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We report a workable and easy approach for the direct post-multifunctionalization of common BODIPYs
(F-BODIPYs) with minimal interference to the starting photophysical behavior. It entails the easy trans-
formation of an F-BODIPY into the corresponding N-BODIPY by using a dissimilarly-N,N’'-disubstituted
bis(sulfonamide), which is easily obtained from ethane-1,2-diamine. This approach is exemplified by the
rapid synthesis of a selected battery of unprecedented dissimilar-at-boron N-BODIPYs, which are ration-

Received 22nd September 2023, ally designed to act as efficient multichromophoric arrays for light harvesting by excitation energy transfer,
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as specific bioprobes for fluorescent imaging, or as efficient chiroptical dyes exhibiting visible circular
dichroism and circularly polarized luminescence. Noticeably, this approach has led to the synthesis of the
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Introduction

The development of advanced organic dyes for sought-after
photonic applications, from energy to health, has experienced
exponential growth in the last few years. This is due to the
inherent benefits of organic dyes and materials based on
them. They exhibit a number of advantages derived from their
organic nature and small molecular size, such as flexibility,
lightness, membrane permeability or biocompatibility, and
have the key advantages of easy synthesis and modulation by
workable organic chemistry."
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first CPL-bright chiral-at-boron BODIPYs, a significant novelty in BODIPY chemistry and CPL emitters.

However, today’s organic photonics increasingly demands
sophisticated dyes that have a wide number of different
properties (e.g., fluorescence, reactive oxygen species (ROS)
photogeneration, biocompatibility and biospecificity for
phototheragnosis™?), including challenging ones such as
bright circularly polarized luminescence (CPL)** (e.g., to
develop highly efficient CP-OLEDs vs. conventional OLEDs”).
In fact, CPL organic materials are considered as next-gene-
ration materials.®

The post-functionalization versatility of the outstanding
BODIPY (boron dipyrromethene) dyes is virtually ideal for
achieving this goal,””® including the generation of bright
CPL.>™ Nevertheless, easily endowing photophysically-opti-
mized BODIPYs with the additional properties required for a
specific application is still challenging. Thus, in most cases,
this post-multifunctionalization involves low-efficiency linear
synthetic pathways, and the optimized starting photophysical
behavior is usually affected during the functionalization
process.'* Hence, the development of easy and direct (conver-
gent) post-multifunctionalization strategies for BODIPYs,
without causing significant photophysical interference, is
pivotal to advance BODIPY chemistry and organic photonics.

Among the well-established BODIPY post-functionalization
approaches,””'"'> those involving reactions at the boron
center (mainly halogen  substitutions) must be
highlighted.'>':125:13-15 The significance of post-functionali-
zation at boron is the low influence on the dye photophysics,
because the boron atom is not substantial part of the BODIPY

This journal is © the Partner Organisations 2023
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chromophore (localized at the n-conjugated dipyrrin moiety).'®
Interestingly, this approach has succeeded in easily endowing
BODIPYs with valuable CPL, mainly through BINOL-based
O-BODIPYs (involving a BO, moiety)'** or more-sustainable
terpene-based C-BODIPYs (involving a BC, moiety).'*
However, building dissimilar-at-boron BODIPYs (i.e., BODIPYs
having two different moieties dangling from the boron atom)
has been scarcely used for BODIPY multifuncionalization.'”*
This is probably due to the lack of efficient procedures for the
substitution of only one of the groups attached to the boron."”
As a notable example, Harriman and Ziessel rationally devel-
oped dissimilar-at-boron C-BODIPYs as multichromophoric
arrays for electronic energy transfer, where two different
chromophores were attached to the boron atom.'”®

Moreover, dissimilar-at-boron BODIPYs based on asymme-
trically-substituted BODIPY cores present a chiral boron
(chiral-at-boron BODIPYs). This would ideally lead to signifi-
cant chiroptical behaviors, due to the closeness of the chiral
boron to the BODIPY chromophore. With this idea in mind,
Ziessel,'®® and Isik and Tanyeli'®® reported the few examples
of chiral-at-boron BODIPYs based on C- and O-BODIPY,
respectively. Unfortunately, these dyes showed low or even
silent fluorescence, probably due to enhanced vibrational
relaxation and intersystem crossing.'®

In the engaging and yet rather unexplored field of at-boron
BODIPY functionalization,'***” our group described in 2017 a
simple methodology to synthesize the first stable N-BODIPYs
(involving a BN, moiety), from accessible bis(sulfonamide)s
derived from ethane-1,2-diamine (e.g., see NBDP-1 in Fig. 1).*°

® S)
NBDP-2: Z = PPh3, Br; n=3
® S
NBDP-3:Z=NMe3 |; n=2

NBDP-4: Z = morpholin-4-yl; n = 2

0 O 1.
A
D
NBDP-5 O NBDP-6 NBDP-7-R
Fig.1 Seminal N-BODIPY NBDP-1. First dissimilar-at-boron

N-BODIPYs (NBDP-2 and NBDP-3; PDT agents). Selected set of new dis-
similar-at-boron N-BODIPYs [NBDP-4, NBDP-5, NBDP-6 and NBDP-7
(only the epimer NBDP-7-R, with an R configuration for boron, is
shown)], rationally designed to exhibit specific functions (fluorescence,
biospecificity, chiroptical behavior including CPL, differential solubility,
and FRET) towards valuable photonic applications (light harvesting, bio-
probing or CP lighting). Ts: tosyl (p-toluenesulfonyl).
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These new BODIPYs are particularly important because of
their demonstrated excellent photophysical signatures, which
even surpass those of parent F-BODIPYs (e.g., laser emis-
sion),’ and also due to the possibility of BODIPY post-multi-
functionalization, since up to two different moieties could be
introduced at boron this way. This possibility has been preli-
minarily demonstrated by us through the successful prepa-
ration of N-BODIPYs NBDP-2 and NBDP-3 (Fig. 1), as potential
photodynamic therapy (PDT) agents based on specific orga-
nelle accumulation, where one of the sulfonylamino moieties
dangling from boron was rationally selected to gain the
desired biospecificity, and the other one to address solubility
issues.*

These preliminary results on the construction of dissimilar-
at-boron N-BODIPYs as a versatile BODIPY post-multifunctio-
nalization approach prompted us to investigate its scope by
the rationally-guided design and efficient (convergent) syn-
thesis of a selected set of dissimilar-at-boron N-BODIPYs (see
Fig. 1). The dyes in this battery were designed to act as a
highly fluorescent lysosome bioprobe (NBDP-4), as an efficient
light-harvesting multichromophoric array based on workable
Forster resonance energy transfer (FRET) (NBDP-5), as an
efficient chiroptical BODIPY based on sustainable camphor
(NBDP-6) and, which is more in the forefront, as the first
highly fluorescent chiral-at-boron BODIPY (NBDP-7).
Additionally, the selection of these dyes was made on the basis
of using available starting materials to reach synthetically
simple and low-cost dyes.

Results and discussion

As expected, the functionally-designed dissimilar-at-boron
N-BODIPY dyes NBDP-5, NBDP-6 and NBDP-7 were easily
obtained from the corresponding F-BODIPY and bis(sulfona-
mide) (see the reaction scheme in Table 1), following the
general procedure originally developed by us for the prepa-
ration of N-BODIPYs equally substituted at boron.'® This pro-
cedure uses a mixture of BCL;/Et;N to promote the nucleophi-
lic substitution of the F-BODIPY fluorines under soft reaction
conditions (see the scheme in Table 1 and the ESIf for experi-
mental details). As the starting F-BODIPYs, we selected highly
fluorescent and accessible ones, specifically symmetrically sub-
stituted 2,6-diethyl-1,3,5,7,8-pentamethyl-F-BODIPY (FBDP-1, a
commercial laser dye known as PM567) for NBDP-5 and
NBDP-6, and asymmetrically substituted 2-ethyl-1,3,8-tri-
methyl-F-BODIPY (FBDP-22') for chiral-at-boron NBDP-7.
Regarding the intermediate bis(sulfonamide)s, I-1 for the
synthesis of NBDP-5 and I-2 for the synthesis of NBDP-6 and
NBDP-7, they were easily prepared by reacting commercially
available ethane-1,2-diamine with one equivalent of p-toluene-
sulfonyl chloride in a basic medium, followed by a second
analogous reaction with anthracene-2-sulfonyl chloride for I-1
or (1S)-camphor-10-sulfonyl chloride for I-2 (65% and 78%
yields, respectively; see Table 1 and the ESI} for experimental
details).

Org. Chem. Front,, 2023, 10, 5834-5842 | 5835
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Table 1 Synthesis of dissimilar-at-boron N-BODIPYs from F-BODIPYs

1. BCl3 DCM
—_—

2. EtN,

2

RIS NHR
|

FBDP

NBDP

1. R'C, Et;N, DCM T

2. R%Cl, Et;N, DCM

ethane-1,2-diamine

F-BODIPY* R'? R?? I (yield)* N-BODIPY (yield)?
FBDP-1 a c I-1 (65%) NBDP-5 (35%)
FBDP-1 a d I 2 (78%) NBDP-6 (78%)
FBDP-1 b e -3 (87%)° NBDP-8 (72%)°
FBDP-2 a d I 2 (78%) NBDP-7-R (37%)

NBDP-7-S (39%)

DCM: dichloromethane ¢ FBDP-1: 2,6—diethyl—1,3,5,7,8—]}7)entamethy1—F—
BODIPY; FBDP-2: 2-ethyl-1,3,8-trimethyl--BODIPY. “a: Tosyl; b:
butane-1-sulfonyl; c: anthracene-2-sulfonyl; d: (1S)-camphor-10-sulfo-
nyl; e: {4-[(propargyloxy)carbonyl]phenyl}sulfonyl. “ Chemical yield in
the preparation of I from ethane-1,2-diamine. “ Chemical yield in the
preparation of the N-BODIPY (NBDP) from the corresponding
F-BODIPY (FBDP) and bis(sulfonamide) I. ¢ Ref. 20.

The chemical yields for the synthesis of N-BODIPYs from
F-BODIPYs (Table 1) ranged from 35% for NBDP-5 to 78% for
NBDP-7. Poor solubility of I-1 in the reaction media, caused by
the anthryl moiety, should explain the low yield achieved in
the preparation of NBDP-5. In the case of NBDP-7, the formed
epimers NBDP-7-R (R configuration for boron; see Fig. 1) and
NBDP-7-S (S for boron) were easily separated by simple elution
chromatography in 37% and 39% yields, respectively (see
experimental details in the ESI}), and their absolute configur-
ations were determined by X-ray diffraction analysis (see
Table S3 and Fig. S4 in the ESIf).

Finally, dissimilar-at-boron N-BODIPY NBDP-4 was obtained
following the same procedure used preliminarily by us for the
preparation of NBDP-2 and NBDP-3.%° This procedure involves
first preparing the clickable ethynyl-based dissimilar-at-boron
NBDP-8 *° from FBDP-1 and bis(sulfonamide) I-3 (see Table 1)
to subsequently conduct a standard click reaction (CuSO,/
sodium ascorbate) with the corresponding functionalized
azide carrying the morpholino moiety (see Fig. 2). In the case
of NBDP-4, the click reaction of NBDP-8 with the commercial
morpholine-based azide took place in 85% chemical yield (see
experimental details in the ESIT). It must be highlighted here

N-50,

/
BUO,S—N

NBDP-8 (] NBDP-4 (]

Fig. 2 Synthesis of NBDP-4 from the previously-developed dissimilar-
at-boron clickable N-BODIPY NBDP-8%° by a click reaction. a. 4-(2-
Azidoethyl)morpholine, CuSO4-5H,0, sodium ascorbate, t-butanol/H,O.
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that using the butane-1-sulfonyl-derived bis(sulfonamide) I-3
(instead of p-toluenesulfonyl) facilitated the synthesis of
NBDP-8, probably due to the observed enhanced solubility in
the reaction medium (dichloromethane). This supports the
feasibility of simply using one of the at-boron pending sulfony-
lamino groups to modulate dye solubility, which is an impor-
tant property for in-solution applications and dye material
processing.

All these synthetic results, including our preliminary
ones,” demonstrate the ease and versatility of constructing
dissimilar-at-boron N-BODIPYs, as well as the utility of NBDP-8
(and related compounds) as a readily-accessible precursor of
functionalized BODIPY dyes through workable click chemistry.

Regarding ground state photophysics, the recorded visible
spectral signatures (see the ESIT for experimental details) of all
the obtained PM567-derived dissimilar-at-boron N-BODIPYs,
including preliminary NBDP-8, NBDP-2 and NBDP-3,*° closely
resemble those reported for related both NBDP-1'° (equally
substituted at boron) and parent F-BODIPY FBDP-1 (see
Table 2 and Fig. S17). As expected, the unequal substitution of
the starting F-BODIPY fluorines with different nitrogenated
moieties does not affect the fluorescence capacity of the dis-
similar-at-boron N-BODIPY dyes. They all exhibit fluorescence
quantum yields higher than 80%, regardless of the solvent
used for the measurement, with only slight bathochromic
shifts (less than 10 nm) and some small changes in the
absorption coefficient, together with a moderate increase in
the lifetime (see Table 2, and Table S1 in the ESIT). The same
behavior is found for chiral-at-boron N-BODIPYs NBDP-7-R
and NBDP-7-S, which exhibit fluorescence signatures closely
related to those of the corresponding parent F-BOPIPY FBDP-2,

Table 2 Ground state visible photophysical signatures of the designed
set of dissimilar-at-boron N-BODIPYs (NBDP-4, NBDP-5, NBDP-6 and
NBDP-7 epimers), including preliminary ones NBDP-2, NBDP-3 and
NBDP-82° (see Fig. 1), equally disubstituted N-BODIPY NBDP-9 (see
Fig. 5), and parent F-BODIPYs FBDP-1 and FBDP-2 (see Table 1), in
methanol (ca. 2 x 10~® M). Previously reported data for NBDP-1'° (see
Fig. 1) are included for comparison purposes. For data in other solvents,
see Table S1in the ESIT

j~ab “ emaxb lﬂc 7
Dye (nm) (10" xM'em™ (nm) ? (ns)
FBDP-1 516.0 7.9 532.0 0.91 6.10
NBDP-1 525.5 6.2 542.0 0.82 8.37
NBDP-2 524.5 5.1 544.0 0.80 7.77
NBDP-3 524.5 5.2 541.5 0.73 7.76
NBDP-4 524.5 5.5 543.5 0.88 7.82
NBDP-5 522.5 6.2 538.0 0.80 7.93
NBDP-6 524.0 5.6 541.5 0.82 8.31
NBDP-8 524.5 6.0 542.5 0.80 8.16
NBDP-9 523.0 5.5 542.0 0.93 8.28
FBDP-2 495.5 4.3 510.5 0.80 5.80
NBDP-7-R 504.5 2.8 520.5 0.87 8.00
NBDP-7-S 502.5 2.6 519.5 0.82 7.56

“Maximum absorption wavelength. ?Maximum molar absorption
coefficient. “Maximum fluorescence wavelength. ¢ Fluorescence
quantum yield. ¢ Fluorescence lifetime.

This journal is © the Partner Organisations 2023
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with the exception of some loss of absorption capability (see
Table 2).

Importantly, the strong fluorescence emission recorded for
NBDP-7-R and NBDP-7-S, with fluorescence quantum yields up
to ca. 90% in methanol (see Table 2), makes them the first
highly fluorescent chiral-at-boron BODIPYs reported so far, a
significant record in chiral-BODIPY chemistry and photonics.

Regarding the FRET-based light-harvesting behavior
designed for NBDP-5,"°%?> the UV-Vis absorption spectrum of
this dye shows the two expected absorption bands: a sharp one
that peaked at 530 nm, with higher intensity, ascribed to the
BODIPY chromophore, and another one, broader and weaker,
centered at 370 nm, featuring the typical resolved vibrational
resolution of anthracene absorption®*” (Fig. 3).

As designed, the fluorescence spectrum of NBDP-5 shows a
single band regardless of the used irradiation wavelength,
530 nm for BODIPY chromophore excitation or 370 nm for
anthracene chromophore excitation (Fig. 3). Moreover, the
corresponding excitation spectrum, monitored at the long-
wavelength tail of the fluorescence profile (620 nm), fully
matches the absorption one, supporting electronic isolation
for the involved anthracene and BODIPY chromophores. All
these results demonstrate excitation-energy transfer (EET)
from the anthracene moiety (energy donor) to the BODIPY one
(energy acceptor), with ca. 100% EET efficiency, as calculated
from the loss of anthracene-chromophore fluorescence
(residual donor emission in NBDP-5 is almost negligible upon
its direct excitation; see the ESIT). Possible competing elec-
tron-transfer between the acting chromophores was ruled out
by electrochemical measurements, since the main oxidation
and reduction bands in the cyclic voltammogram of NBDP-5
match those of isolated FBDP-1 and anthracene (see Fig. S2 in
the ESIt). Besides, FRET>** must be the mechanism involved
in the observed EET process, as supported by the spectral over-

[l absorption

fluorescence

(Rexe =370 nm) |
— =—excitation
(*em =620 nm) |

LUMO+1

Energy (eV)

T

Emission intensity

T

Molar absorption (10% M™"-cm)

I T
500 600

Wavelength (nm)

T
400

Fig. 3 UV-Vis absorption, and normalized fluorescence and excitation
spectra of NBDP-5 in cyclohexane (ca. 2 x 107® M). The corresponding
contour maps of the frontier molecular orbitals computed as involved in
the main UV and Vis transitions (B3LYP/6-311g*) are included.
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lapping between the anthracene-chromophore emission and
the BODIPY-chromophore absorption (see Fig. S3 in the ESIf),
enabling the required dipole-dipole coupling. Besides, the at-
boron linkage hampers any electronic exchange by the
through-bond mechanism;**” however, it brings both acting
chromophores close to each other (the B3LYP/6-311g* com-
puted distance between their centers of masses is 8.3 A; see
Fig. S3 in the ESIY), allowing efficient through-space mediated
EET.>*¢ All these photophysical, electrochemical and compu-
tational results demonstrate the usefulness of constructing dis-
similar-at-boron N-BODIPYs to develop valuable light-harvest-
ing organic dyes.

In relation to the lysosomal probing behavior designed for
NBDP-4, it must be noted that this dye has a basic morpholine
moiety, which is known to promote specific accumulation in
acidic lysosomes.>* Moreover, as in the case of preliminary
NBDP-2 and NBDP-3,%° the involved molecular arrangement
comprises a number of advantageous features for fluorescence
bioprobing. On the one hand, the moiety responsible for the
biospecificity is located far from the one responsible for the
fluorescence signaling (the BODIPY core) and, therefore, no
interference is expected from either photophysics or biospecifi-
city viewpoints. On the other hand, their easy synthetic access
from a common reactive intermediate (NBDP-8, see Fig. 2)
facilitates not only the rapid generation of different bioprobes
(labelling different biosystems), but also the rapid synthesis of
related ones (labelling the same biosystem) for bioprobe
optimization purposes.

As expected, highly fluorescent morpholine-based NBDP-4
effectively functions as a specific lysosomal bioprobe. This was
assessed in living mouse embryonic fibroblasts (MEFs), which
were stained simultaneously with LysoTracker™ Red (4 nM)
and NBDP-4 (500 nM) (see the ESI} for experimental details).
Co-localization of both probes was imaged by fluorescence
confocal scanning laser microscopy (CSLM; see the ESIt for
experimental details). Although NBDP-4 was detected within
the cellular cytoplasm as a dim fluorescent background, this
N-BODIPY dye strongly co-localized with Lysotracker™ Red
even with short incubation times. The calculated Pearson’s
coefficient (R) was above the threshold for high colocalization,
with values equal to 0.93, 0.93 and 0.94 for incubation times
of 30 min, 1 h and 2 h, respectively (Fig. 4). These biophoto-
physical results, together with the preliminary ones reported
by us for NBDP-2 and NBDP-3,>° demonstrate the high capa-
bility of the involved dissimilar-at-boron N-BODIPY design for
cellular uptake and specific fluorescence probing, as well as
the workability of NBDP-8 to rapidly build subcellular fluo-
rescent bioprobes.

Regarding the chiroptical behavior designed for NBDP-6
and epimers NBDP-7-R and NBDP-7-S, these dyes exhibit the
expected visible electronic circular dichroism (ECD) in diluted
chloroform solution (see the ESI} for experimental details),
due to the chiral perturbation of the BODIPY chromophore
caused by the involved chiral elements. However, the dichroic
capability of NBDP-6 is significantly poorer than that exhibited
by NBDP-7-R and NBDP-7-S, as measured using the corres-

Org. Chem. Front, 2023, 10, 5834-5842 | 5837
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Fig. 4 Green- and red-channel merged CLSM images of lysosomes in
living MEFs co-stained with green NBDP-4 (500 nM) and LysoTracker™
Red (4 n M), respectively. MEFs were imaged after 30 minutes of incu-
bation (A), after 1 h of incubation (B) and after 8 h of incubation (C).
Green channel: dgyc = 488 nm and Aem = 525 + 25 nm. Red channel: Aexc
=561 nm and Aem > 561 nm. Scale bars are 10 pm.

ponding calculated maximum |g,ps}| (0.1 x 10~ for NBDP-6
vs. 1.4 x 107> and 1.2 x 10~® for NBDP-7-R and NBDP-7-S; see
Table S2 in the ESIT). This suggests low chiral-perturbing capa-
bility from the hanging chiral camphor moiety, and higher
from the chiral boron center (note the change of the g,ps sign
when changing the boron configuration in NBDP-7 epimers;
Table S2 in the ESI}). The reason must be the high confor-
mational mobility and long distance to the BODIPY chromo-
phore of the camphor moiety, compared to the closer and con-
formationally-fixed chiral boron center. To prove the low per-
turbing capability of the camphor moiety in this structure, we
decided to synthesize and chiroptically characterize C,-sym-
metric NBDP-9 (Fig. 5; see the ESI{), in order to compare it to
known related CBDP,'*° which has conformationally-restricted
chiral terpene moieties located closer to the BODIPY chromo-
phore (¢f. CBDP and NBDP-9 in Fig. 5).

Satisfactorily, NBDP-9 exhibited the characteristic, excellent
fluorescence signatures of the N-BODIPY family (see Table 2,
and Table S1 in the ESIT). However, regarding chiroptics, while
terpene-based C-BODIPY CBDP was reported to be ECD-active
in the Vis region,'* related N-BODIPY NBDP-9 turned out to
be ECD-silent under almost the same experimental conditions
(see Table S2 in the ESIT). This result supports the hypothesis
mentioned above on the low chiral-perturbing capability of the

1The degree of ECD is given by the Kunh’s dissymmetry ratio, gaps(4) = 2(er, —
er)l(er, + €r), where &, and &g are the molar absorption coefficients of left and
right circularly polarized absorption, respectively.
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NBDP-9

Fig. 5 Related C,-symmetric BODIPYs functionalized at boron with
hanging chiral terpene moieties: known isopinocampheyl-based
C-BODIPY CBDP"*¢ and camphor-based N-BODIPY NBDP-9.

0.0000

0.0014 0.0006:

-0.0003

0.0009 0.0004:

Al

-0.0005

0.0005 0.0002:

-0.0008

0.0000 0.0000:

2 10 10 10
2 :
=]
Z o8 08 08
s
L 0.6 06
a

04 04
5 0.4
£ o2 02 02

0
0.0 550 600 650 550 600 650

Wavelength (nm)

Fig. 6 CPL (upper curves) and total luminescence (lower curves)
spectra of NBDP-9 (red), NBDP-7-R (blue) and NBDP-7-S (green) in
degassed chloroform (1 mM).

distant and moving terpene moieties of the developed
camphor-based N-BODIPY dyes.

Regarding visible CPL, all the synthesized camphor-based
BODIPYs are CPL active, including ECD-silent NBDP-9 (e.g.,
see the CPL spectra of NBDP-9, and NBDP-7 epimers in chloro-
form solution in Fig. 6; see the ESIT for experimental details),
with the maximum |gj,m§| values ranging from ca. 0.5 x 107°
for NBDP-7-R to ca. 1 x 107> for NBDP-9 and NBDP-7-S (see
Table S2 in the ESIY).

The clear CPL activity of ECD-silent NBDP-9 could be
explained by the participation of a more electronically-forbid-
den transition for the emission band, when compared with
that for the absorption.”> Noteworthily, for the ECD-active
N-BODIPYs NBDP-6, NBDP-7-R and NBDP-7-S, the signs of the
visible maximum g, and the corresponding visible maximum
Zium are the same (see Table S2 in the ESIT). This behavior is
different to those reported for related at-boron-substituted
BINOL-based O-BODIPYs** and isopinocampheyl-based
C-BODIPYs,"** and can be explained on the basis of the low
probability of the investigated N-BODIPYs for enabling intra-
molecular charge transfer (ICT) emission upon light absorp-

§ The degree of CPL is given by the luminescence dissymmetry factor, gjuym(1) = 2
(I, — IR)/(I, + Ir), where I, and Iy are the intensities of left and right circularly
polarized emission, respectively.
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tion,”® as supported by their high fluorescence capabilities,
regardless of the solvent polarity (see Table S1 in the ESI}).

Finally, it must be noted that despite the precautions that
must be taken when handling gj,m data of small organic mole-
cules (note the common very small values and the inherent
experimental errors), significant visible gy, values are
obtained from the developed highly fluorescent chiral-at-boron
N-BODIPYs NBDP-7, i.e., having a stereogenic boron. It is true
that these BODIPYs include a chiral moiety (from natural
camphor) in their molecular structure, but as demonstrated
before, its role is to facilitate epimer separation upon syn-
thesis, rather than influencing the dye chiroptical activity. All
these characteristics of the reported -chiral-at-boron
N-BODIPYs (high fluorescence, chirality coming from the sus-
tainable, natural chiral pool, and CPL activity within the range
of the best CPL-enabling simple organic molecules,
CPL-SOMs>*>°) support them as the first examples of a valuable
new family of chiral BODIPYs for advancing CPL BODIPYs and
CPL-SOM-based materials and applications.

Conclusions

Construction of dissimilar-at-boron N-BODIPYs from the
corresponding F-BODIPYs and accessible ethane-1,2-diamine-
based bis(sulfonamide)s is demonstrated to be a workable new
approach for easy and direct BODIPY post-multifunctionaliza-
tion, with minimal perturbation of the dye ground state photo-
physics. Such post-multifunctionalization has great value,
since it allows the rapid implementation of more than one
property in a selected, photophysically-optimized BODIPY dye
and should accelerate the achievement of improved BODIPYs
for advancing organic photonics. This is supported by the
reported rapid design and synthesis of an efficient light-har-
vesting multichromophoric array based on FRET, a clickable
dye reagent, a lysosomal fluorescent bioprobe, and a set of
chiroptical SOMs, including CPL-SOMs. Regarding chiroptics,
the new approach has allowed the rapid achievement of the
first highly-fluorescent chiral-at-boron BODIPYs. Their high
fluorescence and their efficient CPL-activity and sustainable
chirality coming from the natural chiral pool make this new
family of BODIPY dyes highly interesting to advance
CPL-SOMs and sought-after photonic materials and appli-
cations based of them (e.g., full-organic probes for CPL bio-
imaging® or more sustainable CP-OLEDs").
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