An investigation into the coordination chemistry of tripodal “click” triazole ligands with Mn, Ni, Co and Zn ions
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Abstract
The steric influences of the triazole side chains in two tripodal chelating ligands tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) and tris[(1-phenyl-1H-1,2,3-triazol-4-yl)methyl]amine (TPTA) are explored through structural studies of four new mononuclear d-block metal complexes. The manganese(II) complex [Mn(TPTA)2](ClO4)2·H2O 1 includes two TPTA ligands each coordinated in a tridentate fashion to give an unusual trigonal prismatic coordination geometry with two non-coordinated pendant triazole groups which engage in weak hydrogen bonding interactions. [Ni(TBTA)(OH2)Cl]Cl·3H2O·MeCN 2 contains an octahedral nickel(II) centre bound by a tetradentate TBTA ligand along with aqua and chloride ligands, where the significant degree of lattice solvation leads to an extensive hydrogen bonding network linking complexes through hexa-aqua water clusters. The mononuclear copper(II) complex [Cu(TPTA)Cl2]·MeCN 3 contains no classical hydrogen bond donors but instead intermolecular aggregation takes place through chelating C-H···Cl hydrogen bonds involving the acidic triazole C-H groups which leads to close association of adjacent complexes. The zinc complex [Zn(TPTA)Cl]2[ZnCl4]·MeOH 4, in which cationic [Zn(TPTA)Cl]+ species are accompanied by tetrachlorozincate anions, exhibits a tris-triazole chelating coordination geometry for the TPTA ligand and associates through tetrameric π···π stacking interactions despite the positive charge present on each species. Structural analysis of these complexes, supported by solution-state mass spectrometry, NMR spectroscopic and magnetic susceptibility measurements where applicable, provides new insights into the breadth of coordination geometries and intermolecular packing modes available to this important class of chelating ligand.

Introduction
Tripodal chelating ligands have a rich and diverse coordination chemistry. Historically, tripodal nitrogen-donor ligands have been key species in understanding stereochemistry in coordination compounds,1 and key catalytic species for various organic transformations.2 Despite their long history, they continue to find contemporary applications in a number of areas including, but not limited to, organometallic chemistry,3 molecular magnetism,4 photochemistry,5 and catalysis.6 The use of ‘click’ triazole-based ligands in particular has received recent attention because straightforward synthesis and derivatization can give modular families of ligands for structure-function studies,7 which is particularly useful in tuning molecular magnetism properties. For example, Schweinfurth et al. demonstrated that coordinating cobalt(II) with TBTA resulted in spin crossover behaviour at elevated temperatures.8 Within this broad ligand class the ligands tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) and tris[(1-phenyl-1H-1,2,3-triazol-4-yl)methyl]amine (TPTA), shown in Figure 1, are examples of the emerging triazole-based ligands that can be prepared by the popular copper(I) catalysed ‘click’ cycloaddition between azides and alkynes.9 Indeed TBTA has long been known to enhance the rate of the copper(I) catalysed ‘click’ cycloaddition.10 The coordination chemistry of these ligands has been compared to the related pyridine-based tripodal ligands, such as tris(2-picolyl)amine (TPMA). For example, examining a series of further reports from Schweinfurth et al.11 allows comparison between two tripodal cobalt(II) complexes of ligands TBTA and TPMA. The Co-N(triazole) bond distances in the [Co(TBTA)Cl]Cl complex are 0.03-0.05 Å shorter compared to the equivalent Co-N(pyridine) distances in [Co(TPMA)Cl]Cl. However, the distances between the metal and central tertiary amine nitrogen in [Co(TBTA)Cl]Cl and [Co(TPMA)Cl]Cl are 2.350(3) Å and 2.184(6) Å respectively, indicating that Co-N bond in the TBTA complex is acting as a capping bond with the coordination geometry described as capped tetrahedral or pseudo-tetrahedral 4+1, whereas the TPMA complex adopts a more regular trigonal bipyramidal geometry. 

Figure 1 The structure of ligands TPTA and TBTA

A salient example of the additional structural flexibility in tripodal triazole chelates was presented by Donnelly et al.12 This work reported an unusual dinuclear copper(I) complex of TBTA in which each metal cation adopts a distorted tetrahedral geometry with one triazole unit from each TBTA ligand bridging between two metal centres. In other cases, such as [Ni(TBTA)2](BF4)2, the TBTA ligand was shown to act as a tridentate ligand, rather than a tetradentate ligand, further demonstrating the rather more unpredictable nature of the coordination chemistry of such ligands compared to homoleptic chelating ligands. The effect of structural modifications in the triazole-based ligands on the properties of their corresponding metal complexes has not yet received much attention.8,11,13-14 

In this report we survey a number of metal complexes of TBTA and its structural derivative TPTA focusing on single crystal X-ray crystallography supported by solution-state spectroscopic methods. These methods were also used to examine to what extent this small structural variation in the ‘click’-derived triazole ligand can tune the structural and electronic properties of their corresponding metal complexes.

Experimental
Materials and Methods
All commercially available precursors and reagents were obtained from Sigma Aldrich and CheMatech and used as received. The ligands TPTA and TBTA were prepared according to previously reported methods (ESI).15 Infrared spectra were recorded in the range 4000-600 cm-1, obtained directly from the compound as a solid on a Bruker Tensor 37 FTIR spectrometer. 1H NMR and 13C NMR spectra were recorded on either Bruker AV400 or AVIII400 NMR spectrometers (1H NMR: 400 MHz; 13C NMR: 100 MHz). The deuterated solvents used to record the spectra are stated before each set of data. Chemical shifts are reported in ppm and referenced to residual protonated solvent. Multiplicity is given as follows: s = singlet m = multiplet, and coupling constants are reported to 1 d.p. Effective magnetic moments (μeff) were determined by the Evan’s NMR spectroscopy method16 in CD3CN/MeCN/TMS solution at room temperature on a Bruker AVIII400 NMR spectrometer. UV-Vis spectra were obtained on an HP 8453 and Varian Cary 300 Bio UV-Visible spectrophotometers and absorption maxima (λmax) together with the molar extinction coefficients (ε) are reported. High resolution electrospray ionisation mass spectrometry was carried out by the EPSRC National Mass Spectrometry Service, University of Wales, Swansea on a Thermofisher LTQ Orbitrap XL. Melting points were measured on a Stuart SMP3 melting point apparatus and are uncorrected.

X-ray crystallography
The data were collected on a Bruker Kappa Apex Duo diffractometer with an Apex-II area detector and a molybdenum sealed tube X-ray source (λ = 0.71073 Å). The crystal-to-detector distance was 30 mm and the data were measured using ϕ and Ω scans (2.0° increments, 10 s exposure time). Data collection and processing were carried out using the Bruker APEXII software package17 and multi-scan absorption corrections was applied using SADABS.18 The structures were solved using direct-methods with the program SHELXS-2014/719 and refined anisotropically (non-hydrogen atoms) by full-matrix least-squares on F2 using SHELXL-2014/7,20 with further processing and analysis performed using the Olex2 software package.21 The H atom positions were calculated geometrically and refined with a riding model with O-H distance restraints applied where appropriate. Crystal and refinement parameters are presented in Table S1 (ESI). CCDC 2101711-2101714.

Synthesis of [Mn(TPTA)2](ClO4)2·H2O 1
The ligand TPTA (100 mg, 0.204 mmol) and Mn(ClO4)2.6H2O (36.9 mg, 0.102 mmol) were combined in MeOH (10 mL) and stirred at room temperature for 16 hours. Following this period, any insoluble material was removed by filtration and diethyl ether (30 mL) was added, precipitating complex 1 as a beige solid (84 mg, 80%). Slow diffusion of Et2O into a MeOH solution of this solid gave colourless single crystals of the title compound. μeff= 5.3 μB; νmax (ATR, cm-1) 3426, 3150, 1634, 1597, 1400, 1356, 1245, 1068, 992, 875; HRMS (EI) calcd for C54H49N20 [M+H]+ 977.4444, found: 977.4427 (HL+ only, no complex detected).

Synthesis of [Ni(TBTA)(OH2)Cl]Cl·3H2O·MeCN 2
The ligand TBTA (100 mg, 0.188 mmol) and NiCl2.6H2O (44.7 mg, 0.188 mmol) were combined in MeCN (10 mL) and stirred at room temperature for 16 hours. Following this period the solution was filtered and diethyl ether (30 mL) was added to the filtrate to yield complex 2 as a crystalline green solid (101.5 mg, 82%). Slow diffusion of Et2O into a MeCN solution of this solid resulted in single crystals of [Ni(TBTA)(OH2)Cl]Cl·3H2O·MeCN. m.p. 187-190 °C; μeff= 2.8 μB; IR: νmax (ATR, cm-1) 3058, 1618, 1492, 1455, 1331, 1248, 1135, 1074, 960, 804; UV-Vis (MeCN) λmax /nm (ε/ dm3mol-1cm-1) 367 (69), 580 (17), 790 (7), ~900  (11); HRMS (EI) calcd for C30H30N10NiCl [M]+ 623.1697, found: 623.1689.

Synthesis of [Cu(TPTA)Cl2]·MeCN 3
The ligand TPTA (100 mg, 0.204 mmol) and CuCl2.2H2O (34.8 mg, 0.204 mmol) were combined in MeOH (10 mL) and stirred for 16 hours at room temperature. The solution was filtered and diethyl ether (30 mL) was added, to yield complex 3 as a green solid (110 mg, 86%). Single crystals of [Cu(TPTA)Cl2]·MeCN were grown from CD3CN/MeCN. m.p. 160-162 °C; μeff= 1.7 μB; νmax (ATR, cm-1) 3434, 3068, 1595, 1499, 1456, 1348, 1254, 1192, 1082, 1046, 911, 831; UV-Vis (MeCN): λmax /nm (ε/ dm3mol-1cm-1) 360 (922), 650-700 nm- very broad (140); HRMS (EI) calcd for C27H24N10CuCl [M-Cl]+ 586.1170, found: 586.1160. 

Synthesis of [Zn(TPTA)Cl]2[ZnCl4]·MeOH 4
The ligand TPTA (100 mg, 0.204 mmol) and ZnCl2 (55.6 mg, 0.408 mmol) were combined in MeOH (10 mL) and stirred at room temperature for 16 hours. After filtration, diethyl ether (30 mL) was added to yield complex 4 as a beige solid (100 mg, 86%). Single crystals of [Zn(TPTA)Cl]2[ZnCl4]·MeOH were isolated from a solution of 4 in CD3OD. m.p. 176-178 °C; 1H NMR (400 MHz, DMSO-d6): δ= 3.91 (s, 6H, N-CH2), 7.47-7.50 (m, 3H, Ar-H), 7.58-7.62 (m, 6H, Ar-H), 7.90-7.92 (m, 6H, Ar-H), 8.76 (s, 3H, CHtriazole); 13C NMR (DEPT 135, 100 MHz, DMSO-d6 ): δ= 47.7, 120.0, 122.2, 128.5, 129.8, 136.6, 144.9; νmax (ATR, cm-1) 3480, 3075, 1596, 1499, 1466, 1354, 1249, 1193, 1085, 1045, 991, 965, 827 cm-1; HRMS (EI) calcd for C27H24N10ZnCl [M]+ 587.1160, found: 587.1150.

Results and Discussion
The two ligands TPTA and TBTA were prepared according to previously published methods,15 and all characterisation data were consistent with that previously reported. To generate crystalline metal complexes for analysis, each ligand was combined with the appropriate metal salt in either methanol or acetonitrile with stirring at room temperature which, after addition of diethyl ether, precipitated each of the four complexes 1 – 4. Diffusion of diethyl ether vapour or crystallisation from NMR samples were used to generate crystals suitable for analysis by single crystal X-ray diffraction. The structural information obtained from the diffraction experiments was supported by solution-state characterisation methods (EI-MS, UV-Visible and NMR spectroscopy and magnetic susceptibility measurements using Evans’ method) and solid-state characterisation (FTIR). 

Structure of [Mn(TPTA)2](ClO4)2·H2O 1
The diffraction data for complex 1 were solved and refined in the monoclinic space group P21/c. The asymmetric unit contains one manganese(II) cation coordinated by two tridentate TPTA ligands with two non-coordinating perchlorate anions providing charge balance, and a lattice water molecule. The coordination geometry of the manganese ion, shown in Figure 2, is highly distorted tending towards trigonal prismatic geometry and exhibits substantial variations in Mn-N bond lengths. Each ligand coordinates through the amine nitrogen atom and two of the three triazoles. Both amine nitrogen atoms exhibit longer Mn-N distances than the triazole nitrogen atoms (2.478(2) and 2.531(2) Å for N5 and N1, respectively, cf. 2.16 – 2.23 Å for the triazoles). Combined, the strained geometry and relatively long Mn-N bond lengths in 1 indicate comparatively weak binding, and indeed complex 1 was the only compound studied which could not be detected by electrospray mass spectrometry, suggesting that this species does not persist under these ionization conditions. The magnetic moment of 1 was measured in solution at 5.3 µB, close to the spin-only value of 5.9 µB for the high-spin d5 configuration. 

[image: ]
Figure 2 (A) Structure of the [Mn(TPTA)]2+ dication in the structure of 1 with labelling scheme for selected atoms. Hydrogen atoms, anions and solvent molecules are omitted for clarity. ADPs are rendered at 50% probability level. (B) The C-H···N contacts and other interactions involving the non-coordinating triazole arms in the structure of 1 with relevant atoms labelled.

The two non-coordinating triazole rings contain unbound Lewis acid and base character, and engage in distinct non-covalent interactions. While N13 adopts a relatively close approach to a vacant face of the manganese ion (distance N13···Mn1 3.151(2) Å) the directionality of this interaction is not consistent with a capping coordination bond. Instead, the N13-N15 ring accepts weak hydrogen bonds from the triazole C-H and methylene CH2 group of an adjacent arm, at C···N distances of 3.175(3) and 3.529(3) Å but with relatively small C-H···N angles of 135° and 158°, respectively (Figure 2B). The acidic C-H group of this triazole C12 donates a hydrogen bond to the lattice water molecule (C···O distance 3.034(3) Å, C-H···O angle 143°). 
The remaining non-coordinating triazole N16-N18 exhibits different hydrogen bond acceptor character, accepting a hydrogen bond from the lattice water molecule at N16 (O···N distance 2.995(3) Å, O-H···N angle 159°) and a weaker C-H···N contact from a nearby phenyl C-H group at N17 (C···N distance 3.404(3) Å, C-H···N angle 146°. All of the coordinating triazoles engage in C-H···O hydrogen bonding with the perchlorate anions. The C···O distances for these interactions fall in the range 3.184(3) – 3.362(3) Å. These contacts are uniformly longer than those for the non-coordinating triazoles, with the added benefit of an anionic acceptor, implying that metal coordination does not significantly increase the C-H donor ability in this instance.
The other predominant non-covalent contacts within the extended structure of 1 are π-π stacking interactions involving the conjugated phenyltriazole arms. Both face-to-face and edge-to-face contacts help to define a densely packed extended structure. The most significant such interactions are two centrosymmetric tetrads in which intramolecular head-to-head stacks between coordinating and non-coordinating aryltriazoles are further linked through a head-to-tail contact with an adjacent complex, as shown in Figure 3. Interestingly, while this interaction is repeated for both non-equivalent ligands, the geometry of the stacks differs by the dihedral angle of the terminal head-to-head pairing.

Figure 3 (Left) Polyhedral representation of the trigonal prismatic coordination geometry of the manganese ion in complex 1. The ligand molecule is truncated for clarity. (Right) The discrete tetrameric π-π stacking interaction between two adjacent cations of complex 1. 

Structure of [Ni(TBTA)(OH2)Cl]Cl·3H2O·MeCN 2
The diffraction data for complex 2 were solved and refined in the monoclinic space group P21/c. The asymmetric unit contains one nickel(II) cation coordinated by a single tetradentate TBTA ligand coordinated through the amine and all three triazole arms, as shown in Figure 4. The remaining coordination sites, in a cis configuration, are occupied by a chlorido ligand (oriented trans to the amine), and an aqua ligand. While the amine nitrogen atom exhibits a longer Ni-N distance of 2.213(2) Å compared to the triazoles (2.060(2) – 2.116(2) Å), the octahedral geometry of the coordination sphere is comparatively regular with all cis angles falling in the range 77.50(6) – 97.97(5)°. A further non-coordinating chloride ion is present within the asymmetric unit, alongside three lattice water molecules and one acetonitrile molecule.


Figure 4 The structure of complex 2 with partial atom labelling scheme. Hydrogen atoms and lattice water molecules are omitted for clarity, and ADPs are rendered at 50% probability level.

The predominant intermolecular interactions in the structure of 2 are hydrogen bonds involving the aqua and chlorido ligands of the complex and the lattice chloride anion and water molecules, as shown in Figure 5. The complex itself donates two hydrogen bonds through the aqua ligand and receives one hydrogen bond from lattice water O4 to the chlorido ligand. The lattice water molecules are arranged in centrosymmetric chair-shaped hexamers. Two faces of these clusters are capped by the nickel complexes, while the clusters are linked into a two-dimensional network by bridging through the lattice chloride anion, which accepts three hydrogen bonds (two from lattice water molecules and one from the aqua ligand). No significant C-H hydrogen bonding is observed from the triazole C-H groups in complex 2, and the remaining inter-complex interactions are relatively diffuse. This is most likely a consequence of the more substantial hydrogen bonding interactions from the water molecules dictating the extended structure.

Figure 5 (Left) Structure of an individual water cluster in 2, capped by two complexes of 2 and two lattice chloride anions. Labelling scheme is shown for unique heteroatoms. (Right) Linkage of discrete water clusters into the extended 2-dimensional network in the structure of 2 through the diverging hydrogen bonds donated from water molecule O2.

	Unlike complex 1, complex 2 was readily detected by electrospray mass spectrometry as the singly charged [NiCl(TBTA)]+ cation following loss of the coordinated water molecule. The magnetic moment of 2.8 µB is as expected (calc. 2.83 µB) for a magnetically dilute d8 Ni2+ complex. Electronic absorbances are observed at 367, 580, 790 and ca. 900 nm which are similar to those reported for polypyridyl ligand complexes of Ni(II) and is characteristic of d8 Ni(II) in a pseudo-octahedral coordination.  According to Hadadzadeh et al.,22 there are three spin-allowed transitions known for such octahedral Ni(II) complexes from the 3A2g ground state to the three triplet excited states: 3A2g(3F) → 3T2g, 3A2g(3F) →3T1g(3F) and 3A2g(3F) →3T1g(3P), with ε in the range of 18 to 27 dm3mol-1cm-1. Thus, the three lowest energy absorption bands observed in the spectra reported here are most likely to correspond to these transitions while we ascribe the stronger, higher energy absorbance at 367 nm to either an MLCT or π-π* transition involving the TBTA ligand.

Structure of [Cu(TPTA)Cl2]·MeCN 3
The diffraction data for complex 3 were solved and refined in the monoclinic space group P21/n. The asymmetric unit of 3 contains one copper(II) ion coordinated by one molecule of TPTA and two chlorido ligands, as shown in Figure 6. One non-coordinating acetonitrile molecule is also present within the asymmetric unit. The TPTA ligand coordinates in a meridional tridentate fashion through the amine and two of the three triazoles, with the amine oriented trans to one chlorido ligand in the basal plane and the apical position occupied by the other chlorido ligand. The apical chlorido ligand Cl2 unsurprisingly shows a longer Cu-Cl bond distance of 2.4430(4) Å compared to Cl1 (2.2177(3) Å). This is consistent with the low τ5 value of 0.05 indicating a stronger tendency towards square pyramidal geometry compared to trigonal bipyramidal.23 Unlike in complex 1, the non-coordinating phenyltriazole arm is oriented outwards from the metal binding site and does not undergo any substantial intramolecular contacts with the rest of the molecule. 



Figure 6 Structure of complex 3 with labelling scheme for selected heteroatoms. Hydrogen atoms are omitted for clarity and ADPs are rendered at the 50% probability level.

	Lacking any classical hydrogen bond donors, the most substantial intermolecular contacts in the extended structure of 3 are weaker C-H···Cl contacts. These are readily visualised on a normalised contact distance mapping of the Hirshfeld surface,24 and the most notable features from the corresponding fingerprint plot (Figure 7) which reveals multiple short contacts involving the apical chlorido ligand Cl2 as the acceptor. A chelate-type interaction to this acceptor is observed from the non-coordinating triazole C-H and ortho C-H group of the attached phenyl from an adjacent complex. The C···Cl distances of 3.7238(11) and 3.6897(12) Å for C20 and C26, and C-H···Cl angles of 167° and 169°, respectively, indicate roughly equivalent contribution from both donors. Further contacts to this chlorido ligand are observed from the lattice acetonitrile molecule, and a further C-H contact from a coordinated triazole C12 which is bifurcated between the two chlorido ligands. Additional π-π interactions are observed throughout the extended structure, including a centrosymmetric head-to-tail interaction between the non-coordinating phenyltriazole arm at a mean interplanar distance of 3.42 Å. The axial bulk of the complex interrupts any large scale π-π across the basal plane of the complex with only minor aryl-aryl contacts at the periphery for the coordinating arms.


Figure 7 (Left) The weak C-H···Cl contacts in the structure of 3 represented on a normalised contact map of the Hirshfeld surface, where close contacts are represented in red (surface isovalues -0.15/+1.15). (Right) Fingerprint plot for compound 3 with H···Cl contacts highlighted showing the directional nature of these contacts.

	The effective magnetic moment for complex 3 of 1.7 µB was consistent with expectations for a d9 Cu2+ species (calc. 1.7 µB), and electrospray mass spectrometry results showed the persistence of the complex in solution with detection of the [CuCl(TPTA)]+ cation. Electronic spectroscopy revealed a typical MLCT transition centred at 360 nm as well as a broad absorbance in the range 650 – 700 nm, which is similar to that reported for the tetradentate Cu(II) complex [Cu(TMPA)Cl]PF6 which adopts trigonal bipyramidal geometry.25

Structure of [Zn(TPTA)Cl]2[ZnCl4]·MeOH 4
The diffraction data for compound 4 were solved and refined in the chiral monoclinic space group P21. The asymmetric unit contains two [Zn(TPTA)Cl] cations, a tetrachlorozincate dianion and a lattice methanol molecule, as shown in Figure 8. The two cations are almost geometrically identical; both contain a four-coordinate zinc adopting a tetrahedral geometry bound by three triazole nitrogen atoms and a chlorido ligand. All Zn-N bonds from the triazole nitrogen atoms fall in the range 2.022(3) – 2.057(3) Å. Although the lone pair from the central amine of TPTA is oriented towards the metal ion, the N-Zn distance (2.585(3) and 2.5999(3) Å for Zn1 and Zn2, respectively) is too long to be considered a formal coordination bond. Indeed, the zinc ions themselves show little deviation from the ideal tetrahedral geometry with no notable tendency towards trigonal pyramidal geometry; both zinc ions reside 0.66 Å from the mean plane of the three coordinating triazole nitrogen atoms.  The tetrachlorozincate anion also exhibits a regular tetrahedral geometry with all Cl-Zn-Cl angles falling in the range 106.85(4) – 114.34(4) °.
[image: C:\Users\Chris Hawes\Desktop\Papers in Progress\MW xray\Figs\Figure 8.tif]
Figure 8 Structure of complex 4 with partial atom labelling scheme. For clarity only one of the two cationic species is shown, and hydrogen atoms and lattice methanol molecule are omitted. ADPs are rendered at 50% probability level.

	The complexes themselves take on a threefold propeller geometry at the triazoles, although the phenyl rings show varying degrees of distortion from coplanarity with the attached triazoles, with dihedral angles 10.6(5), 33.3(5) and 77.1(5)° for the Zn2 residue and essentially equivalent values for the Zn1 case. Intermolecular interactions in the structure of 1 involve C-H···Cl hydrogen bonds from the triazole C-H groups to the chlorido ligands of either the tetrachlorozincate or an adjacent [Zn(TPTA)Cl] cation, and these features are again clearly visible on the normalized contact distance mapping of the Hirshfeld surface and the associated fingerprint plot (ESI, Figures S2-S3). The lattice methanol molecule also donates a strong hydrogen bond to a chlorido ligand of the tetrachlorozincate anion at an O···Cl distance of 3.132(5) Å. The other noteworthy non-covalent interaction in the structure of 4 is a π-π stacked tetrad linking four distinct cations, shown in Figure 9. Though somewhat reminiscent of the interaction seen in 1 (though fully intermolecular), this contact involves only the triazole rings of the outer-most groups and the phenyl ring of the innermost, with these inner rings exhibiting the largest phenyl-triazole dihedral angle. 

Figure 9 The π···π interactions between four cations in the structure of 4. Hydrogen atoms, tetrachlorozincate anions and lattice solvent molecules are omitted for clarity.

	Electrospray ionization mass spectrometry showed unambiguously the persistence of the [ZnCl(TPTA)]+ cation in solution. Although the diamagnetic nature of Zn2+ allowed straightforward collection of NMR data on the complex in d6-DMSO, the chemical shifts observed (for both 1H and 13C nuclei) were essentially identical to those of the free ligand in the same solvent (ESI), suggesting that any association is weak and dynamic in highly competitive media.
Conclusions
Here we have reported the synthesis and structural characterisation of four new d-block metal complexes of the popular chelating triazole ligands TBTA and TPTA.  Despite the chemical similarities of the binding pockets in both species and the similar coordination requirements of the metal ions chosen a range of coordination geometries were observed, from the six-coordinate trigonal prismatic geometry for the manganese complex 1 to the regular octahedral geometry for nickel complex 2, square pyramidal geometry for copper complex 3 and weakly capped tetrahedral zinc complex 4. While all four complexes exhibited the familiar tendencies for intermolecular interactions through π···π contacts and the triazole C-H hydrogen bond donor, these common influences were largely overruled by classical hydrogen bonding in the case of the hydrated complex 2 or substantial differences in the ligand geometry between the other complexes. Fully understanding and controlling these underlying structural differences is a key step in the rational design of multidentate ligands for base metals with potential for applications in catalysis or molecular magnetism. Solution studies (UV-visible spectroscopy, mass spectrometry and NMR spectroscopy, where appropriate) were used to probe the persistence of complexes 2-4 in solution. These were generally consistent with the findings of the crystallographic study, although complex 1 could not be observed by mass spectrometry suggesting poor solution-phase stability for this complex, and complex 4 (although observed by mass spectrometry) could not be detected by NMR in more competitive media.
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