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Abstract: New m-conjugated unsymmetrical B-diketones were synthesized thanks to a modular
synthetic approach involving in situ generated acylketenes through thermal degradation of 1,4-dioxin-
2-ones. This method gave access to a family of new chromophores featuring either an indoline or a
benzothiazole as electron-donating groups in one side and various aromatic moieties in the other side.
After complexation with boron difluoride, BDK (Boron DiKetonates) compounds were obtained
featuring fluorescence in non-polar solvents. These compounds were also found to be fluorescent in
solid state with quantum yield up to 0.22, and their emission wavelength was very sensitive to their
crystallinity. Two of these compounds were successfully recrystallized to provide small single crystals
and emission spectra were recorded in crystal phase and ground state which showed
mechanochromism with a spectral shift of 37 nm.

1. Introduction

B-diketones are ligands commonly used to stabilize metals which can also act as antenna for their
photosensitization. Their complexation with boron species gives rise to boron diketonates (BDK) which
find many applications as photoluminescent dyes? in the fields of photoactive materials and biological
imaging.>™® For example, they have been applied in optoelectronic materials such as OLEDs playing a
role of emitters, "~ as luminescent liquid crystals,’° as laser dyes,” or as photoswitches.!! Extended -
conjugated BDK can be used as two photon absorbing chromophores because complexation with
boron makes diketones strong electron accepting groups suitable for the design of D-n-A or D-nti-A-t-
D dipolar or pseudo quadrupolar chromophores. > Many BDK fluorophores can also stabilize their
excited state as the triplet state thanks to efficient intersystem crossing. As such, when embedded
within polymers they have been used as ratiometric room temperature oxygen sensors.>?° Indeed, in
absence of oxygen they can exhibit both fluorescence and phosphorescence, this latter emission being
inversely proportional to environmental oxygen concentration allowing to discriminate hypoxia in
living tissues.

In many BDK application, the conformational restrictions play a crucial role, for example, such
fluorophores have been applied in fluorescence imaging for the detection of Amyloid-B deposits;?
dimers of BDK compounds presented excimer emission,? or inside polymer boron moieties can create



intermolecular bridges inducing modulation of their optical properties.? This phenomenon was also
exploited in aggregation induced fluorescence.?*?* In addition, solid state luminescence studies
showed that many BDK compounds present mechanochromic properties, their emission wavelength
being correlated to their solid structure.?®3” BDK compounds, in solid state, were also applied for the
detection of volatile amines because these latter can interact with difluoroboron moiety, lowering

their acceptor character, leading to blue shifted emission and increase of fluorescence quantum yields.
38-40

The development of synthetic methods producing unsymmetrical B-diketone compounds can give
access to push pull chromophores i.e. molecules featuring electron withdrawing and donating groups
on either side of the diketo moiety. These compounds favor excited state intramolecular charge
transfer iCT inducing a shift of absorption and emission toward the red part of the visible spectrum
while keeping a relatively small size. This shift can be useful for adjusting the excited state energy level
for lanthanide sensitization.*

Here unsymmetrical B-diketones were designed with on one side an aromatic ring functionalized with
either an electron donating or a withdrawing group and on the other side either an indoline or a
benzothiazole group, acting as electron-donating moieties. This assembly is a merocyanine, and as
such, can either gives rise to push-pull or cyanine dyes behavior depending on the resonance form
(Figure 1), the cyanine form is also referred in literature as dioxaborazine.*?3
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Figure 1. BDK compounds and resonance forms, equilibrium between push-pull and cyanine forms.

2. Experimental

2.1. Material and methods:
Microwave reactions were carried in a monovave 300 (Anton Paar). Column chromatography
purifications were performed on silica gel (40-63 um). TLC (Thin-layer chromatography) analyses were
carried out on Merck DC Kieselgel 60 F-254 aluminum sheets. The spots were visualized with UV lamps
(A = 254 nm and 360 nm). IR spectra were recorded with a universal ATR sampling accessory. *H and
13C NMR spectra (C13APT or C13CPD experiments) were recorded on a Bruker 300 MHz spectrometer.
Chemical shifts are expressed in parts per million (ppm) from the residual non-deuterated solvent
signal contained in CDCl; (6H = 7.26, 6C =77.16), and in DMSO-ds (6H = 2.50, 6C = 39.52). Multiplicities
are described as s (singlet), d (doublet), t (triplet), brs (broad peak). Coupling constants, J values, are
reported in Hz. High-resolution mass spectra (HRMS) were obtained using an orthogonal acceleration
time-of-flight (0a-TOF) mass spectrometer equipped with an electrospray source and in the positive
and negative modes (ESI+/-). Absorption UV-visible spectra were recorded with a Cary 60 (Agilent) and
fluorescence spectra with a Fluorolog3 (Horiba). Solution fluorescence measurements were carried
with an optical density OD<0.1. Solid spectra were measured with a GMP8 integrating sphere (General
Microtechnology & Photonics).



2.2. Synthesis

Dioxinones 8 a-d were synthesized following our reported procedure.***

General protocol A: Diketone synthesis. In a 10 ml microwave tube flushed with argon, the
corresponding dioxinone 8a-d (1eq), diisopropylethylamine (2 eq) and 2,3-Dimethylbenzothiazolium
iodide 5 or 1-Ethyl-2,3,3-trimethyl-3H-indolium iodide 6 (3 eq) were introduced followed by toluene
and molecular sieve. The tube was sealed and heated 5 min at 50°C then 20 min at 120 °C under
microwave irradiation. After cooling to room temperature, water was added and the mixture was
extracted 3 times with dichloromethane the combined phases were then dried with MgSO, and
concentrated under vacuum. The crude residue was then purified by flash chromatography on silica
gel.

General protocol B: Boron difluoride complex formation. To a solution of diketone 3a-d or 4a-d (50
mg, 0.150 mmol, 1eq.) a solution of boron trifluoride diethyl etherate (40 pL, 0.3 mmol, 2 eq.) in
2 mL of chloroform was added, the mixture was then heated under reflux for 30 min. After cooling
to room temperature, water was added and the mixture extracted three times with
dichloromethane. The combined organic layers were then washed with a saturated solution of
NaCl. The organic layer was dried with anhydrous MgSO,, filtered and concentrated under
vacuum. The product was purified by flash column chromatography to give 1la-d or 2a-d;
characterization data for each compound is provided in the supplementary information.

2.3. Optical properties studies

Absorption spectra were recorded with a Cary 60 (Agilent) in 1 cm quartz cuvettes (4ml), using a
baseline correction (optical density OD = 1, ¢ = 10° M). Fluorescence was recorded with a Fluorolog 3
(Horiba) (PMT R13456) using a correction factor. Fluorescence measurements in solvents were carried
out with 4 ml quartz cuvette, with optical density below 0.1 (c = 10 M) in order to avoid inner filter
effects. Relative fluorescence quantum yields in solutions were measured with coumarin 153 in
ethanol as standard (QY = 0.53) (excitation wavelength 420 nm).* Time resolved spectroscopy was
carried out with a 405 nm EPL LASER diode (Edinburgh) with a 200 ns repetition rate. Solid spectra
were recorded with an integrating sphere GMP G8 (GMP), a correction curve was applied; in this
sphere, small crystals or ground powders were introduced inside of quartz capillaries. The quantum
yield is given by Equation 1.

Equation 1. Fluorescence quantum yield calculation in integrating sphere.

f (Fc - K (ﬁ—;))

Lc_ Ls

Pc =

To measure solid state fluorescence quantum yield, four spectra are required. Excitation wavelength
is fixed at 430 nm. Lc and Ls are integrated signals of the lamp recorded between 420 nm and 440 nm
in presence of a filter at the excitation side (five averaged measurements), Lc is the measure of the
compound, while Ls is measured with an empty capillary. f is the attenuation factor of the filter at 430
nm. Fc is integral of the luminescence signal measured between 525 nm and 800 nm in presence of
the compound in the capillary. Fs is measured in the same conditions with an empty capillary. In order



to take into account of the excitation filter effect due to the compound, Fs was multiplicated by the
fraction Lc/Ls. All signals are corrected with a correction curve.

Solid spectra F(A) are obtained by subtracting the blank signal of the sphere Bs(A) corrected with the
filter effect of the compound (Lc/Ls). In order to get normalized results Fn(A) this signal was divided by
the area under the curve and multiplicated by the quantum yield ¢c . In Figure 5 the amplitude of the
most fluorescent compounds was arbitrary fixed at 1.

Equation 2. Blank correction and normalization in order to get spectral curves representative of fluorescence quantum yields.
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3. Results and discussion

3.1. Synthesis

Unsymmetrical B-diketones were synthetized by condensation of either an indolinium 5 or a
benzothiazolium 6 on an acylketene (Figure 2) at the reflux of toluene and in presence of triethylamine.
Indeed, acylketenes are highly electrophilic species that we already used in the synthesis of
flurophores or biologically active molecules; they can easily be generated by thermal fragmentation of
dioxinones 8. *4>47 These dioxinones were chosen for their diversity, they contain electron-poor,
electron-rich or neutral aromatic moieties (Ar). Moreover, furan diketones are very classical ligand in
coordination chemistry, therefore it was interesting to introduce this heteroaromatic group in
presence of more unusual electron donating moieties based on either an indoline or a benzothiazole.*®

For the clarity of the discussion, the two substituents on both sides of the diketo central core will be
called “aromatic moiety” for substituents introduced via the dioxinone and “electron-donating
moiety” for benzothiazole or indoline moieties.

Eight B-diketones 3a-d and 4a-d were obtained in good yields, ranging from 53 to 95%, they are in
equilibrium with their corresponding keto-enol forms with a ratio depending mostly on the nature of
the substituents on the aromatic moiety (Ar) and, to a lesser extent, on the electron-donating moiety
(benzothiazole versus indoline).
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Figure 2. thermal degradation of dioxinone and trapping by indolium or thiazolium nucleophile to generate diketones.



It should be noted that this synthetic route was already explored by Konovalova et al.; however, they
only described the structure of the diketone adducts and did not further convert them to their
corresponding boron diketonates, neither did they study their photophysical properties.*

The *HNMR analysis of 3a-d and 4a-d showed the presence of two main tautomers (diketo and keto-
enol) and traces of a third tautomer (other keto-enol).>® The position of the carbonyl group in the
major keto-enol tautomer was assigned using carbon-hydrogen NMR 2D experiments. The tautomeric
equilibrium is affected by the nature of the aromatic moiety, the presence of an electron-withdrawing
group stabilizing the keto enol form as in 3c and 4c (Table 1).

Yield Keto-enol Diketone Yield Keto-enol Diketone
3a ‘ 88% 63 % 37% 4a 95% 83% 15%
3b ‘ 90% 63% 37% 4b 53% 67% 33%
3¢ | X X 4c 55%? 95% 5%
3d | 58% 42% 58% ad X X

Table 1. Reaction yield and tautomer equilibrium in CDCl3 measured by THNMR. @ crude yields

Compounds 3 a-d and 4 a-d were then reacted with boron trifluoride diethyl etherate in chloroform to
give the corresponding BDK final products 2 a-d, 1 a-d (Figure 3). After purification on silica gel column,
the products were obtained as fluorescent powders. Samples of these powders were then
recrystallized in dichloromethane (with diethyl ether vapors) to produce orange or red crystals.
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W :
3a-d 1a-d
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Figure 3. Borylation of diketones.

3.2. Optical properties in dilute solutions.

The optical properties of boron complexes la-d and 2a-d were studied in toluene and
dichloromethane. In toluene, both compounds featured highly structured absorption and emission
spectra with prominent vibronic substructures and small Stokes shifts; these two features are typical
of local state emission, which is quite unexpected because of the strong electron donating character
of the indoline moiety. In dichloromethane the vibronic structures were retained, the emission
solvatochromism is low in the case of compounds 1a-d, while the Stokes shifts increased in the case of
compounds 2a-d. In all molecules but 1c and 2c, the shapes of absorption and emission are very similar;
the presence of a methoxy group on the aromatic moiety of 1b and 2b does not affect at all the spectra.
However, introduction of an electron withdrawing nitrile group on the aromatic moiety of 1c and 2c
leads to a small red shift in absorption and a larger red shift in emission and modifies the shape of their
absorption spectra. Interestingly, the nature of the electron-donating moiety, either indoline of



benzothiazole, has no impact on absorption and emission spectra in toluene indicating that these two

moieties have close electronic effect

in this while

solvatochromism effect is observed for compounds 1a-d.

in dichloromethane a small
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Figure 4. Absorption and emission of compounds 1 a-d and 2 a-d in toluene (top) and dichloromethane (bottom) (Aexc = 440
nm).

The fluorescence quantum vyields of compounds 1a-d and 2a-d were then measured in toluene and
ranged from 0.03 to 0.90 (Table 2). Generally, molecules 2a-d are more fluorescent than 1a-d, but the
fluorescence quantum vyields depend most significantly on the nature of the substitution of the
aromatic moiety, with highest quantum yields for molecule 1b (0.68) and 2b (0.90) substituted by a 3-
bromo-4-methoxy phenyl group. On the contrary, the presence of a nitrile group in 1c and 2c leads to
a strong fluorescence quenching (QY < 0.05) concomitantly with a red-shifted emission. To understand
better this phenomenon, quantum vyields were also measured in dichloromethane, in which this
guenching effect was then observed for all compounds, dropping fluorescence quantum yields below
0.03. Polarity induced fluorescence quenching in BDK compounds was previously observed by Ma et
al.>* Surprisingly, in compounds 1a-d this phenomenon does not come along with a fluorescence red-

shift as absorption and emission spectra

in toluene and dichloromethane are perfectly
superimposable; no significant solvatochromism was observed.

&+ (ro)” Aabs/Aemb ¢ <> ke Knr br pem)®
10%1¢ 109%1¢
1a ‘ 0.33 444/483 32000 0.86 0.38 0.78 0.01
1b ‘ 0.68 447/488 35000 0.79 0.86 0.41 0.03
1c | 004 459/509 45000 X X X <0.01
1d ‘ 0,24 473/487 42000 1.40 0.17 0.54 0.02
2a ‘ 0,62 450/492 52000 1.84 0.34 0.20 0,02



2b 0,90 479/495 60000 2.11 0.43 0.04 0,02
2c 0,03 466/519 49000 X X X <0.01
2d ‘ 0,70 480/495 48000 1.97 0.36 0.12 <0.01

Table 2. Optical properties in solution. a. oF were measured at 420 nm using coumarine 153 in ethanol as reference ( @F =
0.53).%¢ b. A given in nm, c. molar extinction (L.mol1.cm), d. average lifetime in toluene in ns, the fluorescence lifetime of 1c
and 2c were too short (below 0.3 ns).

The fluorescence lifetimes were measured in toluene (Table 2) and are generally quite short, even for
strongly fluorescent compound 2b (2,1 ns, ¢ = 0.90). For weakly fluorescent molecules 1c and 2c the
fluorescence lifetimes were too short (below 300 ps) to be measured with our TCSPC setup which is
totally in accordance with their low fluorescence quantum vyields. The calculated ke are almost
constant, ranging from 0,17.10%™ to 0,43.10°s. On the other hand, k., is strongly varying and the
fluorescence quantum vyields are closely correlated to the amount of non-radiative pathways. In
dicholoromethane, in which the dyes are poorly fluorescent, the fluorescence lifetimes were also very
short (below 300 ps) for all compounds. Transferring the dyes from toluene to more polar
dichloromethane enhances non-radiative de-excitation pathways without inducing any
solvatochromism. Such behavior might be related to intersystem system crossing (ISC) efficiency, as
some BDK compounds de-excite through this process, and also because ISC efficiency depends strongly
on interactions with solvent. To investigate the formation of a triplet state, the luminescence of singlet
of singlet oxygen was measured at 1270 nm but no signal was detected in both solvents for all
compounds. This indicates that the fluorescence quenching occurs though another process such as
electron transfer; this may happen through twisting at the excited state, which can break n-
conjugation at the level of the BDK bridge. This is corroborated by the fact that the indoline or
benzothiazole moieties act as electron-donors, while the aromatic moiety acts as electron acceptor.
Indeed, for the more electron poor the aromatic moiety (1c or 2c) the quenching is the strongest. In
addition, dichloromethane stabilizes separated charge states generated by electron transfers;
explaining the strong quenching observed in dichloromethane.

3.3. Optical properties in solid ground powder.

The fluorescence of solid BDK compounds was measured using an integrating sphere. The results
obtained with the product isolated directly from the synthesis were not consistent, they varied strongly
from batch to batch as some were obtained as fine powder and other as polycrystalline mixture.
Indeed, the luminescence of solid BDK compounds have been reported to be strongly dependent on
their crystalline phase.?®*? In order to solve this problem these samples were finely ground before
measurements presented in (Figure 5), this treatment allowed to get reproducible results. The
emission of ground powders of compounds 1a-d ranged from 575 to 650 nm and those of 2a-d from
575 to 610 nm. Compounds 1d and 2d were poorly emissive (Table 4). Two distinct behaviors were
observed, 2b and 2c and in less extend 2a and 1c present narrow band and a shoulder in the red side
of their spectra by comparison to the others. This spectral shape is representative of a cyanine
character. As expected 2c is more red-shifted than 2b due to the presence of an electron withdrawing
group. However, this trend is not found in molecules 1b and 1c as, surprisingly, 1b is more red-shifted,
this emphasizes that both molecule are certainly not in the same crystalline phase. In order to
investigate this issue, the products were then recrystallized.
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Figure 5. Normalized spectra of compounds 1a-d and 2a-d (ground powders). The area under the curves is proportional to
their fluorescence quantum yield.

3.4. Crystal structures of 2b and 2c and mechanochromism.

The products were then recrystallized by slow diffusion of diethyl ether in concentrated
dichloromethane solutions. This method enabled red single crystals to be obtained for compounds 2b
(CCDC2181345), 4b (CCDC2181374) and 2¢ (CCDC2181383) only. Their structure was analyzed by X-

Ray diffraction.

ab

Figure 6. Crystalline structure of 2b, 2c and 4b.

Crystalline structures of 2b, 2c and 4b show colinear arrangement where indoline moieties interact

with the aromatic sides of neighbor molecules (Figure 6). In 2b the position of the ethyl chain of the



indoline is disordered. While the structure of molecule 2c and 4b are very flat, there is a torsion in 2b
due to the repulsion between the large bromine atom of one molecule and the gem-dimethyl moiety
of another. This repulsion is not observed in 4b because molecules are more shifted from each other
and the bromine atom interacts with the benzene part of the closest indoline groups. The bond lengths
were studied to understand better the optical properties of the crystals (Table 3). The crystallographic
structure of 4b reveals that the equilibrium of the diketone moiety leans toward the keto-enol form
where the carbonyl bond is localized between carbon C(9) and oxygen O(3). Atom-to-atom distances
in compounds 2b and 2c are very similar and can be treated together as they follow exactly the same
trends. The bond lengths between oxygen and carbon atoms O(2)-C(7) and O(3)-C(9) are of the same
order (1.318+0.016 A) and are both longer than expected for carbonyl function; they both feature an
enolate character. Bonds between carbons C(6)-C(7) and C(8)-C(9) are clearly single bonds while C(7)-
C(8) and C(9)-C(10) feature double bond character. More interestingly, the bond C(10)-C(11) is quite
short (1.381+0.002 A) and is of the same length than C(9)-C(10) bond. This suggest that there is an
equilibrium between a zwitterionic cyanine and a push-pull form. The carbon nitrogen bond C(11) -
N(1) is also quite short which is compatible with this hypothesis.

R zwitterionic cyanine R nheutral push-pull

2b and 2c

C(6)-C(7)  C(7)-C(8)  C(8)-C(9)  C(9)-C(10) C(10)-C(11) O(2)-C(7)  O(3)-C(9)  C(11)-N(1)

2b ‘ 1.464 1.342 1421 1.391 1.383 1.334 1.317 1.327
4b ‘ 1.490 1.377 1.416 1.430 1.366 1.300 1.284 1.374
2c ‘ 1.469 1.349 1.410 1.387 1.379 1.323 1.303 1.345

Table 3. Tautomer form in observed in crystal, and bond lengths (A).

Then, the fluorescence of crystals of 2b and 2c was measured using an integrating sphere and their
fluorescences were also measured after meticulous grinding in fine powder. Under UV-lamp, breaking
the crystal structure leads to an obvious color change for 2b, while this effect is not visible to the eyes
with 2c (Figure 7). However, the spectral change is very noticeable (Figure 7); the spectra of both
compounds featured a red shifted emission in crystal state by comparison with powder with a
maximum of 612 nm for 2b in crystal state vs 575 nm in powder (AA = 37 nm) and a maximum of 637
nm for 2c in crystal vs 600 nm in powder (AA = 37 nm). In crystal form, the emission is broader with no
vibronic sub-structure. Their spectral shapes in powder were more structured with a distinct shoulder
in the red side as commonly observed with cyanine compounds. This cyanine character was previously
observed in solution but the emission wavelength is higher by 75 nm in powder than in solution. No
reversibility could be observed after grinding, the optical properties of the ground powders 2b and 2c
remains stable after ageing or warming and cooling process.
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Figure 7. Left : emission of 2b single crystals (dark blue) and ground crystal (light blue). Right : emission of 2c crystals (dark
red) and ground crystals (light red). On the photos the capillaries show crystal before (left) and after grinding (right).

The quantum vyields of both powders and crystals were measured (Table 4), the values for powders
were obtained after fine grinding of the solid. Generally, compounds 2a-c featuring indoline were more
luminescent than their benzothiazole counterparts 1a-c. The presence of the nitrile function in 1c and
2c does not result in emission quenching; this support our previous hypothesis of a quenching effect
caused by twisting in solution when the aromatic moiety of BDK is electron deficient. The absence of
any substituents on the phenyl group in 1a and 2a enhances the fluorescence quantum yields. In the
case of 2b and 2c the fluorescence quantum of crystals and powders are very similar. Surprisingly the
fluorescence of 1d and 2d remained low in solid state.

1a 1b 1c 1d 2a 2b 2c 2d
Powder \ 0.15 0.07 0.10 0.02 0.22 0.12 0.16 0.01
Crystals | - - - - - 0.13 0.10 -

Table 4. Absolute solid state fluorescence quantum yields measured by integrating sphere.

4. Conclusion

New B-diketone compounds were synthesized through an uncommon reaction pathway relying on the
capture of an “in situ” generated acylketene. This highly electrophilic intermediate is generated via
thermal degradation of 1,3-dioxin-4-one and efficiently reacts with nucleophilic indolium or
benzothiazolium. Using this method, a library of eight unsymmetrical B-diketones was obtained using
four 1,3-dioxin-4one decorated with either electron neutral, withdrawing or donating groups. The
nature of this substituent affects the keno-enol equilibrium, especially the electron withdrawing nitrile
group in 2c shifts the tautomer equilibrium toward the keto-enol form. Complexation of these
molecules with boron trifluoride, provided BDK compounds which showed fluorescence only in non-
polar solvents in absence of electron withdrawing groups in the aromatic side. The shape of their
absorption and emission spectra and their low solvatochromism demonstrated that they behave as
cyanines. Noteworthy, the majority of these molecules proved to be fluorescent in solid state, in
particular 2a showed a high quantum yield in ground powder (¢f = 0,22). Two of these molecules, 2b
and 2c were successfully recrystallized to provide single crystals. The comparison of their optical
properties in crystal state and powder demonstrated that they feature promising mechanochromism
with AA = 37 nm, and fluorescence quantum yield in both crystal and ground crystal state comprised
between 0,10 and 0,16. Further work is ongoing to optimize these molecules in order to make them

10



easier to crystallize, or to make them suitable for mechanochromism in thin film by modulation of the
size of their side alkyl chains.
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