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Abstract
A highly unusual series of M(II) (M = Ge, Sn, Pb) complexes with endocyclic thioether macrocyclic coordination and with coordination numbers ranging from three to nine have been prepared by the reaction of [9]aneS3 (1,4,7-trithiacyclononane), [12]aneS4 (1,4,7,10-tetrathiacyclododecane) or [24]aneS8 (1,4,7,10,13,16,19,22-octathiacyclotetracosane) with M(OTf)2 (M = Sn and Pb; OTf = CF3SO3) or with GeCl2·dioxane and two mol. equiv. of TMSOTf (Me3SiO3SCF3) in a mixture of anhydrous CH2Cl2 and MeCN. The isolated bulk products are characterized by 1H, 13C{1H}, 19F{1H} and 119Sn{1H} NMR and IR spectroscopy, high resolution ESI+ MS and microanalytical data.  Crystal structures are also reported for [M(L)][OTf]2 (M = Ge, Sn, Pb; L = [9]aneS3, [12]aneS4) and for [M([24]aneS8)][OTf]2 (M = Sn, Pb). In all cases the ligand is bound in an endocyclic fashion, but the coordination environment and number are highly dependent on both the group 14 ion, the macrocyclic ring size and the number of S-donor atoms it presents. Solution NMR spectroscopic data suggest that the metal-macrocycle coordination is essentially retained in solution, but that the triflate anions are extensively dissociated on the NMR timescale. Density functional theory (DFT) calculations on the [M([9]aneS3)]2+ and [M([12]aneS4)]2+ (M = Ge, Sn, Pb) dications reveal that the HOMO is centred on the group 14 atom as a directional ‘lone pair’; it also retains a significant amount of positive charge.

Introduction 
Over the past two decades there has been an escalation of interest in developing new coordination chemistry of the main group elements, driven by a number of different factors, including the desire for new precursors for the deposition of semiconductor materials for high tech applications,[endnoteRef:1] new radiopharmaceuticals for medical imaging and therapy[endnoteRef:2] and metal free catalysts,[endnoteRef:3] as well as intrinsic interest in broadening the types of ligands that form complexes, particularly with the lower oxidation state p-block ions. In contrast to the d-block ions where octahedral coordination predominates, p-block acceptors can display much more variable coordination numbers and geometries, with the structure, denticity, donor type(s) and steric requirements of the ligands significantly influencing the speciation in main group complexes.[endnoteRef:4] Moreover, while to-date much work has focussed on coordination complexes of main group halides, MXn (M = p-block acceptor; X = F, Cl, Br, I), it is well-established that the halide can influence the Lewis acidity of the p-block center very considerably, and the M-X bonding tends to be dominant, with weaker, secondary coordination to neutral Lewis base ligands. This contrast is exemplified by the coordination chemistry of thioether macrocyclic ligands with mid and late d-block halides, where substitution of the halides and endocyclic coordination of the macrocycle are typical (driven by the macrocyclic effect), whereas, reaction of  p-block halides from groups 14-16 with thioether macrocycles tends to produce weakly associated oligomers and polymers with retention of the MXn fragments (primary coordination) and exocyclic (often bridging) thia-macrocyclic coordination.[endnoteRef:5] Swapping the halide for more weakly coordinating anions, such as triflate, fluorous tetra-arylborates, fluorous aluminates, etc., in which the negative charge is more delocalized and diffuse,[endnoteRef:6] can aid solubility in low polarity solvents and enable the stabilisation of highly unusual and reactive species, such as the univalent [Ga(PPh3)3]+,[endnoteRef:7] as well as alkali metal cation complexes with homoleptic soft phosphine or thioether coordination.[endnoteRef:8] However, systematic studies on p-block acceptors, beyond the halides, are rare.  [1: . For examples see (a) Schulz, S. Covalently bonded compounds of heavy group 15/16 elements – Synthesis, structure and potential application in material sciences, Coord. Chem. Rev. 2015, 297-298, 49-76; (b) Mishra, S. Ultra-mild synthesis of nanometric metal chalcogenides using organyl chalcogenide precursors, Chem. Commun. 2022, advance article and references therein; (c) Benjamin, S. L.; de Groot, C. H.; Gurnani, C.; Hawken, S. L.; Hector, A. L.; Huang, R.; Jura, M.; Levason, W.; Reid, E.; Reid, G.; Richards, S. P.; Stenning, G. B. G. Compositionally tunable ternary Bi2(Se1−xTex)3 and (Bi1−ySby)2Te3 thin films via low pressure chemical vapour deposition. J. Mater. Chem. C 2018, 6, 7734-7739; (d) Khan, M. D.; Malik, M. A.; Revaprasadu, N. Progress in selenium based metal-organic precursors for main group and transition metal selenide thin films and nanomaterials. Coord. Chem. Rev. 2019, 388, 24-47.]  [2: . (a) Chansaenpak, K.; Vabre, B.; Gabbai, F. P. [18F]-Group 13 fluoride derivatives as radiotracers for positron emission tomography. Chem. Soc. Rev. 2016, 45, 954−971; (b) Blower, P. J.; Darwesh, R. C. A.; Long, N. J.; Ma,, M.T.; Osborne, B. E.; Price, T. W.; Pellico, J.; Reid, G.; Southworth, R.; Stasiuk, G. J.; Terry, S. J. A.; de Rosales, R. T. M. Gallium: New developments and applications in radiopharmaceutics. Adv, Inorg. Chem. 2021, 78, 1-35.]  [3: . (a) Aldridge, S.; Jones, C. Modern Main Group Chemistry (special issue). Chem. Soc. Rev. 2016, 45, 763−764 and references therein; (b) Hadlington, T. J.; Hermann, M.; Frenking, G.; Jones, C. Low Coordinate Germanium(II) and Tin(II) Hydride Complexes: Efficient Catalysts for the Hydroboration of Carbonyl Compounds. J. Am. Chem. Soc. 2014, 136, 3028−3031; (c) Rittinghaus, R. D.; Tremmel, J.; Ruzicka, A.; Conrads, C.; Albrecht, P.; Hoffmann, A.; Ksiazkiewicz, A. N.; Pich, A.; Jambor, R.; HerresPawlis, S. Undiscovered Potential: Ge Catalysts for Lactide Polymerization. Chem. - Eur. J. 2020, 26, 212−221.]  [4: . For examples see: (a) Coordination Chemistry of the s, p, and f metals, Comprehensive Coordination Chemistry II, ed. J. A. McCleverty, J. A.; Meyer, T. J., Elsevier, 2003, vol. 3; (b) Fulton, J. R., Germanium, Tin and Lead. Comprehensive Coordination Chemistry III, eds. Constable, E. C.; Parkin. G; Que, L., Elsevier, 2021, vol. 3, Ch. 3.10, 281-320.  ]  [5: . (a) Levason, W.; Reid, G.; Zhang, W. The chemistry of the p-block elements with thioether, selenoether and telluroether ligands. Dalton Trans. 2011, 40, 8491-8506; (b) George, K.; Jura, M.; Levason, W.; Light, M. E.; Reid. G. Thio-, seleno- and telluro-ether complexes of aluminium(III) halides: synthesis, structures and properties, Dalton Trans. 2014, 43, 3637-3648; (c) Levason, W.; Matthews, M. L.; Patel, R.; Reid, G.; Webster, M. Unusual structural variations within a family of thioether macrocyclic complexes. Tin(IV) halide adducts of [12]-, [14]- and [16]-aneS4. New J. Chem., 2003, 27, 1784-1788; (d) Barton, A. J.; Hill, N. J.; Levason, W.; Reid, G. Synthesis and structural studies on polymeric assemblies derived from antimony(III) halide complexes with bi- and tri-dentate and macrocyclic thio- and seleno-ether ligands. J. Chem. Soc., Dalton Trans., 2001, 1621-1627.]  [6: . (a) Lawrance, G. A., Coordinated Trifluoromethanesulfonate and Fluorosulfate. Chem. Rev., 1986, 86, 17-33; (b) Strauss, S. H., The Search for Larger and More Weakly Coordinating Anions. Chem. Rev., 1993, 93, 927-942.]  [7: . (a) Krossing, I., Chemistry with weakly-coordinating fluorinated alkoxyaluminate anions: Gas phase cations in condensed phases? Coord. Chem. Rev. 2006, 250, 2721-2744; (b) J. M. Slattery, J. M.; Higelin, A.; Bayer, T.; Krossing, I., A Simple Route to Univalent Gallium Salts of Weakly Coordinating Anions. Angew. Chem., Int. Ed., 2010, 49, 3228-3231.]  [8: . (a) Carravetta, M.; Concistre, M.; Levason, W.; Reid, G.; Zhang, W., Unique Group 1 cations stabilised by homoleptic neutral phosphine coordination. Chem. Commun., 2015, 51, 9555-9558; (b) Champion, M. J. D.; Dyke, J. M.; Levason, W.; Light, M. E.; Pugh, D.; Bhakhoa, H.; Rhyman, L.; Ramasami, P.; Reid, G., Sodium Thioether Macrocyclic Chemistry: Remarkable Homoleptic Octathia Coordination to Na+. Inorg. Chem. 2015, 54, 2497-2499.] 

Within group 14 (Si-Pb) both the +2 and +4 oxidation states are accessible, with the +2 oxidation state becoming more common as the group is descended.[endnoteRef:9] This means that for silicon, the coordination chemistry is almost exclusively based upon silicon(IV), with only a very small number of molecular complexes containing silicon(II) (typically with strong -donating and sterically-demanding N-heterocyclic carbenes).[endnoteRef:10] For germanium, recent reports have described a range of molecular germanium(II) species, typically with multidentate or macrocyclic ligands (vide infra). While for tin, complexes of both the +4 and +2 oxidation states are common, the coordination chemistry of lead with neutral Lewis bases is dominated by the +2 oxidation state.  [9: . (a) Parr, J. Germanium, tin and lead, Comprehensive Coordination Chemistry II, ed. McCleverty, J. A.; Meyer, T. J., Elsevier, 2003, 3, 545, and references therein; (b) Levason, W.; Reid, G.; Zhang, W. Coordination complexes of silicon and germanium halides with neutral ligands. Coord. Chem. Rev. 2011, 255, 1319−1341.]  [10: . (a) Ghadwal, R. S.; Roesky, H. W.; Merkel, S.; Henn, J.; Stalke, D. Lewis base stabilized dichlorosilylene. Angew. Chem., Int. Ed. 2009, 48, 5683−5686; (b) Nagendran, S.; Roesky, H. W. The chemistry of aluminum(I), silicon(II), and germanium(II). Organometallics, 2008, 27, 457−492; (c) Asay, M.; Jones, C.; Driess, M. N-Heterocyclic carbene analogues with low-valent Group 13 and Group 14 elements: Syntheses, structures, and reactivities of a new generation of multitalented ligands. Chem. Rev. 2011, 111, 354−396.] 

While many complexes of divalent group 14 species with neutral ligands involve coordination to the dihalides, often forming neutral complexes with the halides retained,5 cationic and dicationic complexes of the heavy group 14 elements have been isolated with a variety of ligands. These include N- and O-donors, for example cryptands,[endnoteRef:11] aza-macrocycles,[endnoteRef:12] crown ethers,12,[endnoteRef:13] imines,[endnoteRef:14] imidazolyl-based chelates,[endnoteRef:15] as well as with C-donor ligands (e.g. N-heterocyclic carbenes[endnoteRef:16] and isocyanides[endnoteRef:17]). Discrete dications of germanium with homoleptic soft phosphine and arsine donor sets have also been reported very recently, including [Ge(PMe3)3]2+ and [Ge(triars)]2+ (triars = MeC(CH2AsMe2)3).[endnoteRef:18] An important factor for the isolation of the dications was to use a weakly coordinating anion (in this case OTf), to decrease the likelihood that the anion would compete with the neutral pnictine for coordination. In contrast, there are no reported examples of dications of germanium(II) with weaker thioether or selenoether donor ligands. A small number of tin(II) and lead(II) dications with phosphine ligands have been known for a long time, although they have only been detected in solution in multinuclear NMR studies.[endnoteRef:19] With group 16 donor ligands. while there are many examples of lead(II) complexes with mixed S,O- and S,N-donor macrocycles, only three structurally characterized examples are known with S-donor only macrocycles, [Pb([10]aneS3)(H2O)][ClO4]2 ([10]aneS3 = 1,4,7-trithiacyclodecane), [Pb2([28]aneS8)][ClO4]4 ([28]aneS8 = 1,4,8,11,14,18,21,25-octathiacyclooctacosane) and [Pb([9]aneS3)2][ClO4]2.[endnoteRef:20] To the best of our knowledge there are no structurally characterized complexes of tin(II) with S-donor only macrocycles, although there are a number with mixed S,O-donor sets, for example, [Sn([18]aneS2O4)(H2O)2][PF6][F] and [Sn([18]aneS2O4)(HO(CH2)2OH)][BF4]2 ([18]aneS2O4 = 1,10-dithia-4,7,13,16-tetraoxacyclo-octadecane).[endnoteRef:21] Each of these lead(II) and tin(II) complexes has the macrocycle coordinated in an endocyclic fashion. For germanium(II), there are three structurally characterized complexes with mixed S,O-donor macrocycles, [GeCl([18]aneS3O3)][X] (X = GeCl3- or OTf-; [18]aneS3O3 = 1,3,7-trithia-10,13,16-trioxacyclooctadecane) and [GeCl([15]aneS2O3][GeCl3] ([15]aneS2O3 = 1,4-dithia-7,10,13-trioxacyclopentadecane), all based on endocyclic coordination to the germanium(II), and forming monocations.[endnoteRef:22] With thioether-only macrocycles, a small number of examples with germanium(II) halides, GeX2(thia-macrocycle), are known. However, without exception, the macrocycle binds in an exocyclic manner, bridging between GeX2 units to form either 2D sheets or 1D chain polymers.[endnoteRef:23] [11: . Rupar, P. A.; Staroverov, V. N.; Baines, K. M., A Cryptand-Encapsulated Germanium(II) Dication. Science, 2008, 322, 1360-1363.]  [12: . Cheng, F.; Hector, A. L.; Levason, W.; Reid, G.; Webster, M.; Zhang, W. Germanium(II) Dications Stabilized by Azamacrocycles and Crown Ethers. Angew. Chem., Int. Ed. 2009, 48, 5152−5154.]  [13: . Rupar, P. A.; Bandyopadhyay, R.; Cooper, B. F. T.; Stinchcombe, M. R.; Ragogna, P. J.; Macdonald, C. L. B.; Baines, K. M. Cationic Crown Ether Complexes of Germanium(II). Angew. Chem., Int. Ed. 2009, 48, 5155−5158.]  [14: . (a) Gray, P. A.; Krause, K. D.; Burford, N.; Patrick, B. O. Cationic 2,2’-bipyridine complexes of germanium(II) and tin(II). Dalton Trans., 2017, 46, 83638366; (b) Swidan, A.; St. Onge, P. B. J.; Binder, J. F.; Suter, R.; Burford, N.; Macdonald, C. L. B. 2,6-Bis(benzimidazol-2-yl)pyridine complexes of group 14 elements. Dalton Trans., 2019, 48, 7835-7843; (c) Chu, T.; Belding, L.; van der Est, A.; Dudding, T.; Korobkov, I.; Nikonov, G. I. A Coordination Compound of Ge0 Stabilized by a Diiminopyridine Ligand. Angew. Chem. Int. Ed. 2014, 53, 2711–2715.   ]  [15: . (a) Suter, R.; Swidan, A.; Macdonald, C. L. B.; Burford, N. Oxidation of a germanium(II) dication to access cationic germanium(IV) fluorides. Chem. Commun., 2018, 54, 4140-4143; (b) Suter, R.; Swidan, A.; Macdonald, C. L. B.; Burford, N.; Ferguson, M. J. Halogen and Sulfur Oxidation of Germanium and Tin Dications. Inorg. Chem. 2019, 58, 6238–6245.]  [16: . Rupar, P. A.; Staroverov, V. N.; Ragogna, P. J.; Baines, K. M. A Germanium(II)-Centered Dication. J. Am. Chem. Soc. 2007, 129, 15138−15139.]  [17: . Swamy, V. S. V. S. N.; Yadav, S.; Pal, S.; Das, T.; Vanka, K.; Sen, S. S. Facile access to a Ge(II) dication stabilized by isocyanides. Chem. Commun. 2016, 52, 7890−7892.]  [18: . King, R. P.; Greenacre, V. K.; Levason, W.; Dyke, J. M.; Reid, G., Pyramidal Dicationic Ge(II) Complexes with Homoleptic Neutral Pnictine Coordination: A Combined Experimental and Density Functional Theory Study. Inorg. Chem., 2021, 60, 12100–12108.]  [19: . (a) Dean, P. A. W.; Phillips, D. D.; Polensek, L., A 31P nmr spectroscopic study of complexation of tin(II) and lead(II) by some phosphines, phosphine oxides, and related ligands, with the 31P nuclear magnetic resonance spectra of two tetratertiary phosphine tetraoxides and the analogous tetra-sulfides and -selenides. Can. J. Chem. 1981, 59, 50-61; (b) Dean, P. A. W., The metal nuclear magnetic resonance spectra of some tin(I1) and lead(I1) complexes with polydentate phosphines. Can. J. Chem. 1983, 61, 1795-1799.]  [20: . (a) Kuppers, H.-J.; Wieghardt, K; Nuber, B.; Weiss, J., Kronenthioetherkomplexe des Blei(II), Zink(II) und Cadmium (II) und Cadmium(II). Die Kristallstrukturen von [PbL2(ClO4)2] und [ZnL2](ClO4)2 · CH3CN (L = 1,4,7 - Trithiacyclononan). Z. Anorg. Allgem. Chem. 1989, 577, 155-164; (b) Blake, A. J.; Fenske, D.; Li, W.-S.; Lippolis, V.; Schröder, M., Cadmium(II), bismuth(III), lead(II) and thallium(I) crown thioether chemistry: synthesis and crystal structures of [(CdI2)2([24]aneS8)], [(BiCl3)2([24]aneS8)], [Pb2([28]aneS8)][ClO4]4 and [Tl([24]aneS8)]PF6 ([24]aneS8 = 1,4,7,10,13,16,19,22-octathiacyclotetracosane; [28]aneS8 = 1,4,8,11,15,18,22,25-octathiacyclooctacosane). J. Chem. Soc., Dalton Trans. 1998, 3961–3968; (c) Helm, M. L.; Loveday, K. D.; Combs, C. M.; Bentzen, E. L.; VanDerveer, D. G.; Rogers, R. D; Grant, G. J., Heavy metal complexes of macrocyclic trithioethers. J. Chem. Crystallogr., 2003, 33, 447-455.]  [21: . Beattie, C.; Farina, P.; Levason, W.; Reid, G. Oxa-thia-, oxa-selena and crown ether macrocyclic complexes of tin(II) tetrafluoroborate and hexafluorophosphate – synthesis, properties and structures. Dalton Trans., 2013, 42, 15183-15190.]  [22: . Hector, A L.; Levason, W.; Reid, G.; Webster, M.; Zhang, W. Supramolecular assemblies of germanium(II) halides with O-, S- and Se-donor macrocycles – the effects of donor atom type upon structure. Dalton Trans. 2011, 40, 694-700.]  [23: . Cheng, F.; Hector, A. L.; Levason, W.; Reid, G.; Webster, M.; Zhang, W. Coordination networks derived from germanium(II) thioether macrocyclic complexes—the first authenticated chalcogenoether complexes of Ge(II). Chem. Commun. 2008, 5508-5510.] 

Here we report a systematic study of the coordination chemistry of divalent group 14 triflates (Ge, Sn, Pb) with three neutral thioether macrocycles, [9]aneS3, [12]aneS4, [24]aneS8, which incorporate different numbers of S-donor atoms and different ring-sizes (and therefore binding cavities). The molecular structures of eight of the resulting (monometallic) complexes have been determined via X-ray crystallography and density functional theory (DFT) calculations have been used to probe their electronic structures and charge distributions.
Experimental
[bookmark: _Hlk92279417]GeCl2dioxane, Sn(OTf)2, Pb(OTf)2, [9]aneS3, [12]aneS4 and [24]aneS8 were obtained from Sigma-Aldrich. The metal triflates were dried by gentle heating in vacuo for 2-3 h prior to use. TMSOTf (Sigma-Aldrich) was distilled prior to use. All reactions were conducted using Schlenk, vacuum line, and glovebox techniques and under a dry dinitrogen atmosphere. CH2Cl2 and MeCN were dried by distillation from CaH2 and n-hexane from Na, and stored over activated molecular sieves. NMR solvents were also stored over 4 Å sieves. 
IR spectra were recorded as Nujol mulls between CsI plates using a Perkin Elmer Spectrum 100 spectrometer over the range of 4000-200 cm-1. NMR spectra were recorded using a Bruker AVII 400 or AVIII HD400 spectrometer. 1H and 13C{1H} NMR spectra were referenced to residual solvent resonances,19F{1H} NMR spectra to external CFCl3, and 119Sn NMR spectra to SnMe4. Microanalytical measurements were performed by Medac Ltd. For ESI+ mass spectrometry samples were diluted into acetonitrile to an approximate concentration of 10 ug/mL. The solution was infused using a syringe driver at a constant flow rate of 3 uL/min. High resolution positive ion electrospray mass spectra were recorded using a MaXis (Bruker Daltonics, Bremen, Germany) time of flight mass spectrometer. Data were processed using Bruker Compass DataAnalysis software 1.3.
X-Ray Crystallography: Single crystals were grown as described in the Discussion section. Single crystal X-ray data were collected using a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum (λ = 0.71073 Å) rotating anode generator with VHF or HF Varimax optics (70 or 10 μm focus), with the crystal held at 100 K (N2 cryostream). Structure refinements were performed with either SHELX(S/L)97 or SHELX(S/L)2013 through Olex225[endnoteRef:24] and were mostly straightforward, with H atoms bonding to C atoms placed in calculated positions using default C-H distances. Where additional constraints or restraints were required, details are provided in the cif file for each structure. For [Sn([24]aneS8)(OTf)][OTf] there are two complexes in the asymmetric unit, one of which shows disorder in the CH2 units within the macrocyclic ring, which has been modelled satisfactorily by using a split (1:1 ratio) C atom occupancy; for the disordered C atoms, the associated H atoms were not located. For [Pb([24]aneS8)(OTf)][OTf], the bound triflate is disordered over two sites in a 0.88:0.12 ratio. For [Pb([12]aneS4)][OTf]2 the whole macrocycle is disordered over two sites, which have been modelled  with split occupancies (1:1 ratio), H atoms have not been located in this case.  CCDC reference numbers for the crystallographic information files in cif format are: [Ge([9]aneS3)][OTf]2 (1) (2209364), [Ge([12]aneS4)][OTf]2 (2) (2209363), [Sn([9]aneS3)][OTf]2 (4) (2209365), [Sn([12]aneS4)][OTf]2 (5) (2209366), [Ge([9]aneS3)][OTf]2·MeCN (1MeCN) (2209367), [Pb([9]aneS3)][OTf]2 (7) (2209368), [Pb([12]aneS4)][OTf]2 (8) (2209369), [Sn([24]aneS8)][OTf]2 (6) (2209370), [Pb([24]aneS8)(OTf)][OTf] (9) (2209371). [24: . Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. OLEX2: a complete structure solution, refinement and analysis program. J. Appl. Crystallogr. 2009, 42, 339−341.] 

Complex syntheses
[Ge([9]aneS3)][OTf]2 (1): GeCl2dioxane (0.200 g, 0.864 mmol) was suspended in CH2Cl2 (2 mL) and to this was added [9]aneS3 (0.156 g, 0.864 mmol) and a solution of TMSOTf (0.384 g, 1.73 mmol)  in CH2Cl2 (2 mL). The resulting clear, colorless solution was stirred for 2 h. Volatiles were removed in vacuo to leave a white solid, which was washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.302 g, 63%.  Required for C8H12F6GeO6S5 (551.08): C, 17.43; H, 2.2. Found: C, 17.18; H, 2.5%.  1H NMR (CD3CN, 298 K): δ = 3.66 (br s). 13C{1H} NMR (CD3CN, 298 K): δ = 38.6 (s). 19F{1H} NMR (CD3CN, 298 K): δ = 79.3 (s, OTf). IR (Nujol / cm-1): 1137 (OSO2), 1221, 1261 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Ge([9]aneS3)(OTf)]+ = 402.8825, found 402.8825; m/z calculated for [Ge([9]aneS3)]2+ = 126.9650, found 126.9648.
[Ge([12]aneS4)][OTf]2 (2): Method as above, using GeCl2dioxane (0.072 g, 0.312 mmol), TMSOTf (0.139 g, 0.625 mmol) and [12]aneS4 (0.075 g, 0.312 mmol). White solid. Yield: 0.101 g, 63%. Required for C10H16F6GeO6S6·CH2Cl2 (696.11): C, 18.98; H, 2.6. Found: C, 18.97; H, 3.0%.  1H NMR (CD3CN, 298 K): δ = 3.42 (br s). 13C{1H} NMR (CD3CN, 298 K): δ = 35.2 (br s). 19F{1H} NMR (CD3CN, 298 K): δ = 79.4 (s, OTf). IR (Nujol / cm-1): 1141 (OSO2), 1222, 1264 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Ge([12]aneS4)(OTf)]+ = 462.8857, found 462.8861; m/z calculated for [Ge([12]aneS4)]2+ = 156.9666, found 156.9673.
[Ge([24]aneS8)][OTf]2 (3): Method as above, using GeCl2dioxane (0.012 g, 0.052 mmol), TMSOTf (0.023 g, 0.104 mmol) and [24]aneS8 (0.025 g, 0.052 mmol), with MeCN (1 mL), forming a colorless solution which was stirred for 1 h. Removal of the volatiles in vacuo afforded a colorless solid. Yield: 0.024 g, 55%. Required for C18H32F6GeO6S10 (851.63): C, 25.4; H, 3.8. Found: C, 25.1; H, 4.3. 1H NMR (CD2Cl2, 298 K): δ = 3.11 (br s). 13C{1H} NMR (CD2Cl2, 298 K): δ = 33.9 (s). 19F{1H} NMR (CH2Cl2, 298 K): δ = 78.7 (s, OTf). IR (Nujol / cm-1): 1172 (OSO2), 1264 (CF3).  HRMS (ESI+, MeCN): m/z calculated for [Ge([24]aneS8)(OTf)]+ = 702.8991, found 702.8992.
[Sn([9]aneS3)][OTf]2 (4): Sn(OTf)2 (0.200 g, 0.480 mmol) was suspended in CH2Cl2 (2 mL) and to this was added [9]aneS3 (0.086 g, 0.477 mmol), producing a cloudy white mixture. MeCN (5 ml) was then added, causing dissolution of the solids to give a clear, colorless solution. The reaction mixture was stirred for 1 h, volatiles were removed in vacuo and the resultant solid was washed with hexane (3 x 10 mL) before drying in vacuo. Yield: 0.170 g, 59%. Required for C8H12F6O6S5Sn (551.08): C, 16.1; H, 2.0. Found: C, 16.6; H, 2.4%. 1H NMR (CD3CN, 298 K): δ = 3.42 (s). 13C{1H} NMR (CD3CN, 298 K): δ = 34.3 (s). 19F{1H} NMR (CD3CN, 298 K): δ = 79.4 (s, OTf). 119Sn{1H} NMR (CD3CN, 298 K): δ = 737 (s). IR (Nujol / cm-1): 1151 (OSO2), 1229, 1260 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Sn([9]aneS3)(OTf)]+ = 448.8633, found 448.8639; m/z calculated for [Sn([9]aneS3)]2+ = 149.9554, found 149.9555.
[Sn([12]aneS4)][OTf]2 (5): A Schlenk flask was charged with Sn(OTf)2 (0.087 g, 0.209 mmol) and [12]aneS4 (0.050 g, 2.08 mmol), together with CH2Cl2 (2 mL) and MeCN (4 mL), forming a slightly cloudy solution. The mixture was stirred for 2 h and filtered to remove particulates. The volatiles were then removed in vacuo yielding a white solid, which was washed in hexane and dried in vacuo. Yield: 0.109 g, 79%. Required for C10H16F6O6S6Sn (657.27): C, 18.3; H, 2.5. Found: C, 18.2; H, 2.9%. 1H NMR (CD3CN, 298 K): δ = 3.29 (s). 13C{1H} NMR (CD3CN, 298 K): δ = 33.3 (s). 19F{1H} NMR (CD3CN, 298 K): δ = 79.3 (s, OTf). 119Sn{1H} NMR (CD3CN, 298 K): δ = 903 (s). IR (Nujol/cm-1): 1158 (OSO2), 1230, 1261 (CF3). MS (ESI+, MeCN): m/z calculated for [Sn([12]aneS4)(OTf)]+ = 508.8666; found 508.8699, m/z calculated for [Sn([12]aneS4)]2+ = 223.9943; found 223.9948.
[Sn([24]aneS8)][OTf]2 (6): Sn(OTf)2 (0.022 g, 0.053 mmol) was suspended in CH2Cl2 (2 mL), and [24]aneS8 (0.025 g, 0.052 mol) as a solution in CH2Cl2 (1 mL), along with MeCN (3 mL), forming a colorless solution which was stirred for 1 h. The solvent was then removed in vacuo to yield a colorless solid that was washed with n-hexane and dried in vacuo. Yield: 0.027 g, 68%.  Required for C18H32F6O6S10Sn (897.71): C, 24.1; H, 3.6. Found: C, 24.3; H, 4.1%. 1H NMR (CD2Cl2, 298 K): δ = 3.10 (br s). 13C{1H} NMR (CD2Cl2, 298 K): δ = 33.6 (s). 19F{1H} NMR (CH2Cl2, 298 K): δ = 78.4 (s, OTf). 119Sn{1H} NMR (CD2Cl2, 298 K): δ = 1079 (s). IR (Nujol / cm-1): 1231 (OSO2), 1228, 1261 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Sn([24]aneS8)(OTf)]+ = 748.8797, found 748.8813; m/z calculated for [Sn([24]aneS8)]2+ = 299.9636, found 299.9642.
[Pb([9]aneS3)][OTf]2 (7): Pb(OTf)2 (0.200 g, 0.396 mmol) was suspended in CH2Cl2 (2 mL) and [9]aneS3 (0.072 g, 0.399 mmol) was added, leading to a cloudy yellow mixture. Addition of MeCN (3 mL) caused dissolution of the insoluble material to yield a clear yellow solution, which was stirred for 1 h. Volatiles were removed in vacuo and the resultant white solid was washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.141 g, 53%. Required for C8H12F6O6PbS5¼C6H14 (707.24): C, 16.1; H, 2.2. Found: C, 16.1; H, 2.4%. 1H NMR (CD3CN, 298 K): δ = 3.63 (s). 13C{1H} NMR (CD3CN, 298 K): δ = 33.6 (s).  19F{1H} NMR (CD3CN, 298 K): δ = 79.3 (s, OTf). IR (Nujol / cm-1): 1154 (OSO2), 1228, 1261 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Pb([9]aneS3)(OTf)]+ = 536.9378, found 536.9390; m/z calculated for [Pb([9]aneS3)]2+ = 193.9927, found 193.9930.
[Pb([12]aneS4)][OTf]2 (8): A Schlenk flask was charged with Pb(OTf)2 (0.105 g, 0.208 mmol)  and [12]aneS4 (0.050 g, 0.208 mmol) and to this was added CH2Cl2 (2 mL) and MeCN (4 mL), forming a slightly cloudy solution. The reaction mixture was stirred for 2 h, and the resulting white precipitate was collected by filtration, washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.117 g, 75%. Required for C10H16F6O6PbS60.25MeCN (756.03): C, 16.7; H, 2.2; N, 0.5. Found: C, 16.4; H, 2.5; N, 0.4%. 1H NMR (CD3CN, 298 K): δ = 3.38 (s). 13C{1H} NMR (CD3CN, 298 K): δ = 31.9 (s). 19F{1H} NMR (CD3CN, 298 K): δ = 79.3 (s, OTf). IR (Nujol / cm-1): 1169 (OSO2), 1221, 1285 (CF3). HRMS (ESI+, MeCN): m/z calculated for [Pb([12]aneS4)(OTf)]+ = 596.9411, found 596.9423; m/z calculated for [Pb([12]aneS4)]2+ = 223.9943, found 223.9948.
[Pb([24]aneS8)][OTf]2 (9): Pb(OTf)2 (0.026 g, 0.051 mmol) was suspended in CH2Cl2 (2 mL), and  [24]aneS8 (0.025 g, 0.052 mmol) mmol) was added as a solution in CH2Cl2 (1 mL), followed by MeCN (3 mL). This gave a colorless solution which was stirred for 1 h. The solvent was removed in vacuo to yield a white solid which was washed with hexane and dried in vacuo. Yield: 0.021 g, 41%. Required for C18H32F6O6PbS100.5C6H14 (1029.29): C, 24.5; H, 3.8. Found: C, 24.8; H, 3.9%.  1H NMR (CD2Cl2, 298 K): δ = 3.15 (br s). 13C{1H} NMR (CD2Cl2, 298 K): δ = 33.5 (s). 19F{1H} NMR (CH2Cl2, 298 K): δ = 78.7 (s, OTf). HRMS (ESI+, MeCN): m/z calculated for [Pb([24]aneS8)(OTf)]+ = 836.9543, found 836.9549; m/z calculated for [Pb([24]aneS8)]2+ = 344.0009, found 344.0011.
DFT Computational Details. The electronic structures of [M([9]aneS3)]2+ (M = Ge, Sn, Pb), [M([12]aneS4)]2+ (M = Ge, Sn, Pb), [Pb([24]aneS8)(OTf)]+ and [Pb([24]aneS8)]2+ were investigated using DFT calculations using the Gaussian 16W software package.[endnoteRef:25] The density functional chosen was B3LYP-D3[endnoteRef:26] with the basis set 6-311G(d)[endnoteRef:27] for the H, C, O, F, S and Ge atoms, while for the Sn and Pb atoms the Lanl2dz basis set was used.[endnoteRef:28] The initial geometries were taken from their crystal structures for geometry optimization calculations. In all cases the structures converged to a stable geometry with no imaginary frequencies. The DFT determined geometries were in good agreement with the crystallographic geometries (Supporting Information Table S2). [25: . (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, 2016; (b) Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem. 2006, 27, 1787−1799; (c) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comput. Chem. 2011, 32, 1456−1465.]  [26: . Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. Phys. Rev. B, 1988, 37, 785–789. ]  [27: . Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-consistent molecular orbital methods. XX. A basis set for correlated wave functions, J. Chem. Phys. 1980, 72, 650–654. ]  [28: . Wadt, W. R.; Hay, P. J. ab initio effective core potentials for molecular calculations. Potentials for main group elements Na to Bi, J. Chem. Phys. 1985, 82, 284–298.] 

Results and discussion
Preparation of M(II) complexes (M = Ge, Sn, Pb)
The germanium(II) complexes [Ge(L)][OTf]2 (1-3) were synthesized by reacting GeCl2·dioxane with two equivalents of TMSOTf, followed by one equivalent of the macrocycle, L (L = [9]aneS3, [12]aneS4 or [24]aneS8), in a mixture of CH2Cl2 and MeCN. The related complexes [M(L)][OTf]2 (M = Sn, Pb; (4-9)) were synthesized by the direct reaction of the ligand L with the metal triflate, M(OTf)2, in a mixture of CH2Cl2 and MeCN (Scheme 1). In all cases the complexes were isolated as white powdered solids in moderate to good yields. The purity of the bulk products was determined by elemental analysis, and positive ion electrospray MS data (MeCN) show clusters of peaks with the correct isotopic distribution corresponding to both [M(macrocycle)(OTf)]+ and [M(macrocycle)]2+ for each complex. 1H and 13C{1H} NMR analysis shows significant high frequency shifts cf. the macrocycles themselves, suggesting retention of the coordinated macrocycle in the solution, albeit with some dynamic process such as ‘ring-whizzing’ causing equivalence of the H and C environments in each case.
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	Ge
Sn
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(2)
(3)
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	Ge
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(6)

	
[24]aneS8
	Ge
Sn
Pb
	(7)
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Scheme 1 Synthesis routes to the thia-macrocyclic complexes with the divalent group 14 triflates in this work and compound numbers (* Ge(OTf)2 was prepared in situ from the reaction of GeCl2(dioxane) with two equivalents of TMSOTf as described, for example, in Ref. 15).
[9]aneS3 complexes of Ge(II), Sn(II), and Pb(II).  Crystals of [M([9]aneS3)][OTf]2, complexes (1), (4) and (7), were grown from either layering a CH2Cl2 solution of the compound with hexane (M = Ge) or layering a MeCN/CH2Cl2 solution with hexane (M = Ge, Sn, Pb), the structures of all three complexes are shown in Figure 1. The complexes, [M([9]aneS3][OTf]2, are isostructural, each crystallising in the P21/c space group. The structure of an MeCN solvate, [Ge([9]aneS3)][OTf]2·MeCN (1MeCN), was also obtained from recrystallization of the germanium complex in the presence of acetonitrile. They all contain one [9]aneS3 ligand coordinated to the group 14 center in an endocyclic 3-fashion, creating a pyramidal coordination environment at M. In the extended structures long contacts occur between Pb and one O atom from three distinct triflate anions to complete the coordination environment at the metal, with triflate groups bridging between [Pb([9]aneS3)]2+ units to form a weakly associated 1D polymer (Figure 2).  
In the related complex, [GeCl2([9]aneS3)],23 the [9]aneS3 ligand binds in an exocyclic κ1-coordination mode and bridges GeCl2 centers. Replacing the halide for the more weakly coordinating triflate strengthens the Ge-S interactions and promotes endocyclic coordination to germanium(II), this is reflected in the Ge-S bond lengths with the distances being markedly shorter in the triflate case (2.5077(6), 2.4785(7), 2.5072(6) vs. 2.721(3), 2.741(3)). This effect is also seen in the phosphine complexes of germanium(II) with halide and triflate counter anions.18 This facial coordination of [9]aneS3 to germanium(II) is broadly similar to the structure reported for the related nine-membered triaza-macrocyclic complex, [Ge(Me3[9]aneN3)][OTf]2 (Me3[9]aneN3 = 1,4,7-trimethyl-1,4,7-triazacyclononane), albeit the Ge-N bonds are shorter (2.084(2)-2.106(2)) than the Ge-S bonds in the sulfur analog, reflecting the relative size of S vs. N. In the Me3[9]aneN3 species there are three triflates located adjacent to the dication, with Ge···O distances (~2.85-3.39 Å), i.e. longer and weaker contacts than in the trithia system. This may be due to the face of the germanium atom being partially blocked by the Me groups preventing closer approach of the triflate anions in the Me3[9]aneN3 complex.[endnoteRef:29] There are no structurally authenticated tin(II) complexes with [9]aneS3 in the literature with which to compare, however, the tin(IV) complex, [SnCl3([9]aneS3)][SnCl6],[endnoteRef:30] involves 3-coordination and, as expected, the Sn-S bond lengths are slightly shorter than in the tin(II) complex reported here. The only structurally characterized complex of [9]aneS3 with lead(II) is the sandwich complex. [Pb([9]aneS3)2][ClO4]2.20(a) In this case, both macrocycles are 3-coordinated and the two O-bound ClO4 anions lead to a coordination number at lead of eight, contrasting with the coordination of just one trithia-macrocycle to the lead center in the triflate species reported here. The Pb-S bond distances are also significantly shorter in [Pb([9]aneS3)][OTf]2 compared to those in [Pb([9]aneS3)2][ClO4]2 (2.7831(9)-2.8622(8) Å vs. 3.083-3.139 Å, respectively), reflecting the lower coordination number in the former. [29: . Everett, M., Jolleys, A.; Levason, W.; Light, M. E.; Pugh, D., Reid, G., Cationic aza-macrocyclic complexes of germanium(II) and silicon(IV). Dalton Trans., 2015, 44, 20898-20905.]  [30: . Willey, G. R.; Jarvis, A.; Palin, J.; Errington, W., Crown Thioether Chemistry of Tin(iv): Formation and Crystal and Molecular Structures of 3SnCl4.2[9]aneS3, and 2SnCl4.[18]aneS6.MeCN ([9]aneS3 = I ,4,7-trithiacyclononane; [I8]aneS6 = 1,4,7,10,13,16-hexathiacyclooctadecane). J. Chem. Soc., Dalton Trans. 1994, 255-258.
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The preparation and characterization of a series of Ge(II), Sn(II) and Pb(II) triflate complexes with 9-, 12- and 24-membered thia-macrocyclic ligands is described, revealing endocyclic coordination in all cases, with highly variable coordination numbers from three to nine. ] 

                                            (a)                                                          (b)                                                             (c)
Figure 1 Structures of (a) [Ge([9]aneS3)][OTf]2 (1), (b) [Sn([9]aneS3)][OTf]2 (4), (c) [Pb([9]aneS3)][OTf]2 (7), showing the atom labelling scheme. The ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity.
Table 1 Selected crystallographically-determined geometric parameters for [M([9]aneS3)][OTf]2 (M = Ge, Sn, Pb), with esds in parentheses
	[M([9]aneS3)][OTf]2
	M = Ge  
(1)
	M = Sn
(4)
	M = Pb
(7)

	d(M-S) / Å 
	2.4854(7)
2.5080(7)
2.5450(7)
	2.7301(5)
2.6996(6)
2.7789(6)
	2.7831(9)
2.8279(10)
2.8622(8)

	d(M···O) / Å 
	2.6949(19)
2.5784(19)
2.8286(19)
	2.5479(18)
2.7352(19)
2.819(2)
	2.732(3)
2.610(2)
2.782(3)

	<(S-M-S) / ˚
	84.38(2)
83.76(2)
82.77(2)
	76.409(17)
78.250(18)
77.905(17)
	74.16(3)
76.20(2)
76.13(3)

	d(centroid S1-S2-S3 to M) / Å
	1.604
	1.891
	1.996
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Figure 2 View of the extended structure of [Pb([9]aneS3)][OTf]2 (7) showing the 1-D polymeric structure. 
Comparing the three [M([9]aneS3))][OTf]2 (M = Ge, Sn, Pb) complexes, the M-S bond distances increase as the group 14 element gets heavier (Table 1), consistent with the increase in the ionic radii. Further, due to the constraints of the nine-membered macrocyclic ring, this increase in d(M-S) causes a significant decrease in the S-M-S bond angles, from ca. 83 for Ge to ca. 77 for Sn and ca. 75 for Pb. This also causes a marked increase the distance from the centroid of the S3 plane (centroid defined by S1-S2-S3) to the metal, reflecting a mis-match between the nine-membered trithia macrocycle and the larger metal ions.
[12]aneS4 complexes of Ge(II), Sn(II), and Pb(II). The coordination of the divalent group 14 triflates was also explored with the larger, tetrathia macrocycle, [12]aneS4 to establish whether endocyclic coordination would also prevail. The complexes [M([12]aneS4)][OTf]2 were synthesized as in Scheme 1, and were all crystallized by layering a MeCN/CH2Cl2 solution of the complex with hexane. The crystal structures show that in [Ge([12]aneS4)][OTf]2 (2) the thia-macrocycle does indeed bind in an endocyclic  4-coordination mode (Figure 3) with two long Ge-S bonds (2.7338(5), 2.7717(5) Å) and two short bonds (2.5050(4), 2.4446(4) Å); the sulfur atoms are bound in a syn,syn,syn,anti-fashion (relative orientations of the S-based lone pairs). The closest GeO contacts from two nearby triflates are 2.8018(14) and 2.8002(14) Å; however, the S-O bonds lengths within each triflate are not statistically different, suggesting that an ion-separated (dication and discrete anions) description is more appropriate. 
The tetraaza-macrocyclic Ge(II) dications, [Ge(Me4[12]aneN4)]2+ 27 and [Ge(Me4[14]aneN4)]2+ 12 (Me4[12]aneN4 = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane; Me4[14]aneN4 = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), also have the macrocycle coordinating in an endocyclic 4-fashion, with the Me4[14]aneN4 complex having a similar pattern of two short and two long Ge-N bonds as observed for the Ge-S bonds in [Ge([12]aneS4)][OTf]2 reported here, whereas in the smaller ring Me4[12]aneN4 complex, all the Ge-N bonds are of a similar length. It is likely that the smaller effective binding cavity for the 12-membered aza-macrocycle, by virtue of the C-N bonds being shorter than the C-S bonds in the corresponding tetrathioether, leads to more optimal Ge-N bonds in the former. The 12-membered crown ether, reacts with Ge(II) to form the dicationic [Ge(12-crown-4)2]2+ ion in which the eight-coordinate germanium(II) center is sandwiched between two crown ethers.12,13
The endocyclic structure observed here for [Ge([12]aneS4)][OTf]2 (2) also contrasts with the structures reported previously for both [GeCl2([14]aneS4)] and [GeBr2([16]aneS4)] ([14]aneS4 = 1,4,8,11-tetrathiacyclotetradecane; [16]aneS4 = 1,5,9,13-tetrathiacyclohexadecane), which have the macrocycle in an exocyclic coordination mode, bridging GeX2 units and 1-bound to each Ge center. The former adopts a 2D sheet structure and the latter a 1D polymer. Comparing the Ge-S bond lengths in these species, the two shortest bond lengths in [Ge([12]aneS4)][OTf]2 are about 0.3 Å shorter than d(Ge-S) in each of the GeX2 polymers, while the two longer Ge-S bonds are more comparable to d(Ge-S) in the GeX2 complexes. This is consistent with the pattern found in the [9]aneS3 complexes (vide supra), again demonstrating the increased Lewis acidity of germanium(II) center in the OTf species compared to the halide complexes.22
For [Sn([12]aneS4)][OTf]2 (5) (Figure 4(a)) the macrocycle is also bound in an endocyclic 4-coordination mode, but in this case the S-atoms are bound in an all-syn fashion (i.e. the lone pairs on all four S atoms are mutually syn) and the Sn-S bond distances fall within a narrow range (2.8160(8)-2.9053(9) Å). There are further long contacts to four weakly bridging triflates (d(SnO) = 2.876(3)-3.024(3) Å), giving rise to a weakly associated dimer structure (Figure 4(b)), with an eight-coordinate distorted square-antiprismatic geometry at tin(II). 
Similarly, [Pb([12]aneS4)][OTf]2 (8) has the macrocycle bound in a endocyclic 4-coordination mode with four similar Pb-S distances. However, here there is an additional weak contact to a thioether S atom from a neighboring unit (PbS = 3.377(3) Å), along with four triflates bridging between adjacent lead centers, giving rise to a 1D polymer (Figure 5), with a nine-coordinate geometry at lead (S5O4 donor set). Moreover, the Pb-O(triflate) bonds are much shorter than the Pb-S bonds, contrasting with the Ge and Sn analogs, where the opposite trend is observed. 
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Figure 3 The structure of [Ge([12]aneS4)][OTf]2 (2) showing the atom labelling scheme. Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected bond lengths (Å) and angles (˚) are: Ge1-S1 = 2.4446(4), Ge1-S2 = 2.7338(5), Ge1-S3 = 2.5050(4), Ge1-S4 = 2.7717(5), Ge1O1 = 2.8018(14), Ge1O6 = 2.8002(14), S1-Ge1-S2 = 75.098(14), S2-Ge1-S3 = 79.714(14), S3-Ge1-S4 = 80.724(14), S4-Ge1-S1 = 74.685(14), S1-Ge1-S3 = 83.465(14), S2-Ge1-S4 = 145.525(14).
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(a)                                                                                (b)
Figure 4 (a) The structure of [Sn([12]aneS4)][OTf]2 (5) showing the atom labelling scheme. Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected bond lengths (Å) and angles (˚) are: Sn1-S1 = 2.9053(9), Sn1-S2 = 2.8176(8), Sn1-S3 = 2.8160(8), Sn1-S4 = 2.8675(8), Sn1O1 = 2.887(2), Sn1O3 = 3.024(3), Sn1O4 = 2.876(3), Sn1O5 = 2.902(3), S1-Sn1-S2 = 72.30(3), S2-Sn1-S3 = 73.41(2), S3-Sn1-S4 = 72.41(2), S4-Sn1-S1 = 72.65(3), S1-Sn1-S3 = 115.72(2), S2-Sn1-S4 = 113.91(3); (b) the weakly associated dimeric structure of [Sn([12]aneS4)][OTf]2 in the solid state.
[image: ][image: ]                       
(a)                                                                                        (b)		
Figure 5 (a) The structure of [Pb([12]aneS4)][OTf]2 (8) showing the atom labelling scheme. Ellipsoids are drawn at the 50% probability level and H atoms and MeCN solvate molecule are omitted for clarity, there is 1:1 disorder in the macrocycle, so only one component is shown. Selected bond lengths (Å) and angles (˚) are: Pb1-S1 = 3.080(3), Pb1-S2 = 3.070(3), Pb1-S2A = 2.995(3) Pb1-S3 = 3.0315(18), Pb1O1 = 2.688(5), Pb1O3 = 2.657(4), S1-Pb1-S2 = 67.84(8), S2-Pb1-S3 = 67.85(6), S3-Pb1-S2A = 71.41(6), S2A-Pb1-S1 = 68.87(9) S1-Pb1-S3 = 106.17(6), S2-Pb1-S2A = 106.65(10); (b) the extended structure of [Pb([12]aneS4)][OTf]2 with the long bridging Pb-SPb interactions shown as purple dashed lines.
Comparing the three [12]aneS4 homologs, the change in coordination behavior suggests a weakening of the M-S(thioether) interactions and a strengthening of the M-O(triflate) interactions as the group is descended (Table 2). 
Table 2 Selected geometric parameters for [M([12]aneS4)][OTf]2 (M = Ge, Sn, Pb)
	[M([12]aneS4)][OTf]2
	M = Ge
(2)
	M = Sn
(5)
	M = Pb
(8)

	d(M-S) / Å
	2.4446(4)
2.5050(4)
2.7338(5)
2.7717(5)
	2.8160(8)
2.8176(8)
2.8675(8)
2.9053(9)
	3.0315(18)
3.070(3) 
2.995(3)
3.080(3)
3.377(3) (bridging)

	d(M···O) / Å
	2.8002(14)
2.8018(14)
	2.876(3)
2.887(2)
2.902(3)
3.024(3)
	2.657(4)
2.688(5)



[24]aneS8 complexes of Ge(II), Sn(II), and Pb(II). To test the effect on the coordination geometries and donor sets and to probe whether homoleptic S8-coordination might be possible (cf. the [Ge(12-crown-4)2]2+ cation12,13), the complexes of the larger, octathia-macrocycle, [24]aneS8, were also prepared (Scheme 1), and isolated in good yields as white powdered solids.
In the case of [Sn([24]aneS8)][OTf]2 (6), single crystals were grown by layering a CH2Cl2/MeCN solution of the complex with hexane. The crystal structure reveals (Figure 6) that the macrocycle is bound in a 6-coordination mode through six sequential (adjacent) S-donor atoms (S1-S6), with the two remaining sulfur atoms (S7 and S8) uncoordinated. The coordination environment is completed by one short and one long contact to nearby triflates (2.539(2), 2.9873(19) Å), suggesting that one triflate is coordinated, giving a monocationic salt, [Sn(OTf)([24]aneS8)][OTf]; this description is supported by the distribution of S-O bond lengths within the OTf groups. The Sn-S bond lengths are longer compared to those in the smaller ring thia-macrocycles discussed above, in this case ranging from 2.8530(7)-3.2327(7) Å, suggesting a rather poor size-match between the macrocycle and the Sn(II) center.
[image: ]
Figure 6 The structure of [Sn([24]aneS8)(OTf)2] (6) showing the atom labelling scheme, there are two molecules in the asymmetric unit only one is shown. Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected bond lengths (Å) and angles (˚) are: Sn1-S1 = 3.2327(7), Sn1-S2 = 2.9623(7), Sn1-S3 = 2.9025(7), Sn1-S4 = 2.8530(7), Sn1-S5 = 2.9925(6), Sn1-S6 = 3.0594(6) Sn1-O1 = 2.9873(19), Sn1-O4 = 2.539(2).
In contrast, for [Pb([24]aneS8)(OTf)][OTf] (9) the crystal structure (Figure 7(a) and (b)) reveals that the macrocycle is coordinated via all eight S-donor atoms, i.e. in an endocyclic 8-mode, with one triflate also coordinated, to give a nine-coordinate lead(II) monocation. Five of the S atoms lie in a pentagonal plane with the lead atom sitting 0.76 Å below this plane. The remaining three sulfur atoms coordinate in a pyramidal fashion on the opposite face of the lead(II) center. The Pb-S distances span 2.9665(9)-3.2627(9) Å, and are much longer than the distances seen for the complex [Pb([9]aneS3)][OTf]2 (3), and more similar to those observed in [Pb([12]aneS4)][OTf]2 (6). Considering the additional coordinated OTf ligand, the geometry at Pb(II) is best described as a mono-capped square antiprism, with atoms S2, S3, S4 and S8 forming the bottom face, S1, S5, S7 and O1 forming the top face, and showing atom S6 in the capping position, as illustrated in Fig. 7(a) and (b). This can be compared to previously reported dinuclear [Pb2([24]aneS8)][ClO4]4 complex,20(b) containing two lead(II) centers. Although the crystal structure of this species is not known, the analogous complex with the larger [28]aneS8 has been structurally characterized, confirming two lead centers bound within the macrocycle, bridged by the ClO4 anions. 
It is extremely rare for [24]aneS8 to adopt 8-coordination to a single metal center, the only other structurally characterized example being [Na([24]aneS8)][BArF].8(b)
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		(a)						(b)
Figure 7 Two views of the structure of the cation in Pb([24]aneS8)(OTf)][OTf] (9) showing the atom labelling scheme (there are two molecules in the asymmetric unit, only one is shown). Ellipsoids are drawn at the 50% probability level and H atoms, MeCN solvate and non-coordinated triflate are omitted for clarity. Selected bond lengths (Å) and angles (˚) are: Pb1-S1 = 3.1320(9), Pb1-S2 = 3.2627(9), Pb1-S3 = 3.0889(10), Pb1-S4 = 3.0674(10), Pb1-S5 = 2.9665(9), Pb1-S6 = 3.0620(9), Pb1-S7 = 3.1320(9), Pb1-S8 = 3.1770(9), Pb1-O1 = 2.645(3).
NMR and MS characterization.  The bulk products were also characterized by a combination of microanalysis, IR spectroscopy, as well as solution 1H, 13C{1H}, 19F{1H} and 119Sn{1H} NMR spectroscopy, where appropriate. The ESI+ MS of all of the nine complexes each show clusters of peaks with the expected isotopic pattern corresponding to [M(macrocycle)(OTf)]+ and for all except [Ge([24]aneS8)]2+, they also show clusters of peaks associated with the free dications, [M(macrocycle)]2+. The solution NMR spectra of complexes containing [9]aneS3 and [12]aneS4 were recorded in CD3CN as their solubility in (the more weakly coordinating) CD2Cl2 was poor, however, the [24]aneS8 complexes were sufficiently soluble to allow CD2Cl2 to be used as the NMR solvent. The 1H and 13C{1H} NMR spectra for each of the complexes show a singlet resonance from the macrocycle, and in all cases the chemical shift is significantly to high frequency from the macrocycle itself, providing evidence for retention of the [M(macrocycle)]2+ coordination in solution. This contrasts with the behavior observed for [GeCl2([9]aneS3)], where the NMR spectra in CD2Cl2 are unchanged from [9]aneS3 itself, indicating that it is extensively dissociated in solution. 
For all of the complexes reported here, the 19F{1H} NMR spectra show a single sharp resonance very close to 79.3 ppm (in MeCN) or 78.6 ppm (in CH2Cl2), which correspond to discrete ionic triflate in solution, indicating that the interactions between the triflate and the metal centers seen in the solid state crystal structures are lost in solution. For the tin complexes, 119Sn{1H} NMR spectra show singlet resonances at 737 ppm for [Sn([9]aneS3][OTf]2 (2), 903 ppm for [Sn([12]aneS4)][OTf]2 (5) and 1079 ppm for [Sn([24]aneS8)][OTf]2 (8). We were unable to observe a 207Pb NMR resonance for the Pb(II) complexes, possibly due to ligand exchange processes in solution.
Density Functional Theory (DFT) Calculations. The electronic structures of the complexes reported in this work were also investigated using DFT calculations as described above. 
For [M([9]aneS3]2+ (M = Ge, Sn, Pb), the HOMO  orbital is mainly a M s-p ‘lone pair’ on the group 14 atom (Figure 8). In all cases the HOMO is directional, having a partial percentage M pz-character of 6.64, 4.22, and 2.58 for Ge, Sn and Pb, respectively, consistent with the expected trend down the group. The HOMO-1 and HOMO-2 correspond to degenerate bonding orbitals formed from the interaction of the sulfur lone pairs and the px and py orbitals on the metal center. The LUMO and LUMO+1 orbitals are also degenerate and correspond to empty px and py orbitals on the group 14 center. The positive charge on the group 14 center also increases from Ge to Sn to Pb (+0.65e, +1.06e, +1.13e, respectively), consistent with reduced covalent interactions with the thioether ligand. 
                              [image: ][image: ]
                                      LUMO (-10.0 eV)              LUMO (-10.0 eV)
[image: ][image: ][image: ]
          HOMO (-15.7 eV)                     HOMO-1 (-16.4 eV)               HOMO-2 (-16.4 eV)
Figure 8. Representations of the frontier orbitals of [Ge([9]aneS3)]2+
For [Ge([12]aneS4)]2+ both the HOMO and HOMO-1 are related to the ‘lone pair’ on germanium, whereas HOMO-2 and HOMO-3 are related to the bonding orbitals between the sulfur atoms and the germanium center. HOMO-2 (-15.28 eV) is higher in energy and is related to the axial sulfurs, while HOMO-3 (-15.63 eV) is related to the equatorial sulfurs. The HOMO for [Sn([12]aneS4)]2+ is centered on the tin, with HOMO-1 being based on the sulfur atoms and HOMO-2 and HOMO-3 being degenerate orbitals based on the sulfur ‘lone pairs’ interacting with the empty px and py orbitals on tin. In both cases the lone pair on the metal center is directional. Compared to the analogous complexes with [9]aneS3 the charges on the metal center are slightly smaller. For [Ge([12]aneS4)]2+ the charge is not spread equally among the sulfurs in the ligand, with S3 taking on most of the positive charge (+0.36) and S1 taking on the least (+0.29), while S2/S4 each carry a charge of +0.34. Whereas, in the more symmetrical [Sn([12]aneS4)]2+ each sulfur takes on an equal amount of positive charge (+0.27).
To better understand the electronic structure of [Pb([24]aneS8)]2+, DFT calculations were also performed on this dication. The HOMO (Figure 9) is based on lone pairs on the sulfur atoms as well as an s-type lone pair (99.5% s-character) on the lead center. The LUMO is a pz based orbital on lead which is orthogonal to the plane of the pentagon. This is consistent with a triflate group interacting with the Pb(II) center as observed in the experimentally-determined crystal structure for [Pb([24]aneS8)(OTf)][OTf]. 

                HOMO (-12.07 eV)                                         LUMO (-7.43 eV)
Figure 9. Representations of the frontier orbitals calculated for [Pb([24]aneS8)]2+
Conclusions
A systematic study of the coordination chemistry of M(II) triflates (M = Ge, Sn, Pb) with three thia-macrocycles, [9]aneS3, [12]aneS4 and [24]aneS8, has been undertaken and crystal structures were determined for eight of the complexes, all of which are monometallic species with a 1:1 M:macrocycle ratio, irrespective of the macrocycle denticity. The X-ray data also show that changing the anion from a halide to the more weakly coordinating triflate induces endocyclic coordination in all cases, with significant strengthening of the M-S interactions evidenced by the contraction of the M-S bond lengths, and increases the number of thioether donor atoms coordinated. This leads to the complexes displaying a wide range of coordination numbers, from three to nine. 
The strength of the cation-anion interactions varies with both macrocycle and the group 14 center. In some cases the triflate anion is clearly coordinated to the metal center, whereas in others only very weak MO3SCF3 interactions are present. DFT calculations reveal that the nature of the HOMO on the metal center (M s-p) also varies across the series, with the [Pb([24]aneS8)]2+ having an s-type lone pair, whereas [Pb([9]aneS3)]2+ has an mixture of s- and p-character. Further, for the homologous series, [M([9]aneS3)]2+ (M = Ge, Sn, Pb), the p-character increases up the group. These results point to the possibility that some of the divalent group 14 thia-macrocyclic complexes may be capable of both donor and acceptor behavior, which will be the focus of our future work in this area.
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