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,2,4,5-Tetrazine based ligands and complexes

One of the most intriguing nitrogen based aromatic heterocycles is 1,2,4,5-tetrazine or s-tetrazine (TTZ) thanks to its electron acceptor character, fluorescent properties and possibilities of functionalization in the 3,6 positions allowing the access to various ligands. In this Review we focus on the two main families of TTZ based ligands, i.e. ditopic symmetric and monotopic non-symmetric, together with their metal complexes, with a special emphasis on the solid state structures and physical properties. After a description of the most representative complexes containing the unsubstituted TTZ as ligand, the symmetric TTZ ligands and complexes derived thereof are discussed in the order: 3,6bis(2-pyridyl)-tetrazine, 3,6-bis(3-pyridyl)-tetrazine, 3,6-bis(4-pyridyl)-tetrazine, 3,6-bis(2-pyrimidyl)tetrazine, 3,6-bis(2-pyrazinyl)-tetrazine, 3,6-bis(monopicolyamine)-tetrazine, 3,6-bis(vanillinhydrazinyl)-tetrazine and TTZ containing carboxylic acids. Remarkable results have been obtained in the recent years in metal-organic frameworks and magnetic compounds in which the magnetic coupling is enhanced when the tetrazine bridge is reduced in radical anion. The non-symmetric ligands, such as dipicolylamine-TTZ and monopicolylamine-TTZ, are comparatively more recent than the symmetric ones. They allow in principle the preparation of mononuclear complexes in a controlled manner, although binuclear complexes have been isolated as well. Moreover, in the monopicolylamine-TTZ-Cl ligand, deprotonation of the amine, thanks to the electron acceptor character of TTZ, afforded a negatively charged ligand equivalent of a guanidinate.

Introduction

The chemistry of the 1,2,4,5-tetrazine (TTZ) heterocycle (1, Fig. 1)), also named s-tetrazine, has been increasingly developed in the last two decades, which allowed its use in numerous applications. 1,2 The enhanced electron acceptor properties of tetrazine due to the presence of four sp 2 nitrogen atoms in the ring, providing a low energy   type LUMO, make it suitable as synthon in crystal engineering for anion- interactions [3][4][5][6][7] and strongly facilitate its reduction into stable radical anions. [8][9][10] Moreover, TTZ derivatives are excellent dienophiles in inverse demand Diels-Alder cycloaddition reactions leading to the formation of 1,2-diazines accompanied by elimination of a nitrogen molecule, [11][12][13][14][15] while when substituted with nitrogen rich units they found use as high energetic materials. [16][17][18] The substitution scheme is also essential for the luminescence properties of s-tetrazines. 2 Indeed, when halogen and/or alkoxy groups are appended to the 3,6 positions of TTZ the corresponding compounds are fluorescent as a result of a symmetry forbidden n-* transition arising at 510-530 nm, with a molar extinction coefficient of approx. 1000 L mol -1 cm -1 . [19][20][21][22] Thanks to these different features, it is not surprising that this electron deficient -aromatic fluorophore has been also involved in -conjugated materials for organic solar cells 23,24 and as chromophore in switchable fluorescent donor-acceptor systems. 25,26 Finally, as most of the nitrogen containing six-member ring heterocycles, s-tetrazine derivatives have attracted interest in coordination chemistry. While the N atoms of tetrazine can in principle act as ligands themselves, the attachment of coordinating groups in positions 3 and 6 affords ligands which can be either chelating, with the participation of tetrazine nitrogen atoms, or ditopic, with the tetrazine ring playing the role of an aromatic bridge. However, the number of available ligands was still rather limited back in 2002 when the previous review on 1,2,4,5-tetrazine based metal complexes was published by Kaim. 27 Since then, the possibilities of functionalization of the tetrazine platform offered by the use of 3,6-dichloro-tetrazine as reactive precursor, 2 and also by the renewal of the interest of the dipyridyl-and dipyrimidyl-tetrazine based complexes in supramolecular chemistry and molecular magnetism, motivated a sustained activity in this area. In this review we discuss the tetrazine based ligands and complexes with an emphasis on the recent examples and a special focus on the solid state structures and physical properties. We have classified the ligands in two families, i.e. symmetric, having the same coordinating groups in the 3,6 positions, and non-symmetric, containing a single coordinating unit (Fig. 1). The first group of the symmetric ligands includes the ditopic dipyridyl-and dipyrimidyl-tetrazines which are the most employed. The simplicity of their synthesis through Pinner's condensation 2 together with the high yield make these ligands very convenient for coordination towards a large variety of metal centres. However, the coordination chemistry of dipyrimidyl-tetrazines (2,2'-bmtz and bpztz) is comparatively less developed with respect to that of dipyridyl-tetrazines, very likely because of the deactivation of one nitrogen by the second one. Indeed, the pKa of the conjugate acid of pyridine is 5. 25, while for pyrimidine it is 1.3. [START_REF] Joule | The Diazines: Pyridazine, Pyrimidine, and Pyrazine: Reactions and Synthesis[END_REF] The second group contains non-symmetric ligands, with two different substituents in positions 3 and 6. An advantage of these molecules is the possibility to limit to one the number of coordinated metal centres per TTZ ligand and to tune the luminescence and electron acceptor properties by the proper choice of the non-coordinating substituent. As mentioned before, the presence of halogen or alkoxy substituents is beneficial for the emissive properties of the TTZ derivative, and thus the modulation of luminescence by coordination can be envisaged. Moreover, additional non-covalent interactions due to the non-coordinating substituent are expected to influence the solid state structures.

s-1,2,4,5-Tetrazine as ligand

In principle the parent 1,2,4,5-tetrazine 1 itself could act as ligand for metal coordination compounds. However, investigations of basicity of aza-arenes show that tetrazines are very weak bases with values of pKNH + < 0. [START_REF] Kaim | [END_REF]30 In addition, the unsubstituted 1,2,4,5-tetrazine is not very stable at room temperature. Therefore, only very few complexes with this ligand have been described. The first TTZ based complex [Cu(hfac)2(ttz)], reported in 2006 by Li et al., 31 was prepared by reaction of bis(hexafluoroacetylacetonate)copper(II) with 1,2,4,5-tetrazine in dichloromethane. In the unit cell, there are four non-equivalent Cu(II) ions, the TTZ molecules coordinating the vacant axial position of the metal ion. The bond lengths Cu-Nttz 2.343(3) and 2.466(3) Å are longer than the average Cu-N coordination bonds, meaning that 1,2,4,5-Tetrazine is weakly bounded to the copper ions. This complex starts to decompose at 48 °C with the loss of TTZ. The other successful attempt towards unsubstituted TTZ complexes was based on the use of the strong donor moiety [Ru(NH3)5] 2+ . Indeed, the extremely low-lying π* orbital of TTZ allows an efficient orbital overlap between the metal ions and the ligand. As a result, the dinuclear cationic complex [{Ru(NH3)5}2(µ-ttz)][BPh4]4 has been isolated. 32 The asymmetric unit contains half the cation as independent motif and the second half is generated by inversion (Fig. 2). The longer N1-N2 distances of the TTZ ring in complex compared with the non-coordinated ligand 33 {1.387(5) vs 1.334 (30) Å} indicate the electron donation from the metal ion to the vacant π* orbitals of TTZ. The presence of coordinated electron-rich [Ru(NH3)5] 2+ metal units influences on the electronic properties of the complex. Thus, two intense transitions in the visible region (750 and 464 nm) were assigned to Ru(II) → TTZ MLCT transitions. Another interesting family of complexes based on aromatic N-heterocycles was reported by Beckhaus et al. 34 The authors described the possibility of the synthesis of titanium based molecular squares and rectangles. This work is very important since the supramolecular chemistry for early transition metals is not that well investigated compared to the late transition metals. [Cp2Ti{η 2 -C2(SiMe3)2}] and [(tBuCp)2Ti{η 2 -C2(SiMe3)2}] have been used as source of titanocene fragments, while pyrazine, 4,4′bipyridine and TTZ served as bridging ligands (Fig. 3 for TTZ). Tetrazine coordinates in a bis(monodentate) fashion as observed within the previous examples. Closer analysis of the geometry of complex [Cp2Ti(ttz)]4 (Fig. 3) indicates that the structure of the compound cannot be considered as molecular square, since the Ti ions do not lie in a single plane but form a tetrahedron. Partial reduction of the ligand also takes place, as demonstrated by the lengthening of the N-N bond in the complex compared with the free TTZ (average values 1.416 Å vs 1.321 Å). Using metal ions such as Ag + and Cu + with a soft d 10 -configuration resulted in the family of complexes

[Ag(ttz)(X)] (X = NO3 -, ClO4 -), [Ag2(Me2ttz)(NO3)2], [Ag2(Me2ttz)(H2O)2(ClO4)2], [Ag3(Me2ttz)(H2O)2(CF3SO3)3] and [Cu4Cl4(Me2ttz)]
, where Me2ttz is 3,6-dimethyl-1,2,4,5-tetrazine. 35 In these complexes TTZ possesses a unique µ4-coordination mainly due to the π back-donation of metal ions towards the extremely electron poor TTZ ring. The silver complexes [Ag(ttz)(X)] with nitrate and perchlorate anions are similar (Fig. 4) and can be regarded as 3D coordination polymers. The voids in the frameworks are occupied by the corresponding anions (81% for NO3 -and 68.9% for ClO4 -). The presence of donating methyl groups in Me2ttz resulted in the coordination of only two ligands to each metal centre in the crystal structures of [Ag2(Me2ttz)(NO3)2] and [Ag2(Me2ttz)(H2O)2(ClO4)2]. However, the ligands still remain in µ4-coordination (Fig. 5). As mentioned before, the electron-withdrawing character of TTZ ring allows triggers the occurrence of anion-π interactions in the solid state. Thus, each anion (nitrate and perchlorate) form short interactions with the aromatic unit. The values of the O•••π contacts for [Ag2(Me2ttz)(NO3)2] are somewhat longer than the same interactions for [Ag2(Me2ttz)(H2O)2(ClO4)2] (Fig. 6). The authors explained this feature by the stronger coordination of NO3 -anion to Ag + (Ag-ONO2 = 2.431 Å vs Ag-OClO3 = 2.537 Å). Indeed, the perchlorate anion is not coordinated to the metal ions and, therefore, can form easily stronger π-interaction with the TTZ ring. Another vivid example of µ4-coordination of TTZ has been reported in 2018 by Okubo et al. 36 They obtained the polymer [Cu2Br2(ttz)]n possessing semiconducting properties. In the solid state structure Cu + ion has a tetrahedral coordination geometry formed by two Br anions and two N atoms of the TTZ ring (Fig. 7). The complex shows large absorption band in the near-IR region, indicating a small value of the band gap (Eg). Thus, fitting the Kubelka-Munk plots of (f(R) E) 1/2 vs E resulted in the value Eg = 0.71 eV. The direct current electrical resistivity measurements give the estimated conductivity value of 8.17•10 -10 S cm -1 . 

Symmetric ditopic ligands

Due to the multiple chelating modes of these 3,6-disubstituted-1,2,4,5-tetrazine ligands, most of the reported coordination compounds are either discrete polynuclear complexes or extended coordination polymers (CPs). The two only examples of mononuclear complexes are based on 3,6bis(2-pyridyl)-1,2,4,5-tetrazine (2,2'-bptz) and 3,6-bis(5-methyl-2-pyridine)-1,2,4,5-tetrazine (2,2'-Me2bptz) (Fig. 1). The position of the nitrogen donor atoms on the pyridyl substituents has a crucial influence on the dimensionality of the resulting coordination compounds. Indeed, most of the discrete polynuclear complexes are based on 2,2'-bptz derivatives, with 50 reported examples, and only 5 examples are based on 4,4'-bptz. On the other hand, 3,3'-bptz only afforded CPs, and a majority of tetrazine-based CPs has been obtained with 4,4'-bptz. In this family of compounds, the dipyridyltetrazine ligand generally acts as a pillar linker which connects 1D or 2D metal-carboxylate networks to afford the 3D porous metal-organic framework (MOF).

3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (2,2'-bptz) and methylated derivatives (2,2'-4Me2bptz) and (2,2'-5Me2bptz)

To date, only two examples of mononuclear complexes based on the 3,6-bis(2-pyridyl)-1,2,4,5tetrazine derivatives have been reported. The first example was a tricarbonylchlororhenium(I) derivative reported by Flood et al. in 2010. 37,38 This compound was used as a ligand for the redoxdriven supramolecular assembly with Cu(I) and a pseudorotaxane molecule. The second example is a Cd(II) complex of formula [Cd(2,2'-bptz)2I2] reported by Saghatforoush et al. in 2016. 39 Interestingly, starting from different cadmium halides, the authors were able to isolate either discrete mononuclear (with CdI2) and tetranuclear (CdCl2) complexes, or a 1D coordination polymer (with CdBr2). This highlights the versatility of the 2,2'-bptz derivatives to prepare a large variety of coordination compounds with different dimensionalities. Most of the reported examples of 2,2'-bptz-based coordination compounds are polynuclear complexes, with a majority of them being dinuclear Ru(II), Cu(I) [40][41][42] or Ag(I) [43][44][45] complexes. In 1999, Kaim et al. reported the first crystal structure of a tetrazine radical anion based complex containing a dinuclear Cu(I) unit of formula {(μ-2,2'-bptz)[Cu(PPh3)2]2}(BF4). 46 Four years later, the crystal structure analysis and high-frequency EPR of the related radical complex of formula {(μ-2,2'bptz)[Cu(AsPh3)2]2}(BF4) confirmed the predominant localization of spin in the tetrazine ring, but revealed a higher spin-orbit coupling constant of As and an increased g anisotropy. 47 In the meantime, the delocalized nature of the molecular orbitals in the {(μ-2,2'-bptz)[Ru(bpy)2]2} 4+ and {(μ-2,2'bptz)[Cu(PPh3)2]2} 2+ radical species were investigated by a resonance Raman study, which was consistent with Class III mixed-valent compounds in the Robin and Day classification. 48 A related Iridium complex was reported by Maekawa et al. in 2005. 49 The structural analysis of [Ir2(H)4(PPh3)4(μ-2,2'-bptz)](PF6)2•4CH2Cl2 revealed the main intramolecular contacts as π-π interactions between the terminal pyridyl rings and the phenyl groups from the PPh3 ligands. On the contrary, structural analysis of a series of Ag(I)-2,2'-bptz compounds pointed the predominant role of the anion-π interactions over the π-π interactions in the structural motif of the resulting complexes (planar, propeller-like or polymeric structure). 50 In order to better understand the redox processes in 2,2'-bptz-based complexes, some research groups have studied the behaviour of Ru(II) compounds. In 2001, Chellamma and Lieberman have reported the neutral green compound [Ru2(acac)4(μ-2,2'-bptz)], which exhibits a MLCT band at 700 nm, and the delocalized (Class III) mixed-valence blue compound [Ru2(acac)4(2,2'-bptz)](PF6) which shows an intense MLCT band at 575 nm and a weak band at 1220 nm assigned as an intervalence CT band. 51 The electrochemical properties indicated considerable stabilization of the mixed-valence Ru2(II,III) species. On the other hand, Thomas et al. have discussed the Class II/III behaviour of a series of [Ru II ([n]aneS4)2(μ-2,2'-bptz)](PF6)4 complexes with the help of spectroelectrochemistry studies (Fig. 8). 52 The observed redox processes were attributed to the [(Ru[12]aneS4)2(μ-2,2'-bptz)] 4+/3+ reduction couple, which forms a system with two Ru(II) ions bridged by a radical anion 2,2'-bptz •-and suggests that the mixed-valence forms are Class II systems. 53 The only example of a heterodinuclear complex was reported in 2001. 54 The compound [(ƞ 5 -C5Me5)ClRh(μ-2,2'-bptz)Re(CO)3Cl](PF6) presents a reversible one-electron uptake followed 60 and a complete study on a series of Ni(II) and Zn(II) molecular squares and pentagons was undertaken to highlight the template role of the anion on the self-assembly and the nuclearity of these metallacyclophanes. 61 The anion-π interactions were further described as the main driving force in the formation of Fe(II) metallacycles. 62,63 Finally, the same group recently reported the preparation of Co(II) and Ln(III) molecular triangles. The compounds [Ln3(hfac)6(2,2'-bptz •-)3] (Ln = Y or Dy) were obtained after oneelectron reduction of the neutral dinuclear complexes {[Ln(hfac)3]2(2,2'-bptz •-)}. 64 Interestingly, during the synthesis of the Co(II) system [Co3(2,2'-bptz)3(dbm)3]•2toluene, the tetranuclear complex [Co4(2,2'bptz)4(dbm)4]•4MeCN could be obtained by changing the recrystallization solvent of the crude product (Fig. 9). 65 All these resulting polynuclear compounds present strong antiferromagnetic coupling between metal centres and 2,2'-bptz •-radical bridges. Nevertheless, AC magnetic susceptibility measurements on the trinuclear Ln(III) compounds show the absence of an out-of-phase signal, while the related dinuclear compounds were characterized as SMMs below 15 K with a thermal relaxation barrier of 60 K. Finally, the 2,2'-bptz has been used for the preparation of extended coordination polymers. In the early 2000s, the first reported examples consisted on 1D chains with Ag(I) 66 or Cd(II). 67 More interestingly, Xu has reported a 3D heterobimetallic compound of formula {[Mn2Mo(CN)8(2,2'bptz)(CH3CN)2(H2O)2]•2H2O} which exhibits a weak antiferromagnetic coupling between Mn(II) ions. 68 More recently, Saghatforoush et al. have characterized a series of 1D Hg(II) coordination polymers and calculated their electronic band structure by the DFT method. 69 It indicated a direct band gap in the linear chain polymers [Hg(2,2'-bptz)Cl2] and [Hg(2,2'-bptz)Br2], and an indirect semiconductor for the stair-stepped polymer [Hg2(2,2'-bptz)(μ-I)2I2]. Finally, they have reported in 2018 the formation of 1Dzigzag coordination polymers with Zn(II) and a 2D network with Hg(II). 70 It is worth noting that in this report, the authors have undertaken a CSD structural study on the coordination modes of the 2,2'-bptz ligand.

3,6-bis(3-pyridyl)-1,2,4,5-tetrazine (3,3'-bptz)

The coordination of 3,3'-bptz (Fig. 1) has so far resulted in the isolation of extended CPs. The first series has been reported by Schröder et al. in 1999. 71 The authors have shown the possibility to tune the dimensionality of the Cd(II) and Zn(II) CPs by the choice of the alcohol solvent. 1D chain structures could thus be obtained in MeOH or EtOH, whereas the use of i PrOH as solvent resulted in the formation of 2D ladder networks. The same authors have also observed the two possible cisoid and transoid conformations of 3,3'-bptz in a series of three Ag(I) CPs. 72 In 2005, Aragoni et al. have reported a 1D chain structure by coordination of the bis(chelating) ligand to Ni(II). 73 The first example of 3D MOF was reported in 2011. 74 It was based on the combination of {Zn2(COO)4} clusters with the two organic linkers, i.e. 3,3'-bptz and 4,4'-oxydibenzoic acid, and the structure could be described as a threefold interpenetrated self-catenated network. 3,3'-bptz has been used to link 1D inorganic Co(II) clusters resulting in a 2D structure. 75 In 2015, it was shown that the redox activity of the tetrazine-based ligand was preserved in the CP of formula [Fe2NiO(pivalate)6(3,3'-bptz)1.5], with similar redox potentials of the transitions. 76 The same year, the photoluminescence properties of the free ligands 3,3'-bptz and 4,4'bptz were investigated and compared with the properties of their corresponding Zn(II), Cd(II) and Cu(II) CPs. 77,78 Zhang et al. have shown that the emission was blue-shifted in the CPs with respect to the free ligands, accompanied by a fluorescence enhancement which has been attributed to the conformational rigidity of the ligand after coordination to the metal ion (Fig. 10). Finally, it is worth noting that the team of Nitschke has developed a strategy to obtain polynuclear clusters based on substituted 3,3'-bptz. After condensation of 3,3'-bptz-aldehyde with aniline derivatives, the family of 4,4'-(substituted-methyleneaniline)-3,3'-bptz (Fig. 1) has been used to prepare tetranuclear Fe II cages. Post-assembly modifications on these cages have revealed the influence of the electron-donating or -withdrawing ability of the aniline substituent on the reactivity of the tetrazine unit. 79

3,6-bis(4-pyridyl)-1,2,4,5-tetrazine (4,4'-bptz)

The 4,4'-bptz (Fig. 1) molecule is by far the most extensively used for the preparation of CPs and MOFs.

The first examples were reported in 1997 by the team of Schröder. 80 The authors have reported the series of compounds [Ag(4,4'-bptz)(X)] (X = NO3 -, BF4 -and PF6 -) and already observed the direct influence of the anion on the structure of the CP. The same authors have reported a poly-knotted 3D structure after coordination of 4,4'-bptz with Cd(II) metal ions. 81 4,4'-bptz has been coordinated to more divalent metal ions, such as Mn(II), 82 Fe(II) 83 and Ni(II), 73 to afford neutral CPs. In the 3D CP [Mn(4,4'-bptz)(N3)2], 84 it was evidenced the presence of a small antiferromagnetic interaction between Mn(II) metal centres bridged by the 4,4'-bptz unit. In the report of Choe et al. in 2009, it was shown that 4,4'-bptz could be coordinated to a paddlewheel Zn building unit, thus acting as a bridge between 2D Zn-porphyrin sheets to afford the 3D compounds [Zn2(ZnTCPP)(4,4'-bptz)] and [Zn2(ZnTCPP)(4,4'bptz)1.5] (Fig. 11, TCPP = 5,10,15,20-tetrakis(4-carboxyl)-21H,23H-porphine). 85 This synthetic strategy has been extensively used in the following, since most of the reported MOFs are heteroleptic pillared layer structures, with the pillar 4,4'-bptz ligand connecting 2D metal-cluster layers. Therefore, in almost all cases, the 4,4'-bptz ligands present the same coordination mode in which the metal ions are only linked to the nitrogen atoms from the pyridyl units. However, after two-electron reduction of the 4,4'-bptz into the 4,5-H2-4,4'-bptz, Maekawa et al. have obtained a Cu(II) CP in which the metal centres could link to one nitrogen atom from the central 4,5-dihydrotetrazine ring to form an unusual 2D architecture. 86 In the ten last years, the adsorption properties of 4,4'-bptz-based MOFs have been thoroughly investigated. The microporous MOF [Zn2(CNC)2(4,4'-bptz)] (CNC = 4-carboxycinnamic) presents a high H2 storage density due to the triple framework interpenetration. 91 In the similar 3-fold catenated MOF [Zn2(NDC)2(4,4'-bptz)] (NDC = 2,6-naphthalenedicarboxylate), the redox properties of the bridging 4,4'bptz ligand have been used to modulate the H2 uptake in the porous material. 92 At the same time, chemical modification of the carboxylate-type ligand could prevent the catenation of the 3D network and thus increase the size of the pores. 93 This strategy allowed different research groups to show the affinity of the 4,4'-bptz-based MOFs toward CO2 and the selectivity of the adsorption. Indeed, the 2D compound [Zn(3,3',5,5'-tetracarboxydiphenylmethane)(4,4'-bptz)]•DMF•2H2O presented a maximum CO2 uptake of 52 cm 3 .g -1 , 94 while the 3D MOF [Cd(4,4'-bpmtz)] revealed an adsorption amount of 79 cm 3 .g -1 , 87 both presenting a very good selectivity for CO2 over N2 and H2. Further studies have demonstrated the impact of the nature of the dinitrogen pillar ligand on the structure and the adsorption efficiency of the resulting MOF. 95 The team of Kitagawa have thus reported a series of 3D Cu(II) and 2D Zn(II) MOFs obtained with pyrazine, dabco, 4,4'-bipyridine, bis(4-pyridyl)benzene, 1,4bis(4-pyridyl)acetylene and 4,4'-bptz linkers. [96][97][98] The use of 4,4'-bptz over other dinitrogen ligands usually affords interdigitated frameworks, but still with better affinity for CO2 adsorption. A similar comparative study was undertaken by Murugavel et al. with a series of 3D Zn and Co organophosphates networks and confirmed the high selectivity of the 4,4'-bptz-based compounds (Fig. 12). 99,100 An original type of 1D ladder structure has also been reported by Fletcher et al. with the compounds [Ni(4,4'-bptz)1.5(NO3)]•nDCM and [Co2(4,4'-bptz)3(NO3)4]•nDCM. 101 The 1D ladders pack to form a 3D network which shows a reasonable CO2 uptake. From all these results, tetrazine-based MOFs can be considered as suitable materials for gas separation and selective CO2 capture. Moreover, using the 4,4'-bptz as bridging ligand in porous networks has proven to be a good strategy to afford multifunctional materials, for example in the spin-crossover Fe(II) MOF of formula [Fe(4,4'bptz)(Au(CN)2)2] reported by the team of Kepert. 102 Another interesting optical feature of such tetrazine-based MOFs is the solvatochromic behaviour upon incorporating different solvent molecules. For example, the nanotubular MOF [(WS4Cu4)I2(4,4'-bptz)3]•3DMF showed a linear correlation between the optical absorption bands and the polarity of the solvent guest (Fig. 13). 103,104 In the report of Barbour et al. this solvatochromism allowed the authors to explain the mechanism of solvent exchange in the 1D CP [Cu2(acetate)2(4,4'-bptz)]•2CHCl3. 105 Finally, one of the most recent interest is to use the chromophore properties of the tetrazine-based ligand to produce hybrid luminescent and photoactive materials. Therefore, the fluorescence properties of some MOFs constructed from d 10 metal centres and 4,4'-bptz ligand have been studied. 106 As previously mentioned with 3,3'-bptz-based CPs, a blueshift in the emission is generally observed after coordination of the 4,4'-bptz to the metal ion in the CP. 74,77 The 4,4'-bptz also contributed to the strong third-order NLO properties of the 3D cluster-based M/S/Cu MOFs reported by Zhang et al. 107 Some examples of discrete polynuclear complexes based on 4,4'-bptz have been also reported. A tetranuclear Re(I) complex has first been described in 2004. 109 In this paper, the authors have demonstrated the ligand-centred mixed valency of the singly reduced molecular rectangles. The second example was reported in 2009 by treatment with [Cu(dipic)(OH2)3] giving rise to a binuclear complex. 110 More recently, a series of three Ru(II) metallacycles have been prepared and their anticancer activity demonstrated with the growth inhibition of human colon and gastric cancer cells (Fig. 14). 111 Finally, Hayami et al. have reported a spin-crossover binuclear complex in which the 4,4'bptz bridged two [Fe(salten)] + moeities. 112 The spin transition was further modified by post-synthesis transformation of the tetrazine unit to its diazine derivative. 

3,6-bis(2-pyrimidyl)-1,2,4,5-tetrazine (2,2'-bmtz)

As related to the 2,2'-bptz ligand, the coordination chemistry of the 2,2'-bmtz molecule (Fig. 1) has been investigated in the two last decades, yet many less examples have been reported. The first crystal structures of 2,2'-bmtz-based complexes were reported by Kaim et al. in 2001. 113 In this study, the authors have prepared and characterized the radical complex [(Cu(PPh3)2)2(2,2'-bmtz)](BF4) and the corresponding 1,4-dihydro species [(Cu(PPh3)2)2(2,2'-H2bmtz)](BF4)2 (2,2'-H2bmtz = 1,4-dihydro-3,6bis(2'-pyrimidyl)-1,2,4,5-tetrazine). They have thus observed the pronounced boat conformation of the neutral 2,2'-H2bmtz, in contrast with the planar structure of the radical anion 2,2'-bmtz after complexation. EPR spectroscopy measurements also revealed the main role of the tetrazine ring in the redox properties of the complexes. The ability of the 2,2'-bmtz ligand to be involved in anion-π interactions for the formation of polynuclear compounds and supramolecular assemblies, as well as the 2,2'-bptz ligand (vide supra), have been investigated. Thus, the team of Dunbar have structurally characterized the complex [{Fe5(2,2'-bmtz)5(CH3CN)10}SbF6][SbF6]9, which was isostructural to the related 2,2'-bptz-based compound, since the 2,2'-bmtz ligand adopts the trans-bis(bidentate) mode. 62 Following these results, the same authors have reported the preparation of dinuclear complexes, such as the SMM of formula [(Co(TPMA))2(2,2'-bmtz •-)](CF3SO3)3•CH3CN (TPMA = tris(2pyridylmethyl)amine) (Fig. 15), 114 Nonetheless, the presence of two extra nitrogen atoms on each pyrimidyl unit offers more coordination possibilities to 2,2'-bmtz compared to 2,2'-bptz. As observed by Murugesu et al., the radical anion 2,2'-bmtz •-could adopt the tetra(bidentate) coordination mode to form the tetranuclear complex [Ni4(2,2'-bmtz •-)Cl6(DMF)8]Cl•0.5(H2O) (Fig. 16). 116 In this study, the authors have evidenced the spontaneous reduction of the tetrazine-based ligand upon complexation, without need of air-free conditions or reducing agents, leading to strong ferromagnetic interactions between Ni(II) centres and radical anion bridges. The two teams of Batten and Murugesu have reported the preparation of 1D and 2D Ag(I) CPs in which the 2,2'-bmtz ligand can adopt the trans-bis(bidentate), cis-bis(bidentate) or tetra(bidentate) coordination mode. 117,118 

3,6-bis(2-pyrazinyl)-1,2,4,5-tetrazine (bpztz)

Since its first synthesis in 2001, only one example of discrete polynuclear complex based on the bpztz ligand (Fig. 1) has been reported. In 2003, Kaim reacted the bpztz ligand to a tricarbonylchlororhenium complex to afford the dinuclear compound [(μ-bpztz){Re(CO)3Cl}2]. 119 In this complex, each metal centre was coordinated to one nitrogen atom from the tetrazine ring and the nitrogen atom in position 1 of the pyrazine, therefore the nitrogen atoms in position 4 of each pyrazine remain free. As for the 2,2'-bmtz ligand, the multiple coordination nitrogen atoms makes this ligand more suitable for the preparation of extended networks. This has been demonstrated by the team of Champness, who first reported a series of 1D and 2D Ag(I) coordination polymers with unusual topologies due to the multiple coordination modes of the bpztz ligand, sometimes present among the same network (Fig. 17). 120,121 This feature allowed them to prepare a 1D chain compound with Cd(II) and an unusual 3D coordination polymer with Co(II), in which two independent Co(II) centres present different coordination environments. 122 In spite the promising coordination chemistry with such multimodal ligand, no more examples of coordination complexes or extended networks based on the bpztz ligand have been reported since then. 

Ttz-bis(monopica) ligand

This ligand has been prepared by the double nucleophilic substitution of 3,6-dichlorotetrazine in 2018 by Avarvari et al. 123 The Ttz-bis(monopica) ligand (Fig. 1), similarly to the pyridine and pyrimidine derivative, contains two chelating unit and, moreover, the presence of the amino nitrogen directly linked to the TTZ ring drives the possibility of coordination of this ligand in its anionic form. The Co 

H2vht ligand

Attempts to combine promising tetrazine rings with the commonly used o-vanilin within a polydentate Schiff base ligand were first carried out by Murugesu in 2017. 124 The ligand (Fig. 1) was synthesized from the precursor 3,6-bis(hydrazinyl)-1,2,4,5-tetrazine and o-vanilin in methanol solution. Its reaction with Dy(III) and Gd(III) nitrates yielded the [Dy4(vht)4(MeOH)8](NO3)4•8.07MeOH•0.65H2O and [Gd4(vht)4(MeOH)8](NO3)4 •8.19MeOH•0.91H2O isostructural tetranuclear complexes (Fig. 19). These are two complexes composed of two dinuclear subunits, linked by ligand molecules. The metal ions are bridged by the tetrazine ring from the same side, a rare bridging moiety for Ln ions. The magnetic measurements revealed the presence of non-negligible ferromagnetic interaction between the metal centres. Only one J parameter was used to modulate the magnetic behaviour of the Dy complex, due to the symmetry equivalence of the dinuclear subunits. The best-fit parameters J = 0.009(3) cm -1 and g = 1.982(1) are indicative for weak ferromagnetic interaction. However, the Dy complex displays SMM behaviour, with a barrier Ueff = 158 K (τ0 = 1.06•10 -7 s). Performing the synthesis of the Dy complex in ethanol as opposed to methanol and changing the base from NaN3 to Et3N leads to the formation of a Dy8 cluster [Dy8(μ4-O)(μ3-OH)8(vht)4(NO3)2(H2O)8](NO3)4. 125 This complex is composed of two distorted [Dy4(μ3-OH)4] 8+ cubanes (Fig. 20) 

H2dbtz and H2STz ligands

The following ligands contain two carboxylate groups, aimed at using these molecules to construct metal-organic frameworks. The hydrothermal reaction of 3,3′-(1,2,4,5-tetrazine-3,6-diyl)dibenzoic acid (H2dbtz, Fig. 1) with Zn(NO3)2•6H2O and LaCl3•7H2O resulted in [Zn(dbtz)(H2O)]n and {[La2(dbtz)3(H2O)2](H2O)6}n coordination polymers. 126 The X-ray analysis revealed a two-dimensional network for the Zn complex, stabilized by coordinated water molecules. However, the crystal structure of the La complex consists of a three-dimensional framework with channels occupied by water molecules. Investigation of the optical properties in the solid state showed that the emission of both complexes is more intense than that of the pure H2dbtz ligand. Thus, the spectra of Zn and La compounds exhibit broad emission bands centred at 454 and 461 nm, respectively, upon excitation at 310 nm.

Later on, in 2017, the synthesis and characterization of a Zr(IV) MOF with a s-tetrazine dicarboxylic acid (H2STz) were reported by Devic et al. 127 The complex, formulated Zr6O8(STz)4(solvent)n, is able to detect electron-rich molecules due to the quenching of its fluorescence, centred on the TTZ ligand.

Non-symmetric monotopic ligands

As was already mentioned, the presence of different substituents plays a key role in the modulation of the physical properties of ttz-based compounds. In the pioneering work of our group, 128 the electron deficient tetrazine ring has been covalently linked to the known electron donor tetrathiafulvalene (TTF) 129 unit affording the donor-acceptor molecule 2 (Fig. 21). Its deep photophysical study combined with DFT calculations show the presence of low energy πTTF → π*ttz intramolecular charge transfer. The precursor 2 was used to prepare the multifunctional ligand TTF-TTZ-dipica 4. However, the yield of the direct coupling reaction was low, therefore another way for its synthesis was elaborated. Accordingly, compound 3 was synthesized first, then further cross-coupling gave the desired TTF-TTZdipica 4. As a preliminary test of coordination, the zinc complex [ZnCl2(4)] has been obtained (Fig. 21). The structure shows Cl•••TTZ anion-π interactions, with the corresponding distance of 3.24 Å.

The precursor 3, namely Cl-ttz-dipica also was found to be a perspective platform for the synthesis of compounds possessing tunable photophysical or magnetic properties. 130 A series of binuclear neutral complexes [Cl-ttz-dipica-MCl2]2 (M -Mn II , Co II , Zn II and Cd II ) has been obtained and their properties were examined. The coordination of diamagnetic zinc(II) and cadmium (II) ions leads to the switch-on of the luminescence. The Cl-ttz-dipica ligand emits very weakly with the value of quantum yields less than 0.01 %, while the coordination of the metal ions leads to relatively strong emission in the visible region (570 nm). The reason of the higher quantum yield for Zn and Cd complexes results from the involvement of the amino N atom in coordination (N2, Fig. 22a) thus hampering the conjugation with the ttz ring. In the case of complexes with paramagnetic Mn II and Co II ions an antiferromagnetic interaction takes place in the dimanganese(II) compound (J = -1.25 cm -1 ), while in the corresponding binuclear [Cl-ttzdipica-CoCl2]2 complex (Fig. 22b) the metal centres are ferromagnetically coupled (J = +0.55 cm -1 ).

Very recently the possibility of exchanging Cl-substituent in Cl-ttz-dipica with OMe-group has been demonstrated. 131 The reaction has been performed in methanol solution of Cl-ttz-dipica and sodium methoxide, affording the new ligand OMe-ttz-dipica 5 (Fig. 23). While the ligand 5 is not emissive, the coordination of diamagnetic Zn II and Cd II metal ions switch-on the luminescence of the tetrazine moiety. The emission behaviour of these complexes is similar to those with the Cl-ttz-dipica ligand 3, but in the present case the maximum of the emission is slightly red shifted.

In most of the ligands we have discussed so far the tetrazine ring could in principle be reduced to radical anion. However, the electron-poor character of tetrazine unit has never been used to enhance the acidity of the amino substituents towards anionic ligands. A recent work of our group has been devoted to the incorporation of one amino-picolyl group on the tetrazine ring, resulting in the new Clttz-monopica ligand. 132 By changing the experimental conditions a series of mono-and binuclear Cu complexes has been obtained. Of particular interest are the binuclear mixed valence Cu 1.5 Cu 1.5 complexes [Cu2(μ-Cl)(Cl-ttz-monopica)2] and [Cu2(μ-triflate)(Cl-ttz-monopica)2] (Fig. 24). Both complexes possess similar structural features. Thus, the Cu ions are tetracoordinated -the equatorial positions for both complexes are occupied by three nitrogen atoms from the tetrazine ligand, while the axial coordination sites are occupied by the bridging anions (Cl -and triflate -). It should be noted that the ligand is deprotonated and coordinates in its anionic form, being the equivalent of a guanidinate. But the most important feature is the close Cu•••Cu distances (2.4314(4) Å for [Cu2(μ-Cl)(Cl-ttz-monopica)2] and 2.5413(4) Å for [Cu2(μ-triflate)(Cl-ttz-monopica)2]). Evidence for the mixedvalence nature of these complexes has been provided by EPR spectroscopy. The EPR spectra, measured at different temperature, are characteristic and show seven lines hyperfine coupling (Fig. 25a). Simulation of the spectrum (Fig. 25 b) resulted in the following parameters gx = 2.050 ± 0.005, gy = 2.120 ± 0.005, and gz = 2.158 ± 0.002, with the corresponding hyperfine coupling constants of Ax = 30 ± 5 MHz, Ay = 222 ± 3 MHz, and Az = 420 ± 5 MHz. Accordingly, these complexes can be considered as a III class mixed-valence where the single electron is delocalized between the two metal centres. The magnetic data and DFT calculations support this suggestion. V vs Fc, corresponding to the reduction of each of the three NH2TzDMP ligands to radical anion. The presence of the fourth oxidation wave at 1.18-1.33 V corresponds to the Fe II /Fe III couple. All the copper complexes exhibit similar trends. Thus, the oxidation waves from 0.25 to 0.41 V were assigned to the Cu I /Cu II couple. However, in case of the copper compounds only one reduction process has been observed at -0.6 V and was attributed to the reduction of the tetrazine ligands. Although both ligands have similar electronic and electrochemical properties, their explosive behaviour is very different. Thus, the oxygen balance of all DNAZTzDMP containing complexes varies from -70 to -83 %, which is close to the one in TNT (trinitrotoluene). All these compounds possess thermal stability similar to PETN (Pentaerythritol tetranitrate) and they are sensitive toward impact detonation. This work was further developed by Myers with examples of Fe(II) complexes with the N-containing TriTzPyr and NH2TriTzPyr ligands. Interestingly, the explosion of the compounds [(TriTzPyr)3Fe](ClO4)2 and [(NH2TriTzPyr)3Fe](ClO4)2 was found to be initiated with near-infrared lasers. 134

Conclusions and outlook

The coordination chemistry of s-tetrazine has afforded numerous examples of functional coordination polymers, molecular boxes and discrete SMMs/SIMs. Indeed, the dipyridyl-and dipyrimidyl-tetrazine ligands offer a variety of coordination modes (that can be anticipated by the position of the N atom in the pyridyl/pyrimidyl units) and therefore a variety of coordination compounds with different dimensionalities. On the other hand, the recent development of non-symmetric di-substituted tetrazines has opened a new perspective for the design of (multi)functional materials, for example by the insertion of TTF derivatives. Other recent examples are the versatile amino-substituted tetrazine ligands, in which the amino group can be deprotonated due to the electron-withdrawing effect of the tetrazine unit, thus making them suitable for the preparation of coordination compounds with controlled nuclearity and crystal structures. More chemical design on the s-tetrazine is expected to bring, besides new functionalities, a possible control over the electrochemical and photophysical properties of the resulting material. Indeed, if the coordination chemistry of the s-tetrazine-based ligands is well established, it remains a challenge to play with its electronic and optical properties in order to modulate the properties of the complex and thus produce smart materials. The reduction of the tetrazine unit into stable radical anions represents a step in this direction. Another valuable perspective consists in the preparation of chiral tetrazine-based ligands and complexes, which remain unexplored to date as it has been shown that the combination of chirality with conducting, magnetic or optical properties can result in synergistic effects. 135 

Fig. 1

 1 Fig.1 Classification of the s-tetrazine based ligands.

Fig. 2

 2 Fig. 2 The crystal structure of the [{Ru(NH3)5}2(µ-ttz)] 4+ cation.

Fig. 3

 3 Fig. 3 Synthesis of Ti-based supramolecular complex [Cp2Ti(ttz)]4 (left) and its crystal structure (right).

Fig. 4

 4 Fig. 4 Metal-organic motif in the structures of [Ag(ttz)(X)] (a); view of the framework in [Ag(ttz)(NO3)] along the direction of the channels (b). Reproduced from ref. 35 with permission from The Royal Society of Chemistry.

Fig. 5

 5 Fig. 5 Fragment of the structure of [Ag2(Me2ttz)(NO3)2] (a); Similar motif of the structure of [Ag2(Me2ttz)(H2O)2(ClO4)2] with coordinating ClO4 -anions (b). Reproduced from ref. 35 with permission from The Royal Society of Chemistry.

Fig. 6

 6 Fig. 6 Anion⋯π interactions observed in the structures of [Ag2(Me2ttz)(NO3)2] (a) and [Ag2(Me2ttz)(H2O)2(ClO4)2] (b). Reproduced from ref. 35 with permission from The Royal Society of Chemistry.

Fig. 7

 7 Fig. 7 3D framework of [Cu2Br2(ttz)]n along the b axis (a), 2D sheet structure consisting of 1D zigzag Cu I Br chains along the b axis (b), 1D zigzag chain parallel to the c axis (c). H atoms are omitted for clarity. Reprinted with permission from ref. 36; Copyright 2018, American Chemical Society.

Fig. 8

 8 Fig. 8 Structure of the cation (left) and spectroelectrochemistry measurements showing the redox processes occurring at 0.00 V vs Ag/AgCl (right) in the complex [(Ru[12]aneS4)2(μ-2,2'-bptz)](PF6)4. Adapted with permission from ref. 52; Copyright 2006, American Chemical Society. Recently, Fernández et al. have reported the anticancer activity against ovarian carcinoma cells of a series of dinuclear Ru(II) complexes of general formula [{Ru(bpy)2}2(μ-L)][CF3SO3]4 with different bridging ligands L. They have demonstrated that the 2,2'-bptz-based complex [{Ru(bipy)2}2(μ-2,2'bptz)][CF3SO3]4 was the safest considering the compound toxicity.53 The only example of a heterodinuclear complex was reported in 2001.54 The compound [(ƞ 5 -C5Me5)ClRh(μ-2,2'-bptz)Re(CO)3Cl](PF6) presents a reversible one-electron uptake followed by a chloride dissociation to produce the neutral Rh(I)-Re(I) compound [(ƞ 5 -C5Me5)Rh(μ-2,2'bptz)Re(CO)3Cl]. Another strategy was to coordinate the 2,2'-bptz ligand to Ln(III) ions. In 2003, Faulkner, Ward et al. reacted 2,2'-bptz with {Ln(tta)3} fragments (Htta = thenoyl(trifluoro)acetone) to afford mononuclear (with Nd and La) or dinuclear complexes (Gd, Yb and Er), yet only the crystal structure of the dinuclear Gd and Yb compounds could be determined. The NIR luminescence of the Yb, Nd and Er complexes were sensitized by the low-energy absorption of 2,2'-bptz transition. 55 Following the same strategy, Dunbar et al. have recently reported two Dy(III) compounds, the neutral complex [Dy(tmhd)3]2(2,2'-bptz) and its radical form {Cp2Co}{[Dy(tmhd)3]2(2,2'-bptz)}. 56 Both compounds present a slow relaxation of the magnetization below 4 K. Polynuclear 2,2'-bptz-based complexes of higher nuclearity have also been investigated. In the early 2000s were reported the first two examples of tetranuclear complexes, the paramagnetic Ni(II) compound [Ni4(2,2'-bptz)4(CH3CN)8][BF4]8•4CH3CN 57 and the Zn(II) compound [Zn4(2,2'bptz)4(H2O)4(CH3CN)4](ClO4)8•2CHCl3•4CH3CN which was spontaneously resolved as chiral crystals. 58 In 2009, Chen et al. have prepared a series of triruthenium-carboxylate complexes and have shown that the low level of π* orbitals of the pyridinyl-tetrazine ligand influences the redox properties since it stabilizes the low-valence Ru3(III,III,II) and Ru3(III,II,II) species. 59 Most of the examples of 2,2'-bptz polynuclear compounds were subsequently prepared by the team of Dunbar. The preparation of the pentanuclear complex [Ni5(2,2'-bptz)5(CH3CN)10][SbF6]10 was reported in 2001,60 and a complete study on a series of Ni(II) and Zn(II) molecular squares and pentagons was undertaken to highlight the template role of the anion on the self-assembly and the nuclearity of these metallacyclophanes.61 The anion-π interactions were further described as the main driving force in the formation of Fe(II) metallacycles.62,63 Finally, the same group recently reported the preparation of Co(II) and Ln(III) molecular triangles. The compounds [Ln3(hfac)6(2,2'-bptz •-)3] (Ln = Y or Dy) were obtained after oneelectron reduction of the neutral dinuclear complexes {[Ln(hfac)3]2(2,2'-bptz •-)}.64 Interestingly, during the synthesis of the Co(II) system [Co3(2,2'-bptz)3(dbm)3]•2toluene, the tetranuclear complex [Co4(2,2'bptz)4(dbm)4]•4MeCN could be obtained by changing the recrystallization solvent of the crude product (Fig.9).65 All these resulting polynuclear compounds present strong antiferromagnetic coupling

  by a chloride dissociation to produce the neutral Rh(I)-Re(I) compound [(ƞ 5 -C5Me5)Rh(μ-2,2'bptz)Re(CO)3Cl]. Another strategy was to coordinate the 2,2'-bptz ligand to Ln(III) ions. In 2003, Faulkner, Ward et al. reacted 2,2'-bptz with {Ln(tta)3} fragments (Htta = thenoyl(trifluoro)acetone) to afford mononuclear (with Nd and La) or dinuclear complexes (Gd, Yb and Er), yet only the crystal structure of the dinuclear Gd and Yb compounds could be determined. The NIR luminescence of the Yb, Nd and Er complexes were sensitized by the low-energy absorption of 2,2'-bptz transition. 55 Following the same strategy, Dunbar et al. have recently reported two Dy(III) compounds, the neutral complex [Dy(tmhd)3]2(2,2'-bptz) and its radical form {Cp2Co}{[Dy(tmhd)3]2(2,2'-bptz)}. 56 Both compounds present a slow relaxation of the magnetization below 4 K. Polynuclear 2,2'-bptz-based complexes of higher nuclearity have also been investigated. In the early 2000s were reported the first two examples of tetranuclear complexes, the paramagnetic Ni(II) compound [Ni4(2,2'-bptz)4(CH3CN)8][BF4]8•4CH3CN 57 and the Zn(II) compound [Zn4(2,2'bptz)4(H2O)4(CH3CN)4](ClO4)8•2CHCl3•4CH3CN which was spontaneously resolved as chiral crystals. 58 In 2009, Chen et al. have prepared a series of triruthenium-carboxylate complexes and have shown that the low level of π* orbitals of the pyridinyl-tetrazine ligand influences the redox properties since it stabilizes the low-valence Ru3(III,III,II) and Ru3(III,II,II) species. 59 Most of the examples of 2,2'-bptz polynuclear compounds were subsequently prepared by the team of Dunbar. The preparation of the pentanuclear complex [Ni5(2,2'-bptz)5(CH3CN)10][SbF6]10 was reported in 2001,

Fig. 9

 9 Fig. 9 Structures and temperature dependence of χMT for [Co3(2,2'-bptz)3(dbm)3]•2toluene (top) and [Co4(2,2'bptz)4(dbm)4]•4MeCN (bottom). Adapted with permission from ref. 65; Copyright 2017, American Chemical Society.

Fig. 10

 10 Fig. 10 Structure of the ladder CP [Cd(μ2-3,3'-bptz)1.5(NO2)2]•CH2Cl2 (top) and comparison between the fluorescence properties of the CP and the mixture of the Cd(II) and 3,3'-bptz precursors (bottom). Adapted with permission from ref. 77; Copyright 2015, Elsevier.

  On the other hand, Shi et al. have shown that chemical substitution on the tetrazine unit with thiourea was possible and could thus obtained the 3D MOF [Cd(4,4'-bpmtz)], where 4,4'bpmtz = 1,2-dihydro-1-mercapto-1,2,4,5-tetrazine. 87 More recently, some reports have described the insertion of the 4,4'-bptz linker in a CP by post-synthetic methods. Indeed, the 3D Zn(II) CP [Zn(L)(4,4'bptz)0.5]•3DMF•4H2O (where L is a terphenyl-tetracarboxylate ligand) was obtained by single-crystalto-single-crystal (SC-SC) transformation, after dipping crystals of [Zn(L)(3,5-bis(4-pyridyl)triazol-4amine)0.5]•4DMF•8H2O in a solution of the tetrazine-based ligand. 88 Similarly, postsynthetic modifications of the MOF [Cu2(mpbatb)] (mpbatb = 4,4',4'',4'''-(1,3-phenylene-bis(azanetriyl))tetrabenzoate) could afford the compounds [Cu4(mpbatb)2(4,4'-bptz)0.5] and [Cu4(mpbatb)2(4,4'bptz)0.5(dabco)2.5] by successive additions of the ligands 4,4'-bptz and 1,4-diazabicyclo[2.2.2]octane (dabco). 89 Such post-synthetic incorporation of organic linker can modulate the gas-sorption properties of the MOF as highlighted by Suh et al. with the compounds [Zn2(TCPBDA)(4,4'bptz)]•xDMF•yH2O (TCPBDA = N,N,N',N'-tetrakis(4-carboxyphenyl)biphenyl-4,4'-diamine).90 

Fig. 11

 11 Fig. 11 Structure of the MOF [Zn2(ZnTCPP)(4,4'-bptz)]. Reprinted with permission from ref. 85; Copyright 2009, American Chemical Society.

Fig. 12

 12 Fig. 12 CO2, N2 and H2 adsorption of the compound [(Co(dipp)(4,4'-bptz)0.5)4] (dipp = 2,6-di-isopropylphenylphosphate). Reprinted from ref. 100 with permission from The Royal Society of Chemistry.

  Recently, in their study of luminescent Zn(II) and Cd(II) MOFs, Rodríguez-Diéguez et al. have shown the first example of blue phosphorescence in the 3D MOF [Cd3(μ5btc)2(μ-4,4'-bptz)]•2DMF, with radiative lifetimes of 0.58-0.76 s and for which the effect could be perceived by the naked eye. 108 Such multifunctional MOFs are of particular interest for the development of smart materials such as photofluorescent sensors.

Fig. 13

 13 Fig. 13 (a) Structure of [WS4Cu4]I2(4,4'-bptz)3]•DMF. (b) Assembly of six-fold helical chains in the [3+3] arrangement for the formation of the nanotube. (c) UV-Vis spectra and photograph of the solvent inclusion in the MOF. Adapted with permission from ref. 104; Copyright 2012, John Wiley and Sons.

Fig. 14

 14 Fig. 14 Structure of the 4,4'-bptz-based Ru(II) metallacycle (top); relative autophagy activity of the compounds studied (bottom). Adapted with permission from ref. 111; Copyright 2015, American Chemical Society.

  Fig. 15 Structure of the cationic unit in the compound [(Co(TPMA))2(2,2'-bmtz •-)](CF3SO3)3•CH3CN (top) and its frequency dependence of "in an 800 Oe applied DC field (bottom). Adapted with permission from ref. 114; Copyright 2015, John Wiley and Sons.

Fig. 16

 16 Fig. 16 (a) Coordination mode of the radical anion 2,2'-bmtz •-with selected bond distances in Å. (b) Top and lateral views of the solid state structure of the complex. Reprinted from ref. 116 with permission from The Royal Society of Chemistry.

Fig. 17

 17 Fig. 17 View of the 2D plane in [Ag(bpztz)]PF6. Hydrogen atoms and anions are omitted for clarity. Reprinted from ref. 120; copyright 2002 National Academy of Sciences.

  (II) complex [Co(hfac)2ttz-bis(monopica)]•CH3CN (hfac --hexafluoroacetylacetonate anion) was the first example of coordination compound with this ligand. The attempts to obtain the dinuclear compound in order to investigate the possible Co•••Co exchange through the TTZ ring resulted in {[Co(hfac)2-(μttz-bis(monopica))][Co(hfac)2(CH3OH)2]}n complex, which consists of zigzag chains [Co(hfac)2-(μ-ttzbis(monopica))]n and guest [Co(hfac)2(CH3OH)2] species. Interestingly, only the amino-pyridine moiety participates in the coordination to the Co(II) ions. The direct and alternative current magnetic susceptibility measurements (Fig. 18) suggest that these complexes were new examples of SIMs with octahedral Co(II) ions.

Fig. 18

 18 Fig. 18 Crystal structure of [Co(hfac)2ttz-bis(monopica)]•CH3CN (top) and frequency dependence of the ac out-ofphase molar magnetic susceptibility of [Co(hfac)2ttz-bis(monopica)]•CH3CN (bottom). Adapted with permission from ref. 123; Copyright 2015, John Wiley and Sons.

Fig. 19

 19 Fig. 19 Crystal structure (top) and dinuclear subunit (bottom) for the Dy complex. Reprinted from ref. 124 with permission from The Royal Society of Chemistry.

Fig. 20

 20 Fig. 20 Polynuclear metallic core (top) and partially labelled crystal structure (bottom) Dy8 cluster. Reprinted with permission from ref. 125; Copyright 2017, American Chemical Society. Both cubane moieties are bridged in a unique fashion by a μ4-O atom. All the H2vht ligands are fully deprotonated like in the previous complexes, through their phenoxy-groups.

Fig. 21

 21 Fig. 21 Synthesis of TTF-TTZ-Cl 2 and TTF-TTZ-dipica 4 (top) and crystal structure of [ZnCl2(TTF-TTZ-dipica)] with the atom labelling scheme (bottom). Adapted from ref. 128 with permission from The Royal Society of Chemistry.

Fig. 22

 22 Fig. 22 Molecular structures of [Cl-ttz-dipica-ZnCl2]2 (a) and [(Cl-ttz-dipica)CoCl2]2 (b) together with the atom numbering scheme and Co-X (Cl, N) distances. Adapted from ref. 130 with permission from The Royal Society of Chemistry.

Fig. 23

 23 Fig. 23 Synthesis of the OMe-ttz-dipica ligand 5 and its Zn and Cd complexes 6 and 7. Adapted with permission from ref. 131; Copyright 2019, Elsevier.

Fig. 24

 24 Fig. 24 Molecular structures of [Cu2(μ-Cl)(Cl-ttz-monopica)2] (top) and [Cu2(μ-triflate)(Cl-ttz-monopica)2] (bottom) together with the atom numbering scheme. Adapted from ref. 132 with permission from The Royal Society of Chemistry.

Fig. 25

 25 Fig. 25 The EPR spectra of [Cu2(μ-Cl)(Cl-ttz-monopica)2] (top) and comparison between experimental (continuous black line) and simulated (dotted red line) spectrum at 60 K (bottom). Adapted from ref. 132 with permission from The Royal Society of Chemistry.
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