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Intertwined detection and recognition roles of tetrazine in synergistic anion-π and H-bond based anion receptor
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Introduction

Anions play crucial roles in many biological processes, [1,2] environmental detection [3][4][5] and catalysis. [6][7][8] .Their wide potential applications but also the deep understanding of biological events and the exploration of noncovalent interactions motivated an increasing interest of the scientific community which rivalled in creativity for selective anion recognition and/or sensing. Historically and predominantly, the design of anionic receptors has incorporated one or more hydrogen bonding donors (HBs). [9] More recently, several distinct weak interactions such as anion- [10] , electrostatic interactions, hydrophobic effects or halogen bonds [11] emerged to complement the panel of noncovalent interactions, thus devising new families of receptors. If such noncovalent interactions have been widely but independently used in current receptors, the cooperation between distinct noncovalent interactions embedded into a unique receptor frame is an emerging area of research, [12][13][14] almost restricted to theoretical [13] or crystallographic [12] studies. The development of such receptors is in its infancy but is likely to bring new avenues in anion recognition provided that this new generation of receptors (i) exhibits an adaptive behaviour to various anion geometries, (ii) features a user-friendly and straightforward synthesis and (iii) allows accurate detection/characterization of binding properties. Alongside highly pre-organized rigid receptors widely spread in supramolecular chemistry, [15] we focused our attention on single molecules comprising a hydrogen bonding donor linked to a deficient heterocycle able to generate anion-interactions. Based on our recent publications [16][17][18][19][20][21] and publications from Melguizo and Bianchi, [22,23] we envisioned that the combination of urea and tetrazine moieties would be beneficial to anion binding and allow cross-characterisation of binding properties. On one hand, the urea motif would enable gaining information from 1 H NMR techniques and on the second we take benefits from the dual role of the tetrazine fragment acting as anion-acceptor and as fluorescent probe (Scheme 1).

Scheme 1. Structure of ligand 1

Herein, we report the synthesis and exploration of anion binding properties of an unprecedented urea-tetrazine receptor. Intertwined characterization of the receptor-anion architectures and determination of association constants as well as synergistic contribution of distinct non-covalent interactions, rely on theoretical methods and a broad scope of experimental methods such as electrospray-tandem mass spectrometry, NMR, UV-Visible and steady state fluorescence spectroscopies as well as time resolved fluorescence.

Results and Discussion

Theoretical calculations and structural parameters

To evaluate the potential of this new ligand in anion binding, we have performed DFT calculations using Gaussian 09 software [START_REF] Frisch | Gaussian 09, Revis. B.01[END_REF] of 1 in combination with a selection of five anions.

Table 1. Optimized geometries, ESP and NCIplot of receptor 1 and complexes with anions at APFD/6-31+G(d,p) level [a] Interaction energy in kJ/mol, with Polarizable Continuum Model for Acetonitrile, calculated from Gibbs Free Energies

Entry

Optimized Geometry ESP NCIplot ΔGint,ACN [a] Optimization and frequency calculations were performed using the APFD/6-31G+(d,p) level without any solvent correction. APFD functional was chosen due to its accuracy in computing longrange interactions and modelling of hydrogen bond complexes. [START_REF] Austin | [END_REF] The effect of solvent was evaluated by optimizing the geometries using an IEFPCM model for acetonitrile (ESI §2.1). No significant changes in geometries were observed on applying solvent correction. For complexes including bromide and iodide ions, two basis set were used: APFD/LANL2DZ for bromide and iodide, respectively and APFD/6-31G+(d,p) and others atoms.

Optimized geometries are detailed in Supporting Information (p. 7-20). Electrostatic Potentials Surfaces (ESP) were calculated using Gaussview software from optimized structures using a fine grid for Total Density and a medium grid of ESP. To visualize noncovalent interactions in real space, we have used a tool called Non-Covalent Interactions plot (NCIplot). These 3D plots were calculated using the script developed by Rzepa available on the website application of the Imperial College London. [26,[START_REF] Rzepa | Script for creating an NCI surface as a JVXL compressed file from a (Gaussian) cube of total electron density[END_REF] Interaction energies with and without solvent effect were calculated by generating frequencies calculations from optimized geometries using triple zeta basis set APFD/aug-ccpvtz level of calculation. [START_REF] Pritchard | [END_REF] All the results of these calculations are showed in Table 1 and in Supporting Information (ESI §2.2).

As shown in Table 1, the receptor 1 adopts a conformation in which the tetrazine core is almost perpendicular to the hydrogen bond donor, thus minimizing repulsive interactions between the tetrazine and the urea fragments (table 1, entry 1, NCIplot). As evidenced by the NCIplot, this conformation and the overall 3D shape of receptor 1 are set by several weak interactions involving (i) ortho protons of the aromatic fragment and the urea carbonyl motif, (ii) a combination of two hydrogen bonds between protons of the aliphatic spacer and the urea carbonyl on one hand and the tetrazine nitrogen atoms on the other hand. Interactions between receptor 1 and anions of different geometries were then characterized. Optimized geometries show that the presence of an anion close to the receptor deeply impact the overall geometry enabling the folding around the anion thus maximizing attractive interactions between X -and both the urea and the tetrazine motifs. Noteworthy, the folding depends on the size and the geometry of the guest anion. All NCIplots evidence defined dish-shaped surfaces allowing visualization of anion- interactions. Large NCIplot surfaces can be observed for 1-Cl and 1-Br complexes suggesting strong interactions, whereas 1-I, 1-SCN and 1-PF 6 display less pronounced surfaces and interactions. As anticipated by NCIplot surface intensities, calculated interaction energies in acetonitrile follow similar trend: high interaction energies of a close order of magnitude for 1-Cl (-29.7 kJ/mol) and 1-Br complexes (-29.9 kJ/mol) and decreasing interaction energies obtained for 1-I (-17.0 kJ/mol) and 1-SCN (-11.5 kJ/mol). A positive value was obtained for 1-PF 6 , indicative of a nonspontaneous complexation in acetonitrile. As illustrated in Table 1, both the anion size and geometry impact the topology of complexes 1-X. Even in a same anion geometry series, variations of the relative orientation of the urea, the anion and the tetrazine fragments clearly modify the overall topology of the corresponding complexes. For all spherical anions, the general trend of the 3D topology (Figure 1) is set by two main elements: (i) the strong interaction between urea protons H a and H b and the anion contributes to the formation of straight plane composed by C, N and H atoms of the urea motif and the anion. (ii) due to the anion- interaction, the latter plane almost parallels the planar tetrazine ring. The strength of both H-bonds and anion- interactions is clearly depending on the size and properties of the anion which might thus impact the relative spatial orientation of the triptych urea/anion/tetrazine within the complex series. Key parameters allowing complete characterization of their structures are compiled in Table 2 and compared within the spherical anion series. Indeed, N-H a /H b bond lengths and through space H a /H b -X - distances are privileged features of the complexation to the urea motif. In addition, distances between X and the centroïd of the tetrazine but also to all tetrazine nitrogen atoms N a /N b /N c /N d are indicative of the precise location of the anion and the directionality of the anion- interaction (Table 2).

a) The linear thioisocyanate anion adopts a conformation almost orthogonal to the urea moiety. As a result, the overall topology of 1-SCN appears more flared shaped than the corresponding spherical anion geometry. The polarisable sulphur atom generates a strong interaction with the urea as shown in Table 1.
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Interestingly, carbon and nitrogen atoms are interacting with the tetrazine as evidenced by the dish-shaped surface characteristic of an anion- interaction. The large hexahedral PF 6 -behaves similarly to other anions interacting with the urea fragment. As expected, distances between PF 6 -and both urea and tetrazine motifs increases leading to a loose anion- interaction by comparison with previous geometries.

Synthesis

Synthesis of receptor 1 was achieved using a two steps short sequence (Scheme 2) involving the condensation of ethanolamine on the commercially available 3,5bis(trifluoromethyl)phenyl isocyanate to form the urea moiety S1 in the first step in 89% yield. [START_REF] Gless | Soluble Epoxide Hydrolase Inhibitors[END_REF] In a second step, a nucleophilic aromatic substitution of dichlorotetrazine enables the formation of receptor 1 in 58% yields. [30] In order to evaluate the impact of the presence of the tetrazine unit in the receptor on the complexing properties, receptor 2 was synthesized by a reaction sequence similar to S1 using 2-methoxyethylamine in 66% yield.

All the compounds were fully characterized by spectroscopic methods (Supporting Information p. 22-31). 

Tandem mass spectrometry

In order to get some insights about the nature of the complex(es) generated by the association of the receptor 1 with the different anions, we first performed a series of tandem mass spectrometry experiments, by using a 3D ion trap instrument (Bruker Amazon Speed ETD). This allows to access to the intrinsic reactivity of 1 towards the series of anions. Complexes were generated in the gas phase by electrospraying equimolar mixtures of 1/TBAX. Starting from 10 -1 M stock solutions of 1 and TBAX prepared in acetonitrile (ACN) and purified water, respectively, 10 -4 M mixtures of 1/TBAX (90/10 ACN/H 2 O) were introduced in the electrospray source by a syringe pump (3 µL/min). Detailed experimental conditions can be found in the Supporting Information. For the sake of simplicity, the m/z values given in this section correspond to the monoisotopic peak. A Typical ESI spectrum for such mixtures is given in Figure 2a for the 1/TBACl system. Whatever the anion studied, electrospray spectra of these mixtures result in the formation of two very intense complexes of general formula [(1)n-X] -(n=1,2). Depending on the experimental conditions, [(1) 3 -X] -can be observed but generally in very weak abundance (presently m/z 1325.0). We do not observe complexes with remaining solvent molecules. The chemical composition of the complexes can be confirmed by examining the experimental isotopic distributions (see insert of Figure 2a for the [(1)-Cl] - complex). Consequently, formation of these singly charged ions turned to be a very facile process. On the other hand, we did not detect any doubly charged anion that would correspond to the interaction of 1 with two X -anions. We then tried to obtain structural information about these complexes by recording their MS/MS spectra. Whatever the anion considered, MS/MS spectra of the dimeric species [(1) 2 -X] - systematically correspond to the elimination of an intact molecule of receptor 1, leading to [(1)-X] -. On the other hand, different behaviors are observed upon collision for the 1:1 complex. Elimination of 1 and formation of X -from [1-X] -is not the only process, except for PF 6 -(see Figure S19), which indicates that for this anion the interaction is particularly weak in the gas phase. This finding is in agreement with the very small computed interaction energy (Table 1 and ESI §2.2). This is also consistent with data obtained in solution by NMR, UV of fluorescence experiments, which indicate that PF 6 -does not interact with the receptor in solution (Table 1 and vide infra). For the other [(1)-X] -anions, dissociation channels involving the cleavage of covalent bonds are observed, therefore suggesting a strong interaction of the anion with the receptor. Note that in some cases (SCN, Cl), the formation of the X -ions corresponds to m/z values which were well below the low-mass cutoff of our ion trap. We tried to lower as much as possible the low mass cut-off, in order to try to detect X -, but it can result in the complete loss of the signal. This was the case for X=Cl or SCN, and therefore we could not be able to detect SCN -or Cl -, although their formation cannot be rigorously discarded. Br -could be detected in weak amounts. Note however that formation of X -should be associated to a small interaction energy, and therefore the abundance of X - should decrease as the interaction energy increases. Consistently, I -and PF 6 -are observed in significant abundances (Figures S17 andS19). Our series of MS/MS experiments allowed to demonstrate that the various adducts share several fragmentation processes. This dissociation pattern is summarized in Scheme 3, and the MS/MS spectrum obtained for the [(1)-Cl] -ion is reported in Figure 2b. Elimination of HX associated to deprotonation of 1 (m/z 429), is observed for three anions, namely Cl -, SCN -and Br -. This process is not observed with iodide or PF6 -. The extent of this fragmentation is correlated to the gas-phase acidity of HX. [START_REF] Linstrom | NIST Chemistry WebBook[END_REF] The m/z 429 ion is indeed intense for Cl -and SCN -(H°a cid (HCl)= 1395 kJ/mol) ; H°a cid (HSCN)= 1361 kJ/mol), weaker for Br - (H°a cid (HBr)= 1353 kJ/mol) and is absent for I -(H°a cid (HI)= 1315 kJ/mol). Scheme 3. General dissociation scheme for the [(1)-X] -complex under CID conditions Formation of m/z 429 probably implies removal of one of the urea proton (See section 4.5 of the Supporting Information). Reasonably, removal of H a should be more favorable since the resulting anion would be stabilized by a mesomeric effect involving the benzenic ring. This process therefore suggests interaction of the anion with the urea moiety, in agreement with the calculations. Another characteristic fragment ion is the [C 2 N 4 OCl] -ion (m/z 131). This fragmentation, together with the elimination of the 132 u [C 2 HN 4 OCl] neutral undoubtedly involves the tetrazine moiety. These processes may correspond in a first step a S N 2-like mechanism leading to the cleavage of the C(H 2 )-O bond and formation of an intermediate ion/neutral complex, evolving subsequently either directly towards the m/z 131 ion, or leading, after internal proton transfer, to the elimination of 132 u. The initial interaction of X -with the urea moiety through hydrogen bonding may result to the favorable positioning of X -for the S N 2 process. The last characteristic fragment observed for all anions but PF 6 - (Figure 2 and Figures S16-S19) is the formation of a [C 2 HN 4 OClX] -anion. This fragment ion can be formed through the direct attack of the tetrazine moiety by X -MS/MS spectra (see section 4.5 of the SI). To summarize, the various fragmentation processes seem to suggest that the anion interacts with both the urea and the tetrazine moieties, as already underlined by the calculations.

NMR Titrations: fundamental state binding studies

The affinity of 1 towards Cl -, Br -, I -, SCN -and PF 6 -anions was assessed by 1 H NMR titrations in CD 3 CN (ESI Figures S20 to S29). The case of spherical Cl -, Br -, I -anions has been considered first. Linear and hexahedral SCN -and PF 6 -will be discussed afterwards. This difference plausibly arises from the electron withdrawing effect of the aromatic fragment proximal to H a . The large  Cl observed strongly suggest tight interactions between Cl -and the receptor. As evidenced by the spectrum aromatic protons H d and aliphatic proton H e were only poorly affected by progressive addition of TBACl. Evolution of chemical environment of aromatic proton H c through complexation allow identifying modification of the chemical shifts albeit with a lesser extent. Indeed,  XHc ranges from 0.05 to 0.16 ppm for all anion studied. Titration of receptor 1 with TBABr and TBAI were next realized. The corresponding 1 H NMR spectra display similar general shape (SI, Figures S24 andS26). Again  BrHa (2.69 ppm) and  IHa (1.64 ppm) were increased by comparison with the corresponding  Hb shifts. Comparison of  Ha in titrations with spherical anions plotted in Figure 4 and the number of equivalents of anion required to reach the endpoint, suggests a stronger interaction between Cl -and 1 than between Br -or I -and 1 in decreasing order. Titration was next extended to linear anion SCN -. The same approach led to 1 H NMR spectrum which showed similar features (ESI, Figure S28). Signals of H a and H b are downfield shifted upon progressive addition of SCN -. Complexation to receptor 1 was characterized by  SCNHa = 1.69 ppm for H a and  SCNHb = 0.76 ppm for H b suggesting a moderate interaction between 1 and SCN -. Finally, in the case of PF 6 -, no significant shift was observed after addition of 20 equivalents of the anion. Although less pronounced complexation process cannot be fully ruled out, interaction between 1 and PF 6 -could not be evidenced. H NMR spectra obtained after titration with various anions exhibit similar shapes. However, the marked decrease of  XHa and  XHb moving from Cl -to SCN -is indicative of the general affinity trend between receptor 1 and the anions. To clarify and confirm this tendency, binding constants of the corresponding complexes were determined using two different methods : a single proton method developed by Gonzàlez-Gaitano et al. [START_REF] González-Gaitano | [END_REF] and a global analysis of the three protons using SPECFIT software. The first method is based on the differences in chemical shifts observed (Δδ) plotted as a function of number of equivalents of TBAX added (Table 3, Figure 4 andS31). Table 3. Binding constants calculated from mathematical equations and with SPECFIT ® software Entry KA, Ha [a] KA, Hb [a] KA, Hc [a] KA, SPECFIT [a] 1 1-Cl 5893 5700 5000 4892 ± 1 (0.6%) 

1-PF6

-- [b] -- [b] -- [b] -- [b] [a] Binding constants in L/mol [b] No binding was observed

As anticipated after analysis of 1 H NMR spectra, 1-Cl exhibit the strongest binding constant of the series of anions (4892 L/mol). As expected, in a similar system bearing only a urea (2-Cl), a significant drop in association constant is observed (1757 L/mol), evidencing the clear cooperative and beneficial effect of the presence of both fragments (Figure S30). Moreover, a strong decrease is observed from 1-Br (375 L/mol) to 1-I (70 L/mol) and 1-SCN (37 L/mol) and no binding constant could be calculated for 1-PF 6 .

Photophysical analysis: excited state binding studies

Taking advantage of the photophysical properties of the ligand, the affinity of 1 towards Cl -, Br -, I -, and SCN -(as Bu 4 N + salts) was also assessed by UV-Visible and steady state fluorescence spectroscopies as well as time-resolved fluorescence decay in acetonitrile.

Absorption spectrum of 1 was first recorded in acetonitrile and displays 4 absorption maxima at 511, 324, 295 and 246 nm (Figure S37). A TDDFT calculation (PBE0/6-311+g(d,p) level) has been done to attribute those bands. The calculated and experimental spectra match quite well (mean deviation between calculated and experimental maxima is 7%, Figure S34). The 511,

H a H c H d H b H e

324 nm bands could then be attributed to the n-π* and π-π* transitions of the tetrazine and the 295 and 246 nm bands to two π-π* transitions centered on the phenyl urea moiety (Figures S23 andS24). Fluorescence spectra of compound 1 was also recorded in the same solvent and display the typical emission band of a tetrazine [18] with a maximum at 561nm (Figure S38). The fluorescence quantum yield was determined to 39% using Rhodamine-6G as reference. [33] This value is quite high and in agreement with literature reported values. [18] This will facilitate the characterization of the formation of complex since it has previously been demonstrated that interaction of the tetrazine with electron rich species leads to quenching of fluorescence. [30] UV-Visible spectra measured during the titration of 1 with chloride anion are reported in Figure 5. We can observe both hyperchromic and bathochromic shifts of the absorption bands associated with the phenylurea moiety. A smaller variation is also observed for the tetrazine π-π* bands but its n-π* one is almost not affected by the addition of chloride anion. Similar observations can be made from the other anions UV-vis. titrations (Figures

S47 [Br -], 6 [I -],
and S63 [SCN -]). From these results, we can conclude that the major interaction involved in the complexation of anions by 1 in the ground state is hydrogen bonding with urea. Association constants for 1 to 1 complex were determined using the SPECFIT software (Table 4). Values obtained for all halides are of the same order of magnitude and lower for the thioisocyanate ion. Nevertheless, due to the relatively small variations of the spectra during the titration, the values are obtained with a large margin of error and we cannot safely interpret them.

Iodide and thiocyanate anions seem to have a particular behavior towards complexation with 1. As can be seen in the absorption spectra, a new band appears as a shoulder at approximately 360 nm. The origin of this new band is not clear. The tetrazine is a strong electron acceptor that becomes a very strong oxidizer in its first excited state. [34] Two consequences can be expected from this property: the interaction between the tetrazine and anions should be stronger in the excited state and fluorescence quenching. We took advantage of this property to evidence the complexation of anions by 1 by fluorescence titrations.

Emission quenching is very clear from the fluorescence spectra recorded during the titration of 1 with tetrabutylammonium chloride (Figure 7). Nevertheless, it can be observed that despite the large excess of salts added, complete quenching is not reached. This behavior indicates that the complex formed by 1 and chloride anion exhibits a residual fluorescence. Fluorescence decays will help further analysis of this residual fluorescence. From these data, new values of association constants have been extracted (Table 4) by two methods: a global spectral analysis with the SPECFIT software (K A, fluo SPECFIT) and a single wavelength nonlinear least squares fitting for a 1 to 1 model [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF] (K A,fluo , see Supporting Information for details and Table 4 and Figures S40, S43, S48, S51, S56, S59, S64, S67). Both approaches give similar values and trend between the different anions. A slightly higher value is observed for chloride anion.

Table 4. Binding constants determined from photophysical essays from mathematical equations and using SPECFIT ® software Entry KA, abs, SPECFIT [a] KA, fluo [a] KA, fluo SPECFIT [a] KA, decay,

65ns [a] 1 1-Cl 108 ± 1 (10%) 1763 1875 ± 1 (1%) 1461 2 1-Br 810 ± 1 (11%) 1176 1217 ± 1 (3%) 478 3 1-I 980 ± 1 (14%) 1479 1390 ± 1 (1%) 532 4 1-SCN 26 ± 1 (1%) 1386 1341 ± 1 (1%) 163 5 

1-PF6

-- [b] -- [b] -- [b] -- [b] [a] Binding constants in L/mol [b] No binding was observed Further insight in the excited state behaviour was gained when recording fluorescence decays during the titrations of the various anions. Time resolved fluorescence gives information on the quenching mechanism: if the quenching is purely dynamic, then the fluorescence lifetime decreases while the initial fluorescence intensity of the decay remains unchanged. Inversely, if the quenching is static, the fluorescence lifetime remains constant while the initial fluorescence intensity of the decay decreases. Intermediate cases are also possible where both phenomena are observed. It can thus be concluded that the complex 1-Cl is slightly fluorescent and that the tetrazine-anion interaction is mainly dynamic in this case. A similar situation was found for the complex 1-Br (Figures S52-S54) except that the complex fluorescence is weaker with a shorter lifetime of approximately 7 ns.

In the case of the iodide (Figures S60-S62) and thiocyanate anions (Figure S68-S70) the behaviour is different since there is a much larger drop in initial intensity accompanying the shortening of the decay. The quenching is thus much more pronounced. In all cases it appears that there is both static and dynamic quenching but to a different extent depending on the nature of the anion. For the smaller ones (Cl -and Br -), the dynamic quenching is more pronounced than the static one and the final complexes are weakly fluorescent. However, for the larger ones (I -and SCN -) the static quenching plays an important role. This could indicate that in the ground state the tetrazine-anion interaction is stronger with the larger more polarizable anions as expected for anion-π interactions leading to a more pronounced static quenching. When in the excited state, the tetrazine is strongly electron attractor and interact with all anions leading to dynamic quenching.

Conclusion

In summary, we have designed a new approach towards anion recognition. Our approach takes not only benefit on the joint presence of an urea and a tetrazine moieties as a H-bond donor and anion-π acceptor respectively. In addition, the design of the molecular architecture of the anion receptor is focused on the tetrazine unit which is expected to play the dual role of anion-π acceptor and on/off fluorescence probe. Theoretical calculations enabled to foresee the complexation of anions of various geometries including chloride, bromide, iodide, thiocyanate and hexafluorophosphate and predict the interaction strength. The new receptor architecture is readily prepared in good yield through a short two-step-synthetic sequence. A complementary set of experimental techniques have been further used to accurately determine anion-receptor interactions. First, tandem mass spectroscopy studies underlined the synergistic roles of hydrogen bonding and anion-π interaction during the complexation process. Complexation was next evaluated by NMR titrations, enabling the assessment of binding constants and confirming the tendency observed by theoretical calculations.

Exciting photophysical properties of this new receptor have next been exploited and UV-Visible and steady state fluorescence spectroscopies were performed. In complete agreement with NMR, photophysics confirmed the tendency in the association constants already observed. Further, time resolved fluorescence studies were realized and allowed gaining insights on the quenching mechanism. The latter appeared anion-dependent combining both static and dynamic quenching. A preponderant dynamic quenching mode seems to act for smaller spherical anions (Cl-and Br-) while the static mode accounts for larger anions consistently with ground-and excited-states properties of the tetrazine unit. Further studies combining modified receptors and other anions are under way and will be reported in due time.
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General procedures, Material and Instrumentation

General experimental procedures and Materials

Unless otherwise noted, all starting materials were obtained from commercial suppliers and used without purification. N,N-Dimethylformamide (100mL, Anhydrous, 99.8%) was purchased at Sigma-Aldrich. Dichloromethane was distilled over Sodium and under argon. For NMR titrations, deuterated acetonitrile (99.80% D) was purchased in 0.75mL precoated bulbs from Eurisotop®. For photophysical analysis, acetonitrile RS -SPECTROSOL -For optical spectroscopy was purchased from Carlo Erba®.

Reaction progress was carried out using pre-coated TLC sheets ALUGRAM® Xtra SIL G/UV254 (0.20mm) from Macherey-Nagel® and visualized under 254 and 365 nm UV lamp from Fisher Bioblock Scientific®. Flash chromatography were proceeded using Silica 60M (0.04-0.063mm) for column chromatography silica gel from Macherey-Nagel®.

Instrumentation

1 H NMR spectra were recorded with Bruker AV-I 300MHz spectrometer at 298K, referenced to TMS signal and were calibrated using residual proton in MeOD (δ=3.31ppm), according to the literature. [1] 19 F NMR spectra were recorded with Bruker AV-I 300MHz spectrometer at 282MHz and 298K and were calibrated using CFCl3 (δ=0.00ppm). [2] 13 C NMR spectra were recorded with a Bruker AV-I 300MHz spectrometer at 75MHz and 298 K and were calibrated using MeOD (δ = 49.00 ppm). [1] 1 H NMR spectroscopic data are reported as follow: chemical shift δ [parts per million] (multiplicity, coupling constants in Hertz, integration). Multiplicities are reported as follow: s = singlet, d = doublet, t = triplet, q = quadruplet, quint = quintuplet, sext = sextuplet, hept = heptuplet, dd = doublet of doublet, td = triplet of doublet, tt = triplet of triplet, ddd = doublet of doublet of doublet, m = multiplet. 13 C NMR spectroscopic data are reported in terms of chemical shifts δ [ppm] and when it is necessary multiplicity and coupling constant in Hertz.

To check the structure of the product obtained during the synthesis, high resolution mass spectra (HRMS) were obtained with a Waters Xevo QTOF instrument fitted with an electrospray ionization source (ESI+), using Leucine Enkephaline solution as internal calibrant. In order to study the interaction of 1 with the various anions, a 3D ion trap instrument (Bruker Amazon Speed ETD) has been used. Complexes were generated in the gas phase by electrospraying equimolar mixtures of 1/TBAX. Starting from 10 -1 M stock solutions of 1 and TBAX prepared in acetonitrile (ACN) and purified water, respectively, 10 -4 M mixtures of 1/TBAX (90/10 ACN/H2O) were introduced in the electrospray source by a syringe pump (3 µL/min). Typical experimental conditions were as followed: Capillary voltage: 4000 V; End plate offset : -550 V; Dry gas: 5 L/min / Dry gas temperature: 200 °C, Nebuliser gas : 7. UV-Visible spectra were recorded at 25°C on a Cary 400 (Agilent) double-beam spectrometer using a 10 mm path quartz cell.

Emission spectra were measured on a Fluoromax-3 (Horiba) or a Fluorolog-3 (Horiba) spectrofluorometer. An angle configuration of 90° was used. Optical density of the samples was checked to be less than 0.1 to avoid reabsorption artifacts.

Fluorescence decay curves in the ns regime were obtained by the time-correlated single-photon counting (TCSPC) method with a femtosecond laser excitation composed of a Titanium Sapphire laser (Tsunami, Spectra-Physics) pumped by a double Nd:YV04 laser (Millennia Xs, Spectra Physics). Light pulses at 990 nm from the oscillator were selected by an acousto-optic crystal at a repetition rate of 4 MHz, and then tripled at 330 nm by non-linear crystals. Fluorescence photons were detected at 90° through a monochromator and a polarizer at magic angle by means of a Hamamatsu MCP R3809U photomultiplier, connected to a SPC-630 TCSPC module from Becker & Hickl. The instrumental response function was recorded before each decay measurement with a fwhm (full width at halfmaximum) of ~25 ps.

2. Computational Data of 1, anions and 1-anion complexes

Coordinates and thermodynamic data

Electronic energies reported afterwards are defined as the sum of electronic and zero-point energies calculated from Gaussian software. All energies, unless precised, are expressed in Hartrees. Inspired from a published procedure [5] .
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N,N-Dimethylformamide (3.6mL) was added to a round bottom flask. Ethanolamine (96μL, 1.64mmol, 1.04eq) and then 3,5bis(trifluoromethyl)phenyl isocyanate (272μL, 1.56mmol, 1eq) were added dropwise to the solution. The mixture was stirred at room temperature for 75 minutes. The mixture was cooled down in an ice bath, diluted into 5mL of water and 5mL of HCl 1M solution. The mixture was then extracted four times with ethyl acetate. Organic phases were gathered and washed with water and brine. The mixture was purified by flash chromatography on silica gel eluting with a mixture of dichloromethane/methanol (95:5) to give 441 mg of 1-(3,5bis(trifluoromethyl)phenyl)-3-(2-hydroxyethyl)urea S1 as bright white solid crystals. Yield : 441 mg, 89% Inspired from a published procedure [6] . Previously to each analysis, anion salts were solubilized into acetone and precipitated by addition of diethylether to remove water. Salts were then dried to remove residual solvents and stored in the dessicator until use. 2mL of a solution containing the anion receptor was prepared (3.5mmol/L). 500μL were placed into a new NMR tube. 1mL of stock solution was taken and desired amount of anionic guest as the tetrabutylammonium (TBA) salt was added. NMR titrations were performed by adding aliquots of a solution containing the anionic guest (0.14M for TBACl, 0.14M for TBABr, 0.55M for TBAI and 1.04M for TBASCN) and the receptor (3.5mM) in MeCN-d3 to the NMR tube. After each addition, a 1 H NMR spectrum was recorded. 1 H NMR spectra were calibrated to the residual proton solvent peak in MeCN-d3 (δ = 1.94ppm) at 300 K. Plot stackings were made using MestReNova Version 6.0. Non-linear least-square curve fitting of the titration data were double checked to be a 1:1 binding model using a reported procedure [7] on Excel software and SPECFIT software. 

Figure 1 .

 1 Figure 1. a) Labelling system and selected views of 1-Cl (CF3 groups are omitted for clarity). b) and c) front and side views of cofacial arrangement between the urea/Cl and the tetrazine planes. d) position of Cl -with respect to median axis of the urea. e) distance between Cl -and the tetrazine centroïd.

Scheme 2 .

 2 Scheme 2. Synthesis of receptors 1 and 2

Figure 2 .

 2 Figure 2. a) Electrospray mass spectrum of an equimolar (10 -4 M) mixture of 1/TBACl (90/10 acetonitrile/water) -b) MS/MS spectrum of the [1-Cl] -ion (m/z 465) -c) MS/MS spectrum of the [(1)2-Cl] -ion (m/z 895)

1 H

 1 NMR titration spectra of 1 with TBACl is reported in Figure 3. In CD 3 CN, the iterative addition of Cl -anion to the receptor resulted in significant modifications in the 1 H NMR spectrum. Noteworthy large downfield shifts of urea protons are observed. If both protons are downshifted, they behave somewhat differently. H a undergoes a shift from 7.81 to 11.04 ppm ( ClHa = 3.23 ppm) and H b from 5.82 to 7.57 ppm ( ClHb = 1.75 ppm).

Figure 3 .

 3 Figure 3. a) NMR titration of anion receptor 1 by chloride anion (0 to 25 equivalents) -b) Proton attribution

Figure 4 .

 4 Figure 4. ΔδHa calculated as a function of the number of equivalents of TBAX (X = Cl, Br and I) added for proton Ha

1

 1 

Figure 5 .Figure 6 .

 56 Figure 5. Absorption spectra measured during the titration of 1 with tetrabutylammonium chloride (from 0 to 70 equivalents of TBACl): a) total spectrum b) zoom

Figure 7 .

 7 Figure 7. Fluorescence spectra measured during the titration of 1 with tetrabutylammonium chloride (from 0 to 70 equivalents of TBACl)

Figure 8 .

 8 Figure 8. Fluorescence decay titration of 1 with TBACl (0 to 70 equivalents), logarithmic scale.
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  3 PSI ; Cap exit: -140 ; Trap Drive 49.5 ; MS analysis : ICC mode : "on" and acquisition time : auto. MS/MS analysis : ICC mode off / accumulation time 1 ms / Isolation window 6 or 8 Da / Fragmentation delay 40 ms / amplitude 0.20-0.50.

1 APFD

 1 71969700 3.38690600 -0.64112700 F -2.84830600 3.10599100 -1.70947900 C -5.95306800 -1.24429000 1.05666200 F -6.17644100 -2.45875400 0.50527800 F -7.06736100 -0.51118900 0.88128100 F -5.81482300 -1.44632700 2.38832500 H -5.61230000 1.38653000 0.38300000 H -3.64233000 -2.42884800 0.45949900 Zero-point correction= 0.018328 (Hartree/Particle) Thermal correction to Energy= 0.024532 Thermal correction to Enthalpy= 0.025476 Thermal correction to Gibbs Free Energy= -0.011879 Sum of electronic and zero-point Energies= -940.532848 Sum of electronic and thermal Energies= -940.526643 Sum of electronic and thermal Enthalpies= -940.525699 Sum of electronic and thermal Free Energies= -940.563054 1+Cl -(in vacuum) APFD/6-31+G(d,p) Charge: -1 Spin Multiplicity: Singlet Imaginary frequencies: 0 Electronic Energy (ZPE correction): -2497.728308

  3.39530100 -0.91489600 H 4.40728100 0.65503700 0.36674100 H 0.45371400 1.41280100 -1.17213300 H 1.70908100 -2.62553800 -0.40459300 H -0.93589400 -0.26199100 -1.54002700 H -2.68796200 -1.23938400 -1.49599300 H -4.16134700 -3.04418200 -1.17694100 1+Br --ACN (in acetonitrile) APFD/6-31+G(d,p) for H,C,N,O,F,Cl and APFD/aug-cc-pvtz for Br, scrf=(iefpcm,solvent=acetonitrile) Charge: -1 Spin Multiplicity: Singlet Imaginary frequencies: 0 Electronic Energy (ZPE correction): -2454.80547400 -3.35869000 -0.96037000 H -4.38525600 -0.56763600 0.33909600 H -0.45895500 -1.41640400 -1.21497300 H -1.62364800 2.64987100 -0.45516600 H 0.97702100 0.22615100 -1.56943600 H 2.76183800 1.16074600 -1.49952800 H 4.28420100 2.92184000 -1-2.48143800 -0.45234700 C 3.72903800 3.03881500 -0.05095000 F 2.58011900 3.69821100 -0.27296300 F 4.61021600 3.44487000 -1.00279700 F 4.22614400 3.48990500 1.12944600 H 5.66954000 1.23450700 0.36957000 H 1.45424300 1.58555400 -0.45773700 H -2.22248100 1.57857000 F 6.96231400 -0.91998000 0.39353000 F 5.85480100 -2.52620800 -0.56109900 C 3.85395300 3.02063600 -0.03288800 F 2.70352600 3.69651600 -0.21705900 F 4.70148000 3.40726800 -1.01788100 F 4.39439200 3.46898000 1.12663000 H 5.77715700 1.16393400 0Frequencies calculation (in acetonitrile, with I-) APFD/aug-cc-pvtz scrf=(iefpcm,solvent=acetonitrile) Zero-point correction= 0.237143 (Hartree/Particle) Thermal correction to Energy= 0.263830 Thermal correction to Enthalpy= 0.264775 Thermal correction to Gibbs Free Energy= 0.174903 Sum of electronic and zero-point Energies= -2334.057016 Sum of electronic and thermal Energies= -2334.030329 Sum of electronic and thermal Enthalpies= -2334.029385 Sum of electronic and thermal Free Energies= -2334.119257 Frequencies calculation (in acetonitrile, without I-) APFD/aug-cc-pvtz scrf=(iefpcm,solvent=acetonitrile) Zero-point correction= 0.236933 (Hartree/Particle) Thermal correction to Energy= 0.261284 Thermal correction to Enthalpy= 0.262228 Thermal correction to Gibbs Free Energy= 0.179028 Sum of electronic and zero-point Energies= -2038.076453 Sum of electronic and thermal Energies= -2038.052103 Sum of electronic and thermal Enthalpies= -2038.051158 Sum of electronic and thermal Free Energies= -2038.134358 1+SCN -(in vacuum) APFD/6-31+G(d,p) Charge: -1 Spin Multiplicity: Singlet Imaginary frequencies: 0 Electronic Energy (ZPE correction): -2528.

Frequencies

  calculation (in acetonitrile, with SCN-) APFD/aug-cc-pvtz scrf=(iefpcm,solvent=acetonitrile) Zero-point correction= 0.247350 (Hartree/Particle) Thermal correction to Energy= 0.275521 Thermal correction to Enthalpy= 0.276465 Thermal correction to Gibbs Free Energy= 0.185237 Sum of electronic and zero-point Energies= -2529.167805 Sum of electronic and thermal Energies= -2529.139634 Sum of electronic and thermal Enthalpies= -2529.138690 Sum of electronic and thermal Free Energies= -2529.229918 Frequencies calculation (in acetonitrile, without SCN-) APFD/aug-cc-pvtz scrf=(iefpcm,solvent=acetonitrile) Zero-point correction= 0.237527 (Hartree/Particle) Thermal correction to Energy= 0.261637 Thermal correction to Enthalpy= 0.262581 Thermal correction to Gibbs Free Energy= 0.180289 Sum of electronic and zero-point Energies= -2038.078418 Sum of electronic and thermal Energies= -2038.054308 Sum of electronic and thermal Enthalpies= -2038.053364 Sum of electronic and thermal Free Energies= -2038.135656 s 1+PF6 -(in vacuum) APFD/6-31+G(d,p) Charge: -1 Spin Multiplicity: Singlet Imaginary frequencies: 0 Electronic Energy (ZPE correction): -2977.735362 Hartree Symbol 04575900 -0.14671400 1.91358100 N -4.55552900 -

Figure S1 : General procedure for Synthesis of 1 and 2 3. 1

 21 Figure S1 : General procedure for Synthesis of 1 and 2 3.1 Preparation of 1-(3,5-bis(trifluoromethyl)phenyl)-3-(2-hydroxyethyl)urea S1

Figure S3: 13 C 3 . 2

 1332 Figure S3: 13 C NMR (75 MHz) spectrum of S1 in MeOD

Figure S7: 13 C 3 . 3 2 Receptor 2

 133322 Figure S7: 13 C NMR (75 MHz) spectrum of 1 in MeOD

Figure S11: 1 H

 1 Figure S11: 1 H NMR (300 MHz) spectrum of 2 in Acetone d6

Figure S20: 1 H

 1 Figure S20: 1 H NMR titration of 1 with tetrabutylammonium chloride (0 to 25 equivalents) %c = percentage of complex %a = percentage of free receptor ∆δcalc = chemical shift calculated ∆δobs = chemical shift observed

5. 3

 3 Titration of 2 with TBACl Ka = 1804 L/mol [ligand] = 0.0035 M δc, lim = 11.24 ppm Ka = 1811 L/mol [ligand] = 0.0035 M δc, lim = 7.22 ppm Ka = 1764 L/mol [ligand] = 0.0035 M δc, lim = 8.15 ppm

Figure S23 :

 S23 Figure S23: Determination of binding constant using SPECFIT software for the 1 H NMR titration of 2 with tetrabutylammonium chloride

Figure S24: 1 H

 1 Figure S24: 1 H NMR titration of 1 with tetrabutylammonium bromide (0 to 26 equivalents) %c = percentage of complex %a = percentage of free receptor ∆δcalc = chemical shift calculated ∆δobs = chemical shift observed

Figure S30 -Figure S41 -

 S30S41 Figure S30 -Differences in chemical shifts observed as a function of the number of equivalents of salts added protons a, b and c for 1 and 2 with tetrabutylammonium chloride

Figure S53 -Figure S65 -

 S53S65 Figure S53 -Mathematical fit during the fluorescence decay titration of 1 with TBABr (0 to 160 equivalents) and determination of the association constant

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Key structural parameters of 1-X topologies calculated on the APFD/6-31+G(d,p) level

	Entry	Bond [a]	1	1-Cl	1-Br	1-I
	1	Na-Ha	1.011	1.037	1.034	1.029
	2	Nb-Hb	1.011	1.030	1.027	1.023
	3	Na-X	--	2.099	2.217	2.545
	4	Nb-X	--	2.207	2.399	2.751
	5	X-	--	3.12	3.15	3.49
		centroïd				
	6	Nc-X	--	3.491	3.515	3.774
	7	Nd-X	--	3.500	3.579	3.722
	8	Ne-X	--	3.411	3.393	3.874
	9	Nf-X	--	3.403	3.436	3.822

[a] 

distance in Å

  Eligand in complex,ACN is the sum of electronic and thermal Free Energies for the ligand complexed without the anion in vacuum Without solvent correction, calculation with thermal Free Energies

				F F	4.86917700 3.09744400 -1.17124400 3.03673800 3.63993300 -0.10850600
				F H	4.20343700 3.46940300 0.85729400 6.01321100 1.03572100 0.58214400
				F H	2.80898700 3.67292800 -0.79697600 1.88163400 1.60112200 -0.48059800
				H H	5.31126300 1.02393600 0.85776400 3.46745800 -2.37653900 -0.09327500
				H H	1.56159200 1.65652700 -1.16847600 0.59918600 -0.18018000 -0.94291900
				H H	2.62580000 -2.28578400 0.17655400 -1.00820900 -1.53364400 -1.37075900
				H H	0.19578600 -0.06185300 -1.58061800 -1.67879100 -3.99780500 -1.55361300
		Ecomplex	H H H H	-1.42418000 -1.24490800 -2.04797700 -2.50462300 -3.47011800 -2.23332300 -0.67183700 -4.18764500 -0.11147700 -2.15971300 -2.46010800 1.05257200 Eion Eligand in Einteraction	Einteraction
				H H H P	-1.39445800 -4.00649900 -0.95402900 -2.46667900 -2.24901400 0.57679500 -3.01315000 -3.96829500 0.61216300 -1.93225300 1.36585800 -0.51068800 complex (Hartree)	(kJ/mol)
	Cl-	-2498.385260	H F	-3.56550800 -3.57366700 0.10452100 -2.40431600 2.53324800 -1.54088300 -460.199535 -2038.110845 -0.07488	-194.69
	Br-	-2455.165029	N C F F	-2.60432300 0.96994300 0.19227500 -2.09991200 1.12088400 -0.86159400 -3.43687600 1.28389700 0.11311900 -2.31882300 0.22335400 -1.62283200 -416.986525 -2038.110870 -0.067634	-175.85
	S F F F Frequencies calculation (in vacuum, with PF6-) -1.38795800 1.28697600 -2.35487800 -1.44123500 0.17678900 0.50189500 I--2334.049418 -295.884744 -2038.107386 -0.057288 -0.40788200 1.42698400 -1.15048800 -1.51234300 2.48645800 0.59116100 SCN--2529.164744 -491.000107 -2038.111287 -0.05335 APFD/aug-cc-pvtz PF6--2978.632031 -940.476283 -2038.111531 -0.044217	-148.95 -138.71 -114.96
	Frequencies calculation (in acetonitrile, with PF6-)		
	APFD/aug-cc-pvtz scrf=(iefpcm,solvent=acetonitrile) With solvent correction, calculation with thermal Free Energies
		Ecomplex		Eion			Eligand in	Einteraction	Einteraction
								complex	(Hartree)	(kJ/mol)
	Cl-	-2498.455813		-460.308965	-2038.135433	-0.011415	-29.68
	Br-	-2455.234001		-417.088660	-2038.133837	-0.011504	-29.91
	I-	-2334.119257		-295.978358	-2038.134358	-0.006541	-17.01
	SCN-	-2529.229918		-491.089853	-2038.135656	-0.004409	-11.46
	PF6-	-2978.696413		-940.563054	-2038.135919	0.00256	6.65
	3. Synthetic Procedures and Characterization Data
	CF 3				CF 3			
					O			
	F 3 C	NCO	H 2 NCH 2 CH 2 OH DMF, rt	F 3 C	N H	N H	OH	2,4,6-collidine dry DCM, rt
								1.13401100 1.20195500
				Cl	-5.94092800 2.29964300 2.13615500
				C	5.00189200 -1.66682000 1.24830600
				F	6.12968500 -1.06274700 1.68865200
				F	5.39527500 -2.66324600 0.41758200
				F	4.43871300 -2.26900500 2.32150300
				C	3.81998400 2.92342300 -0.32375600

Figure S6: 1 H NMR (300 MHz) spectrum of 1 in MeOD

Figure S12: 13 C NMR (75 MHz) spectrum of 2 in Acetone d6

Figure S40 : Determination of binding constant using SPECFIT software for the UV-Visible titration of 1 with tetrabutylammonium chloride

Figure S42 -Mathematical fit during the fluorescence titration of 1 with TBACl (0 to 70 equivalents) and determination of the association constant

Figure S47 -Experimental UV-Visible spectra measured during the titration of 1 with TBABr (0 to 160 equivalents)

Figure S50 -Mathematical fit during the fluorescence titration of 1 with TBABr (0 to 160 equivalents) and determination of the association constant

Figure S55 -Experimental UV-Visible spectra measured during the titration of 1 with TBAI (0 to 200 equivalents)

Figure S58 -Mathematical fit during the fluorescence titration of 1 with TBAI (0 to 200 equivalents) and determination of the association constant

Figure S64 -Determination of binding constant using SPECFIT software for the UV-Visible titration of 1 with tetrabutylammonium thiocyanate
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Calculation of interaction energies

Interaction energies with and without solvent effect were calculated by generating frequencies calculations from optimized geometries using triple zeta basis set APFD/aug-cc-pvtz level of calculation and the formula:

ΔGint,vacuum = Interaction energy in vacuum = Ecomplex, vacuum -(Eion,vacuum + Eligand in complex,vacuum)

Where : Ecomplex,vacuum is the sum of electronic and thermal Free Energies for the complex in vacuum Eion,vacuum is the sum of electronic and thermal Free Energies for the ion in vacuum Eligand in complex,vacuum is the sum of electronic and thermal Free Energies for the ligand complexed without the anion in vacuum ΔGint,ACN = Interaction energy in acetonitrile = Ecomplex, ACN -(Eion,ACN + Eligand in complex,ACN)

Where :

Ecomplex,ACN is the sum of electronic and thermal Free Energies for the complex in vacuum Eion,ACN is the sum of electronic and thermal Free Energies for the ion in vacuum Previously to each analysis, anion salts were solubilized into acetone and precipitated by addition of diethylether to remove water. Salts were then dried to remove residual solvents and stored in the dessicator until use. 10mL of a stock solution of the anion receptor were prepared (10 -3 mol/L) in acetonitrile. 2mL of this solution was taken and diluted at 2.10 -5 mol/L. 2mL of this solution at 2.10 -5 mol/L were introduced into a quartz cuvette. 2mL of the stock solution was taken, desired amount of salt was added (150mg for TBACl, 330mg for TBABr, 600mg for TBAI and 600mg for TBASCN) and diluted at 2.10 -5 mol/L. 2.5mL of solution were added to a 1cm quartz glass cuvette. Aliquots of the solution containing the anion and the receptor are subsequently added to the sample cuvette for each measurement. After blank subtraction, absorbance spectra were measured from 200 to 700nm. From the absorbance spectra were determined the absorbance maximum (510nm), that corresponds to the excitation wavelength for the emission spectra. Emission spectra were measured from 520 nm (λabs,max+10) to 700nm using the wavelength determined before as excitation wavelength. Slites were calibrated at 2.1nm. All experiments were proceeded in temperature-controlled room at 300K. Fluorescence decay data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign, which includes reconvolution analysis and global non-linear least-squares minimization method. Experimental measurements were plotted using Excel software. Determination of binding constants was done using a method developed by Valeur et al. [8] using non-linear least-squares minimization method.

Where : Y : Measured intensity at fluorescence maximum Y0 : Measured intensity when no salt was added Ylim : Calculated intensity when an infinity of equivalents of salts are added cM : Anion concentration cL : Receptor concentration Ks : Association constant of receptor/anion complex Binding constants were also determined using SPECFIT/32 TM Global Analysis System software [9,10] . This software allows global analysis of equilibrium and kinetic systems with Expanded SVD and nonlinear regression modeling by the Levenberg-Marquardt method.

Determination of quantum yield of 1

Emission spectra of reference and compound 1 were recorded using the maximum absorption wavelength of the reference, Rhodamine-6G, as excitation wavelength. The fluorescence quantum yield ФF was determined using Rhodamine-6G as reference (ФF= 0.91 in ethanol). [11] From these spectra was determined the quantum yield using the definition described by Brouwer et al. [12] : 

SUPPORTING INFORMATION