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Excited-State Intramolecular Proton Transfer (ESIPT) emission is associated with intense single or multiple
fluorescence in the solid-state, along with enhanced photostability and sensitivity to the close environment.
As a result, ESIPT probes are attractive candidates for ratiometric sensing of a variety of substrates. A new
family of ESIPT fluorophores is described herein, inspired by the well-known 2-(2'hydroxyphenyl)benzazole
(HBX) organic scaffold. The connection of 3,3'-dimethylindole (or 3H-indole) derivatives with phenol rings
triggers the formation of novel 2-(2'-hydroxyphenyl)-3,3’-dimethylindole (HDMI) fluorophores, capable of
stimuli-responsive ESIPT emission. This brand new family of dyes displays redshifted emission, as compared
to HBX, along with an unprecedented acid/base-mediated stabilization of different rotamers, owing to
supramolecular interactions with methyl groups. These compounds are therefore highly sensitive to

Received 22nd March 2024 external stimuli, such as the presence of acid or base, where protonated and deprotonated species have
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Accepted 16th April 2024 specific optical signatures. Moreover, a new pyridine-functionalized HDMI dye displays acid-sensitive AIE
properties. The photophysical properties of all compounds have also been studied using ab initio

DOI-10.1039/d4sc01937g calculations to support experiments in deciphering the nature of the various radiative transitions
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Introduction

The underlying rules of molecular fluorescence have been widely
investigated, due to the importance of organic fluorophores in
many applicative areas such as optoelectronics, biology, and
luminescent displays." It is well-known that both the nature and
electronic functionalization of organic w-conjugated fluorescent
scaffolds guide the key photophysical parameters, i.e., emission
wavelength (color), photoluminescent quantum yield, brightness,
luminescent lifetime, and photostability.” Many organic dyes are
fluorescent in dilute solution but the emission is typically lost in
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observed and the related excited rotameric species.

the solid-state, due to detrimental aggregation-caused quenching
(ACQ) processes.® Rational design helped circumventing this
issue by introducing steric hindrance to hamper aggregation* or
developing molecular rotors, leading to emissive aggregates
owing to the well-reported aggregation-induced emission (AIE)
process.” In this context, Excited-State Intramolecular Proton
Transfer (ESIPT) process,® relying on an ultrafast excited photo-
tautomerism between enol (E¥) and keto (K*) forms is an attrac-
tive alternative to engineer solid-state intense emission (Fig. 1a).
Indeed, while ESIPT triggers detrimental molecular motions in
the excited state which can quench the luminescence in solution,
ESIPT dyes are typically characterized by a marked increase of
emission intensity in solid, e.g., in amorphous powder, aggre-
gates, nanoparticles, or polymer thin films.” This trademark has
long contributed to the use of ESIPT dyes as solid-state emitters in
arrays of applications like organic light-emitting diodes,® security
inks,® lasing,' and others." ESIPT emission is also particularly
attractive since it presents enhanced Stokes shifts limiting reab-
sorption processes and hampering inner-filter effect, leading to
improved photostability of the dyes.”” The rich photophysics of
ESIPT dyes has been scrutinized and previous studies report the
possibility to engineer partial frustration of the proton transfer
process leading to dual E*/K* emission,” including panchro-
matic white emission in specific cases.** Complete frustration of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
3,3-dimethylindole (HDMI).

ESIPT has also been evidenced in the case of important extension
of the electronic conjugation which usually leads to strong sol-
vatofluorochromic behavior of the E* tautomer.”® Additionally,
competition between ESIPT and deprotonation can be also
observed in dissociative media where the presence of strongly
fluorescent anions is characterized by a distinct D* emission
band.' Recent developments have focused on building design
rules to benefit from ESIPT luminescence both in solution and in
solid with the same molecule.” These dual solution-solid emitters
(called DSSE or DSE for dual-state emitters) arise either from
a connection of ACQ and AIE moieties on the same scaffold,'® an
increase in molecular rigidity" or resonance-enhanced emission
where the excited state is stabilized by a cyanine-like species.” For
the latter case, our groups have recently reported pyridine- and
pyridinium-substituted ESIPT dyes with a sensitivity to proton-
ation.” All the above-listed characteristics have considerably
contributed to the use of ESIPT luminescence for the engineering
of environment-responsive fluorescent probes where the optical
profile of the dyes can be subtly tuned by external stimuli,
providing useful insights into the direct surroundings of the
probes.?> Over the years, a large number of molecular scaffolds
has been reported to display ESIPT, typically composed of five- or
six-membered H-bonded rings prone to undergo proton transfer
in the excited state. Among these dyes, those derived from the 2-
(2'-hydroxyphenyl)benzazole (HBX) family have been in the
limelight owing to synthetic accessibility and photophysical
versatility.” In particular, the nature of the heteroatom embedded
in the benzazole heterocycle has been reported to strongly influ-
ence the photophysical parameters not only in terms of fluores-
cence color and intensity but also in its capacity to engineer
stimuli-responsive multiple-state emission, by populating the
various excited-state structures accessible in these dyes, typically
E*, D*, and/or K* (Fig. 1a).* Building on these results, we started
deeper investigations on the possibility to further modify the
nature of the proton-acceptor to reach new electronic effects.
Notably, 3,3'-dimethylindole (or 3H-indole) derivatives were
studied in early 90's by Durocher et al.,*® as promising building
blocks for luminescent materials but have since remained unex-
plored. In this context, we report here on the synthesis, structural,
and photophysical properties, along with ab initio calculations of
novel HBX-derived fluorophores, called 2-(2'-hydroxyphenyl)-3,3’-
dimethylindole (HDMI), where the heteroatom is replaced by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of ESIPT process and (b) structures of 2-(2'-hydroxyphenyl)benzazole (HBX) dyes and 2-(2’-hydroxyphenyl)-

a CMe, moiety, leading to a new family of 3,3'-dimethylindole-
based dyes (Fig. 1b). To the best of our knowledge HDMI ESIPT
dyes were not investigated before, though a theoretical investi-
gation was performed on indoles (CH,), revealing promising
properties.”” We developed a series of fluorophores around the
HDMI core with either ethynyl-extended fragments or pyridine-
substituted derivatives. We notably show that in each case,
substitution of the heteroatom by a CMe, leads to a marked
redshift of the emission wavelength, along with the stabilization
of a series of acid/base-mediated rotamers.

Results and discussion
Synthesis

The synthesis of unsubstituted HDMI dye 4, pyridine-
substituted HDMI dyes 6 and ethynyl-extended 7 is shown on
Scheme 1. To allow evaluating the impact of CMe, insertion on
the photophysical properties, the unsubstituted HBX dyes,
along with the previously-reported bis-ethynyl HBX compounds
8-10 and HBO bis-pyridine dye 11 have also been included in
this study (Scheme 1).2%**

The 3,3'-dimethylindole core is synthesized in two steps, con-
sisting of first a Friedel and Craft acylation of a phenol derivative
with isobutyryl chloride and aluminum chloride, followed by
a Fischer indole synthesis in the presence of phenylhydrazine,
zinc chloride and magnesium sulfate. HDMI dyes 4 and 5 were
obtained in 55-81% yields (Scheme 1). The presence of two
bromine atoms on the phenol allowed the possibility of Pd-
catalyzed cross-coupling reactions, either Suzuki-Miyaura-type to
yield the pyridine-substituted HMDI derivative 6 or Sonogashira-
type to provide the bis-ethynyl-extended HDMI derivative 7. We
underline that this choice of substitution was motivated by
previous studies, in our groups, demonstrating the possibility to
induce solution- and solid-state emission, by integrating similar
moieties onto the core of HBX derivatives.***

X-ray diffraction

Single crystals of HDMI dyes 5 and 6 were obtained by slow
evaporation of concentrated dichloromethane/methanol solu-
tions. Planarity is strictly observed in the case of 5 with a plat-
form lying in a crystallographic mirror plane perpendicular to
the b axis (at y = 1/4 and 3/4) of the monoclinic P2,/m unit cell

Chem. Sci., 2024,15, 7206-7218 | 7207
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Scheme 1 (a) Synthesis of HDMI dyes 4-7, (b) structures of unsubstituted HBX dyes and reported HBX dyes 8—11.

Fig. 2 (a) Molecular packing of HDMI 5 viewed down the a axis as layers parallel to ac plane, (b) Hirshfeld surface of HDMI 5, mapped over dnorm
in the color range —0.1965 to 1.0373 a.u, (c) view of the C—H--- with vicinal molecules (carbons in light grey) in the adjacent planes of HDMI 6
and the corresponding short contacts marked as red spots lying in the (—121) plane (in pink) (d) Hirshfeld surface of HDMI 6, mapped over dporm in
the color range —0.0965 to 1.9102 a.u.
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(Fig. 2a). Therefore, the interplanar distance between two molec-
ular layers is b/2 = 3.48 A, yet the shortest distance between the
centroids of any cycle is over 4 A. HDMI 5 molecules are all aligned
along the [101] direction in one mirror plane (and inversely in the
adjacent one). The Hirshfeld Surface (HS) analysis®* and the
associated two-dimensional fingerprint>” were used to identify the
close contacts present in a crystal by mapping of dnorm on the
promolecule surface. The strength of the close contacts can be
estimated qualitatively from the intensity of the red spots observed
on the surface or via the d; + d. contact distance as determined
from a delineated fingerprint plot. The particularly short H---H
contact is shown as a very intense red spot in the HS analysis for
HDMI 5 (Fig. 2b) and the fingerprint plots for the more significant
specific intermolecular interaction contributions to the surface
(including the overall 2D fingerprint plot as the sum of the all-
delineated plots), place this H---H major contribution on a par
with those implying halogen contacts (together they represent
70% of the total contribution) (Fig. S12%). Nevertheless, the
influence of m-stacking on the molecular layer packing cannot be
ignored through the HS mapped of the shape-index and curved-
ness properties, even though the C/C contact contribution is 7%

View Article Online
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only (Fig. S13t). As for HDMI 6, functionalized with two pyridine
cycles, the platform shows a very slight curvature (13.3° dihedral
angle between the phenol and the indole groups). The pyridine
substituents at C11 and C13 of the phenol group (Fig. 2b) show
dihedral angles of 41.8 and 35.0° respectively. HDMI 6 molecules
are again arranged in wavy layers around the plane (—121) and the
HS surface shows the closest contacts involving a triad of vicinal
molecules (carbons in black, Fig. 2¢) through N---H interactions.
In addition, the pyridine groups are face to face but with centroid-
centroid distances >4 A. The interlayer C-H---7 interactions
provide a significant contribution to the HS (Fig. 2d), just after the
prominent H---H interactions (almost half of the HS, Fig. S131).

Photophysical properties

The photophysical properties of all HDMI dyes 4, 6, and 7, along
with unsubstituted HBX dyes and the previously reported HBX
8-11 have been studied in dilute solution, in dichloromethane
and in the solid-state, as amorphous powders. The results are
presented in Table 1, Fig. 4-7 and S15-526.}

In order to evaluate the influence of the CMe, substitution,
the photophysical properties of HDMI 4 and HDMI 7 were

Table 1 Photophysical data for HDMI 4, 6, 7, unsubstituted HBX and HBX 8-11 in solution and in the solid-state

Dye Solvent Jabs" (M) ex 103 M em™)  Aep’ (nm)  AS (em™)  QYY  °(ns) K (10°s7Y) K./ (10°s7Y)
HBI CH,Cl, 320 30.0 467 9800 0.03 3.8 0.08 2.55
Solid 3208 — 466 9800 059 — — —
HBO CH,Cl, 321 8.9 495 10900 0.02 0.3 0.07 3.3
CH,Cl,/HCl 321 20.1 494 10900 0.03 0.1 3.00 97.0
CH,Cl,/NBu,OH 389 17.0 451 3500 0.65 0.1 65.0 35.0
Solid 3478 — 501 8900 056 — — —
HBT CH,Cl, 343 12.9 528 10200 0.01 0.1 1.00 99.0
Solid 340° — 513 9900 049 — — —
HDMI4  CH,CI, 349 12.5 464/519 7100 0.01 0.3 0.33 33.0
CH,Cl,/HCl 393 12.9 476 4400 0.04 0.1 4.00 96.0
CH,Cl,/NBu,OH 411 3.9 512 4800 0.16 3.4 0.47 2.47
Solid 3408 — 518 10 000 0.09 — — —
HDMI 6 CH,CI, 367 16.2 537 8600 0.09 0.2 4.50 45.5
CH,Cl,/H" 367 20.5 535 8600 021 3.9 0.53 2.03
CH,Cl,/NBu,OH  367/460 23.7 532 8600 0.58 34 1.71 1.24
Solid 360% — 574 10 400 011 — — —
HBO 11  CH,CI, 347 14.9 520 9600 0.58 4.3 1.35 0.97
CH,Cl,/H" 341 17.7 511 9800 0.56 4.1 1.37 1.07
CH,Cl,/NBu,OH  356/429 18.7 496 7900 0.48 4.3 1.12 1.21
Solid 345 — 541 10 500 020 — — —
HDMI 7 CH,Cl, 382 9.5 580(555)" 8900 0.04 0.2 2.00 48.0
CH,Cl,/H" 383 5.6 536 7500 0.06 0.4 1.50 23.5
CH,Cl,/NBu,OH  382/458 4.5 538 7600 0.45 4.8 0.94 1.15
Solid 380% — 583 9200 0.09 — — —
HBO 9 CH,Cl, 367 13.6 533(516)" 8500 037 4.1 0.91 1.54
CH,Cl,/H" 367 11.9 539 8600 0.43 4.1 1.05 1.39
CH,Cl,/NBu,OH 433 19.1 482 2400 061 6.2 0.98 0.63
Solid 360° — 532 9000 038 — — —
HBT 10  CH,Cl, 373 14.8 566(553)" 9200 018 2.2 0.82 3.73
Solid 360% — 574 10300 020 — — —
HBI 8 CH,Cl, 362 17.7 504(490)" 7800 0.67 5.1 1.31 0.65
Solid 360% — 495 7600 0.46 — — —

@ Absorption maximum wavelength (C = 10~° M). ” Emission maximum wavelength recorded at 25 °C (C = 10~° M for solution measurements).
¢ Stokes shift. ¢ Quantum yield in solution, using rhodamine 6G as a reference (A, = 488 nm, & = 0.88 in ethanol); quantum yield in the
solid-state, as absolute (calculated with an integration sphere). ¢ Luminescent lifetime.”/ k. (10° s') and ky, (10° s~*) were calculated using: k. =
®@g/t, kor = (1 — ®g)/t where 7 is the lifetime. ¢ Excitation wavelength. " Emission maximum wavelength recorded at 77 K in MeTHF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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studied and compared to their reported HBX analogs, i.e., either
unsubstituted or functionalized at the 3,5 positions of the
phenol ring by ethynyl-extended tri(isopropyl)silyl (TIPS)
groups. This substitution was chosen based on our previous
report describing the introduction of triple bonds on the H-
donor side of HBX dyes as a simple way to reduce detrimental
non-radiative deactivations caused by the presence of a low-
lying conical intersection between the ground and the excited
states related to the twist around the interring bond after ESIPT
took place.”” The photophysical data of HBO 11 (ref. 21a) are
also reported in Table 1 for comparison purposes with HDMI 6.

HDMI dye 4 presents a rather broad absorption band with
a maximum absorption wavelength centered at 349 nm in
solution in dichloromethane. This value represents a marked
(slight) bathochromic shift as compared to its HBI and HBO
(HBT) analogs. The absorption coefficients remain in the same
range for all four compounds (¢ = 7100-10200 M~ " em ™" for
HDMI 4/HBX, see Fig. S15%). After excitation in the lowest-
energy band, an intense single or dual emission band is recor-
ded in solution. Indeed, while the HBX series a single K*
emission band is present spanning from 467 to 528 nm,
depending on the nature of the heteroatom with Aep,, (HBI) > Ay
(HBO) > Aery (HBT), the introduction of a 3H-indole heterocycle
leads to a K* emission at 519 nm, similar to the one of HBT
(Fig. 3a). As can be seen in Fig. S30,T the K* geometry of HBO is
perfectly planar, whereas in 4, one notes a small deformation
around the inter-ring (formally double) bond, which might
partially account for the redshift. Interestingly, one also notices

Intensity
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O
~
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on the experimental spectrum an additional band at 464 nm,
that cannot be attributed to the enol, and whose nature remains
elusive at this stage (see Theoretical calculations below).
Expectedly, unsubstituted HBX dyes and related HDMI 4 are
weakly fluorescent in solution, owing to pronounced molecular
motions triggered by ESIPT (QY = 0.01-0.03, Fig. 3a).

In order to shed further light on the nature of the emissive
shoulder observed at 464 nm, emission spectra of 4 in acidic (by
bubbling HCl, in CH,Cl, solution) and basic (by adding an
excess of NBu,OH in CH,Cl, solution) conditions were recorded
(Fig. 3b). After protonation of 4, a redshifted absorption band
appears at 393 nm with a similar molar absorption coefficient (¢
=12800M ' cm ', see Fig. S171). Photoexcitation in this band
leads to a single emission at 476 nm (QY = 0.04); a position
relatively similar to the 464 nm shoulder observed above. In the
protonated form, ESIPT is no more possible, consistent with the
rather small Stokes shift value (4400 cm ') that is observed. We
conclude that the additional emission band in CH,Cl, could
originate from the protonation of the 3,3’-dimethylindole
scaffold, owing to higher pK,/pK,+ values than the benzazole
moiety, leading to push-pull species between indolium and
phenol. In basic conditions, a new absorption band at 416 nm
(e = 3900 M™" em ™) is observed, consistent with the presence
of a phenolate in the ground state. After photoexcitation in this
band, a single emission at 512 nm (QY = 0.16) is recorded. The
strong increase of the QY value reflects a structural stabilization
of the molecule in the excited state. The moderate Stokes shift
(4600 cm ') logically indicates the absence of ESIPT (since there

. —_ CH,Cl,/HCl
— CH,C,
08 |
— CH,Cl,/NBu,0
06 | :
04 |
02 |

500 550 600 650 700 750
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Fig.3

(@) Normalized emission spectra in CH,Cl, recorded at 25 °C of HBI (blue), HBO (green), HBT (orange) and HDMI 4 (red) dyes (Aexc = 320—

340 nm) (concentration: 1 uM). (Insets: photographs of CH,Cl, solutions of HBI, HBO, HBT and HDMI 4 (from left to right) under irradiation (Aexc =
365 nm)), (b) emission spectra of 4 in neutral CH,Cl, (red) and after bubbling of HCly (blue) or addition of NBu4OH (green) (Insets: photographs of
neutral, acidic and basic CH,Cl, solutions of HDMI 4 (from left to right) under irradiation (Aexc = 365 nm)) and (c) syn and anti conformations of

the neutral, protonated and deprotonated forms of HDMI 4.
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is no acidic proton left), but rather a charge transfer band
resulting from a stabilized push-pull conformation (indole-
phenolate). The Full Width at Half Maximum (FWHM) values
can be estimated at 4500, 3800 and 2900 nm " for the neutral,
acidic and basic forms of 4, respectively.

In order to rationalize the photophysical properties of HDMI
4, one hypothesis would be that two methyl groups of the 3,3'-
dimethylindole are capable of stabilizing the phenolic proton or
the phenolate anion, thus resulting in several species and
conformations (Fig. 3c).?®

These rotamers can be represented under the syn and anti
nomenclature, depending on the relative position of the phenol
(or phenolate) relative to the nitrogen of the indole. Four
rotamers can be potentially found in the ground-state, i.e. E syn/
E anti/K syn and K anti in the event of an unlikely GSIPT process
(see Theory below). Similar rotations can help stabilize excited
species with the occurrence of ESIPT. Additionally, cationic and
anionic species can also undergo rotation to yield syn and anti
rotamers. Based on these considerations and additional exper-
iments, it is relatively safe to state that the high-energy band
observed at 464 nm for HDMI 4 stems from a partial proton-
ation of the indole ring.

To further investigate the intriguing photophysics of the
HDMI scaffold, the bis ethynyl-extended HMDI 7 was synthe-
sized and its optical properties studied and compared to its
HBX analogs (Fig. 4). HDMI dyes 7 presents a broad absorption
band with maximum absorption wavelengths centered at
382 nm in dichloromethane. As for HDMI 4, this value is
redshifted, as compared to their HBX counterparts (A,ps = 362
373 nm for HBX 8-10, Fig. S167). The absorption coefficients
remain in the same range (e = 7800-9200 M~ cm ™" for HMDI 7/
HBX 8-10). Upon photoexcitation, HDMI 7 presents a single
emission band at 580 nm, significantly redshifted as compared
to HBX 8-10 (A, = 504-566 nm, Fig. 4a). These observations
highlight the impact of the nature of the H-acceptor aza-
heterocycle on the energy gap of the S;-S, radiative transition
of ESIPT fluorophores; a feature already investigated on HBX 8-
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10.>* As already reported, introducing ethynyl-extended
substitution results in a marked increase of the fluorescent
quantum yield in solution, yielding relatively bright dyes (QY =
0.67,0.37, and 0.18 for 8-10, respectively). While this trend does
apply to HDMI 7, which shows a four-fold increase of its
quantum yield compared to the parent 4, the dye remains
poorly emissive (QY = 0.04 for 7 vs. 0.01 for 4) in contrast to 8-
10, suggesting that the presence of a CMe, group somehow
counterbalances the beneficial impact of ethynyl spacers in
reducing the accessibility of non-radiative decay routes after
ESIPT. To further understand the excited-state dynamics
occurring in HDMI dyes, additional experiments were carried
out. First, the fluorescence of ethynyl-extended derivatives, i.e.,
HBX 8-10 and HDMI 7 was recorded in a glassy MeTHF matrix
at 77 K (Fig. 4b). As expected, in all cases a significant blueshift
in emission is observed (Aem = 490-555 nm) with a strong
enhancement of fluorescence intensity. We underline that this
trend is more pronounced in the case of HDMI 7 compared to
the HBX series, hinting at detrimental motions in this case.
Furthermore, an important structuration of the fluorescence
bands is recorded, consistent with the absence of molecular
rotations in frozen solutions. The solid-state properties of 7-10
were also recorded as amorphous powders (Fig. 4c). All dyes
present significant emission intensity in the solid-state with
emission wavelengths spanning the 495-583 nm range with
enhanced quantum yields (0.09-0.46). As mentioned before,
a strong solid-state emission is indeed a trademark of ESIPT
dyes.” Protonation/deprotonation studies were also performed
on HDMI 7 and HBO 9 (Fig. S22-S251). Protonation of both dyes
does not modify the absorption wavelength nor the absorption
coefficient, whereas deprotonation triggers the appearance of
a redshifted absorption band in both cases (Aaps = 485 and
433 nm for 7 and 9, respectively), consistent with the formation
of the phenolate species (Fig. S22 and S24t). However, photo-
excitation of protonated species leads to different behaviors;
while for HBO 9, a fluorescence band at a maximum wavelength
similar to the neutral case is observed (A, = 533-539 nm),

T T T T T T 3 o 4
400 450 500 550 600 650 700 750

A (nm)

400 450 500 550 600 650 700 750
A(nm)

800 400 450 500 550 600 650 700 750
A (hm)

Fig.4 Normalized emission spectra of HBI 8 (blue), HBO 9 (green), HBT 10 (orange) and HDMI 7 (red) recorded in (a) CH,Cl, at 25 °C, (b) MeTHF
at 77 K (concentration: 1 uM) and (c) in the solid-state, as embedded in 1% wt of KBr pellets.
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protonation of HDMI 7 leads to a significant blueshift of the
emission (Aey, = 580 vs. 536 nm for the neutral and protonated
forms of 7, respectively). This is in line with the easier formation
of the indolium ring vs. benzoxazolium, owing to higher pK,/
pK,+ values. Deprotonation of the phenol ring with Bu,NOH
leads in both cases to the observation of a highly emissive
phenolates species with distinct wavelengths (Ae, = 538 nm, QY
= 0.45 vs. 482 nm, QY = 0.61 for the anions 7 and 9,
respectively).

The introduction of pyridine moieties on the core of HBO-
based ESIPT derivatives led to a stabilization of the excited
state through resonance effects and a significant enhancement
of the radiative rate constants in solution.** The absorption and
emission spectra of HDMI dyes 6, functionalized by two pyri-
dine rings have been recorded in neutral and protonated
dichloromethane as well as in basic conditions (Fig. 5b and
S207). For comparison purposes, the optical data of HBO 11,
functionalized with similar substitution has been super-
imposed on the spectra (Fig. 6a and S211). For both dyes 6 and
11, a single absorption band is observed in neutral conditions
(Aabs = 367 nm and 347 nm, respectively) whereas upon
protonation, a significant hyperchromic effect is observed, with
very little modification of the maximum absorption wavelength.
In basic conditions, an additional redshifted absorption
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appears (A,ps = 460 nm), consistent with the formation of the
phenolate. Upon excitation of 11 in neutral conditions, a single
band is observed at 520 nm (Ags = 9600 cm ™), which could
presumably correspond to the decay of the anionic D* species,
formed upon deprotonation.”* Indeed, the photobasic nature of
the pyridine moiety triggers deprotonation of the phenolic
proton and the subsequent stabilization of the phenolate
species by resonance effects through electronic delocalization.
However, in the case of 6, TD-DFT calculations helped pointing
out a different scenario, that is absence of phenolic deproto-
nation by pyridine and the occurrence of ESIPT to observe
emission at 537 nm stemming from the syn-K* tautomer (see
below).

Upon protonation of 11, the formation of the bis-pyridinium
moieties hampers deprotonation, favoring ESIPT (K* transition)
followed by formation of a stabilized merocyanine species. A
slight blueshift is observed for the fluorescence band (A, = 511
nm), reminiscent of previous observations.> In the case of 6,
triple protonation being unlikely to occur due to electrostatic
repulsions, unlike 4 and 7, the formation of indolium is not
observed. Instead, a single fluorescence band corresponding to
the K* syn tautomer of the bis-pyridinium moieties is observed
at 535 nm. In basic conditions, for 11, formation of the
phenolate, without the possibility of stabilization via the

(b)
—— HDMI 6 Neutral
08 - - ~- HDMI6 +Acid
> || ]\ HDMI 6 + Base
2 06
2
E
0.4
0.2
0
400 450 500 550 600 650 700 750
A (nm)
Acidic Basic

511 nm 496 nm

532 nm

535 nm

Fig. 5 Normalized emission spectra of (a) HBO 11 and (b) HDMI 6 in dichloromethane (neutral, plain; protonated with HCl;, dashed and
deprotonated with BuysNOH, dotted) (concentration: 1 uM) and (c) possible excited species for 11 and 6 in neutral, acidic and basic conditions.
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Fig. 6 Normalized emission spectra in THF/H,O mixtures (0% to 90% H,O) for (a) HDMI 6 in neutral dichloromethane and (b) HDMI 6.2H* in
protonated dichloromethane (Aexc = 360 nm). (Concentration: 1 uM). Insets: Variation of //15 (AIEE coefficient) at a given water percentage and

photographs of THF/H,O solutions under irradiation (Aexc = 365 nm).

formation of a merocyanine species triggers a blueshift of the
D* emission band (Aem = 496 vs. 511 nm). Finally, the formation
of the anionic species of HDMI 6 leads to the observation of the
D* anti fluorescence (see calculations below).

It is important to stress that for both 6 and 11, protonation
and deprotonation act as external stimuli leading to a switch in
terms of radiative transitions (D* vs. K*) but also emissive
nature of rotamers (syn vs. anti) (Fig. 5c).

The HDMI series shows pronounced fluorescence quenching
in solution as compared to their HBX analogs which we assign,
at least partially, to easier rotational deactivations in the excited
state (see Theoretical calculations below). To further investigate
these effects experimentally, we decided to study their
Aggregation-Induced Enhanced Emission (AIEE) properties.
HDMI 6 was chosen as a representative example. The formation
of emissive aggregates in THF/H,O mixtures, with a concentra-
tion of 6 of around 10 puM, in neutral but also protonated
conditions was scrutinized (Fig. 6). Both pyridine and pyr-
idinium derivatives follow similar trends that is, a general
increase of the fluorescence intensity along with the addition of
water. However, their AIE coefficient is sensibly different: in its

neutral state HDMI 6 displays significant AIE properties with
a coefficient enhancement of 15.2, while upon protonation this
value drops down to 3.1. This least rotational degree observed
upon protonation could be correlated to the different QY
observed previously in dichloromethane solution for 6 and
6.2H" (QY = 0.09 vs. 0.21).

ADb initio calculations

To deeper understand the optical properties of the investigated
HDMI compounds, we have modelled their properties of the
excited states with ab initio methods (see the SI for all compu-
tational details) using time-dependent DFT (TD-DFT) combined
to second-order coupled-cluster (CC2) simulations for the
transition wavelengths. Our key results are summarized in
Table 2. See Tables S2 and S3 in the ESIf for extra data and
comparisons of theoretical and experimental wavelengths.

Let us start by HDMI 4, and the corresponding model
systems, HBI, HBO, and HBT. First, we have estimated the H-
bond strength in the E* form for all four compounds (see
Fig. S31 in the ESIf), and found strong H-bond in all four
compounds in their lowest excited state (13-18 kcal mol '), the

Table2 Key theoretical data for the investigated dyes: vertical absorption and emission wavelengths (in nm), difference of free energies between
the keto and enol form in the excited-state (in eV), as well as the ESIPT barrier, i.e., the difference of excited-state free energy between the enol
and transition state (in eV). The transition wavelengths are determined with the cLR? solvent model (CH,Cl,) and include CC2 corrections,
whereas the relative free energies are directly coming from the frequency calculations performed on the optimal LR-PCM-TD-DFT structures.
See the ESI for details

Dye ¥ie (E) (nm) X (E*/D*) (nm) ¥ (K*) (nm) AGK " (ev) AG™ 7" (ev)
HDMI 4 327 399 505 —0.28 —0.06”
Protonated 353 442

Deprotonated 444 517

HBI 300 345 440 —0.37 —0.03"
HBO 300 348 448 —0.22 0.02
HBT 316 371 479 —0.27 —0.04"
HDMI 6 345 “ 529 “ ¢
(di)Protonated 356 “ 524 “ “
Deprotonated 469 544

HDMI 7 351 @ 538 @ @

HBI 8 327 376 481 —0.52 —0.04°
HBO 9 327 379 496 —0.44 —0.04"
HBT 10 341 412 532 —0.41 —0.03°

“ During the TD-DFT optimization, the E* form transforms into the K* spontaneously. ® These values are obtained after true (TD-DFT) TS*
optimization of the ESIPT. Some values are negative, indicating non-existing barrier, which is due to the thermodynamic and vibrational
corrections. On the total energy scale, the TS* is, of course, higher in energy than the E*.
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strongest interaction being computed for HDMI 4. In all four
molecules, considered in their neutral form, theory predicts
that the K* tautomer is much more stable than its E* counter-
part, by values of at least —0.2 eV. According to previous
calculations,"* this is a clear indication that ESIPT should be
the primary photophysical event after photon absorption. This
conclusion is reinforced by the computed excited-state proton-
transfer barriers® that are either negative (no barrier on the
free energy scale) or extremely small (<0.02 eV) indicating
quantitative ESIPT. This is also in line with a purely theoretical
work devoted to H-indoles, showing that they are particularly
prone to ESIPT.*** This analysis can be further corroborated by
two findings. First, the electron density difference (EDD)
representations, displayed in Fig. S27,f show that photon
absorption yields significant decrease (increase) of electronic
density on the hydroxyl (accepting nitrogen atom); a situation
clearly leading to changes of the relative acidities of the two
groups in a direction favorable to trigger ESIPT. Second,
although vibronic effects are not accounted for in our calcula-
tions, we note that the vertical fluorescence wavelengths
determined theoretically for both tautomers clearly indicate
a better match with measurements for a K* fluorescence, e.g.,
the experimental emission of HDMI 4 appears at 519 nm in
CH,Cl,, which matches the computed value for the K* form
(505 nm), but clearly not the one for the E* tautomer (399 nm),
the latter corresponding to a 0.72 eV shift compared to the
measurement, which would be an unexpectedly large error for
the selected level of theory (CC2).

To obtain a more complete overview of the photophysics of
HDMI 4, we provide a graphical summary in Fig. 7. For both the
neutral and protonated structures, the syn conformer is signif-
icantly more stable in both ground and excited states. According
to theory, the absorption of the protonated structure is

View Article Online

Edge Article

redshifted by +26 nm as compared to the (neutral) enol, whereas
the fluorescence of the cationic derivative is blueshifted by
—63 nm as compared to the keto neutral one. The corre-
sponding experimental values are +44 nm and —43 nm,
respectively. Interestingly, the deprotonated structure appears
to be more stable in the anti form with the phenolate interacting
with the two methyl groups of the indole moiety, an interaction
that cannot take place in HBO nor HBT. This stabilizing inter-
action is present in both the ground and excited states (Fig. 7),
ensuring that the deprotonated 4 is relatively rigid, consistent
with its good quantum yield. Furthermore, in the Theoretical
calculations, the D derivative shows a strongly redshifted
absorption as compared to E, whereas the emission wave-
lengths of D* and K* are very similar, which fits the experi-
mental trends well (see Table 1).

To rationalize the very low quantum yield of HDMI 4, ca. 1%
experimentally, we have performed a relaxed scan of the S; PES
of the K* tautomer around the twisting coordinate. The result is
displayed in Fig. S28, and it turns out that at 90° a structure
more stable than K* form by ca. —0.16 eV is obtained. This
structure presents a very low transition energy (<1.3 eV)
combined with a negligible oscillator strength (f < 0.001). It is
either a dark state that would go back very quickly to the ground
state non-radiatively (energy gap law) or a conical intersection
not properly described by TD-DFT. In any case, it is clear that
twisting around the interring bond in the K* tautomer results in
emission quenching. As can be seen in Fig. S28,7 a small
“protective barrier” exists, of ca. 0.06 eV (at ca. 42°), which is
sufficient to allow detecting emission, but insufficient to allow
a bright fluorescence. In the same way, we compare the twisting
potentials for the lowest excited state of 4 in its K*, P* and D*
forms (Fig. S28%). Clearly much larger barriers are found for
both P* (0.37 eV, at ca. 90°) and D* (0.44 eV, at ca. 75°) than K*,
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Fig.7 Representation of the photophysical processes in HDMI 4 in CH,Cl, as determined by theory. When possible, we provide the relative free
energies between various species. The notation of the derivatives that are observed experimentally is given (see Fig. 3), whereas the shaded

structures and transitions are not observed.
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making the twisting mechanism much less accessible in these
structures, which qualitatively explains the trends of the emis-
sion yields listed in Table 1 for HDMI 4 in various media.

Let us now turn towards HDMI 7 and its HBX analogs (HBI 8,
HBO 9 and HBT 10). Here again, the calculations indicate a clear
preference for the keto tautomers in the excited state; an effect
enhanced with respect to the unsubstituted structures (see Table
2). For HDMI 7, the TD-DFT geometry optimization starting the
optimal ground-state E structure even spontaneously yields ESIPT
during the excited-state minimization. Trying to locate the E* form
of 7, we have first performed a constrained optimization (freezing
the OH distance to its S, value and optimizing all other parame-
ters), followed in a second step by a full optimization starting from
that structure. This also led to a K* geometry, clearly hinting that
ESIPT takes place. This quantitative ESIPT in dyes 7-10 is also
consistent with the EDD plots in Fig. S267 and the computed
fluorescence energies in Table 2. Note that theory correctly restores
the measured ordering of the emission wavelengths in the 7-10
series, as well as the experimental redshifts when going from the
unsubstituted to the ethynyl-TIPS structures, albeit with an
undershot magnitude for HDMI 7. In Fig. S29,T we provide excited-
state scans around the interring dihedral angle for the K* of HDMI
7 and HBO 9. For the former, the barrier to the orthogonal form is
noticeably increased as compared to HDMI 4, from 0.06 to 0.19 eV,
and the 90° degree becomes less stable (by ca. 0.15 eV) than its
planar K* counterpart. As for 4, this orthogonal structure is asso-
ciated with a very low excitation energy and a negligible oscillator
strength, so crossing the moderate 0.19 eV barrier would yield
emission quenching. Nevertheless, this significant increase of the
protective barrier qualitatively explains the four-fold increase of
emission yield in going from HDMI 4 to 7. It is noteworthy the
situation becomes even more favorable in HBO 9 (Fig. S297) in
which the twisting yields a constant increase of energy (by ca.
+0.51 eV from 0° to 90°) rendering this deleterious motion mostly
ineffective, again in line with the experimental trend.

For HDMI 6, theory predicts similar absorption wavelengths
for the neutral and bis-protonated forms. This is a rather
remarkable result, since the topology of the excited states of the
two forms significantly differs, with a significant charge transfer
to the pyridinium at the ortho position of the phenol in 6.2H",
whereas the pyridyl rings are rather passive moieties in the
absorption 6 (Fig. S271). For 6.2H", we found as for HDMI 7,
a spontaneous ESIPT when optimizing the excited-state struc-
ture, with a fluorescence computed at 524 nm (Table 2), similar
to the measured value of 535 nm. Finally, for the deprotonated
form of HDMI 6, we computed a strongly redshifted absorption
but a similar fluorescence wavelength, as compared to the
neutral and protonated structures, which is in agreement with
the measurements, though theory cannot reproduce the exact
ordering of the three close-lying emission bands.

Conclusions and outlook

Herein, we have described the design, multi-step synthesis, along
with full structural and photophysical characterization of a novel
family of fluorophores, prone to ESIPT, and based on the 2-(2'-
hydroxyphenyl)-3,3’-dimethylindole (HDMI) scaffold. The presence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of an indole ring, substituted by two methyl groups triggers major
difference as compared to well-known HBX dyes. First, owing to
methyl supramolecular stabilization, both syn and anti rotamers
can be observed and the nature of the rotamers can be further
mediated by acid and basic conditions. Second, the emission
wavelength of these dyes is systematically bathochromically shif-
ted, as compared to the equivalent HBX. Finally, they present AIE
properties in neutral and acidic conditions. A full complementary
theoretical study contributed to confirm the nature of the emissive
transitions. These new dyes appear particularly sensitive to
external stimuli and act as attractive candidates for the develop-
ment of ratiometric sensors for a variety of targets. Work along
these lines is currently under development in our groups.

Experimental section

Unsubstituted HBX dyes (HBI, HBO, HBT) are commercially
available, while HBX 11-14 were synthesized according to a re-
ported procedure.” Compounds 1 and 3 are already described in
the literature.®>** Absorption data for HDMI 4 have been
reported.*

General procedure for the synthesis of derivatives 1-3

The relevant phenol (1 mmol) was dissolved in isobutyryl
chloride (0.15 mmol) and the reaction mixture was stirred for
one hour at room temperature. Aluminum chloride (0.1 mmol)
was then added and the resulting mixture heated at 130 °C for
three hours. The brown sticky crude mixture diluted with
diluted with 100 mL of ethyl acetate, extracted three times with
50 mL of ethyl acetate, washed with a brine solution, dried over
MgSO, and concentrated in vacuo. The crude residue was
purified by silica gel chromatography eluting with pet. Ether/
EtOAc 10:0 to 9:1 to afford derivatives 1-3.

Compound 1.7 (110 mg, 67%). Colorless oil. "H NMR (400
MHz, CDCl;) 6 12.45 (s, 1H), 7.72 (dd, ] = 8.1 Hz, ¥J = 1.7 Hz,
1H), 7.40 (ddd, *] = 8.3 Hz, *] = 7.2 Hz, *J = 1.7 Hz, 1H), 6.93 (dd,
3] =8.3Hz,*J=1.2 Hz, 1H), 6.83 (ddd, *] = 8.1 Hz,*] = 7.2 Hz, VJ
= 1.2 Hz, 1H), 3.55 (hept, ’] = 6.8 Hz, 1H), 1.19 (d, *J = 6.8 Hz,
6H). "*C NMR (101 MHz, CDCl;) 6 = 211.0, 163.3, 136.3, 130.0,
118.9, 118.9, 118.3, 35.1, 19.5.

Compound 2. (128 mg, 40%). White powder. "H NMR (500
MHz, CDCl;) 6 13.14 (s, 1H), 7.87 (d, *J = 2.3 Hz, 1H), 7.85 (d, ¥J
= 2.3 Hz, 1H), 3.54 (hept, J = 6.8 Hz, 1H), 1.26 (d, °] = 6.8 Hz,
6H). "*C NMR (126 MHz, CDCl;) 6 = 209.8, 158.8, 141.3, 131.4,
119.7, 113.6, 110.4, 35.4, 19.3. HRMS (ESI-TOF) m/z: [M + H]
Calcd for C;oHoBr,0,: 318.8975; found, 318.8965.

Compound 3.>° (214 mg, 88%). White powder. "H NMR (500
MHz, CDCl3) 6 12.60 (s, 1H), 7.63 (d, */ = 8.6 Hz, 1H), 7.19 (d, &/ =
2.0 Hz, 1H), 7.04 (dd, ¥ = 8.6 Hz, ¥J = 1.9 Hz, 1H), 3.53 (hept, J =
6.8 Hz, 1H), 1.25 (s, 3H), 1.23 (s, 3H). *C NMR (126 MHz, CDCl,)
6 = 210.4, 163.8, 130.9, 130.6, 122.5, 122.1, 117.2, 35.3, 19.4.

General procedure for the synthesis of HDMI dyes 4-5

A mixture of isopropylphenylketone (1 mmol), phenylhydrazine
hydrochloride (0.12 mmol), zinc chloride (0.01 mmol) and
magnesium sulfate (1 mmol) in 15 mL of ethanol was heated
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under reflux for 15 hours. After cooling down, the mixture was
filtered on cotton, quenched with 30 mL of NaHCO;, and
extracted with ethyl acetate three times. Organic layers were
combined and washed with a brine solution, dried over MgSOy,,
and concentrated in vacuo. The crude residues were purified by
silica gel chromatography eluting with pet. Ether/CH,CI, 10:
0 to 8:2 to afford HDMI dyes 4-5.

HDMI 4. (193 mg, 81%). Yellow oil. '"H NMR (500 MHz,
CDCl;) 6 14.46 (s, 1H), 7.82 (dd, *] = 8.2 Hz, ¥J = 1.6 Hz, 1H),
7.64-7.58 (m, 1H), 7.44-7.34 (m, 3H), 7.34-7.27 (m, 1H), 7.16
(dd, ] = 8.4 Hz, ¥J = 1.2 Hz, 1H), 6.95 (ddd, J = 8.2, 7.2, 1.2 Hz,
1H), 1.67 (s, 6H). *C NMR (126 MHz, CDCl;) 6 = 184.8, 162.4,
150.3, 146.0, 132.9, 128.7, 128.1, 126.4, 121.2, 119.8, 118.6,
118.4, 115.7, 53.8, 25.3. HRMS (ESI-TOF) m/z: [M + H+] calcd for
C16H1NO: 238.1226; found, 238.1223.

HDMI 5. (217 mg, 55%). Yellow solid. "H NMR (500 MHz,
CDCl3) 6 15.69 (s, 1H), 7.84 (d, J = 2.3 Hz, 1H), 7.78 (d, ] =
2.3 Hz, 1H), 7.62-7.56 (m, 1H), 7.42-7.37 (m, 2H), 7.37-7.32 (m,
1H), 1.64 (s, 6H). *C NMR (126 MHz, CDCl;) 6 = 182.8, 158.4,
149.1, 145.9, 137.9, 129.9, 128.4, 127.2, 121.4, 120.2, 117.4,
113.5, 109.5, 53.8, 25.1. HRMS (ESI-TOF) m/z: [M + H+] caled for
C16H14Br,NO: 393.9437; found, 393.9442.

Synthesis of HDMI 7

HDMI 5 (1 mmol), the corresponding alkyne (1.5 mmol per
bromine atom) and Pd(dppf)Cl,, (0.05 mmol) were dissolved in
20 mL of toluene/NEt; (4 : 1, v/v) and the solution was degassed
with argon for 20 min. Copper iodide (0.1 mmol) was then
added and the mixture stirred at 90 °C for 15 hours. The reac-
tion was cooled down to room temperature, quenched with
saturated NH,CI solution and the mixture was extracted three
times with ethyl acetate. The organic layers were combined and
washed with brine, dried with MgSO, before the solvents were
removed in vacuo. The crude products were purified by a silica
column chromatography eluting with pet. Ether/CH,Cl, 10: 0 to
9:1 to yield HDMI dyes 7, as a yellow powder (377 mg, 63%). 'H
NMR (500 MHz, CDCl;) 6 15.42 (s, 1H), 7.84 (d, % = 2.1 Hz, 1H),
7.64 (d, *] = 2.1 Hz, 1H), 7.61 (d, *] = 8.4 Hz, 1H), 7.42-7.36 (m,
2H), 7.34-7.30 (m, 1H), 1.64 (s, 6H), 1.19 (s, 21H), 1.16 (s, 21H).
C NMR (126 MHz, CDCl;) 6 = 183.7, 164.0, 149.8, 145.9, 139.6,
132.4, 128.3, 126.8, 121.3, 120.1, 115.6, 114.3, 113.2, 106.3,
102.0, 96.2, 89.3, 53.9, 25.3, 18.9, 18.9, 11.5. HRMS (ESI-TOF) m/
z: [M + H'] caled for C35H356NOSi,: 598.3895; found, 598.3886.

Synthesis of HDMI 6

In a Schlenk tube, HDMI 5 (1 mmol), 4-pyridinyl boronic acid (3
mmol) and potassium carbonate (4 mmol) were dissolved in
9 mL of toluene/ethanol (2:1). The resulting suspension was
degassed with argon before the addition of Pd(dppf)Cl, (0.05
mmol) and the mixture was stirred at 95 °C for 15 hours. The
reaction was cooled down to room temperature, quenched with
saturated NH,CI solution and the mixture was extracted three
times with ethyl acetate. The organic layers were combined and
washed with brine, dried with MgSO, before the solvents were
removed in vacuo. The crude product was purified by a silica
column chromatography using CH,Cl,/EtOH (98 : 2) as eluent to
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yield HDMI 6 as a yellow powder in 95% yield (373 mg). "H NMR
(500 MHz, CDCI;) 6 15.69 (s, 1H), 8.76-8.69 (m, 4H), 8.14 (d, ¥/ =
2.3 Hz, 1H), 7.76 (d, %] = 2.3 Hz, 1H), 7.67-7.65 (m, 2H), 7.61 (d,
3] = 7.4 Hz, 1H), 7.55-7.52 (m, 2H), 7.44 (d, °] = 7.4 Hz, 1H), 7.41
(td,*=7.4Hz,"J = 1.3 Hz, 1H), 7.36 (td, ] = 7.4 Hz, )/ = 1.3 Hz,
1H), 1.76 (s, 6H). *C NMR (126 MHz, CDCl;) 6 = 184.2, 160.9,
150.8, 150.7, 149.9, 149.6, 147.5, 145.8, 145.7, 131.8, 129.2,
128.4, 128.4, 127.6, 127.1, 124.3, 121.5, 121.4, 121.2, 120.1,
116.7, 54.1, 25.5. HRMS (ESI-TOF) m/z: [M + H'] caled for
C,6H,,N;0: 392.1757; found, 392.1767.
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