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Synthesis, Photophysical Properties, and Aromaticity of Pyrazine-Fused Tetrazapentalenes

Pyrazine-fused 1,2,6,6a-tetrazapentalenes (Py-TeAP) are zwitterionic tricyclic compounds exhibiting an original pattern with four consecutive nitrogen atoms. They were obtained by a challenging cyclization through the formation of a N-N bond under thermolytic conditions. Ten derivatives were synthesized, and the original sca old of PyTeAP was confirmed by single-crystal X-ray di raction analysis of one derivative. Examination of their photophysical properties in solution revealed blue fluorescence with λ em = 416-426 nm. Theoretical investigations of the aromaticity in these compounds through magnetic criteria evidenced the presence of a dominant 14-electron circuit at the periphery.

■ INTRODUCTION

Pentalene is an archetypal antiaromatic bicyclic hydrocarbon molecule, but its neutral nitrogen-containing analogues, the azapentalenes, can be aromatic according to Huckel's rules as a function of the number of nitrogen atoms introduced, their position and substitutions. For instance, the 1,3a,6a-triazapentalene (TAP) is a zwitterionic aromatic heterocycle with three consecutive nitrogen atoms of which two are at the bicyclic ring junction. The intramolecular charge transfer that can occur in this family of compounds has been particularly studied to produce compact organic fluorophores, either as simple bicyclic systems [1][2][3][4][5][6] or as larger molecules when the azapentalene bicyclic system is fused to various heterocyclic sca olds (Scheme 1a). [7][8][9][START_REF] Sirbu | Pyridazino-1,3a,6a-Triazapentalenes as Versatile Fluorescent Probes: Impact of Their Post-Functionalization and Application for Cellular Imaging[END_REF][START_REF] Wang | Chapter Two -Developments in the chemistry of 1,3a,6a-triazapentalenes and their fused analogs[END_REF] They possess an amphiphilic character particularly interesting for biological imaging applications. [START_REF] Sawada | Functional 1,3a,6atriazapentalene scaffold: Design of fluorescent probes for kinesin spindle protein (KSP)[END_REF][13][14][15] With an additional nitrogen atom, zwitterionic tetraazapentalene analogue (TeAP) remains more confidential and were developed for energetic applications. [START_REF] Carboni | Dibenzo-1,3a,4,6a-tetraazapentalene-a new heteroaromatic system[END_REF][START_REF] Kauer | Aromatic azapentalenes. III. 1,3a,6,6a-Tetraazapentalenes[END_REF][START_REF] Altmann | Chemistry of Tetraazapentalenes[END_REF][START_REF] Huynh | Tetraazapentalene chemistry: unexpected intramolecular electron rearrangement induced by highly reactive Ψ-dinitroso substituents[END_REF] Among them, z-TACOT and derivatives exhibit a unique pattern with four consecutive nitrogen atoms arranged in a Z shape, which was even recently flanked with various energy-rich fragments such as benzofuroxan or 1,2,3,4-tetrazine 1,3-dioxane. [START_REF] Tyurin | tetrazine 1,3-dioxides annulated with tetraaza[END_REF][START_REF] Smirnov | Benzo-1,2,3,4-tetrazine 1,3-dioxides annulated with tetraazapentalene systems. Part 2. Annulation at the C(6)-C(7) bond[END_REF][START_REF] Shvets | Synthesis of 2-(6-nitrobenzofuroxan-4-yl)-2H-[1,2,3]triazolo-[4,5-e][1,2,3,4]tetrazine 4,6dioxide[END_REF] Herein, we propose the synthesis of tricyclic zwitterionic pyrazine-fused tetrazapentalene derivatives (PyTeAP) having four consecutive nitrogen atoms on one edge of the molecule, featuring a challenging cyclization step through formation of a N-N bond. The introduction of a pyrazine-fused ring rather than a phenyl, a pyridine, or a pyrimidine fused ring to enhance intramolecular charge transfer properties was guided by our recent work 7 and using molecular electrostatic potential maps of some candidate molecules (see Figure S5 in the Supporting Information). A series of PyTeAP derivatives were obtained and fully characterized, including their fluorescence properties. Aromaticity and π-electron delocalization in these molecules were analyzed theoretically through magnetic criteria.

■ RESULTS AND DISCUSSION

It was devised that the required azide precursors 3 for the key N-N bond forming step could be obtained by a Sonogashira cross-coupling/copper-catalyzed alkyne-azide cycloaddition (CuAAC)/S N Ar sequence from commercially available 2,3dichloropyrazine (Scheme 1b). The nitrene chemistry developed from primary amine with a PIDA-mediated oxidative cyclization was attempted but led to a sulfoximine when dimethyl sulfoxide (DMSO) was used as solvent [START_REF] White | Methanolysis of ((tosylimimo)iodo)benzene[END_REF][START_REF] Meehan | A New of (Azoalkanes) Using 4-(S,S-Dimethylsulfoximino)-1,2,4-triazoline-3,5-dione. The of Diazenes from Amino Nitrenes via Base-Induced Sulfoximine Cleavage[END_REF] or to degradation in N,N-dimethylformamide confirming the need to introduce an azide as the nitrene precursor (see Supporting Information Section I for details). For this purpose, an e cient Sonogashira cross-coupling reaction was performed on 2,3-dichloropyrazine with trimethylsilyl acetylene followed by a deprotection step of the alkyne and a CuAAC step with various alkyl and aryl azides to a ord the chloropyrazine derivatives 2a-j (Scheme 2). Using compound 2a as a prototype, it was found that introduction of the required azide moiety can be achieved through an aromatic nucleophilic substitution of the chlorine atoms with sodium azide to a ord 3a in 59% yield. An alternative synthetic route to compound 3a relying on an earlier introduction of its azide substituent was developed but was found less e cient (see Supporting Information Section II for details).

With compound 3a in hand, the key cyclization step was performed. After some experimentation (see Supporting Information Section IV for details), it was found that heating a solution of 3a at 165 °C for 4 min in o-dichlorobenzene Apparent maxima of absorption bands. b Apparent maxima of emission bands. c Stokes Shift calculated as the di erence between the maxima of absorption and emission bands. d Units: L•mol -1 •cm -1 . e ϕ F is the fluorescence quantum yield determined using anthracene (ϕ F = 0.28 in EtOH) as a reference standard.

The Journal of Organic Chemistry a orded the tricyclic PyTeAP product 4a in 20% yield, the structure of which was secured by single-crystal X-ray di raction analysis (see Supporting Information Section V). The low yield of formation of 4a results, in part, from the thermal instability of 4a under the reaction conditions. The options available for varying the nature of the substituent on the N2 nitrogen atom were explored. Several aromatic and aliphatic (linear or branched) substituents bearing electronwithdrawing (CO 2 Me, CN) or electron-donating groups (OMe, OH) could be introduced on precursors 3a-j. Thermolysis of these intermediates a orded the desired PyTeAP derivatives 4a-j, albeit in consistently low yields.

The analysis of fluorescence properties (Table 1, see Supporting Information Section IX for details) highlights that this original PyTeAP family emits in blue wavelengths (416-426 nm) in dichloromethane (DCM) with a medium Stokes shift. The nature of the substituents on the triazole part barely a ects the excitation and emission wavelengths but has a strong impact on the molar absorption coe cient (ε) and the quantum yields (ϕ F ). While aromatic substituents (4a-b) gave rise to the largest ε in agreement with the extended πconjugation, their rather low ϕ F moderates their global performance (brightness ϕ F .ε max ca. 1200). The opposite observations are made when an alkyl chain is involved, and consequently, these compounds (4c, 4f, 4g, and 4i) exhibit the same performance (brightness ca. 1800). The best results were obtained for 4e and 4h with a brightness of 3500 and 3300, respectively.

Electronic e ects in the pyrazine-fused tetrazapentalene derivative PyTeAP-H (R = H) were first evaluated by identifying some of its most relevant mesomeric resonance structures. Using the Hulis code, [START_REF] Carissan | Projection Method: A "Weights Watcher" for Mesomeric Structures[END_REF] the three resonance structures PyTeAP-Ha (14%), PyTeAP-Hb (41%), and PyTeAP-Hc (45%) were found to provide a satisfactory description of resonance in PyTeAP-H at Huckel level with a "trust factor" of 83.3% (Figure 1a). Notably, this suggests that the negative charge in PyTeAP-H can easily delocalize onto a nitrogen atom of the pyrazine ring, which is supported by its molecular electrostatic potential map (Figure 1b).

Aromaticity and π-electron delocalization in the pyrazinefused tetrazapentalene derivative PyTeAP-H and its individual cyclic constituents were evaluated by means of two popular magnetic criteria, [START_REF] Gershoni-Poranne | Magnetic criteria of aromaticity[END_REF] namely, the calculation of Nucleus Independent Chemical Shift (NICS) [START_REF] Schleyer | Nucleus-Independent Chemical Shifts: A Simple and Efficient Aromaticity Probe[END_REF][START_REF] Stanger | NICS -Past and Present[END_REF] and the analysis of the Anisotropy of the Induced Current Density (AICD). [START_REF] Herges | Delocalization of Electrons in Molecules[END_REF][START_REF] Geuenich | Anisotropy of the Induced Current Density (ACID), a General Method To Quantify and Visualize Electronic Delocalization[END_REF] Calculation of both isotropic NICS iso and anisotropic NICS zz , including π-only NICS π,zz calculations, as single points in PyTeAP-H indicated that all its three rings have an aromatic character, apparently comparable with the aromatic character of each individual cyclic or bicyclic constituents computed separately (Table 2). NICS calculations have proven of considerable value in the past, but they can be misinterpreted or overinterpreted, and it should be kept in mind that NICS is an indirect method that incurs a loss of information on the magnetic field it senses. This is thoroughly discussed in contemporaneous specialized literature, and the interested reader is invited to consult some of the excellent reviews available on the topic. [START_REF] Gershoni-Poranne | Magnetic criteria of aromaticity[END_REF][START_REF] Stanger | NICS -Past and Present[END_REF] Apart from the standard single-point approach, richer pictures of NICS in molecules can be obtained by mapping NICS or the corresponding magnetic shielding σ (the negative of NICS), using two-dimensional (2D) [START_REF] Lampkin | Detailed Visualization of Aromaticity Using Isotropic Magnetic Shielding[END_REF][START_REF] Karadakov | Magnetic shielding paints an accurate and easy-to-visualize portrait of aromaticity[END_REF] and three-dimensional (3D) grids. [START_REF] Kleinpeter | Visualization of through space NMR shieldings of aromatic and anti-aromatic molecules and a simple means to compare and estimate aromaticity[END_REF][START_REF] Artigas | Visualizing electron delocalization in contorted polycyclic aromatic hydrocarbons[END_REF] Mapping isotropic magnetic shielding [σ iso = -NICS iso = (σ xx + σ yy + σ zz )/3] in a plane located at 1 Å from the molecular plane provided the 2D σ iso maps of PyTeAP-H and its individual cyclic constituents (Figure 2, left). The results for the corresponding anisotropic σ zz (=-NICS zz ) maps are detailed in the Supporting Information (Figure S4 section VI). The 2D σ iso maps o ered a bird's-eye view of the magnetic shielding in these systems, helping at perceiving their electron delocalization and aromaticity pattern. [START_REF] Lampkin | Detailed Visualization of Aromaticity Using Isotropic Magnetic Shielding[END_REF][START_REF] Karadakov | Magnetic shielding paints an accurate and easy-to-visualize portrait of aromaticity[END_REF][START_REF] Horner | Shielding in and around Oxazole, Imidazole, and Thiazole: How Does the Second Heteroatom Affect Aromaticity and Bonding?[END_REF] They should be interpreted as follows: blue areas indicate π electron delocalization with shades correlating with the intensity of the delocalization, and circular dark blue areas over a ring should be interpreted as intense circular delocalization over this ring attributed to plain aromaticity as in benzene (see Supporting Information example in Figure S3a). The 2D σ iso map of PyTeAP-H indicates that moderate electron delocalization occurs over all of the tricyclic system and that somehow more intense aromaticity is localized over ring A. The 2D σ iso maps of the individual cyclic (and bicyclic) constituents showed the patterns of their preferred 6-electron (and 10-electron) circuits, which are not comparable with the pattern visualized in the 2D σ iso map of PyTeAP-H. While the single-point NICS analyses in Table 2 may lead to the conclusion that aromaticity in PyTeAP-H is resembling the sum of the "local aromaticity" of its individual components, the 2D σ iso maps allow to visualize clearly it is not the case and to ascertain that aromaticity in PyTeAP-H is a global indivisible property of the molecule.

The AICD analysis [START_REF] Herges | Delocalization of Electrons in Molecules[END_REF][START_REF] Geuenich | Anisotropy of the Induced Current Density (ACID), a General Method To Quantify and Visualize Electronic Delocalization[END_REF] of PyTeAP-H produced the corresponding isosurface (yellow color) and induced current density vectors (green arrows with red head) were plotted onto it (Figure 2). In the AICD representation of PyTeAP-H, an The Journal of Organic Chemistry inflate of the isosurface is visible at its edge indicating greater delocalization there, with a more pronounced e ect over ring A. The current density analysis revealed a clear diatropic macrocyclic circuit of the 14 π electrons in the molecule.

Overall, the AICD and magnetic shielding analyses are consistent and indicate that PyTeAP-H is an aromatic tricyclic molecule with a macrocyclic 14-electron circuit preferred for the delocalization of its π electrons.

■ CONCLUSIONS

The tetraazapentalene (TeAP) class of molecules was enriched by the synthesis of 1,2,6,6a-TeAP isomers fused to a pyrazine ring, herein denominated PyTeAP. Their synthesis was conducted from 2,3-dichloropyrazine through a CuAAC and subsequent cyclization by N-N bond formation under thermolytic nitrene generation conditions. Ten derivatives were obtained and fully characterized including a structural analysis. These molecules exhibit an original planar tricyclic sca old made of six carbon atoms and six nitrogen atoms, with four consecutive nitrogen atoms on one edge. The fluorescent properties of these small molecules in solution were established in the blue region of the visible spectra. Analysis of electron delocalization in these aromatic molecules was performed through magnetic criteria, which evidenced the presence of a dominant 14-electron circuit at their edges.

■ EXPERIMENTAL SECTION

General Remarks. Unless otherwise noted, all reagent-grade chemicals and commercially available solvents were used without further purification. Microwave-assisted reactions were carried out in a Biotage Initiator microwave synthesis instrument and temperatures were measured by an IR sensor. Reactions were monitored by thinlayer chromatography (TLC) using aluminum sheets coated with silica gel 60 F254. Flash column chromatography was carried out using silica gel 60 Å (0.04-0.06 mm). Solvents mentioned as being dry were purified with a dry station GT S100 immediately prior to their use. PE refers to petroleum ether (bp: 40-60 °C) NMR spectra were recorded with a 250 MHz ( 1 H: 250 and 13 C: 63 MHz), 300 MHz ( 1 H: 300 and 13 C: 75 MHz), or 400 MHz ( 1 H: 400 and 13 C: 100.7 MHz) Bruker spectrometer. Chemical shifts are given in parts per million (ppm) from tetramethylsilane (TMS), calibrated to the residual solvent peak. Coupling constants "J" are expressed in hertz (multiplicity: s = singlet, bs = broad singlet, d = doublet, dd = double doublet, dt = double triplet, t = triplet, q = quartet, m = multiplet). High-resolution accurate mass measurements (HRMS) were performed on a Bruker maXis (Q-TOF) mass spectrometer by the "Fedeŕation de Recherche" ICOA/CBM (FR2708) platform, mass is given for the [START_REF] Horner | Shielding in and around Oxazole, Imidazole, and Thiazole: How Does the Second Heteroatom Affect Aromaticity and Bonding?[END_REF] Cl isotope. Melting points were measured in open capillary tubes.

All calculations were performed with the Gaussian16 package. 36 B3LYP hybrid density functional [START_REF] Woon | Gaussian basis sets for use in correlated molecular calculations. III. The atoms aluminum through argon[END_REF][START_REF] Lee | Development of the Colle-Salvetti Correlation-Energy Formula into a Functional of the Electron Density[END_REF] with the D3BJ correction for dispersion [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] and the def2-SVP basis set [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] without symmetry constraints. The corresponding .xyz files are provided in the Supporting Information. Analytical Hessians were computed to confirm that the optimized geometries are indeed minima (zero imaginary frequency). NMR-GIAO [START_REF] Wolinski | Efficient implementation of the gauge-independent atomic orbital method for NMR chemical shift calculations[END_REF] calculations of NICS or of the magnetic shielding σ were performed at the B3LYP-GIAO/6-311+ +G(d,p) [START_REF] Frisch | Self-consistent molecular orbital methods 25. Supplementary functions for Gaussian basis sets[END_REF] level of theory, and the 2D σ iso contour maps were generated as described previously. [START_REF] Lampkin | Detailed Visualization of Aromaticity Using Isotropic Magnetic Shielding[END_REF][START_REF] Karadakov | Magnetic shielding paints an accurate and easy-to-visualize portrait of aromaticity[END_REF] The NICS π,zz (1.7) were calculated on ghost atoms located at 1.7 Å above the middle of each ring, as previously recommended [START_REF] Gershoni-Poranne | The NICS-XY-Scan: Identification of Local and Global Ring Currents in Multi-Ring Systems[END_REF][START_REF] Bohmann | Natural Chemical Shielding Analysis of Nuclear Magnetic Resonance Shielding Tensors from Gauge-Including Atomic Orbital Calculations[END_REF] within NBO6.0. 45 In this method, the contribution of the π electrons to the zz component of the chemical shift tensor is extracted from the canonic molecular orbitals.

For AICD calculations, the continuous set of gauge transformation (CSGT) method was used to calculate current densities, [START_REF] Keith | Calculation of magnetic response properties using atoms in molecules[END_REF][START_REF] Keith | Topological analysis of magnetically induced molecular current distributions[END_REF] as implemented in the Gaussian16 package. The calculated current density was subsequently transformed in a rectangular grid and visualized as a cube-file with POVRAY. [START_REF]Persistence of Vision Pty. Ltd. Persistence of Vision Raytracer[END_REF] The applied magnetic field is orthogonal to the molecular plane, pointing upward in all illustrations, with clockwise currents being diatropic.

Caution! Azide reagents are potentially hazardous. General Procedure A for the Synthesis of 2a-j CuAAC Procedure. [START_REF] Bellenie | Preparation of aminopyrazine derivatives as phosphatidylinositol 3kinase inhibitors[END_REF] 2-Chloro-3-ethynylpyrazine 1 (1 equiv) was dissolved into tBuOH/H 2 O (1:2; 0.08 M) degassed. The azide reagent (2 equiv) and copper iodide (4 mol %) were added, respectively, and the media was stirred at 80 °C (using heating mantle) until the consumption of the starting material. tert-Butanol was concentrated under reduced pressure, and the crude compound was extracted three times with ethyl acetate. The organic layers were assembled, dried on MgSO 4 , filtered, and concentrated. The desired compound was isolated after purification by flash chromatography.

General Procedure B for the Synthesis of 3a-j S N Ar Reaction. [START_REF] Leitch | An alternating π-stacked bisdithiazolyl radical conductor[END_REF] Chlorinated compound (1 equiv) was dissolved in DMSO (1 M). Sodium azide (2 equiv) was added, and the reaction medium was stirred at 70 °C overnight (using heating mantle). After the consumption of the starting material, the reaction mixture was cooled down to room temperature, diluted with water (100 volumes), and the product was extracted three times with ethyl acetate. The organic The Journal of Organic Chemistry layers were assembled and dried on MgSO . After filtration, the solvent under pressure and the desired azide product was used without purification.

General Procedure C for the Synthesis of PyTeAP 4a-j. In a sealed tube, the azide derivative was dissolved into o-dichlorobenzene solution (0.05-0.08 M). The mixture was stirred at 165 °C for 4 min in a professional microwave reactor. The resulting material was directly purified by flash chromatography to give the corresponding tetrazapentalene.

2-Chloro-3-ethynylpyrazine (1). [START_REF] Nakhi | Transition metal free hydrolysis/cyclization strategy in a single pot: Synthesis of fused furo N-The modification was made heterocycles of pharmacological interest[END_REF] 2,3-Dichloropyrazine (500 mg, 3.35 mmol, 1 equiv), Pd(PPh 3 ) 2 Cl 2 (26 mg, 1 mol %), CuI (7 mg, 1 mol %), and NEt 3 (0.68 mL, 1.5 equiv) were dissolved in EtOH (11 mL). The reaction medium was degassed by argon sparging for 15 min at room temperature. Trimethylsilyl acetylene (0.50 mL, 1 equiv) was added dropwise, and the reaction was heated at 60 °C for 7 h (using heating mantle). The solvent was removed under vacuum, and the resulting material was dissolved in AcOEt and filtrated on celite. Water was added to the resulting filtrate (100 mL), and the mixture was extracted with ethyl acetate (3 × 50 mL). The organic layers were assembled, dried on MgSO 4 , filtered, and concentrated under reduced pressure. The crude compound was purified by flash chromatography eluted with 98:2 PE/EtOAc to give the TMS compound as a yellow oil (402 mg, 1.91 mmol, 57%). Then, the product (1 equiv) was dissolved in methanol (0.15 M) and an ammonia solution (7 M in MeOH) (1.1 equiv) was added at 0 °C and stirred for 50 min. The solvent was concentrated under reduced pressure, water was added (100 mL), and the media was extracted with ethyl acetate (3 × 25 mL). The organic layers were assembled, dried on MgSO 4 , filtered, and concentrated under reduced pressure to give the desired compound 1 as a beige solid (100 mg; 80%). R f : 0.4 (9:1; PE/ EtOAc). Mp: 54-55 °C. 1 H NMR (250 MHz, CDCl 3 ): δ H 8.49 (d, J = 2.5 Hz, 1H), 8.33 (d, J = 2.5 Hz, 1H), 3.61 (s, 1H). 13 2-Chloro-3-(1-phenyl-1H-1,2,3-triazol-4-yl)pyrazine (2a). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (200 mg, 1.45 mmol) and azidophenyl (345 mg, 2.90 mmol), the title compound was obtained as a beige solid (282 mg, 1.1 mmol, 76%). R f : 0.5 (3:7; PE/EtOAc). Mp: 97-98 °C. 1 2-Chloro-3-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)pyrazine (2b). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (200 mg, 1.45 mmol) and azidoanisole (432 mg; 2.90 mmol), the title compound was obtained as a beige solid (337 mg, 1.17 mmol, 81%). R f : 0.5 (2:8; PE/EtOAc); Mp: 151-152 °C. 1 2-Chloro-3-(1-butyl-1H-1,2,3-triazol-4-yl)pyrazine (2c). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (398 mg, 2.88 mmol) and azidobutane (571 mg, 5.76 mmol), the title compound was obtained as a light yellow solid (603 mg, 2.54 mmol, 88%). R f : 0.5 (7:3; EtOAc/PE). Mp: 69-70 °C. 1 2-Chloro-3-(1-octyl-1H-1,2,3-triazol-4-yl)pyrazine (2d). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (400 mg, 2.90 mmol) and azidooctane (900 mg,5.80 mmol), the title compound was obtained as a beige solid (755 mg, 2.58 mmol, 88%). R f : 0.8 (7:3; EtOAc/PE). Mp: 75-76 °C. 1 4-(4-(3-Chloropyrazin-2-yl)-1H-1,2,3-triazol-1-yl)butan-1-ol (2e). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (400 mg, 2.90 mmol) and azidobutanol (670 mg, 5.80 mmol), the title compound was obtained as a yellow oil (414 mg, 1.64 mmol, 56%). R f : 0.1 (7:3; EtOAc/PE). 1 4-(4-(3-Chloropyrazin-2-yl)-1H-1,2,3-triazol-1-yl)butanenitrile (2g). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (400 mg, 2.90 mmol) and 4-azidobutanenitrile (638 mg, 5.80 mmol), the title compound was obtained as a beige solid (688 mg, 2.77 mmol, 87%). R f : 0.3 (7:3; EtOAc/PE); Mp: 119-120 °C. 1 H NMR (400 MHz, CDCl 3 ): δ H 8.64 (br, 1H), 8.40 (s, 1H), 8.36 (br, 1H), 4.64 (t, J = 6.5 Hz, 2H), 2.49 (t, J = 7.1 Hz, 2H), 2.40 (p, J = 6.7 Hz, 2H). 13 2-Chloro-3-(1-(hexan-3-yl)-1H-1,2,3-triazol-4-yl)pyrazine (2h). Following general procedure A from 2-chloro-3-ethynylpyrazine 1 (400 mg, 2.90 mmol) and 3-azidohexane (552 mg, 5.80 mmol), the compound was obtained as a white solid (302 mg, 1.14 mmol, 39%). R f : 0.6 (7:3; EtOAc/PE). Mp: 43-44 °C. 1 2-(1-Benzyl-1H-1,2,3-triazol-4-yl)-3-chloropyrazine (2i). Following the general procedure A from 2-chloro-3-ethynylpyrazine 1 (400 mg, 2.90 mmol, 1 equiv) and azidobenzyle (772 mg, 5.80 mmol), the The Journal of Organic Chemistry

Scheme 2 .

 2 Scheme 2. Synthesis of PyTeAP 4a-j and Single-Crystal X-ray Di raction Analysis of 4a at 150 K (CCDC Registration Number 2168242) a

Figure 1 .

 1 Figure 1. (a) Major resonance structures of PyTeAP-H (along with their relative weights). (b) Molecular electrostatic potential map of PyTeAP-H (isosurface with electron density = 0.07).

Figure 2 .

 2 Figure2. Magnetic shielding and AICD analyses of electron delocalization in PyTeAP-H and its individual cyclic constituents. For the current density analysis, the applied magnetic field is oriented perpendicular to the molecular plane pointing toward the observer.

  C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 151.2 (C), 142.7 (CH), 142.4 (CH), 138.6 (C), 85.5 (CH), 78.5 (C). HRMS (ESI) m/z: [M + H] + The molecular ion was not detected for this molecule. IR (neat): ν ̅ (cm -1 ) 3220, 2116, 1366, 1191, 1051, 869.

  C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 146.2 (C), 144.1 (C), 143.5 (C), 142.7 (2CH), 126.1 (CH), 118.1 (C), 48.7 (CH 2 ), 26.0 (CH 2 ), 14.7 (CH 2 ). HRMS (ESI) m/z: [M + H] + calcd for C 10 H 10 ClN 6 249.0650; found 249.0654. IR (neat): ν ̅ (cm -1 ) 3131, 2245, 1543, 1400, 1120, 1061, 978, 857, 783.

Table 1 .

 1 Fluorescence Properties

	a

Table 2 .

 2 Single-Point NICS Calculations for PyTeAP-H and Its Individual Cyclic Constituents
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  H NMR (400 MHz, CDCl 3 ): δ H 8.62 (d, J = 2.3 Hz, 1H), 8.32 (d, J = 2.3 Hz, 1H), 8.31 (s, 1H), 4.46 (t, J = 7.2 Hz, 2H), 1.95 (tt, J = 9.2, 6.8 Hz, 2H), 1.48-1.31 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 13 C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 146.0 (C), 144.5 (C), 143.1 (C), 142.7 (CH), 142.3 (CH), 125.3 (CH), 50.5 (CH 2 ), 32.4 (CH 2 ), 19.8 (CH 2 ), 13.5 (CH 3 ). HRMS (ESI) m/z: [M + H] + calcd for C 10 H 13 ClN 5 238.0854; found 238.0854. IR (neat): ν ̅ (cm -1 ) 2959, 1464, 1233, 1059, 976, 862.

  calcd for C 14 H 21 ClN 5 294.1480; found 294.1482. IR (neat): ν ̅ (cm -1 ) 2921, 1470, 1235, 1150, 1069, 985, 880, 745.

	H NMR (400 MHz, CDCl 3 ): δ H 8.62 (d, J = 2.4 Hz, 1H), 8.32 (d, J = 2.4 Hz, 1H), 8.31 (s, 1H), 4.45 (t, J = 7.2 Hz, 2H), 1.97 (t, J = 7.2 Hz, 2H), 1.38-1.22 (m, 10H), 0.88-0.82 (m, 3H). 13 C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 146.1 (C), 144.6 (C), 143.1 (C), 142.7 (CH), 142.3 (CH), 125.3 (CH), 50.8 (CH 2 ), 31.8 (CH 2 ), 30.4 (CH 2 ), 29.1 (CH 2 ), 29.0 (CH 2 ), 26.5 (CH 2 ), 22.7 (CH 2 ), 14.1 (CH 3 ). HRMS (ESI) m/z: [M + H]

+ 

  H NMR (400 MHz, CDCl 3 ): δ H 8.63 (br, 1H), 8.36 (s, 1H), 8.34 (br, 1H), 4.54 (t, J = 7.2 Hz, 2H), 3.71 (t, J = 6.1 Hz, 2H), 2.11 (dq, J = 9.2, 7.3 Hz, 2H), 1.66-1.62 (m, 2H). 13 C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 146.1 (C), 144.5 (C), 143.2 (C), 142.7 (CH), 142.4 (CH), 125.6 (CH), 62.0 (CH 2 ), 50.6 (CH 2 ), 29.3 (CH 2 ), 27.2 (CH 2 ). HRMS (ESI) m/z: [M + H] + calcd for C 10 H 13 ClN 5 O 254.0803; found 254.0802. IR (neat): ν ̅ (cm -1 ) 3420, 1329, 1154, 1056, 980, 745. Following general procedure A from 2-chloro-3ethynylpyrazine 1 (200 mg, 1.45 mmol) and methyl 4-azidobutanoate (415 mg, 2.90 mmol), the title compound was obtained as a yellow solid (339 mg, 1.21 mmol, 83%). R f : 0.3 (2:8; PE/EtOAc). Mp: 80 °C. 1 H NMR (400 MHz, CDCl 3 ): δ H 8.63 (d, J = 2.4 Hz, 1H), 8.35-CH), 125.7 (CH), 52 (CH 3 ), 49.6 (CH 2 ), 30.5 (CH 2 ), 25.6 (CH 2 ). HRMS (ESI) m/z: [M + H] + calcd for C 11 H 13 ClN 5 O 2 282.0752; found 282.0748. IR (neat): ν ̅ (cm -1 ) 3158, 2957, 1716, 1428, 1222, 1047, 973.

	Methyl 4-(4-(3-Chloropyrazin-2-yl)-1H-1,2,3-triazol-1-yl)-butanoate (2f). 8.32 (m, 2H), 4.56 (t, J = 6.9 Hz, 2H), 3.68 (s, 3H), 2.45-2.40 (m, 2H), 2.31 (pd, J = 6.9, 1.2 Hz, 2H). 13 C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 172.8 (C), 146.1 (C), 144.4 (C), 143.3 (C), 142.7 (CH), 142.4 (

  H NMR (400 MHz, CDCl 3 ): δ H 8.63 (d, J = 2.3 Hz, 1H), 8.33 (d, J = 2.3 Hz, 1H), 8.26 (s, 1H), 4.56-4.49 (m, 1H), 2.01-1.84 (m, 4H), 1.32-1.14 (m, 2H), 0.92-0.84 (m, 6H). 13 C { 1 H} NMR (101 MHz, CDCl 3 ): δ C 146.1 (C), 144.7 (C), 143.1 (C), 142.6 (CH), 142.3 (CH), 124.0 (CH), 64.1 (CH), 37.5 (CH 2 ), 29.0 (CH 2 ), 19.3 (CH 2 ), 13.7 (CH 3 ), 10.6 (CH 3 ). HRMS (ESI) m/z: [M + H] + calcd for C 12 H 17 ClN 5 266.1167; found 266.1170. IR (neat): ν ̅ (cm -1 ) 2961, 1364, 1250, 1149, 1086, 869, 760.
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