI)—are
comparable to those of the corresponding BODIPY precursor
(e.g:, precursor 1 in the case of 17) in organic solvents.

Remarkably, the high solubility, stability, and fluorescence
of dye 17 in pure water enabled the recording of its laser
emission in pure water. Thus, upon laser excitation of 17 in
water, sharp and intense laser emission at 518 nm was observed
(Fig. 7) with a lasing efficiency of 32%. This efficiency is
comparable to that typically achieved by hydrophobic BODIPY
laser dyes in organic solvents,* clearly demonstrating the
potential of the newly developed BODIPY functionalization
methodology for advancing valuable organic laser dyes oper-
ating efficiently in pure water.

we

Conclusions

In summary, we have developed a novel and broadly applicable
strategy for the diversification of common and readily acces-
sible BODIPY dyes with nucleophiles, employing the corre-
sponding 2-(dimethylamino)methyl-substituted dyes as stable,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bench-accessible electrophilic intermediates. This platform
enables efficient functionalization with a wide range of neutral
protic nucleophiles under mild conditions. The methodology
addresses longstanding limitations of related methylene-spacer
based post-functionalization strategies, such as poor interme-
diate stability, narrow nucleophile and substrate scope, and
reliance on hazardous or costly reagents.

The developed new BODIPY post-functionalization method
combines synthetic simplicity—relying on widely available 2-
unsubstituted BODIPYs and relatively inexpensive commercial
reagents—with operational convenience and potential scal-
ability. Notably, its compatibility with 3,5-dimethyl BODIPY
derivatives retains access to valuable red-to-NIR emissive dyes
through well-established Knoevenagel-type double-
condensation strategy for BODIPY spectral red-shifting.

Crucially, the method enables the controlled installation of
diverse nucleophilic moieties—including those bearing reactive
functionalities—across a broad structural space, while
preserving the intrinsic absorption properties of the parent
BODIPY core. Fluorescence efficiency is also maintained when
the introduced groups are carefully selected, avoiding quench-
ing elements such as electron-rich tertiary amines.

The demonstrated ability to generate a wide array of BODIPY
dyes with tailored substitution patterns and selectable photo-
physical behaviour opens new avenues for the design of func-
tional, fully organic molecular photonic tools. This potential is
exemplified by the successful development of advanced fluo-
rescent pH indicators, water-soluble laser dyes, and fluorogenic
acidotropic bioprobes.

Altogether, the post-functionalization methodology pre-
sented here significantly expands the synthetic toolbox of
BODIPY chemistry, and establishes a versatile foundation for
future innovation in the fields of organic photonics and
chiroptics.
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