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2,2-Dipicolylamino Substituted 2-(2'-Hydroxybenzofuranyl) Benzoxazole (HBBO) Derivative : Towards Ratiometric Sensing of Divalent Zinc Cations

A dual-emissive fluorophore, HBBODipic, exhibiting an Excited-State Intramolecular Proton Transfer (ESIPT) process is described herein. This dye incorporates an aromatic amine group on the benzofuran side which is functionalized by two picolyl moieties, enabling the observation of a dual fluorescence emission in most solvents. This attractive dual emission is related to the modulation of the pK a * by electronic substitution and has already been applied

for generating panchromatic white-emission. In this contribution, we extend the applicability of these HBBO-based dual emitters to the ratiometric detection of substrates, taking advantage of the highly environment-sensitive emission profile of the dye, the E * /K * intensity ratio being strongly tunable. The presence of a dipicolylamino Zn 2+ -sensitive chelate on the HBBO π-conjugated core enables a drastic change in the emission spectra upon addition of increasing equivalents of zinc perchlorate. The E * /K * dual emission slowly shifts to a single K * band, evidencing a decrease of electron density on the benzofuranol site, owing to the chelation of the Zn 2+ cation at the dipicolylamino site. The results are rationalized using theoretical calculations.

Introduction

Functional organic fluorophores based on Excited-State Intramolecular Proton Transfer (ESIPT) can be applied in a myriad of innovative fields such as optoelectronics (OLED), 1 biology (bio-imaging), 2 sensing (ions, biomolecules), 3 lasing, 4 and data encryption (cryptographic inks) 5 owing to their straightforward synthesis, versatility, low-cost, processability, biocompatibility and sensitivity. ESIPT emitters are particularly appealing in the light of their large Stokes shifts, stimuli-sensitive emission profiles and strong solid-state (SS) emission. 6 ESIPT fluorescence is typically observed in (hetero)aromatic cores presenting a strong intramolecular H-bond in the ground state and relies on an efficient phototautomerism between normal (N * ) and tautomeric (T * ) species, with most cases involving an enol (E * ) / keto (K * ) equilibrium (Figure 1a). Many molecular structures displaying ESIPT have been reported over the years, including hydroxyphenylbenzazoles (HBX), 7 aminobenzoquinolines, 8 triazolo[1,5-a]pyrimidines 9 or imidazo[1,2f]phenanthridine. 10 ESIPT emitters are, however usually heavily quenched in solution owing to the molecular motions appearing in the excited-states after the proton transfer. This issue can be successfully tackled by increasing the molecular rigidity of the dyes; several strategies being reported to achieve such stiffening. 11 Unlike the vast majority of π-conjugated aromatics which display weak SS emission due to aggregation-caused quenching (ACQ)

processes, ESIPT emitters brighten up in confined matrices owing to a beneficial restriction of molecular motions occurring in the excited-state. 12 In solution, the motions induced by the proton transfer triggers strong non radiative deactivations in the excited-state. Although mechanistically different from aggregation-induced emission (AIE) whose fluorescence enhancement in the aggregated-state relies on a restriction of intramolecular rotations, ESIPT emission has been coupled to AIE dyes to further optimize the overall optical SS properties (fluorescence enhancement, photostability). 13 Another attractive feature of ESIPT emission is the possibility to partially frustrate the proton transfer with appropriate functionalization. For instance, decreasing the acidity of the proton donor in the excited-state by incorporating electron donating groups leads to simultaneous emissions from the N * and T * tautomers, owing to a stabilization of the former species. 2-(2'-HydroxyBenzofuranyl) benzoxazole (HBBO) dyes have been studied with this goal in mind. 14 They appear to be particularly good scaffolds to reach dual E * /K * emission, whose intensity ratio is highly sensitive to the nature of the environment. Dual emission can be applied to the engineering of panchromatic white emission based on a single compound 15 or to the study of the interactions with biomolecules such as DNA or BSA. 16 The approach behind the present work relies on the hypothesis that the ratio of the E * and K * emissions can be perturbed by the introduction of a substratesensitive sensing moiety leading to the engineering of dual-emissive ratiometric fluorescent probes. To validate this concept, we decided to functionalize the HBBO core on the benzofuranol side, with a selective chelating function, i.e., the dipicolylamino derivative. This well-documented divalent zinc chelator was selected for its strong association constant with this particular cation. 17 A rational design aiming at maximizing the perturbation effect on the dual emission upon Zn 2+ chelation led to the target dye HBBODipic based on the required electronic substitution on both sides of the ESIPT site for dual emission engineering (Figure 1b). The optical properties of this new HBBO fluorophore were studied in a range of different solvents and in the solid-state with and without the presence of Zn 2+ , evidencing the potential of this ESIPT probe to act as ratiometric sensor. 

Synthesis

The preparation of HBBODipic dye is described on Scheme 1.

The first step was the formation of salicylaldehyde derivative 2 from reported free acetylide 1 18 bearing a dipicolylamino function, using classical Sonogashira Pd-catalyzed crosscoupling reaction conditions, with in situ subsequent cyclization 7c,19 to form the benzofuran ring. Compound 2 was obtained as a yellow powder in 21% yield, after purification on column chromatography. The HBBO scaffold was then constructed by reacting 2 with 4trifluoromethane-2-aminophenol derivative in methanol with an excess of phenylboronic acid and potassium cyanide. HBBODipic was obtained in 58% yield. All new compounds were characterized by 1 H and 13 C NMR spectroscopy, as well as HR-MS spectrometry. The 1 H NMR spectrum of HBBODipic is represented on Figure 2. All characteristic protons of the HBBO core are accounted for. Notably, a broad singlet at 11.3 ppm evidenced the presence of the H-bonded phenolic proton, responsible for the ESIPT process. Moreover, a singlet integrating for four protons is observed at 4.9 ppm corresponding to the methylene protons of the dipicolyl moiety and ascertaining the presence of the chelate within the molecular structure.

Scheme 1. Synthesis of HBBODipic.

Figure 2. 1 H NMR spectrum of HBBODipic in CDCl 3 .

Experimental section

Materials and methods

All chemicals were received from commercial sources (Sigma Aldrich, Fluorochem) and used without further purification. Tetrahydrofuran (THF) was distilled over metallic sodium (Na). Luminescence lifetimes were measured on an Horiba Scientific TCSPC system equipped with a nanoLED 370. Lifetimes were deconvoluted with FS-900 software using a light-scattering solution (LUDOX) for instrument response. The excitation source was a laser diode (λ exc = 320 nm).

4-ethynyl-N,N-bis(pyridin-2-ylmethyl)aniline 1 18 and 2,4-dihydroxy-5-iodobenzaldehyde 15 were synthesized according to reported procedures. 196.05, 160.02, 159.93, 158.33, 158.18, 150.02, 148.90, 137.07, 126.43, 126.09, 123.70, 122.40, 120.95, 118.87, 118.08, 112.83, 99.28, 97.73, 57.48 40, 158.70, 158.41, 157.70, 157.08, 150.93, 149.99, 148.75, 140.53, 137.07, 126.39, 123.48, 122.38, 120.95, 119.17, 118.68, 116.78, 116.75, 112.78, 111.03, 106.51, 99.60, 97.82, 57.47 

2-(4-(bis(pyridin

Photophysical Properties

The photophysical properties of HBBODipic have been studied in solution in a wide range of solvents of different polarities and in the solid-state as embedded in potassium bromide pellets. The photophysical data and the absorption and emission spectra are presented in Table 1 and Figure 3, respectively. [a] Excitation wavelength, [b] Stokes' shift, [c] Relative quantum yield determined in solution using Rhodamine 6G as a reference (λexc = 488 nm, Φ = 0.88 in ethanol) or absolute quantum yield determined in films using an integration sphere, [d] Fluorescence lifetimes recorded upon excitation at 350 nm, [e] kr (10 8 s -1 ) and knr (10 8 s -1 ) were calculated using: kr = ΦF/σ, knr = (1-ΦF)/σ where σ is the lifetime, [g] In ethanol, a weak overlap between absorption and excitation is observed; typical of aggregation processes (see the SI). HBBODipic displays very similar absorption profiles in all studied solvents, featuring a main broad absorption band, corresponding to the S 0 -S 1 transition, observed between 379 and 387 nm with molar extinction coefficients ranging between 28200 and 31700 M -1 .cm -1 (Figure 3a). These values are typically those observed for related HBBO dyes. [14][15][16] We underline that, in DMF, no additional low-energy absorption band corresponding to a partial deprotonation of the benzofuranol in dissociative medium is observed, evidencing the chemical stability of this species in the ground electronic state. In all cases, excitation in the lowest-energy absorption band (λ exc = 380 nm) leads to the appearance of a single or dual emission profile (λ em = 457-HBBODipic. In toluene, CH 2 Cl 2 and THF, a distinct dual emission corresponding to the simultaneous emission from both E * and K * is observed. In THF, the intensity ratio between both bands is close to unity, indicating a strong stabilization of the E * species in this solvent.

In acetonitrile and DMF, the single emission band appears to be very broad which could be indicative of a coalesced E * /K * dual emission; a feature frequently observed in polar solvents

where the E * is more strongly red-shifted than the K * owing to the stronger polarity of the former tautomer. The hypothesis of a coalescence of the two bands in these solvents is further supported by the fact that trifluoro-functionalized HBBO dyes such as HBBODipic are reported to be excellent scaffolds to stabilize E * energy levels. 15 As stated above, in DMF, the absorption spectra does not show the presence of deprotonated species in the ground state, which could support the fact that the broad band observed at 556 nm corresponds to E * and K * , even though the possibility of deprotonation occurring in the excited-state could not be completely ruled out. In ethanol, a broad emission band is observed at 528 nm but the nature of the excited species in this solvent is unclear, as a weak overlap between absorption and excitation spectra is observed; a feature possibly ascribed to the presence of emissive excited aggregates or uncontrolled interactions with the aminodipicoline moiety. The fluorescence quantum yields are ranging from 0.03 to 0.06 in the studied solvents with a maximum value in DMF. The excited-state lifetimes are short, in the sub-nanosecond range, typical of organic fluorophores.

The fluorescence properties were also studied in the solid-state as embedded in potassium bromide pellets (concentration around 10 -4 M) (Figure S2.6). The optical profile in the solidstate is similar to that observed in solution with two emission bands, corresponding to the E * and K * tautomers peaking at 480 and 576 nm, respectively. The absolute quantum yield recorded using an integrating sphere fitted to a spectrofluorimeter is higher than those calculated in solution (0.10 vs. 0.03-0.06).

Divalent zinc detection

The optical properties of HBBODipic in the presence of divalent zinc were studied in the solution-state by addition of a solution of zinc perchlorate hexahydrate (Zn(ClO 4 ) 2 .6H 2 O). In order to find a relevant medium that can solubilize both HBBODipic and the perchlorate salts, the optical properties of HBBODipic were studied in different mixtures of solvents (CH 2 Cl 2 /CH 3 CN) (Table S2 and Figure S2.7). Solubility tests showed that a 9:1 (v/v) mixture of CH 2 Cl 2 /CH 3 CN efficiently solubilized both HBBODipic dye and the zinc perchlorate salt.

Moreover, in this system of solvents, a distinct dual E * /K * emission was observed at 490 and 569 nm, making it suitable for ratiometric detection based on the intensity ratio of the two bands. To further demonstrate the suitability of this mixture of solvents for ratiometric Zn 2+ detection, absorption and emission spectra of HBBODipic in the presence of a large excess Absorption spectra were corrected from dilution. In emission, after photoexcitation at 370 nm, a progressive decrease of intensity of the E * emission band at 480 nm is observed, at a rate proportional to the addition of aliquots of zinc perchlorate salt. This drop of intensity reaches a plateau after the addition of 1.3 equivalents of Zn 2+ cations. A decrease of the intensity of the K * band at 576 nm is also observed.

Based on these observations, several hypotheses can be formulated concerning the absorption Afterwards, this ratio does increase more significantly until reaching a plateau after the addition of three equivalents.

Another possible explanation for this transient species would be the formation of an anionic dye, stemming from the deprotonation of the phenolic proton in the presence of the metallic salt. Previous studies on related deprotonated species demonstrate the stability of such entities in certain conditions. 7c, 11c

First-principle calculations

To obtain additional information regarding the ratiometric sensing mechanism of HBBODipic, we performed theoretical calculations using a protocol including both CC2 corrections for the energies and state-specific solvent corrections, acetonitrile being used as medium for all calculations. Computational details and cartesian coordinates of the optimized structures can be found in the SI. For the ground-state of HBBODipic, this protocol returns a strong S 0 -S 1 absorption at 365 nm, in good agreement with the experimental  max of 382 nm.

When going to the S 1 excited state, two minima could be identified, i.e., E * and K * , as expected. More interestingly the total energies of the two systems are very similar to the keto structure being only -0.016 eV more stable than its enol counterpart according to our protocol.

Such small negative value indicates a small driving force for ESIPT and is consistent with dual emission. Indeed, in a previous extended investigation, 14b our group has found that dual emission appears when the relative E * and K * energies are in the 0.000 to -0.150 eV window; more negative values corresponding to pure keto emission, whereas positive values indicate the absence of ESIPT. Further, theory returns vertical emission wavelengths at 472 nm (E * ) and 596 nm (K * ), which nicely fits experimental values at 480 and 576 nm (see above).

Let us now turn towards the complexation with Zn 2+ ions. As above, we have optimized the S 0 geometry, as well as the E * and K * excited-state minima. As it is well-known that the complexation of this cation is typically octahedral, we have completed the coordination sphere by three explicit CH 3 CN molecules. However, test TD-DFT calculations demonstrated that their impact is trifling. The vertical absorption of the complex was estimated to be 343 nm, a small blueshift as compared to the free HBBODipic, which is totally consistent with experiment (Figure 4). While both tautomer geometries remain true minima of the S 1 potential energy surface after complexation with Zn 2+ , their relative energies are dramatically changed:

K * is now more stable than E * by -0.311 eV. As explained above, such large ESIPT driving force is computed in pure ESIPT emitters, consistent with the disappearance of the enol band experimentally. The computed vertical emission of K * of the complex is 588 nm, slightly blue-shifted as compared to the free HBBODipic, which again fits the experimental result. In short, the theoretical investigation is consistent with the analysis that complexation of Zn 2+

transforms the dual E * /K * emission into a sole K * ESIPT fluorescence, with limited hypochromic displacements as compared to the free dye.

To obtain a more intuitive picture of the change of ESIPT induced by the complexation, we provide in Figure 6, the representations as electron density difference (EDD) of the excited states. In both cases, there is a decrease of the density on the hydroxyl and an increase of density on the nitrogen center of the benzofuran, typical of an ESIPT dye, the donating (accepting) group becoming more acidic (basic) in the excited state. However, while the decrease of density on the hydroxyl group is significant in the complex, it is smaller in the free derivative, because the dipicolylamino group acts as a donor, also losing density, an effect destroyed by complexation with Zn 2+ , leading to a more localized excited-state, more favorable to ESIPT. Eventually, to obtain some insights into the transient species noted experimentally, we have tested two hypotheses using TD-DFT (w/o CC2 corrections). First, we have considered the L 2 Zn structure displayed in Scheme 2. For this large structure, we computed an absorption only modified by 1 nm as compared to LZn (+3 CH 3 CN) or by 4 nm as compared to LZn (without explicit CH 3 CN). Therefore, this is not supporting the formation of an intermediate L 2 Zn. We have also computed the anion of HBBODipic. For this structure, in which the phenol group is deprotonated, we determine an absorption redshift of +64 nm as compared to HBBODipic, which is not incompatible with the +53 nm experimental data. However, as reported in the literature, anionic species derived from HBX dyes are usually highly fluorescent, owing to the lack of ESIPT in these derivatives. 7c, 11c At this stage, the nature of the transient species observed during the absorption titration remains unclear and might arise from several different interactions between the Zn 2+ and/or solvents and HBBODipic.

In conclusion, the synthesis of HBBODipic, an original HBBO scaffold functionalized with a selective divalent zinc 2,2-dipicolylamino chelate was successfully achieved. Its 

Figure 1 .

 1 Figure 1. (a) Schematic representation of the ESIPT process showing dual emission from N * and T * states and (b) Structure of HBBODipic.

  Dichloromethane (DCM) was distilled over P 2 O 5 under an argon atmosphere. Triethylamine (Et 3 N) was distilled under argon over KOH. Thin layer chromatography (TLC) was performed on silica gel coated with fluorescent indicator. Chromatographic purifications were conducted using 40-63 μm silica gel.1 H NMR (500 MHz) and 13 C NMR (126 MHz) spectra were recorded on a Bruker Advance 400 or 500 MHz spectrometers with perdeuterated solvents with residual protonated solvent signals as internal references. Absorption spectra were recorded using a dual-beam grating Schimadzu UV-3000 absorption spectrometer with a quartz cell of 1 cm of optical path length. The steady-state fluorescence emission and excitation spectra were recorded by using a Horiba Jobin Yvon Fluoromax 4. All fluorescence and excitation spectra were corrected.Solvents for spectroscopy were spectroscopic grade and were used as received. The fluorescence quantum yields (Φ exp ) were measured in diluted solution with an absorption value below 0.1 at the excitation wavelength using the following equation: I is the integral of the corrected emission spectrum, OD is the optical density at the excitation wavelength, and η is the refractive index of the medium. The reference system used was Rhodamine 6G, Φ = 88% in ethanol (λ exc = 488 nm).

  To a solution of 2,4-dihydroxy-5-iodobenzaldehyde (135 mg, 0.89 mmol) in toluene (20 mL) was added 4-ethynyl-N,N-bis(pyridin-2-ylmethyl)aniline 1 (347 mg, 1.16 mmol), Pd(PPh 3 ) 2 Cl 2 (63 g, 90 μmol) and triethylamine (1.2 mL). The resulting suspension was degassed with argon for 30 minutes before CuI (34 mg, 0.18 mmol) was added. The medium, which turned rapidly black, was stirred at 90 °C overnight. The dark solution was then taken up in dichloromethane, washed with saturated NaHCO 3 solution, dried over MgSO 4 , and concentrated in vacuo. The crude residue was purified by silica gel chromatography (AcOEt) to afford salicylaldehyde 2 as a bright yellow solid (80 mg, 0.18 mmol, 21 %). 1 H NMR (500 MHz, CDCl 3 ) δ [ppm] = 11.21 (s, 1H),9.90 (s, 1H), 8.62 (m, 2H), 7.26 (d, 3 J = 8.0 Hz, 1H), 7.20 (m, 2H), 7.00 (d, 4 J = 0.9 Hz, 1H), 6.81 -6.76 (m, 2H), 6.70(d, 4 J = 1.0 Hz, 1H), 4.89 (s, 4H).13 C NMR (126 MHz, CDCl 3 ) δ [ppm] =

Figure 3 .

 3 Figure 3. a) Absorption and b) Emission (λ exc = 380 nm) spectra in toluene (blue), dichloromethane (red), THF (green), ethanol (yellow), acetonitrile (purple) and DMF (pink) of HBBODipic.

(

  10 equivalents) have been recorded(Figure S2.8). Addition of such a large excess of zinc leads to a sizeable hypsochromic shift of the absorption band (λ abs = 362 nm vs. 382 nm) without hyper/hypochromic changes (ε ≈ 31 000 M -1 .cm -1 ). For the emission, a weak red-shift of the K * emission band is observed (λ em = 574 nm vs. 562 nm), accompanied by a clear reduction of the intensity of the E * band. Chelation of divalent zinc strongly decreases the donating character of the aromatic amine on the benzofuranol side in the excited-state leading to an increase of the acidity of the phenolic proton (decrease of pKa * ) and a subsequent reinforcement of the ESIPT process.The titrations in absorption and emission on HBBODipic by successive addition of 0.1 equivalent of zinc perchlorate in (9/1 v:v) are presented in Figure4. In absorption, up to the addition of 0.6 equivalent of Zn 2+ , a progressive but steady decrease of the intensity of the absorption band centered at 382 nm is observed with the simultaneous growth of a red-shifted band of weaker intensity at 435 nm. Beyond 0.6 equivalent, an absorption band at 362 nm is appearing, concomitantly with the complete disappearance of the band which was transiently observed at 435 nm. After addition of 1.1 equivalents of Zn 2+ cations, the absorption spectrum of HBBODipic is similar to that observed upon addition of a large excess of metallic salt (FigureS2.8) and does not evolve anymore. The transient appearance of the band at 435 nm can be further illustrated by plotting the variation of the molar absorption coefficient value ε at the absorption wavelengths recorded for the free HBBODipic dye (382 nm), the chelated HBBODipic dye (362 nm) and the transient species (435 nm) (Figure5).

Figure 4 .

 4 Figure 4. a) Absorption and b) Emission spectra of HBBODipic upon addition of increasing amounts of a solution of Zn(ClO 4 ) 2 .6H 2 O in CH 2 Cl 2 /CH 3 CN (9/1 v:v) at 25°C (λ exc = 370 nm).

Figure 5 .

 5 Figure 5. Variation of the ε value of absorption values centered at a) 362 nm, b) 382 nm and c) 435 nm as a function of the numbers of equivalents of Zn(ClO 4 ) 2 .6H 2 O.

  Scheme 2. Possible formation and separation of a transient L 2 Zn complex (λ abs = 435 nm).

Figure 6 .

 6 Figure 6. Electron density difference (EDD) plots for free (left) and complexed (right) HBBODipic. The blue and red lobes correspond to loss and gain of electronic density upon photoexcitation. We used a contour threshold of 2 x 10 -3 .

  photophysical characterization revealed a partial frustration of the ESIPT process evidenced by the observation of a dual E * /K * emission and confirmed by ab initio calculations. Upon chelation with a Zn 2+ cation, the E * /K * dual emission shifts to a single K * band, as a result of the decrease of electron density on the benzofuranol site. These results clearly demonstrate the possibility to use HBBO-functionalized dyes as ratiometric probes. A transient nonemissive species is observed in the course of the titration, whose nature remains elusive at this stage. Additional time-resolved photophysical experiments are currently conducted to shed further light on this point.

  . ESI-HRMS: calcd for C 27 H 22 N 3 O 3 : 436.1656 (M+H), found 436.1636

	(M+H).
	2-(4-(bis(pyridin-2-ylmethyl)amino)phenyl)-5-(5-(trifluoromethyl)benzo[d]oxazol-2-
	yl)benzofuran-6-ol (HBBODipic): To a solution of salicylaldehyde 2 (41 mg, 90 μmol) in
	methanol (5 mL) was added 2-amino-4-(trifluoromethyl)phenol (20 mg, 0.11 mmol), KCN
	(18 mg, 0.28 mmol) and phenylboronic acid (15 mg, 0.12 mmol). The resulting mixture was
	stirred at room temperature overnight. The solvent was then removed in vacuo and the
	resulting crude residue was purified by silica gel chromatography (dichloromethane/ethanol :
	99/1 to 95/5) to afford HBBODipic as a pale yellow solid (31 mg, 58 μmol, 58 %). 1 H NMR
	(500 MHz, CDCl 3 ) δ [ppm] = 11.30 (s, 1H), 8.62 (m, 2H), 8.12 (s, 1H), 7.99 (d, 4 J = 1.6 Hz,
	1H), 7.70 -7.62 (m, 6H), 7.27 (d, 4 J = 7.9 Hz, 2H), 7.20 (m, 2H), 7.17 (d, 4 J = 0.9 Hz, 1H),
	6.87 -6.75 (m, 2H), 6.72 (d, 4 J = 1.0 Hz, 1H), 4.89 (s, 4H). 13 C NMR (126 MHz, CDCl 3 ) δ
	[ppm] = 165.

Table 1 .

 1 Photophysical data for HBBODipic recorded in aerated solutions of various solvents at 25°C and in the solid-state.

	Solvent/ matrix	λabs (nm)	(M	ε -1 .cm	-1 )	λem (nm)	Δss	[b]	Φf	[c]	τ [d] (ns)	kr [e]	knr [e]
	toluene	387	29600	457/572	4000	0.04	0.6	0.7	16.0
	CH2Cl2	382	31700	492/574	5900	0.03	0.5	0.6	19.4
	THF	384	28200	507/565	6300	0.03	0.6	0.5	16.2
	EtOH	379	29100	528	7400	[g]	[g]	[g]	[g]
	CH3CN	379	30500	500/563	6400	0.04	1.0	0.4	10.1
	DMF	382	29800	556	8200	0.06	2.4	0.3	3.9
	KBr	380	[a]		-		480/576	5500	0.10	-	-	-
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