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Abstract

A series of oxazoline based compounds was obtained via amidation formation
from salicylic acid derivatives and benzyl-protected L-threonine with good yields
(50-90%). These compounds present absorption in the UV region (~300 nm)
and fluorescence emission spectra show large Stokes shift emission (~10000
cm™) in the blue-green region attributed to the ESIPT process. TD-DFT
calculations were carried out to investigate the process of proton transfer of the
structure of both tautomers (keto and enol) and corroborating the UV region
absorption and large Stokes shift. The oxazolines derivatives were investigated
as optical sensor for enantiomeric identification in solution. Preliminary results

indicate sensing for arabinose and tartaric acid, but not specificity. However, to



the pair R-(-)-Mandelic and S-(+)-Mandelic acid, the oxazoline 4c showed a
enantiomeric seletivity identification, allowing to envisage these compounds as
potential photoactive building blocks to propose innovative optical sensors in

solution.

1. Introduction

Oxazoline is a five-membered heterocyclic compound containing one oxygen
atom and one nitrogen atom. It was first characterized in 1889 and was named
according to the nomenclature of Hantzsch-Widman [1]. The oxazoline ring
itself has no applications, however, ring-containing compounds, present a wide
variety of uses, sucha as synthetic intermediates [2-4], protector groups [5-7],
binders [8], antioxidants [9-11], as well as chiral auxiliaries [12-14] in many
organic transformations. Moreover, the oxazoline moiety can also be found in a
number of compounds with applications in gasoline additives, protective films,
photographic materials, fluorescent molecular probes and agrochemicals [2-
4,15-24]. This broad use can be justified by resistance to several nucleophiles,
free radicals, oxidizing agents and various acids, which facilitates their
production through different synthetic routes, which can lead to highly complex
compounds [15-21,25]. Oxazolines are central structures of many biologically
active molecules, which exhibit cytotoxic [15], anti-bacterial [16] anti-tumor [17],
antidepressant [19] and anti-Alzheimer activities [21]. In view of the structural
viability offered by the nucleus and the possibility of the extension of -
conjugated systems, oxazolines are very promising building blocks due to their
coordination properties, in the preparation of fluorescent markers in the
detection of metallic elements, aiming at the identification of analytes of
biological, technological or environmental interest [2-4,15-21,26-28].

Thus, the synthesis of molecules which exhibit remarkable photophysical
properties, such as high photostability, solid state emission, almost absent inner
filter effect due to large Stokes' shift are of great interest [29-36].

In this context, the literature has presented several structures based on
flavonoid and benzazolic cores that present these properties due to a
phototautomerism in the excited state [37]. However, compounds based on

oxazolinic and chiral nuclei that exhibit these properties are poorly reported [38].



The phototautomerism in the excited state, so-called excited state
intramolecular proton transfer (ESIPT) is a reversible photochemical process
that produces a tautomeric specie from conformer present in the ground state
(Figure 1) [39]. Generally, chemical structures which present intramolecular
hydrogen bond (IHB) between the H atom of the donor group and the acceptor
within a distance less than 2A are able to proton transfer in the excited state
[40]. The observed electronic redistribution in the excited state takes place
between a donor moiety, usually a phenol or aniline groups and an acceptor
group (imino/azonitrogen- or carbonyl-oxygen-containing ring skeleton), which

are more acidic and basic after radiation absorption, respectively [41].
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Figure 1. ESIPT process for a generic oxazolinic core, where N and T are the
normal and tautomeric species, respectively and GSRPT is the ground state
retro proton transfer. The asterisk indicates the excited state.

2. Experimental

2.1. Materials and methods

UV-Vis absorption spectra in solution were performedon a Shimadzu UV-2450
spectrophotometer at a concentration range of 10°M. Steady state fluorescence
spectra were taken using a Shimadzu spectrofluorometer RF-5301PC. The
maxima absorption wavelengths were used as the excitation wavelengths for

fluorescence measurements. Spectrum correction was performed to enable a
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true spectrum to be recorded by eliminating instrumental responses such as
wavelength characteristics of the monochromator or the detector using
Rhodamine B as a standard. The quantum vyield of fluorescence (®g) was
measured at 25°C using spectroscopic grade solvents within solutions applying
the optical dilute methodology and Quinine sulfate (Riedel) in H,SO,4 (1 N) as
the quantum yield standard (®g =0.55) [42]. Time resolved fluorescence curves
were performed in 1,4-dioxane and acetonitriie with an EasyLife V
spectrophotometer (Optical Building Blocks). All measurements were performed
at room temperature. The decay curves were analysed using EasyLife V
software (OBB). A nonlinear least square method was employed for the fit of the
decay to a sum of exponentials. The value of x°, respective residuals and the
autocorrelation function were used to determine the quality of the proposed fit.
To the enantiomer interaction study, in a solution of 4a-d 10 M in acetonitrile
different amounts of DMSO stock solutions 10° M of D-(-)-arabinose, L-(+)-
arabinose, D-Tartaric acid, L-Tartaric acid, R-Mandelic acid or S-Mandelic acid
were added. To this study a control experiment was performed using the achiral
carboxilic benzoic acid (BA), where the oxazolines were measured in absence
and in presence of BA at a molar ratio 1:1 sensor:analyte. The enantiomer and
dye work concentrations are in ESI. All photophysical characterization was
performed at 25°C.

2.2. Synthesis

General procedure for the synthesis of (2S,3R)-benzyl 3-hydroxy-2-(2-
hydroxybenzamido)butanoate derivates (3a-d).

2-hydroxybenzoic acid derivatives (la-d) (1 mmol, 1 equiv) and benzyl
threonine (1 mmol, 1 equiv), EDC-HCI (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (1.3 mmol, 1.3 equiv), 1-HOBt (1-
hydroxybenzotriazole) (1.2 mmol, 1.2 equiv), N-methylmorpholine (1.5 mmol,
1.5 equiv) were dissolved in 5 mL of CH,Cl,. The reaction mixture was stirred
for the required time at room temperature in ultrasonic bath. The completion of
the reaction was monitored by thin layer chromatography (TLC). Then the
reaction mixture was diluted with ethyl acetate and washed with saturated

solution of NH4CI (3 x 20 mL), the organic phase was collected, dried over



MgSOQy, filtered and the solvent was removed under vacuum. The crude residue
was purified by flash chromatography on silica gel (eluting with ethyl
acetate/hexane 3:7).

(2S,3R)-benzyl 3-hydroxy-2-(2-hydroxybenzamido)butanoate (3a)

'H NMR (300 MHz, CDCls) 5 11.99 (s, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.39 (d, J =
8.0 Hz, 6H), 7.02 (d, J = 8.3 Hz, 1H), 6.89 (t, J = 7.6 Hz, 1H), 5.35 — 5.16 (m,
2H), 4.85 (d, J = 10.7 Hz, 1H), 4.50 (s, 1H), 1.30 (d, J = 6.5 Hz, 3H). **C NMR
(75 MHz, CDCl3) & 170.65, 170.39, 161.58, 135.09, 134.65, 128.70, 128.23,
125.95, 118.85, 118.56, 113.84, 68.11, 67.62, 57.16, 20.17. HRMS-ESI: calcd.
for C1gH10NOs [M+H*]: 329,1263, found: 328,0800

(2S,3R)-Benzil 2-(4-azido-2-hidroxibenzamido)-3-hidroxibutanoato (3b)

RMN *H (300 MHz, CDCls) & 11,69 (s, 1H); 7,36 (s, 5H); 7,26 (dd, J = 8,0, 3,5
Hz, 1H); 7,17 — 7,12 (m, 1H); 6,94 (dd, J = 9,1, 4,7 Hz, 1H); 5,24 (d, J = 5,4 Hz,
2H); 4,81 (d, J = 8,7 Hz, 1H); 4,49 (d, J = 5,1 Hz, 1H); 1,27 (d, J = 6,4 Hz, 3H).
RMN *3C (75 MHz, CDCls-d) 5 170,62; 169,28; 160,56; 137,35; 128,74; 128,69;
128,58; 128,29; 120,46; 115,3; 110,44; 68,06; 67,81; 57,27; 20,23. HRMS-ESI:
calcd. for C1gH1gN4Os [M+H™]: 370,11277, found: 371,1760.

(2S,3R)-benzyl 3-hydroxy-2-(2-hydroxy-5-methoxybenzamido)butanoate (3c)

'H NMR (300 MHz, CDCls) & 7.38 (s, 4H), 7.15 (d, J = 7.1 Hz, 1H), 7.06 (d, J =
8.4 Hz, 2H), 6.95 (d, J = 8.6 Hz, 1H), 5.45 — 5.14 (m, 2H), 4.85 (d, J = 8.6 Hz,
1H), 4.64 — 4.37 (m, 1H), 3.78 (s, 3H), 1.29 (d, J = 6.4 Hz, 3H). *C NMR (75
MHz, CDCl;) & 170.68, 170.09, 155.60, 151.93, 135.09, 128.69, 128.59,
128.23, 121.53, 119.26, 113.74, 110.30, 68.12, 67.64, 57.26, 56.11, 20.18.
HRMS-ESI: calcd. for C1gH2:NOg [M+H]: 359,1369, found: 360,1760.

(2S,3R)-benzyl 3-hydroxy-2-(2-hydroxy-6-methoxybenzamido)butanoate (3d)

'H NMR (300 MHz, CDCls) 8 9.15 (d, J = 6.9 Hz, 1H), 7.65 — 6.99 (m, 6H), 6.63
(d, J = 8.4 Hz, 1H), 6.41 (d, J = 8.3 Hz, 1H), 5.24 (s, 2H), 4.82 (d, J = 8.1 Hz,
1H), 4.43 (s, 1H), 3.91 (d, J = 2.0 Hz, 3H), 1.27 (d, J = 6.4 Hz, 3H). *C NMR
(75 MHz, CDCl3-d) 6 170.69, 164.41, 159.00, 133.75, 128.67, 128.52, 128.21,



111.68, 103.71, 101.18, 68.15, 67.41, 57.50, 56.36, 20.14. HRMS-ESI: calcd.
for C19H21NOg [M+H+]: 359,1369, found: 360,1730.

General procedure for the synthesis (4S,5S)-benzyl 2-(2-hydroxyphenyl)-5-
methyl-4,5-dihydrooxazole-4-carboxylate derivates (4a-d).

Thionyl chloride (30 mmol, 30 equiv) was added dropwise to the compound 3 (1
mmol, 1 equiv) dissolved in dichloromethane (10 mL) under nitrogen
atmosphere. The reaction mixture was stirred at room temperature for 24 h.
Then Na,CO3; was added until the solution turned basic. The inorganic solid was
filtered off, and organic phase was concentrated under vacuum. The crude
product was purified by flash chromatography on silica gel (eluting with ethyl

acetate/hexane 1:9).

(4S,5S)-benzyl 2-(2-hydroxyphenyl)-5-methyl-4,5-dihydrooxazole-4-carboxylate
(4a)

'H NMR (300 MHz, CDCl5) & 11.85 (s, 1H), 7.68 (d, J = 6.5 Hz, 1H), 7.41 (s,
6H), 7.06 (d, J = 7.9 Hz, 1H), 6.90 (s, 1H), 5.26 (s, 2H), 5.07 (s, 2H), 1.38 (s,
3H). *C NMR (75 MHz, CDCl;) & 169.04, 167.61, 160.20, 135.15, 133.89,
128.64, 128.58, 128.32, 118.62, 116.96, 110.24, 70.31, 67.13, 15.99. HRMS-
ESI: calcd. for C1gH17NO,4 [M+H™]: 312.1236, found: 312.1018.

(4S,5S)-benzyl-2-(4-azido-2-hydroxyphenyl)-5-methyl-4,5-dihydrooxazole-4-
carboxylate (4b)

'H NMR (300 MHz, CDCl3) & 7.40 (d, J = 8.5 Hz, 1H), 7.29 (s, 5H), 6.37 (s, 1H),
6.27 (d, J = 8.0 Hz, 1H), 5.14 (s, 2H), 4.91 (d, J = 2.6 Hz, 2H), 1.25 (d, J = 5.5
Hz, 3H). *3C NMR (75 MHz, CDCl;) 5 168.65, 166.59, 160.99, 159.80, 134.08,
128.89, 127.59, 106.18, 102.58, 102.04, 69.06, 66.20, 14.95. HRMS-ESI: calcd.
for C1gH16N4O4 [M+H™]: 353.1250, found: 353.1003.

(4S,5S)-benzyl 2-(2-hydroxy-5-methoxyphenyl)-5-methyl-4,5-dihydrooxazole-4-
carboxylate (4c)

'H NMR (300 MHz, CDCls) & 7.29 (s, 5H), 7.05 (s, 1H), 6.90 (d, J = 11.3 Hz,
2H), 5.30 — 5.08 (m, 2H), 4.95 (s, 2H), 3.69 (s, 3H), 1.27 (s, 3H). **C NMR (75
MHz, CDCl3) & 169.03, 167.46, 154.64, 151.83, 135.16, 128.59, 121.79,
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117.89, 111.12, 109.75, 77.46, 70.43, 67.13, 55.94, 16.02. HRMS-ESI: calcd.
for C19H19NOs5 [M+H+]: 342.1341, found: 342.1099.

(4S,5S)-benzyl 2-(2-hydroxy-6-methoxyphenyl)-5-methyl-4,5-dihydrooxazole-4-
carboxylate (4d)

'H NMR (300 MHz, MeOD-d,) 8 7.85 (d, J = 7.9 Hz, 1H), 7.42 — 7.27 (m, 6H),
6.67 (d, J = 8.1 Hz, 1H), 5.22 (s, 3H), 3.97 (s, 2H), 3.31 (s, 3H), 1.24 (d, J = 5.8
Hz, 3H). *C NMR (75 MHz, MeOD-d,) 5 171.83, 168.12, 162.03, 143.33,
137.16, 129.58, 129.30, 129.14, 126.84, 105.37, 103.57, 101.40, 68.42, 68.21,
68.03, 59.49, 57.32, 20.78. HRMS-ESI: calcd. for C19H10NOs [M+H]": 342.1341,
found: 342.1182.

2.4 Theoretical calculations

Theoretical calculations were performed using Gaussian 16 package [43].
Geometry optimizations of both enol and keto ground and excited states were
carried out using wB97XD, a hybrid functional which provides empirical
dispersion and long-range correction [44]. The cc-pVDZ basis set [45] were
used to all the geometry optimizations, while the electronic transition and
energies calculations were carried out with jun-cc-pVTZ basis set [45]. This
functional and basis functions has been used in previous works and have
demonstrated good outcomes [46]. In order to account for solvent effects the
Polarizable Continuum Model (PCM) [47] was applied to all DFT and TDDFT
calculations for three different solvents: 1,4-dioxane, acetonitrile and
dimethylsulfoxide. All the structures and frontier orbitals images were
renderized using the graphical software CHEMCRAFT [48].

3. Results and Discussion

3.1 Synthesis

The synthesis of the oxazoline compounds was initiated via amidation formation
step [49], starting with the derivatives of the salicylic acid (1a-d) and benzyl-
protected L-threonine (2), which was obtained by refluxing L-threonine with

benzyl alcohol [50] as shown in Scheme 1.
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Scheme 1. Synthetic route for the 2-ariloxazolines (4a-d) derived from salicylic
acid derivatives (1a-d).

The amidation formation was achieved using non-protected salicylic acid
derivatives 1a-d, benzyl threonine, 1.3 eq of EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide), 1.2 eq. of 1-HOBt (1-hydroxybenzotriazole),
and 1.5 eq. of base in dichloromethane as solvent, leading to the coupling
products 3a-d, respectively with good yields (50-90%). This synthetic protocol
was optimized employing an ultrasonic bath [51], which reduced significantly the
reaction time to about 1h, in comparison with 12h for “on bench” synthesis [52].
In the next step to obtain the corresponding oxazolines 4a-d, thionyl chloride
(30 mmol, 30 equiv) was added dropwise to the compounds 3a-d (1 mmol, 1
equiv) dissolved in CH,Cl, (10 mL) under nitrogen atmosphere. The reaction
mixture was stirred at room temperature for 24 h. Then Na,CO3; was added until

the solution turned basic.

3.2. Photophysical characterization

The absorption spectra of the oxazoline 4b is shown in Figure 2. The relevant
data calculated from UV-Vis absorption spectroscopy for all compounds are
presented in Table 1. It can be observed an absorption maxima located around
300-334 nm. It was observed a small solvatochromic effect (AAaps~2 nm) in
these compound. It could be observed that in all studied solvents, the derivative

4c present red shifted absorption in despite of the 4d, indicating a better
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electron delocalization in solution (Table 1). The observed blueshift values for
the absorption maxima in the polar protic ethanol are probably due to specific
solvent-fluorophore interaction, such as hydrogen bonding,[53] that was also

observed in methanol and isopropyl alcohol (data not shown, see SI).

OH
0-257 —— EtOH X
} —— Chloroform
MeCN Rj R3
0.20 A ——1,4-Dioxane ¢ Ra
2 (43) R,=H, R,=H, R,=H
© —— (4b) R;=N,, Ry=H, Ry=H
Q 2 (4c) R,=H, R,=OCH,, R,=H
20.15- 2 —— (4d) R,=H, Ry=H, R;=OCH,
@® Q
_g ©
o
)
2 0.10+ I
©
=
S
0.05 =z
0.00 : : ; ;

3(l)O ' 350 ' 3:10 ' BéO ' 3é0 280 ' 3(I)0 ' 320 ' 340 l 360 I 380 ’ 4(I)O
Wavelength (nm) Wavelength (nm)

Figure 2. UV-Vis absorption spectra in solution (10> M) of oxazoline 4b in

different organic solvents (left) and oxazolines 4a-d in chloroform (right). The

inset presents the substitution pattern of the aromatic ring for comparison.

In order to discuss the photophysics in the ground state regarding the different
contribution and position of the substituents, Figure 2b presents the UV-Vis
spectra from 4a-d in chloroform. It can be observed that changes in the
substituent affect the absorption maxima due to different electronic contributions
of these lateral groups. An absorption maxima between 302 nm and 334 nm
were observed. Despite compound 4b present a chromophoric group, this
compound showed the shortest absorption maximum, located at 302 nm. This
result probably indicates that the azido group does not contributes significantly
to the conjugation of this compound [54]. On the other hand, the presence and
position of the methoxy auxochrome seems to affect the absorption maxima
location of these compounds. A redshift absorption is observed for compounds
4c and 4d (334 nm and 326 nm, respectively) in despite of 4a and 4b. In

9



addition, compound 4c with the methoxy group at the 6-position presents the
longer absorption wavelength probably due to electronic interaction with the
hydroxyl group present in the para-position.

The UV-Vis absorption spectra also allow to calculate, using Eq. 1-3, the
oscillator strength (fs) and the radiative rate constant for emission (ke’), which is
the probability of emission of photons per time unit, as well as the pure radiative

lifetime (1°), applying the Strickler-Berg equation [55,56].

f. =432 x107° [ ¢(¥) d7, (1)
kd ~ 2.88x107°75 [ e(v)dD, (2)
=1/, (3)

where the integral is the area under the absorption curve, which corresponds to
a single electron oscillator and v, is the wavenumber corresponding to the
maximum wavelength of absorption. The obtained molar absorptivity coefficient
e values (10* M*.cm™) and the calculated radiative rate constant (10’ s™)
indicate spin and symmetry allowed *1t— 1¢* electronic transitions for 4a-d, with
typical range values to € (10%-10° M*.cm™) and k.’ (10°-10° s™). The values of
the intrinsic property and independent of the electromagnetic field responsible
for the excitation, the oscillator strength, (fe=107-1) corroborates with electronic
dipole-allowed transitions, as expected [57]. In addition, the calculated radiative
lifetime (t°) values indicates that the oxazolines 4a-d populate the same excited

State.
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Table 1. Relevant photophysical data of the UV-Vis absorption spectroscopy,

where Agps IS the absorption maxima (nm), € is the molar absorptivity coefficient

(10* M*.cm™), £, is the calculated oscillator strength, k¢’ is the calculated

radiative rate constant (10’ s) and t° is the calculated pure radiative lifetime (in

ns).

Dye Solvent Aabs € f. K°e r
CHCI3 306 4.80 0.08 8.19 12.2
4a EtOH 304 4.63 0.08 8.21 12.2
MeCN 304 3.81 0.06 6.63 15.1
1,4-Dioxane 306 5.03 0.08 8.45 11.8
CHCI; 302 11.6 0.14 15.6 6.39
b EtOH 300 9.11 0.11 11.7 8.52
MeCN 300 10.2 0.12 12.9 7.73
1,4-Dioxane 301 12.2 0.15 16.4 6.10
CHCl3 334 5.76 0.10 8.79 11.4
4c EtOH 332 5.76 0.10 9.48 10.5
MeCN 332 4,92 0.09 7.91 12.6
1,4-Dioxane 334 5.00 0.09 8.51 11.8
CHCl3 326 2.71 0.05 4.8 20.7
4d EtOH 324 2.67 0.05 4.75 21.0
MeCN 326 2.30 0.05 4.89 20.5
1,4-Dioxane 324 2.67 0.05 4,98 20.1

The normalized fluorescence emission spectra of oxazolines 4a-d are

presented in Figure 3. The emission curves were obtained exciting the

compounds at the absorption maxima wavelength and the relevant data from

fluorescence emission spectroscopy is summarised in Table 2.
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Figure 3. Steady-state normalized fluorescence emission spectra in solution

(10 M) of the oxazolines 4a-d.

It can be observed that these compounds do not present any clear tendency
based on the substituents or the solvent polarity. However, all studied
compounds present at least a longer wavelength emission, ascribed to the
ESIPT process, indicating that the solvents stabilize the enol conformer that
proton transfer in the excited state. In these compounds, after UV absorption, a
locally excited enol-cis conformer (N*) tautomerizes to an excited-state keto (T*)
specie, which decays to the ground state (T) emitting fluorescence at 442-510
nm with a large Stokes shift (~10000 cm™). It can also be observed that
compounds 4a-c present an additional blueshifted emission band, ascribed to a
normal emission. In these compounds, after UV absorption, a non-ESIPT
conformer (N*) decays emitting fluorescence at 369-400 nm. The ESIPT

process requires the existence of an intramolecular hydrogen bond (IHB)
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between the H atom of the donor group and the acceptor within a distance less
than 2A, as well as both photoacid and photobasic character [58,59]. In this
way, the observed normal emission for the oxazolines 4a-c indicates that a
conformational equilibirium is present in the ground-state, as already observed
in ESIPT compounds [60]. This equilibrium takes place between an enol
conformer, which undergoes proton transfer in the excited state, so-called enol-
cis, with additional conformers that do not favor intramolecular hydrogen (Figure
4). Thus, the dual fluorescence emission for 4a-c can be related to a
conformational equilibrium in solution in the ground state, with an emission at
longer wavelengths ascribed to the excited keto tautomer, and the blue shifted
one due to conformational forms which presents a normal relaxation. These
results are interesting, because the observed dual fluorescence emission [37]
can allow for their potential application as optical sensors for polarity, polar
protic solvents either quiral identification. The total fluorescence quantum yield

are 1.6-13%, as expected for ESIPT compounds [37].

ESIPT conformer

R, 0O O

- cnd)
R N ”<
R O’H

1

Enol-cis

non-ESIPT conformers

R2
OBn OBn OBn R1~C§+7<
R1 R3
BnO

Enol cis open Enol-trans Enol-trans open Twisted enol-cis

Figure 4. ESIPT (Enol-cis) and non-ESIPT conformers of the oxazoline studied

in this work.
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Table 2. Relevant photophysical data of the fluorescence emission
spectroscopy, where Aen, is the emission maxima (nm) from the normal (N*) and
tutomeric (T*) species, AAst is the Stokes' shift (cm™) and ®f is the total

fluorescence quantum yield (%).

Normal Tautomeric «
Dye Solvent o Mot o Mer Dr
CHCl3 - - 457 10798 4.4
4a EtOH 400 7895 - - 6.9
MeCN 391 7319 - - 12.9
1,4-Dioxane - - 462 11035 4.0
CHCI3 - - 458 11279 4.7
b EtOH 385 7359 442 10709 2.0
MeCN 386 7427 452 11209 4.0
1,4-Dioxane 391 7647 460 11483 1.6
CHCl3 386 4033 507 10216 2.3
4c EtOH 381 3874 500 10120 1.6
MeCN 369 5903 498 10040 2.4
1,4-Dioxane 380 6688 510 10332 1.2
CHCl3 - - 452 8551 13.5
4d EtOH - - 447 8493 6.2
MeCN - - 452 8551 11.2
1,4-Dioxane - - 448 8543 7.5

Time-resolved fluorescence was also employed to better understand the
photophysics of these compounds (Figure 5). The relevant data are

summarised in Table 3. The residuals are presented in the ESI.

—IRF 14
4a 1

(a) (b)

T T T T T T 1 0.01 T T T T T T 1

0 5 10 15 20 0 5 10 15 20
Time (ns) Time (ns)

0.01

Figure 5. Fluorescence decays of oxazolines 4a-d in (a) 1,4-dioxane and (b)

acetonitrile [ca. 10 M]. IRF=instrument response factor.
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The fluorescence decay profile of the oxazolines 4a-c could be fitted by two-
exponential decays both below 1 ns with good X* values (Table 3). The
individual time decays (11 and 1), as well as the average lifetimes presented
similar values (t<1 ns) for these dyes. In addition, the solvent seems to
present an almost absent influence on the decay profiles. Compound 4d
presented a quite particular behaviour, where one exponential decay was
observed with a longer fluorescence lifetime (1 >3.4 ns) in both solvents. This
latter corroborates with the previously calculated pure radiative lifetime (1°)
presented in Table 1, indicating that somehow the substituent position plays a
fundamental role on the dynamics of these compounds. Since 4d this is the only
derivative with a quite large substituent at the R3 position (-OCHj3), it is believed
that it is not only an electronic effect that is taking place in the excited state to
allow such steady-state and time resolved photophysical behaviour. Probably
sterically hindrance is also present to favor in this case, the enol-cis conformer,
able to ESIPT in the excited state.

Table 3. Time resolved fluorescence spectroscopy of the oxazolines 4a-c,
where 1 is the experimental fluorescence lifetime (in ns), T, is the weighted
average fluorescence lifetime (in ns) and x° determines the quality of the

exponential fit. The numbers 1 and 2 are related to individual exponential

decays.
Compound Solvent 11 (ns) T2 (ns) Ta(ns) X
’a MeCN  0.083(96.59) 3534 (3.41) 0201 0.978
1,4-Dioxane  0.414 (83.05) 3.640 (16.95) 0.961 0.974
n MeCN 0.192 (87.66) 2.239 (12.34) 0.445 0.967
1,4-Dioxane  0.088 (95.72) 2.805 (4.28) 0.204 1.052
4c MeCN 0.260 (96.91) 1.673 (3.09) 0.304 1.195
1,4-Dioxane  0.459 (98.48) 4.958 (1.52) 0.528 1.139
4d MeCN 3.476 (100) 3476 1.151
1,4-Dioxane 3.892 (100) 3.892 1.145

3.3. Enantiomers identification in solution
Based on the chiral structure, as well as their photophysical characteristics, the

oxazolines 4a-d were evaluated as optical sensors for enantioselective
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detection of the follow optically active compounds: D-(-)-arabinose/L-(+)-
arabinose, D-(-)-Tartaric acid/L-(+)-Tartaric acid and R-(-)-Mandelic acid/S-(+)-
Mandelic acid. These compounds were chosen due to their different
substituents, geometries and chemical groups. In this investigation, for all
studied oxazoline it could be observed that their fundamental state was not
differently affectec by one of the enantiomers of the pair, that is, quite similar
shape and position were observed for the UV-Vis spectra of the oxazolines in
presence of the enantiomers (data not shown, see Sl). From the steady-state
fluorescence spectra (Figure 6), it can be observed that the excited state of the
oxazolines were notably affected by the presence of the enantiomers D-(-)-
arabinose/L-(+)-arabinose and D-(-)-Tartaric acid/L-(+)-Tartaric acid. The
oxazoline 4a presents a main emission band locatd around 400 nm, which
decreases its intensity and split into two emission bands in presence of the
enantiomers, located at ~460 nm and ~375 nm. The emission at longer
wavelentghs seems to keep constant during the enantiomer additon and the
blue shifted emission bands presents a decrease on its intensity. The oxazoline
4b in absence of the enantiomers already presents a dual fluorescence
emission, which decreases upon addition of the enantiomers, indicating a
significative interaction in the excited state between enantiomer and
fluorophore, which can probably be related to the increase of the rigidity of the
fluorophore and thus increasing its fluorescence quantum yield. Similar results
were observed for the other oxazolines in presence of these enantiomers (see
Sl). The observed similar response in presence of both enantiomers (D or L)
indicated that these enantiomers present significant interaction with the
respective oxazolines, but not selectively. However, in presence of the R-(-)-
Mandelic acid/S-(+)-Mandelic acid the oxazoline 4c presents interesting
changes on the emission spectra, indicating selective interaction between the
fluorophore and the respective enantiomer (Figure 7). The derivatives 4a-b and

4d do not presented such photophysical behaviour (see Sl).
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Figure 6. Fluorescence emission titration of oxazoline 4a (10° M in DMSO) in
diferents amounts of (a) D-(-)-Tartaric acid and (b) L-(+)-Tartaric acid and
oxazoline 4b (10° M in DMSO) in diferents amounts of (c) L-(+)-Arabinose and
(d) D-(-)-Arabinose.

Despite the quite similar emission profile for 4c in presence of R-(-)-Mandelic
acid and S-(+)-Mandelic (A, and A3 regions), it can be observed that at shorter
wavelenghts, defined as A1, interesting changes were observed. In presence of
the R-enantiomer, the fluorescence intensity below 400 nm changes slighlty if
compared to the same region in presence of the S-enantiomer. It can be
observed an increase of the fluorescence intensity upon addition of the S-
enantiomer. Since this emission region can be related to non-ESIPT
conformers, the observed increase on the emission instensity indicates that the
S-enantiomer interacts with these species allowing their deactivation in despite
of the enol-cis conformer, which would proton transfer in the excited state.
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Figure 7. Fluorescence emission titration of oxazoline 4c (10° M in DMSO) in
diferents Molar Ratios [Mandelic Acid]/[Oxazoline] of (left) R-(-)-Mandelic acid
and (right) S-(+)-Mandelic, where A1.3 are the respective emission bands. The

inset presents the magnification of the A3 emission band.

These changes in intensity can be envisaged and clearly compared from
fluorescence emission titration plots (Figure 8), where it can be observed that
R-(-)-Mandelic and S-(+)-Mandelic acids present quite different behaviour. At
the A4, the S-enantiomer presents a linear increase of the fluorescence intensity
in relation to the enantiomer/oxazoline molar ratio if compared to the R-
enantiomer. At the A,, both compounds present decrease on the intensity upon
addition of the respective enantiomer. In addition, at Az both compounds
present a constant emission intensity. The observed photophysical features,
although are not outstanding on-off or off-on fluorescence responses, which
significantly restricts the application of fluorophores for enantiomers
identification in solution are promising results. In addition, taking the control
experiment into account, where benzoic acid (BA) was used as analyte, the
almost absent changes on the UV-vis and fluorescence emission spectra of the
oxazolines 4a-d (see Sl) even at a 1:1 (dye:BA) molar ratio corroborates with

the potential application of these dyes for enantiomeric identification in solution.
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It indicates that asymetrical fluorescent compounds even do not presenting
specific chemical groups with their analytes can be applied as optical sensors,
as recently reported in the literature [61].

2.6 1
| = R-(-)-Mandelic acid
o4l © S{(*}Mandelicacid  ® 00 &
22] . 098{ .a
2.0 0.96 "
4 [ ] |
o n
o 187 W 0.94 - §
L 1 . L ] ;
T 161 o,
. 0.92 % m
- .
1.4 1 1 ‘
] | ® '
o o 0.90 + -
1.2 4 w W
] . 1 ®
104 & 0.88 1
L AL L A L | L L | PR ] L BN N
0.0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.0 0.1 0.2 0.3 04 05 0.6 0.7
Molar ratio [enantiomer/oxazoline] Molar ratio [enantiomer/oxazoline]

Figure 8. Ratio of the fluorescence emission intensities of oxazoline 4c (10° M

in DMSO) at diferents amounts of the enantiomers at (a) A; and (b) A..

3.4 Theoretical calculations

The 4a and 4d molecules were chosen for the TD-DFT study, since they are
simple and representative structures of the studied compounds requiring minor
computational effort. The computational protocol used indicates that for both
molecules, the enol tautomer is the most stable in the ground state in all studied
solvents as the keto tautomer showed to be less stable with respect to the enol
conformer for both 4a and 4d molecules. Thus, the energy is absorbed by the
enol conformer, as experimentally observed. Based on the enol and keto
energies, it was decided to evaluate the absorption wavelengths only for the
enol conformer, since it is the specie present in the ground state. It is worth
mentioning that a similar analysis was carried out for the enol conformer and
keto tautomer in the first excited state, resulting in the evaluation of the
emission wavelengths only for the keto conformer. As expected, the geometry
optimization for the enol tautomer in the first excited state led directly to the keto

tautomer, indicating no energy barrier separating both tautomers. Figure 9
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qualitatively illustrates the potential energy curves for the 4a molecule.

Compound 4d presents the same energy curve profile.

Enol conformer optimization
leading directly to keto tautomer

Energy

. AE (eV)

< . ' . Solvent 4a 4b
pY ~}‘}VC DMSO 0265 0.177
1 s | MeCN 0268 0.179
e R = 9 1,4-Dioxane 1.089 0.259

Figure 9. Potential energy curves of the ESIPT process for molecules 4a,

where Ae is the difference in energy from the conformers in the ground state.

The ESIPT is a well-known process where two species are involved: the enol
conformer and the respective keto tautomer. In this sense, Figure 10 presents
the optimized geometries of the predominant conformer to oxazolines 4a and
4d in dimethyl-sulfoxide in the ground and excited states. A similar behaviour

was observed in acetonitrile and 1,4-dioxane (see Sl).
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Figure 10 . Enol (Sp) and keto (S;) optimized geometries for oxazolines 4a and
4d, computed at the CAM-B3LYP/cc-pVDZ level in dimethylsulfoxide.

In Figure 11 it can be observed that the orbitals involved in the first electronic
transition of compounds 4a and 4d in dimethylsulfoxide, indicate 1-type orbitals
for both oxazolines. Thus, it was assumed that T—T1r* transitions were occurring
for both structures. In the ground state, the molecular ortbitals involved in the
transition are almost exclusively localized at the phenolic ring. However, in the
excited state, the orbitals have displaced towards the oxazolin ring, which is in
agreement with the proton transfer process in these compounds. Once again, a
similar behaviour was observed in acetonitrile and 1,4-dioxane (see Sl).
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Figure 11. HOMO and LUMO for the first electronic transition of compounds 4a
and 4d, computed at the CAM-B3LYP/jun-cc-pVTZ level in dimethylsulfoxide
(DMSO).

The calculated photophysical data are shown in Table 4. The CAM-B3LYP/jun-
cc-pVTZ absorption and emission wavelengths are in good agreement with the
experimental data. Following the Forster cycle presented for the ESIPT
process, the absorption wavelength were analyzed for the enol conformer and
the emission wavelength for the keto tautomer. It could be observed that the
overall deviation of the absorption and emission wavelengths, from the
theoretical to the experimental data, is acceptable for the used protocol.
Benchmark calculations shows that the chosen functional appropriate for
electronic transitions analysis [62,63]. In addition, regarding the solvent effect,
the calculations showed a small influence of solvent polarity on absorption and
emision energies, in agreement with the experimental results.

It can also be observed that the theoretical Stokes shifts (AA) present values
around 140 nm. Usually, large Stokes shifts are related to charge transfer (CT)
processes, which in turn, are originated by large electronic displacement from
the electron donor groups to acceptor groups. Charge transfer mechanism is
also characterized by the great difference of the dipole moment between the
ground and excited states, (An). However, based on the data presented in

Table 4, the almost absent changes on the Ap indicates that the ESIPT process
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can be ascribed as the main responsible for the large Stokes shifts, as expected
[64].

Table 4. Theoretical photophysical data for molecules 4a and 4d, where Agps IS
the absorption maxima (nm) for the enol conformer, Ay is the emission maxima
(nm) for the keto tautomer, f is the oscillator strength and p is the dipole
moment in Debye. The subscript 0 and 1 indicates the ground and excited

states, respectively.

enol keto
Dye Solvent JAV)\ Ap
Aabs fabs Mo Aem fabs M1

1,4-Dioxane 276.83 0.19 4.69 417.44 0.19 3.87 140.61 0.82
4a MeCN 273.55 0.18 5.68 413.43 0.27 6.20 139.88 -0.52
DMSO 273.84 0.18 5.71 413.42 0.27 6.25 139.58 -0.54

1,4-Dioxane 281.12 0.11 5.05 419.41 0.12 3.52 138.29 1.53
4d MeCN 279.95 0.11 6.12 413.46 0.19 5.44 13351 0.68
DMSO 280.24 0.11 6.14 413.42 0.19 5.48 133.18 0.66

4. Conclusions

In summary, here we report the synthesis of new fluorescent proton-transfer
dyes from non-trivial aromatic moieties. The oxazoline dyes were synthesized
via amidation formation step with salicylic acid derivatives and benzyl-protected
L-threonine with good yields. In a second step, thionyl chloride was used under
nitrogen atmosphere to afford the desired products. The dyes presented
absorption in the UV region and dual fluorescence emission located in the cyan-
green with very large Stokes shift. Despite the absence of basic or acidic
moieties in their chemical structure, the photophysical properties, as well as
their chirality were used to explore these compounds for optical sensing in
solution for enantioselective detection. For all studied oxazoline it could be
observed that the enantiomers did not affectec the ground state of the
oxazolines. On the other hand, the excited state of the oxazolines were notably
affected by the presence of the enantiomers D-(-)-arabinose/L-(+)-arabinose
and D-(-)-Tartaric acid/L-(+)-Tartaric acid. The observed similar response in

presence of both enantiomers indicated that these enantiomers present
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significant interaction with the respective oxazolines, but not selectively.
However, in presence of the R-(-)-Mandelic acid/S-(+)-Mandelic acid the
oxazoline 4c presents interesting changes on the emission spectra, indicating
selective interaction between the fluorophore and the respective enantiomer,
which can be usefull to keep studying such structures for such application. The
computational protocol applied to this study presented good agreement with the

experimental findings in absorption and emission wavelengths
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v' A series of oxazoline derivatives able to proton transfer in the excited
state were synthesized

v" Compounds exhibited absorption maxima in the UV region

v' Emission with large Stokes shift (~10000 cm™) in the blue-green region

v' Optical sensor for enantiomeric identification in solution



