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Quinoline-substituted excited-state intramolecular
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dual-state fluorophoresf
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This article describes the synthesis, along with comprehensive photophysical and ab initio characteriz-
ation, of a series of 2-(2'-hydroxyphenyl)benzoxazole (HBO) fluorophores, a family of compounds prone
to undergoing an excited-state intramolecular proton transfer (ESIPT) process, functionalized with
different positional isomers of quinoline or isoquinoline. We notably show that the position of the nitro-
gen atom at the azaheterocycle site has a key influence on both the emission profile and the photo-
luminescence quantum yield in solution. We also demonstrate the proton-sensitive nature of these dyes
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in solution, where not only does protonation trigger fluorescence enhancement, but it also acts as a tran-
sition switch between two excited states, with different emission profiles. HBO-isoquinoline displays very
intense fluorescence not only in neutral and protonated dichloromethane solutions in the green-yellow
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Introduction

Excited-state intramolecular proton transfer (ESIPT) is a four-
level photophysical process that can occur in heterocycles pos-
sessing a strong intramolecular hydrogen bond in their struc-
ture, and it corresponds to an ultrafast internal proton transfer
turning a normal species (N*) into its tautomeric (T*) counter-
part in the excited state." In the majority of examples, ESIPT
involves excited enol (E*) and keto (K*) isomers, respectively,
acting as N* and T*, with typical proton donors and acceptors
being phenol and nitrogen heterocycles, respectively. A well-
studied family is composed of 2-(2’-hydroxyphenylbenzazole)
(HBX) dyes, largely owing to their synthetic availability and
important modularity.

ESIPT implies a major reorganization of the electronic
cloud in the molecular scaffold, eventually leading to a low-
lying K* state, responsible for a redshifted K* fluorescence
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region, but also in the solid state. Moreover, this dye exhibited a record Stokes shift of 11000 cm™.

1

(Fig. 1a). ESIPT is indeed characterized by important Stokes’
shifts, in the 8000-10000 cm™" range, a feature highly ben-
eficial for applications where reabsorption processes and
related inner-filter effects hamper the use of fluorescent
organic scaffolds presenting a significant overlap between the
absorption and emission spectra.®* Moreover, ESIPT can
compete with other processes in the excited state such as
proton abstraction, leading, in basic or dissociative media, to
highly emissive anionic species (D* state).” All these excited-
state dynamical processes have nonetheless detrimental
effects on the overall performance of fluorescent dyes, as
efficient non-radiative pathways tend to decrease the fluo-
rescence intensity of ESIPT dyes in solution; the photo-
luminescence quantum yields (QYs) of unsubstituted HBX
dyes are typically in the 0.01-0.03 range, due to an accessible
conical intersection (CI), corresponding to the twisting of the
molecule after proton transfer.” The access to this CI can be
significantly hampered in the solid state, making ESIPT fluoro-
phores attractive solid-state emitters, contrasting with the
majority of molecular dyes where aggregative processes open
non-radiative channels.® ESIPT dyes have therefore been
largely used for their solid-state luminescence properties’” and
applied in optoelectronic devices,® as laser dyes®’ or embedded
in various luminescent displays.*®

Dual solution-solid emission (DSSE) corresponds to a
highly sought-after property of some fluorophores which
display intense luminescence both in solution and in the solid
state."" DSSE has emerged as an attractive area of research,
due to the large array of applications targeted by these dyes, in
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(a) Jablonski diagram of a transition switch between proton abstraction (deprotonation) and ESIPT upon protonation, (b) HBO-pyridine

derivative and its photophysical properties in neutral and protonated media and (c) structures and numbering of quinoline and isoquinoline

heterocycles.

the fields of materials science and biology."*> ESIPT dyes that
already exhibit strong emission in the solid state are naturally
attractive candidates for DSSE engineering, provided a
reduction of non-radiative deactivation processes in solution is
obtained.”® Some solution-emissive ESIPT compounds are
known, involving limited access to the CI owing to molecular
rigidity enhancement™ or the insertion of electron-withdraw-
ing substituents onto the molecular scaffold.’> We'® and
others'” have detailed another strategy to promote fluo-
rescence intensity in solution, based on the concept of reso-
nance-enhanced emission.'® A recent example involves a pyri-
dine-substituted  2-(2"-hydroxyphenylbenzoxazole) = (HBO)
fluorophore. In neutral media, this dye undergoes deprotona-
tion in lieu of ESIPT, thanks to the electron-withdrawing
nature of the pyridine ring. An excited anion is formed with a
QY of 0.12 (Fig. 1b). When protons are present, a pyridinium is
formed, impeding deprotonation and leading to K*, formed by
ESIPT, and presenting enhanced electronic delocalization.
This merocyanine-type excited species is highly emissive (QY =
0.55) in solution and its excited-state energy level can be fine-
tuned by chemical substitution."®

One drawback of this pyridine substitution on HBO lies in
the emission wavelength observed, in either neutral or proto-
nated media, below 500 nm, which impedes the use of these
highly emissive compounds for biological applications, which
require emission within the so-called biological window,
where the absorption by biological tissues is minimal. One
way to redshift the emission wavelength of the resonance-
stabilized ESIPT emission would be to substitute pyridine for
quinoline or isoquinoline analogs (Fig. 1c). Indeed, increasing
the length of the excited merocyanine through longer
n-delocalization is expected to stabilize the LUMO, leading to a
significant bathochromic shift of the fluorescence wave-
length.”® Notably, a recent example emphasizes that the re-
placement of a pyridine with a quinoline analog on an imid-

Org. Chem. Front.

azole core leads to red shifts of both the absorption and emis-
sion wavelengths by up to 150 nm.>*

In this contribution, we report synthetic efforts to introduce
a quinoline ring onto the HBO scaffold, along with a full inves-
tigation of the photophysical properties in solution and in the
solid state. Moreover, the nature of the observed transitions is
rationalized and discussed using first-principles calculations.

Results and discussion
Synthesis

In order to synthesize the target (iso)quinoline-substituted
HBO dyes, a strategy similar to that previously used to intro-
duce the pyridine ring was first considered, i.e. Pd-catalyzed
Suzuki cross-coupling between boronic esters of (iso)quino-
lines and HBO-Br.'® A series of four (iso)quinolines functiona-
lized with 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Bpin) was
first obtained by halogen-metal exchange with bromo precur-
sors, followed by reaction with an appropriate electrophile to
yield compounds 1-4 in 42 to 73% yields (Scheme 1). (Iso)qui-
nolines 1-4 were then engaged in Suzuki couplings with
HBO-Br, following the previously optimized protocol, ie.,
using Pd(dppf)Cl, as a catalyst, with potassium carbonate as a
base in a toluene/ethanol mixture (Scheme 2).

While HBO-5-quino was obtained with a good yield of 68%,
other quinoline or isoquinoline isomers HBO-4-quino and
HBO-6-isoquino were obtained in only 16 and 17% yields.
Moreover, the formation of HBO-6-quino was not observed
under these coupling conditions. These low yields can be ten-
tatively explained by the poor reactivity of (iso)quinolines 1-4,
whose carbon adjacent to boron features a weak electron
density due to the electron-withdrawing nature of the (iso)qui-
noline group.

This journal is © the Partner Organisations 2025
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X?
Bpin 1-4 X
Br Pd(dppf)Cly
o K;CO3
P 4y=CHorN
N ToI/EtOH21 »=CHorN
\
‘H—O

HBO-Br

HBO-4-quino, 16%

HBO-5-quino, 68% HBO-6-isoquino, 17%

Scheme 2 Synthesis of HBO quinolines and isoquinoline via Pd-cata-
lyzed cross-coupling between HBO-Br and Bpin derivatives 1-4.

Reversing the nature of the coupling partners in the Suzuki
cross-coupling, i.e., using commercial brominated (iso)quino-
lines with reported HBO-Bpin, under modified coupling con-
ditions (Pd(dppf)Cl, with potassium phosphate in a toluene/
H,0 mixture) led to the access of all desired (iso)quinoline
targets in 53 to 78% yields (Scheme 3). The molecular struc-

B
r—| o3 X;
Bpin Pd(dppf)CI >
o) K3POy4
/
N Tol /H,0 9:1
y-0 15 h, 100 °C
HBO-Bpin

tures of all these compounds were confirmed by 'H and **C
NMR spectroscopy and HR-MS (Fig. S1-S167).

Photophysical properties

The photophysical properties of all compounds were studied
in both neutral and protonated dichloromethane as well as in
the solid state. The photophysical data are compiled in
Table 1, while absorption and emission spectra are presented
in Fig. 2 and 3. The data and spectra of HBO-Pyr were added
for comparison.

In neutral dichloromethane, all HBO (iso)quinoline dyes
exhibit a low-lying So-S; absorption band located between 326
and 340 nm with absorption coefficient ¢ values between
12800 and 21500 M™' em™" (Fig. 2a and b). Interestingly,
HBO-6-isoquino is the most redshifted in the series (Aups =
340 nm) with the lowest ¢ value (¢ = 12800 M~" cm™).
Protonation of the dichloromethane solutions by bubbling
HCl, leads to the formation of the quinolinium analogs of all
dyes, which triggers the appearance of a new bathochromically
shifted absorption band (44,5 = 344 to 377 nm; ¢ = 15 to 23 000
M~ em™). In a neutral medium, the absorption spectra of all
(iso)quinoline dyes are in the same range as that of HBO-Pyr,

Z "Xy
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Scheme 3 Synthesis of HBO quinolines and isoquinoline via Pd-catalyzed cross-coupling between HBO-Bpin and Br-quinolines or isoquinoline.
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Table 1 Photophysical data in solution and in the solid state
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HBO Solvent/solid Japs © (Nnm) e(M ™ em™) Jem” (nm) o Ags? (em™) o (ns) K. Kne©
HBO-Pyr CH,Cl, 332 14 200 497 0.12 10 000 3.4 0.4 0.26
CH,Cl,/H" 330 29 300 490 0.55 9900 3.5 0.16 0.13
Solid 3307 — 496 0.38 10100 — — —
HBO-4-quino CH,Cl, 326 18 000 504 0.12 10 800 1.5 0.08 0.59
CH,CL,/H" 360 15000 560 0.08 9900 1.7 0.05 0.53
Solid 3647 — 517 0.39 8100 — — —
HBO-5-quino CH,Cl, 328 16 800 513 0.04 11000 0.9 0.05 1.10
CH,Cl,/H" 333/379 17 000 500/671 0.01 6400 7.7 0.01 0.13
Solid 3677 — 510 0.44 7600 — — —
HBO-6-quino CH,Cl, 335 21500 523 0.12 10 700 1.4 0.09 0.63
CH,Cl,/H" 341/377 20000 510/624 0.07 6900 0.9 0.08 1.03
Solid 371/ — 531 0.50 8100 — — —
HBO-6-isoquino CH,Cl, 340 12 800 544 0.21 11 000 2.1 0.10 0.38
CH,Cl,/H" 344 23 000 548 0.79 10 800 3.5 0.22 0.06
Solid 3747 — 525 0.40 7700 — — —

“Maximum absorption wavelength (C = 10™° M). ? Maximum emission wavelength recorded at 25 °C (C = 10~° M for solution measurements).
¢ Quantum yield in solution, using rhodamine 6G as a reference (dex. = 488 nm and @ = 0.88 in ethanol); quantum yield in the solid state, as
absolute (calculated with an integration sphere). ¢ Stokes shift. ¢k, (10° s™) and ky, (10° s7*) were calculated using k, = @y/r and ky, = (1 — Py)/r,
where 7 is the lifetime./ Excitation wavelength.
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(dotted lines) spectra of HBO-Pyr (navy), HBO-4-quino (green), HBO-5-quino (purple), HBO-6-quino (red) and HBO-6-isoquino (blue) in (b) neutral
and (d) protonated dichloromethane solutions. (c) Photographs in dichloromethane solutions under irradiation (lexc = 365 nm). (e) Representation of
the steric hindrance occurring for HBO-4-quino and HBO-5-quino. (f) Representation of the resonance-stabilized conformation of HBO-6-isoquino
in the excited state upon protonation.
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Fig. 3 Emission spectra of HBO-Pyr (navy), HBO-4-quino (green), HBO-5-quino (purple), HBO-6-quino (red) and HBO-6-isoquino (blue) as
powders in the solid state (inset: photographs of all powders under UV irradiation, Aexc = 365 nm).

but after protonation, they all show a redshifted absorption
band as compared to the pyridine analogue (Fig. 2¢ and d).

Photoexcitation in the Sy-S; band yields a single intense
emission band in neutral dichloromethane solution, observed
between 500 and 560 nm with QY values in the 0.04-0.21
range. These emission wavelengths are all redshifted com-
pared to the reference HBO-Pyr (4;, = 497 nm and QY = 0.12).
HBO-6-isoquino is the most redshifted fluorophore of the
series, along with the highest QY value (0.21).

It was previously reported that the emission of HBO-Pyr in
neutral dichloromethane likely arose from an anionic excited
species D*, although it was not entirely possible to rule out the
possibility of emission from the K* state, as it was uneasy to
distinguish between these two transitions.'®'® This analysis
was based on significant changes in its optical profile after
protonation and was consistent with the results of ab initio cal-
culations. Compared to HBO-Pyr, the quinoline analogs show
significant changes in their emission profiles in the presence
of protons. Notably, upon protonation, the maximum emission
wavelengths of HBO-4-quino and HBO-6-isoquino undergo
bathochromic shifts to different extents (ley, = 560 vs. 504 nm
for HBO-4-quino and 548 vs. 544 nm for HBO-6-isoquino in
the protonated vs. the neutral state, respectively), underlining
the significant influence of the nature of (iso)quinoline pos-
itional isomers. Moreover, in their protonated state, while
HBO-4-quino does not exhibit a drastic change in its fluo-
rescence intensity (QY = 0.08 vs. 0.12), HBO-6-isoquino dis-
plays intense emission (QY = 0.79). In the latter case, the fluo-
rescence band observed can be tentatively attributed to the
decay of K*, stabilized by electronic delocalization (vide infra).
In both cases, these two dyes display very large Stokes shifts,
up to 11000 ecm™' (204 nm), which rank them among the
organic fluorophores with the largest Stokes shifts, highlight-
ing a major structural reorganization of the excited state.>*
Upon protonation, HBO-5-quino and HBO-6-quino show
different emission profiles with two distinct bands at 500/
671 nm and 510/624 nm, respectively. Their QY values are,
however, modest (0.01 and 0.07 for HBO-5-quino and HBO-6-
quino, respectively). In protonated media, the formation of the
quinolinium moiety impedes the emission of the anionic

This journal is © the Partner Organisations 2025

excited species D*, suggesting that the emission bands
observed could be associated with the decay of E* and its tau-
tomeric counterpart, K*, formed after ESIPT.

One can easily and visually notice in Fig. 2c that only the
emission intensity of HBO-6-isoquino drastically increases
upon protonation of the dichloromethane solution, going
from 0.21 to 0.79. We cautiously interpret this significant
enhancement of the fluorescence as arising from the reso-
nance stabilization of the excited keto species, formed after
ESIPT (Fig. 2f). The n-delocalization in the K* form enables
the formation of a quinoidal species, which is likely less prone
to the out-of-plane motions leading to a CI structure. For all
other positional isomers, it is possible to rationalize the weak
fluorescence intensity observed for HBO-4-quino and HBO-5-
quino by the presence of detrimental steric interactions,
leading to a rotation or a twist of the quinoline ring, hamper-
ing planarity and electronic delocalization and ultimately
enhancing non-radiative deactivation (Fig. 2e). In the case of
HBO-6-quino, the radiative deactivation constant K, is much
lower than that of its HBO-Pyr counterpart and vice versa for
the nonradiative deexcitation constant K,,. This reflects a less
stabilized, excited state mesomeric form. This could simply be
due to the position of the nitrogen in the azaheterocycle, at
the “pseudo para” position unfavorable for delocalization.

The optical properties of all (iso)quinoline HBOs were also
measured in the solid state as powders (Fig. 3). They all
display an intense single emission band ranging from 510 to
531 nm, redshifted with respect to HBO-Pyr. The QY values
(0.39 to 0.50) are in line with those observed for the pyridine-
substituted HBO series."’

It is noteworthy that HBO-6-isoquino displays very attractive
features: intense fluorescence both in dichloromethane solu-
tion (dem = 544 nm and QY = 0.21) and in the solid state as
powder (dem, = 525 nm and QY = 0.40) with a very large Stokes
shift in both media (11 000 cm™"). Moreover, HBO-6-isoquino
is very sensitive to protonation stimuli, triggering a transition
switch in the presence of protons. The formation of the isoqui-
nolinium moiety indeed translates into a very important
enhancement of fluorescence intensity (0.21 to 0.79), with a
similarly large Stokes shift.

Org. Chem. Front.
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To further characterize these systems, we used ab initio cal-
culations, using the same protocol as the one we recently
applied for pyridine-substituted HBO derivatives.'® This proto-
col combines TD-DFT for the structures and a post-HF
approach (CC2) for the energies. The electron density differ-
ence (EDD) plots are presented in section S3.2,f for the
absorption of both neutral and protonated dyes. For the
neutral compound, these plots show a classical topology for
ESIPT dyes, ie., a hydroxyl group losing density upon exci-
tation, indicating an increase of acidity in the excited state, a
configuration obviously favorable for proton transfer. The
topology changes drastically after protonation, since the lowest
excited state becomes a clear charge transfer state, with the
pyridinium/isoquinolinium acting as an electron acceptor and
the phenol as an electron donor. Such trends are consistent
with our previous works.'®'® The topologies of the EDDs are
not much affected by the nature of the substituent in the inves-
tigated series.

Table 2 lists the key results of the theoretical simulations. It
should be recalled that vertical transition values are not equi-
valent to observed Amax (OF Aem), Which is why we mainly focus
on the trends and orders of magnitude in the following discus-
sion. For absorption, one can note that we compute vertical
transition energies that are similar within the series for the
neutral forms, whereas protonation induces bathochromic
shifts that are significantly larger for the (iso)quinolinium
than the pyridinium dyes. All these trends are consistent with
experimental findings (vide supra).

Let us now turn towards fluorescence in neutral dichloro-
methane. For HBO-Pyr, theory provides a large driving force of
—0.24 eV for the ESIPT process together with an emission
wavelength of 360 nm for the E* form, clearly not compatible
with experimental outcomes (emission at 497 nm with a very
large Stokes shift). Therefore, consistent with previous
studies,'®"® the observed emission would likely arise from the
D* transition, although K* cannot be ruled out. Note that
these spectral variations are accompanied by significant struc-
tural changes. In HBO-Pyr, the dihedral angle between the pyr-
idinium and the phenol is 36° in the ground electronic E state,
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and it decreases to 27°, indicating stronger conjugation in the
excited state (K*). Protonation decreases these values to 31° (E
ground state) and 19° (K* excited state), which is consistent
with the topology of the EDD, indicating a strong interaction
between the two rings when the pyridinium is formed.

For all the other dyes, theory also predicts similarly large
free energy differences between the enol and keto forms, allow-
ing the exclusion of the presence of E* emission in all cases.
Interestingly, theory predicts the anionic (D*) emission to be
redshifted as compared to its K* counterpart in all (iso)quino-
line derivatives, whereas the reverse was found in HBO-Pyr. For
HBO-5-quino, the D* fluorescence is predicted at 600 nm, red-
shifted by more than 125 nm compared to HBO-Pyr, a trend
that is not seen experimentally (Fig. 2b). Therefore, we can
conclude that the fluorescence of HBO-5-quino is a pure K*
one. The same holds for both HBO-4-quino and HBO-6-quino,
which exhibit fluorescence, respectively, blueshifted and red-
shifted by ca. 10 nm as compared to HBO-5-quino experi-
mentally (Table 1). This trend nicely fits the computed K* fluo-
rescence wavelengths, but would be rather incompatible with
D* fluorescence. Finally, we cannot definitively attribute the
observed emission of HBO-6-isoquino (at 544 nm) to the D* or
K* forms, although relative comparisons with the other com-
pounds tend to hint at D* fluorescence.

Of course, the structure of the dye influences its geometry.
For instance, in the ground E state (K* form) HBO-5-quino
shows a dihedral angle of 53° (43°) between the quinoline and
the phenol, due to the obvious steric clash appearing between
the two cycles in that compound. In contrast, in HBO-6-iso-
quino, this angle amounts to 38° (21°), since the configuration
allows for improved coplanarity.

In the presence of protons, the D* fluorescence cannot be
observed. In this context, for HBO-Pyr, it is clear that the
experimental fluorescence corresponds to the K* form since
the computed ESIPT driving force remains large (—0.20 eV),
and only the computed K* emission produces a Stokes shift
comparable with the measurements. In both HBO-5-quino and
HBO-6-quino, two bands are observed experimentally corres-
ponding to a dual E*/K* emission. We note that in these two

Table 2 Computed vertical transition wavelengths (all in nm) for absorption and emission, as well as computed Stokes shifts (in cm™) as compared
to E. The rightmost column contains the difference of free energies between the keto and enol tautomers in their excited state (in eV, a negative
value indicating a more stable keto form). All wavelengths were determined with CC2 corrections, as explained in section S3.1,1 whereas the relative
free energies were obtained from the TD-DFT analytic frequency calculations. All data were computed in dichloromethane using the so-called cLR?

solvation model

/‘Lvert-abs (E) /‘Lvert-ﬂ (E*) )'vert-ﬂ (K*) }'vert-ﬂ (D*) ASS (E*) ASS (K*) ASS (D*) AG (K*_E*)
HBO Form (nm) (nm) (nm) (nm) (em™) (em™) (em™ (eV)
HBO-Pyr Neutral 309 360 467 450 4584 10949 10 140 -0.24
Protonated 353 414 500 — 4174 8328 -0.20
HBO-4-quino  Neutral 309 360 466 529 4584 10903 13459 -0.23
Protonated 393 480 637 — 4611 9746 -0.11
HBO-5-quino  Neutral 312 367 473 600 4803 10910 15384 -0.21
Protonated 390 588 859 — 8634 14 000 -0.01
HBO-6-quino  Neutral 316 373 487 532 4835 11112 12 848 —-0.24
Protonated 391 514 663 - 6120 10492 -0.07
HBO-6- Neutral 316 375 486 507 4978 11 069 11912 -0.23
isoquino Protonated 368 496 701 — 7013 12908 —0.04
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compounds, the ESIPT driving force is strongly reduced after
protonation, leading to small negative AG of —0.01 and —0.07
eV, indicating that the K* form is only slightly more stable
than its E* counterpart, which fits the presence of dual emis-
sion.?* Obviously for the former compound, theory strongly
overestimates the emission wavelengths of the two forms, yet
errors of ca. 0.4 eV remain, which are large but not impossible
at the selected level of theory. The observed emission in
CH,Cl,/H" HBO-4-quino is in between the two bands observed
for both HBO-5-quino and HBO-6-quino, which clearly points
at K* emission. We note that the driving force for ESIPT in
(protonated) HBO-4-quino is also larger than those in the
other two compounds, consistent with this assignment.
Finally, for protonated HBO-6-isoquino, the experimental
emission wavelength remains mostly unchanged as compared
to the neutral form and, according to calculations, this would
better fit a computed E* emission, with a large Stokes shift
explained by a strong CT character. However, a K* transition,
characterized by a resonant quinoidal structure, would be
closer to what was evidenced for the pyridine analog, HBO-pyr,
and cannot be ruled out in our opinion.

Conclusions

In conclusion, the synthesis, along with full photophysical
characterization and first-principles calculations, of a series of
HBO fluorophores, functionalized with different aza-hetero-
cycles, namely quinoline or isoquinoline, is presented. We
demonstrate that the nature of the functionalization is a key
parameter to regulate the photophysical properties (emission
wavelength and quantum yield). All dyes reported herein are
highly sensitive to the presence of protons where protonation
acts as a transition switch between two excited states. One
compound, HBO-isoquinoline, stands out in the series with a
very intense fluorescence in neutral and protonated dichloro-
methane solutions in the green-yellow region and in the solid
state. A record Stokes shift of 11000 cm™ was observed for
this dye, paving the way for its use in bioimaging applications.
Work along these lines is currently underway.

Experimental section

HBO-Br and HBO-Bpin are reported in the literature."®

General procedure for the synthesis of Bpin-quinolines 1-3
and isoquinoline 4

Bromo-quinolines or isoquinoline were dissolved in anhydrous
THF (0.1 M), before n-BuLi (1.6 M, 1.2 eq.) was added dropwise at
—78 °C. The resulting solution was stirred for 1 hour at —78 °C,
before 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.5
eq.) was added dropwise. The reaction mixture was stirred at
—78 °C for 1 hour, warmed up to room temperature and further
stirred overnight. A saturated solution of NH,Cl was then added
to quench the reaction and the aqueous phase was extracted with
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Et,O three times. The combined organic layers were washed with
brine and dried on MgSO, before being concentrated in vacuo.
The crude products were purified with silica gel chromatography
eluting with petroleum ether/CH,Cl, to afford Bpin-quinolines
1-3 and isoquinoline 4, as white to yellow solids.

Quinoline 1. 58%. White solid. "H NMR (500 MHz, CDCl;) &
9.11 (dd, %/ = 8.5, %] = 1.7 Hz, 1H), 8.91 (dd, *J = 4.2, ] = 1.7 Hz,
1H), 8.19 (dd, */ = 8.5, ¥J = 1.3 Hz, 1H), 8.14 (dd, *] = 6.8, /J =
1.3 Hz, 1H), 7.71 (dd, *J = 8.5, %] = 6.8 Hz, 1H), 7.43 (dd, *J =
8.5, °] = 4.2 Hz, 1H), 1.42 (s, 12H). C{'"H} NMR (126 MHz,
CDCl3) 6 = 150.2, 148.2, 136.9, 136.3, 133.1, 132.2, 128.7, 121.5,
84.1, 25.1. HR-MS (ESI-TOF) mj/z: [M + H'] cale. for
C15H,oBNO,: 256.1503, found: 256.1497.

Quinoline 2. 42%. White solid. "H NMR (500 MHz, CDCl;) §
8.91 (d, *J = 4.1 Hz, 1H), 8.64 (dd, %] = 8.4, /] = 1.5 Hz, 1H), 8.10
(dd, % = 8.5, ] = 1.5 Hz, 1H), 7.85 (d, *J = 4.1 Hz, 1H), 7.70
(ddd, %f = 8.4, */ = 6.8, ¥J = 1.5 Hz, 1H), 7.57 (ddd, *] = 8.3, ] =
6.8, ¥J = 1.5 Hz, 1H), 1.42 (s, 12H). >C{"H} NMR (126 MHz,
CDCl;) & = 149.6, 148.0, 131.2, 129.8, 129.1, 128.8, 128.5, 126.9,
84.6, 25.1. HR-MS (ESI-TOF) mj/z: [M + H'] cale. for
C15H;oBNO,: 256.1503, found: 256.1496.

Quinoline 3. 49%. Yellow solid. "H NMR (400 MHz, CDCl;) &
8.93 (dd, *J = 4.2, % = 1.8 Hz, 1H), 8.60 (s, 1H), 8.14 (ddd, % =
8.3, 7=1.9, 7/ = 1.0 Hz, 1H), 7.90 (dd, %/ = 8.1, J = 1.0 Hz, 1H),
7.80 (d, *J = 8.1 Hz, 1H), 7.41 (dd, *J = 8.3, *J = 4.2 Hz, 1H), 1.39
(s, 13H). “C{'H} NMR (101 MHz, CDCl;) § = 150.6, 137.4,
136.0, 131.3, 130.1, 127.0, 121.9, 84.3, 25.0. HR-MS (ESI-TOF)
m/z: [M + H"] calc. for C;5H;oBNO,: 256.1503, found: 256.1509.

Isoquinoline 4. 73%. White solid. "H NMR (400 MHz,
CDCly) 6 9.26 (s, 1H), 8.53 (d, *J = 5.7 Hz, 1H), 8.34 (s, 1H),
8.03-7.91 (m, 2H), 7.67 (d, %] = 5.7 Hz, 1H), 1.40 (s, 12H). **C
{'"H} NMR (101 MHz, CDCl;) § = 152.6, 143.2, 135.2, 134.6,
132.0, 130.0, 126.6, 121.1, 84.5, 25.1. HR-MS (ESI-TOF) m/z: [M
+ H'] calc. for C,5H;oBNO,: 256.1503, found: 256.1513.

General procedure for the synthesis of HBO-4-quino, HBO-5-
quino, HBO-6-quino and HBO-6-isoquino

In a Schlenk tube, 4-, 5-, or 6-bromoquinoline or 6-isoquinoline,
HBO-Bpin (1.2 eq.), and tripotassium phosphate (4 eq.) were dis-
solved in a mixture of toluene/H,O (9/1, v/v, 0.05 M). The result-
ing suspension was degassed with argon before the addition of
PdCl,(dppf) (5% mol) and further stirred at 100 °C using an oil
bath for 15 h. The crude solution was then quenched with a solu-
tion of saturated NH,Cl and extracted with ethyl acetate three
times. The organic phases were combined, washed with brine,
dried over MgSO, and concentrated in vacuo. The crude mixture
was purified by silica gel chromatography with CH,Cl,/ethanol
(98:2) to afford HBO-4-quino, HBO-5-quino, HBO-6-quino and
HBO-6-isoquino, as white to yellow powders.

HBO-4-quino. 53%. Yellow solid. "H NMR (400 MHz, CDCl;)
5 11.69 (s, 1H), 8.97 (d, *J = 4.4 Hz, 1H), 8.24-8.17 (m, 2H),
8.00 (d, *J = 8.5 Hz, 1H), 7.82-7.68 (m, 2H), 7.64-7.51 (m, 3H),
7.46-7.35 (m, 3H), 7.29 (d, *J = 8.5 Hz, 1H). *C{'H} NMR
(101 MHz, CDCl;) & = 162.5, 159.1, 150.2, 149.3, 148.9, 147.5,
140.0, 134.8, 130.1, 129.6, 129.5, 128.2, 127.0, 125.8, 125.8,
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125.4, 121.5, 119.5, 118.0, 111.0, 110.9. HR-MS (ESI-TOF) m/z:
[M + H'] cale. for C,,H;5N,0,: 339.1128, found: 339.1124.

HBO-5-quino. 59%. Yellow solid. "H NMR (500 MHz, CDCI,)
5 11.63 (s, 1H), 8.96 (dd, %] = 4.1, ¥J = 1.7 Hz, 1H), 8.30 (d, *J =
8.7 Hz, 1H), 8.21-8.12 (m, 2H), 7.85-7.74 (m, 2H), 7.62-7.51
(m, 3H), 7.47-7.34 (m, 3H), 7.28 (d, *J = 8.5 Hz, 1H). “*C{'H}
NMR (126 MHz, CDCl;) § = 162.8, 158.5, 150.4, 149.3, 140.1,
139.5, 135.3, 134.4, 131.0, 129.2, 128.5, 128.2, 128.0, 127.8,
127.6, 127.0, 125.8, 125.3, 121.4, 119.5, 117.8, 110.9. HR-MS
(ESI-TOF) m/z: [M + H'] calc. for Cp,H;5N,0,: 339.1128, found:
339.1123.

HBO-6-quino. 71%. Yellow solid. "H NMR (400 MHz, CDC,)
§11.59 (s, 1H), 8.97 (s, 1H), 8.47 (d, ¥J = 2.3 Hz, 1H), 8.39 (s, 1H),
8.19 (d, *J = 8.2 Hz, 1H), 7.92 (d, ] = 8.5 Hz, 1H), 7.90-7.85 (m,
2H), 7.82-7.72 (m, 1H), 7.70-7.61 (m, 1H), 7.47-7.37 (m, 3H), 7.28
(d, ¥ = 2.2 Hz, 1H). “C{'H} NMR (101 MHz, CDCl;) § = 162.8,
158.8, 151.1, 149.3, 148.8, 141.0, 140.1, 135.9, 132.5, 131.9, 128.5,
127.4, 126.6, 126.0, 125.8, 125.7, 125.3, 121.1, 119.5, 118.3, 111.2,
110.9. HR-MS (ESI-TOF) m/z: [M + H'] cale. for C,,H;5N,0,:
339.1128, found: 339.1125.

HBO-6-isoquino. 78%. Yellow solid. "H NMR (400 MHz,
CDCly) 8 11.64 (s, 1H), 9.29 (s, 1H), 8.57 (d, *J = 5.8 Hz, 1H), 8.39
(d, %7 = 2.3 Hz, 1H), 8.07 (d, *J = 8.5 Hz, 1H), 8.04 (s, 1H), 7.92 (dd,
% =85, ¥ = 1.8 Hz, 1H), 7.82 (dd, ¥ = 8.5, ¥/ = 2.4 Hz, 1H),
7.80-7.75 (m, 1H), 7.73 (d, *J = 5.7 Hz, 1H), 7.70-7.63 (m, 1H),
7.46-7.39 (m, 2H), 7.27 (d, ¥ = 8.7 Hz, 1H). *C{'H} NMR
(101 MHz, CDCl;) 6 = 162.7, 159.0, 152.4, 149.3, 143.7, 142.0,
140.1, 136.4, 132.8, 131.9, 128.5, 127.8, 126.8, 126.1, 125.8, 125.4,
123.7, 120.8, 119.6, 118.4, 111.2, 110.9. HR-MS (ESI-TOF) m/z:
[M + H'] cale. for C,,H;5N20,: 339.1128, found: 339.1125.
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