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INTRODUCTION

Ansa-metallocene complexes of main group, rare earths and early transition metals have been widely studied in the controlled synthesis of polymers, in organic and medicinal chemistry and in small molecule activation. 1 Various bridge sizes have been developed using carbon or heteroelements (Si, P, B, N) in the bridge, with one or two element bridges being the most widely employed. 2 Most literature complexes are based on ancillary Cp, indenyl or fluorenyl ligands in different combinations, but other monoanionic groups such as scorpionates or allyl ligands have also been reported. 3 A certain "ansa-effect" has been observed in the stability or reactivity of complexes compared to their non-bridged analogues and can be related to the strain of the bridge or the ligand environment imposed by the bridge. 2a,4 From a synthetic point of view, salt-metathesis reactions between metal halides and dianionic ansa ligands are very common, even though this can potentially lead to alkali-salt inclusion.

Recent examples in rare earth chemistry include the synthesis of divalent ethylene-bridged ansa-bis (1,3-diphenylcyclopentadienyl) complexes A-Ln, including the first structurally characterized divalent Eu ansa complex A-Eu, 5 the divalent Si-bridged boratabenzenefluorenyl complexes B, [START_REF] Wang | Synthesis and Structure of Silicon-Bridged Boratabenzene Fluorenyl Rare-Earth Metal Complexes[END_REF] and the trivalent carbon-bridged Cp/fluorenyl lanthanoid allyl polymerisation pre-catalysts C (Scheme 1a). [START_REF] Laur | Substitution Effects in Highly Syndioselective Styrene Polymerization Catalysts Based on Single-Component Allyl Ansa-Lanthanidocenes: An Experimental and Theoretical Study[END_REF] Alternatively, protolysis reactions of neutral ansa proligands with air and moisture sensitive metal-alkyl or amido complexes have been employed in lanthanoid and group 4 metal chemistry. [START_REF] Dash | Amine Elimination Reactions between Homoleptic Silylamide Lanthanide Complexes and an Isopropylidene-Bridged Cyclopentadiene-Fluorene System[END_REF] For substituted or unsubstituted ethylene-bridged metallocenes, the most straightforward synthesis consists in the reductive dimerisation of pentafulvenes using a low-valent metal precursor. 1b,9 This one-step methodology has been applied to a wide range of metals across the periodic system. Seminal work by Edelmann in the 1990s showed the applicability of this process to lanthanoid and group 2 metals, even though no lanthanoid complex from these reactions could be structurally characterised (Scheme 1b). 10 Whereas the calcium chemistry was subsequently explored by Shapiro and others,1c,[START_REF] Shapiro | The Evolution of the Ansa-Bridge and Its Effect on the Scope of Metallocene Chemistry[END_REF]11 only one other example exists for lanthanoid metals, namely that reported by Schumann on the reductive dimerisation of acenaphthenes to afford C2-symmetric trans-rac-ansa-lanthanocene complexes [(η 5 -C12H8)2Ln(thf)2] (Ln = Sm, Yb) (Scheme 1c). [START_REF] Fedushkin | Stereoselective Formation of C2-Symmetric Ansa-Lanthanocenes by Reductive Coupling of Acenaphthylene with Activated Ytterbium or Samarium[END_REF] Scheme 1. a) Recent examples of divalent and trivalent rare earth ansa complexes; 5-7 b) and c) Reductive dimerisation of fulvenes with lanthanoids; 10a,12 d) this work.

Over the last 15 years, we and others have explored the synthesis, structures and properties of divalent lanthanoid octa and decaphenylmetallocenes [Ln(C5Ph4H)2(solv)] or [Ln(C5Ar5)2] (Yb, Sm, Eu). 13 So far, such divalent complexes have only been synthesised by protolysis of highly reactive lanthanoid benzyl precursors 13e-g or via metal based reactions using either redox transmetallation/protolysis (RTP) 13a-c or a methodology involving a selective C-P bond cleavage. 13d Classical salt metathesis reactions were hampered by the low reactivity of the bulky and electronically stabilised Cp ligands and have only been successful for the synthesis of trivalent complexes. 14 These polyarylCp ligands are relatively labile in the divalent metallocenes, leading even to solvent separated ion-pairs (SSIP) in the case of pentaarylCps, such as the structurally characterised [Yb(thf)6][C5Ph5]2. 13a The reported divalent lanthanocenes showed poor reactivity towards oxidants compared to samarocenes based on alkylCp ligands, 13a,g and the bright orange-red europocenes revealed promising luminescence properties in solution and the solid state. 13c,f We therefore wondered what structural influence an ansa-bridge could have on such complexes and how it could alter the luminescence properties of the divalent europium complex. 1,2,3,4-Tetraphenylfulvene, 15 which is very stable despite the absence of substituents on the exocyclic position, proved to be a valuable precursor for this study. Whereas its use had previously been restricted to cycloaddition chemistry 15b-d and very limited coordination chemistry, 15e we herein report its first application in the reductive dimerisation of lanthanoids providing new divalent ansa-metallocenes with intriguing properties (Scheme 1c).

METHODS

General

All manipulations were performed under nitrogen, using standard Schlenk techniques.

Lanthanoid metals were from Santoku/Molycorp/Eutectix. Large chunks were filed in the drybox before use. Solvents (thf, toluene, C6D6) were pre-dried by distillation over sodium or sodium benzophenone ketyl before being stored under an atmosphere of nitrogen over 3 Å molecular sieves. In all cases, unless specified, ca. 1 mg of I2 (5 mol%) was used to activate the metal. Infrared spectra (4000-400 cm -1 ) were obtained as Nujol mulls between NaCl plates with a Nicolet-Nexus FT-IR spectrometer. 1 H and 13 C NMR spectra were recorded on a Bruker 400 MHz spectrometer and were referenced against residual solvent peaks. 171 Yb NMR spectra were recorded on a Bruker 500 MHz spectrometer with [Yb(C5Me5)2(thf)] as external standard. No interpretable NMR spectra could be collected for the highly paramagnetic europium complex 3. Microanalyses were determined by the Elemental Analysis Service, Macquarie University, and all the samples were sealed in tubes under nitrogen before transport.

Synthesis

1,2,3,4-tetraphenylfulvene (1)

Method 1: MeLi (20 mL, 1.6 M in Et2O, 32 mmol) was added to a two-necked round bottom flask equipped with a condenser containing 2,3,4,5-tetraphenylcyclopentadienone (2.0 g, 5.2 mmol). The suspension was heated to 40 ºC for 40 minutes, before quenching with dilute HCl, then extracted with ethyl acetate (2  20 mL). The organic fractions were combined and stirred over MgSO4, filtered, and the solvent removed under reduced pressure to yield the desired alcohol as a yellow solid. The yellow solid was dissolved in glacial acetic acid (40 mL) and heated to 140 °C before concentrated HCl (37% aqueous solution, 1.8 mL) was added. The mixture was heated to reflux for two hours then extracted with toluene (2  25 mL). The organic fractions were combined and stirred over MgSO4, filtered, and then the solvent was removed under reduced pressure. The obtained dark orange solid was washed with hexanes, and filtered, yielding the fulvene 1 as a bright orange powder (1.82 g, 4.76 mmol, 95%) Crystals of 1 were grown from the slow evaporation of a dichloromethane solution. M.p. 206 °C (lit. 211 °C). Method 2: A Schlenk flask was charged with caesium carbonate (4.5 eq.), palladium acetate (0.05 eq.), and anhydrous DMF. Freshly cracked methylcyclopentadiene (1 eq.) and bromobenzene (4.5 eq.) were added while stirring. The mixture was heated to 140 ˚C before tri-tertbutylphosphine (0.1 eq.) was added. The mixture was stirred for two days at 140 ˚C before CH2Cl2 was added to the mixture. The solution was separated by filtering through celite, and then washed six times with water to remove traces of DMF. The solvent was removed under reduced pressure to yield a mixture of isomers of tetraphenylmethylcyclopentadiene as an orange powder (95%), which was used without further purification. A solution of n-BuLi (2.3 M in hexane, 1.3 eq.) was added at 0 °C to a toluene/thf solution of this mixture of isomers of tetraphenylmethylcyclopentadiene. After 1 h, Ph3CCl (0.9 eq.) was added and the solution was kept at 5 °C for 12 h. The reaction mixture was quenched with water and extracted with CH2Cl2.

Evaporation of the combined organic phases and recrystallisation from CH2Cl2 at 0°C afforded the fulvene 1 in 90 % yield, which showed the same NMR spectra as with Method 1.

[Sm(C5Ph4CH2)2(thf)2]•3thf (2)

A Schlenk flask was charged with 1,2,3,4-tetraphenylfulvene (1) (0.076 g, 0.20 mmol), freshly filed samarium metal (0.15 g, 1.0 mmol) and a catalytic amount of iodine. Anhydrous thf (5 mL) was added, and the reaction mixture stirred for 72 hours. The solid material was allowed to settle, and the supernatant solution isolated by cannula filtration. The solution was concentrated to ~1 mL and allowed to stand at room temperature, yielding dark brown crystals of 2 (0.035g, 28%). Anal. Calc. for C80H84O5Sm (1275.88 g.mol -1 ): C, 75.31; H, 6.64. Found: C, 75.32; H, 5.93 %. 1 H NMR (400 MHz, C6D6) (some signals are flattened out in the baseline due to paramagnetism; small excess of thf present) δ 17.47 (s, 6H), 13.21 (s, 4H, ArH), 5.22 (s, 6H, ArH), 4.92 (s, 10H, ArH), 2.54 (s, 30H, thf), -0.45 (s, 30H, thf), -4.11 (s, 4H, CH2). 1 H NMR (400 MHz, thf/C6D6) δ 22.78 (br s, 8H), 12.48 (s, 8H, ArH), 10.50 (s, 4H, ArH), 5.76 (s, 4H, ArH), 5.28 (s, 8H), 1.22 (s, 8H), -2.50 (s, 4H, CH2). 13 C NMR (126 MHz, C6D6) δ 175.2 (s),151.2 (s),136.7 (s),131.8 (s),131.4 (s),127.9 (s),126.6 (s),123.2 (s),87.0 (s),67.9 (s),25.4 (s),1305 w,1260 m,1154 w,1072 w, 1025 m, 789 w, 771 w, 723 m, 696 m.

[Eu(C5Ph4CH2)2(thf)2]•3thf (3)
The synthesis of complex 3 was carried out in the same way as that described for complex 2, but with 1,2,3,4-tetraphenylfulvene (1) (0.200 g, 0.524 mmol), and europium filings (0.230 g, 1.51 mmol) were used in place of samarium. Amber crystals of 3 were grown from ~2 mL of thf at room temperature (0.120 g, 38%). Anal. Calc. for C80H84O5Eu (1277. [Yb(C5Ph4CH2)2(thf)]•2.5thf (4)

The synthesis of complex 4 was carried out in the same way as that described for complex 3, but with ytterbium filings (0.270 g, 1.52 mmol) used in place of europium. Green-brown crystals of 4 were grown from ~2 mL of thf at room temperature (0.095 g, 33%). Anal. Calc.

for C72H68O3Yb (1154.35 g.mol -1 after loss of one half of a lattice thf): C, 74.91; H, 5.94. Found: C, 74.30; H, 5.518%. 1 H NMR (500 MHz, C6D6) (loss of 1.5 lattice thf) δ 6.75-7.10 (m, 40H), 3.8 (vbs, 8H, thf), 3.44 (s, 4H, CH2), 1.50 (vbs, 8H, thf). 13 C NMR (126 MHz, C6D6) δ 138.8 (s), 138.3 (s), 131.8 (s), 130.8 (s), 130.2 (s), 128.9 (s), 128.8 (s), 127.3 (s), 126.4 (s), 125.0 (s), 124.9 (s), 68.5 (bs, thf) 27.8 (s), 25.8 (bs, thf). 171 Yb NMR (88 MHz, C6D6) δ 208.4 (bs). 171 Yb NMR (88 MHz, thf/C6D6) δ 164.5 (bs). IR (Nujol, cm -1 ): 1944 w, 1882 w, 1802 w, 1595 m, 1,3,4,From the synthesis of 3, small colourless crystals of 5 were isolated and characterised by X-ray crystallography. Owing to the low yield, no further useful characterisation was obtained.

X-ray crystallography

Single crystals coated with viscous hydrocarbon oil were mounted on a cryoloop or a glass fibre. Data for compound 1 were obtained at -173.15 ˚C (100 K) and were measured on a Bruker D8 Venture. The D8 venture was equipped with a Cu microsource (Kα1 radiation λ = 1.54056 Å). Data collection and integration was performed using Bruker Apex2 software. Data for compounds 2-5 were obtained at -150 ˚C (123 K) and were measured on a Rigaku SynergyS diffractometer. The SynergyS operated using microsource Mo-Kα radiation (λ = 0.71073 Å) and Cu-Kα radiation (λ = 1.54184 Å). Data processing was conducted using CrysAlisPro.55 software suite. 16 The structures were solved using SHELXS-97 and SHELXS7 and refined by full-matrix least-squares on all F2 data using SHELX2014 [START_REF] Sheldrick | Crystal structure refinement with SHELXL[END_REF] in conjunction with the X-Seed graphical user interface. [START_REF] Barbour | X-Seed -A Software Tool for Supramolecular Crystallography[END_REF] All hydrogen atoms were placed in calculated positions using the riding model.

LDI-TOF

All Matrix-free LDI-MS experiments were performed on a MALDI micro MX mass spectrometer (Waters/Micromass Manchester UK) equipped with a N2-laser (λ = 337 nm, 4 ns pulse duration up to 20 Hz repetition rate and max 320 μJ per pulse) in positive ion mode for data acquisition.

UV-vis and luminescence

Solution measurements of fulvene 1 and complex 3 in toluene: UV-vis and emission spectra were recorded on a Cary 5000 UV-2401PC spectrophotometer and a Varian Cary Eclipse spectrofluorometer, respectively. Solid state luminescence (powder of complex 3 sealed in a glass capillary under inert atmosphere): The time-resolved luminescence set-up was built as follows : a frequency tripled Nd:YAG amplified laser system (5 ns, 135 mJ at 355 nm from Nd:YAG amplified laser pumping OPO, 10 Hz, Ekspla model NT342B-10-WW); produced tunable excitation pulses in the range 410-2300 nm. Light signals were analysed by a spectrograph (Princeton Instruments Acton model SP2300) coupled with a high dynamic range streak camera (Hamamatsu C7700, sub-1 ns-1 ms). Accumulated sequences of pulses were recorded and treated by HPDTA (Hamamatsu) software to produce maps (wavelength vs delay) of transient emission intensity in the range 300 -800 nm. Data were further analysed using home-made software developed in LabVIEW 2014 system-design platform and development environment.

RESULTS AND DISCUSSION

Synthesis and characterisation of 1,2,3,4-tetraphenylfulvene

Initially, we used a slightly modified version of the original synthesis of 1,2,3,4tetraphenylfulvene 1 by adding 1,2,3,4-tetraphenylcyclopentanone to an ethereal MeLi solution (Scheme 2a). 15 After workup, fulvene 1 was obtained in high yields by refluxing the obtained cyclopentadienol in HCl/glacial acetic acid, followed by recrystallisation from dichloromethane at 0 °C. We then investigated an alternative synthesis using a modified Ogino-Erker approach, i.e. starting from a lithium tetraphenylmethylcyclopentadienide and hydride abstraction with a trityl salt (Scheme 2b). 19 Previously, this synthesis has only been applied to pentamethylcyclopentadiene (Cp*H) to access 1,2,3,4-tetramethylfulvene. The starting compound, methyltetraphenylcyclopentadiene (Cp'H), [START_REF] Martin-Matute | Combined Ruthenium(II) and Lipase Catalysis for Efficient Dynamic Kinetic Resolution of Secondary Alcohols. Insight into the Racemization Mechanism[END_REF] was synthesised in high yield using the Pd catalysed arylation of methylcyclopentadiene with tBu3P as ligand and bromobenzene as an aryl source (Scheme 2b). 21 This is the first report on the use of this methodology with a substituted cyclopentadiene, previously either the parent cyclopentadiene C5H6 or Cp2ZrCl2 was employed. 21 Subsequently, Cp'H was metallated using nBuLi and addition of trityl chloride to the in situ formed LiCp' provided fulvene 1, again in very good yields. As the Pd catalysed methodology is applicable to a wide range of aryl groups, 21 this approach offers the prospect of accessing various modified 1,2,3,4-tetraarylfulvenes.

Scheme 2. Two complementary synthetic pathways to 1,2,3,4-tetraphenylfulvene 1.

Fulvene 1 was characterised by 1 H and 13 C NMR spectroscopy and the data were compared to the parent fulvene C6H6 and the 6,6-dicyano-substituted tetraphenylfulvene (see SI, Table S1). 22,[START_REF] Andrew | Reactivity, and Electronic Properties of 6,6-Dicyanofulvenes[END_REF] From the comparison with the parent fulvene the influence of the phenyl groups on the fulvene ring can be assessed. As mentioned in previous NMR studies on various pentafulvenes, 22c ring substituents have only a minor influence on chemical shifts. On the other hand, replacing the two H groups in the exocyclic position of 1 with cyano groups clearly shows a dramatic influence on the shifts of the exocylic carbon atoms. The UV-vis spectrum of 1 shows a sharp absorption at 284 nm with a shoulder at 316 nm and a weak broad absorption at observed, similar to 1,3-diphenyl-6-t-butyl (460 nm) and 1,3-diphenyl-6-fluorenylfulvene (451 nm). 24 The Stokes shift of 5800 cm -1 in 1 (between 348 and 438 nm) is much larger than the ones observed and reported in a series of 1,3,6-triarylfulvenes (around 3500 cm -1 ). 24 Single crystals of 1 suitable for XRD studies (Figure 1) were obtained by slow evaporation of a dichloromethane solution. The compound shows bond lengths and angles comparable to other fulvenes, such as 1,2,3,4,6-pentaphenylfulvene. [START_REF] Wu | Palladium-catalyzed annulation of aryl iodides with diphenylacetylene[END_REF] No significant changes were observed compared to the microwave structure of the parent fulvene (see SI, Table S1). 22a The electronic influence on structural parameters can be observed by comparison with the 6,6-dicyano analogue, exhibiting a longer exocyclic C=C bond due to the more electron-withdrawing groups. 23 

Reductive dimerisation with lanthanoids

Even though the reductive dimerisation of fulvenes by lanthanoid metals should be a stoichiometric process, a large panel of reaction conditions has been reported in the literature for different metals, most of them making use of an excess of the metal, and utilising various activation methods (e.g., iodine, amalgamation). 10,[START_REF] Fedushkin | Stereoselective Formation of C2-Symmetric Ansa-Lanthanocenes by Reductive Coupling of Acenaphthylene with Activated Ytterbium or Samarium[END_REF] Screening different metal to fulvene ratios, we found that the best results when synthesising the lanthanoid ansa complexes [Ln(C5Ph4CH2)2(thf)n] (Ln =, Sm (2) n = 2, Eu (3) n = 2, and Yb (4) n = 1) were obtained from the reaction of an excess of Ln metal (4 equivalents, activated with a crystal of iodine, ca. 5 mol %) with two equivalents of fulvene 1 and stirring the reaction mixture in thf for 72 hours at room temperature (Scheme 3). An insoluble precipitate, possibly some polymeric material, formed during the reaction, regardless of stoichiometry, and could not be identified despite numerous attempts. After removing this precipitate by filtration, the solution was concentrated under reduced pressure, and the ansa complexes 2-4 crystallised from the concentrated solutions in low to moderate yields. Single crystals of dark-red 3), and green-brown [Yb(C5Ph4CH2)2(thf)]•2.5thf (4) suitable for XRD studies were obtained from concentrated thf solutions upon standing at room temperature. When the reaction was conducted with Tm metal a yellow solution was observed and LDI-MS of the crude reaction mixture confirmed the presence of a [Tm(C5Ph4CH2)2] + species (see SI, Fig. S18), but no well-characterised complex could be isolated. During recrystallisation attempts of complex 3, small amounts of the ansa proligand (C5Ph4HCH2)2 ( 5), formed by adventitious hydrolysis, were obtained and identified by XRD (see SI, Fig. S23), however, the NMR analysis of 5 was hampered by the presence of a large number of regioisomers in the Cp rings. Scheme 3. Synthesis of ansa-octaphenylmetallocene complexes of Sm (2), Eu (3), and Yb (4).

[Sm(C5Ph4CH2)2(thf)2]•3thf (2), bright amber [Eu(C5Ph4CH2)2(thf)2]•3thf (
The purity of the new complexes 2-4 was confirmed by elemental analyses, and where possible, NMR spectroscopy.

Complexes 2-4 were also characterised by LDI-TOF mass spectrometry, a powerful tool initially used for the characterisation of poorly soluble decaphenylmetallocenes of Yb, Ca and Ba. 13a Analysis of the new Ln ansa complexes showed a signal at m/z 916.6 for 2, 917.5 for 3, and 938.6 for 4, in perfect agreement with the calculated values, and also the correct isotope distributions were observed (see SI, Fig. S15-S17).

Multinuclear NMR spectroscopy of complexes 2 and 4 revealed the influence of the ansabridge on the solution structure compared to the corresponding octa-and decaphenylmetallocenes. In the 1 H NMR spectrum of the diamagnetic complex 4, the signal for the CH2 groups of the ansa-bridge appears at 3.44 ppm and the thf peaks are very broad. The 171 Yb NMR spectrum of 4 in C6D6 at r.t. shows a broad signal at 163 ppm and in a thf/C6D6 mixture at 208 ppm, which is in the usual area for Yb-sandwich complexes. [START_REF] Hitchcock | Cp tt ] -, and [Cp R' 2SiMe2] 2-Ligands: Synthesis and Characterization of Bis(cyclopentadienyl)lanthanide(III) Halides and Bis(cyclopentadienyl)lanthanide(II) Complexes and Crystal Structures of [{NdCp R 2(μ-Cl)}2[END_REF] The signal for the nonbridged octaphenylytterbocene [Yb(C5Ph4H)2(thf)] was previously observed at 116 ppm in thf/C6D6. 13b 1 H and 13 C NMR spectra of the paramagnetic Sm ansa complex 2 provided some interesting insights compared to the non-bridged octaphenylsamarocenes Sm(C5Ph4H)2 and Sm(C5Ph2(ptol)2)2. 13c As previously shown, the phenyl groups next to the H on the C5Ph4H ring are more impacted by the paramagnetic metal center than the phenyl groups further away and the shifts are influenced by the solvent (Fig. 2). Similarly, in 2 the phenyl groups next to the ansa-bridge show broad signals at 17.47 and 13.21 ppm in a 8:4 ratio in C6D6 (Fig. 2c) whereas in C6D6/thf-d8 three signals were observed at 22.78, 12.48 and 10.50 in a 8:8:4 ratio (Fig. 2d) very close to the unbridged Sm(C5Ph4H)2 in neat C6D6 (Fig. 2a). A significant difference concerns the other phenyl rings, which were nearly not paramagnetically impacted in the unbridged complexes but are strongly influenced in the ansa complex at 5.76, 5.28 and 1.22 ppm in a 4:8:8 ratio. These data were confirmed by 1 H-1 H COSY experiments. The signal for the CH2 of the bridge appears between -2.50 and -4.25 ppm, depending on the solvent, shifted in the same direction as the ring C-H in Sm(C5Ph4H)2 (-9.58 ppm). The amount of thf present in the NMR tube had a huge impact in the unbridged complex, especially on the ring C-H (Fig. 2a,b), whereas for 2 much less influence was observed (Fig. 2c,d). This might be explained by a higher flexibility of the C5Ph4H ligand compared to the ansa ligand, as the former could accommodate more thf molecules at the metal center in solution. In the 13 C spectrum of 2, signals for all carbon atoms were observed in the range from -50 to 180 ppm, which is a slightly smaller range than for the unbridged complex (-86 to 191 ppm). The signal for the CH2 groups of the bridge was found at 87 ppm. 

X-ray crystal structures of 2-4

Single crystals suitable for X-ray diffraction were obtained for complexes 2-4. Their ORTEP diagrams are shown below (Fig. 3 and 4 and S20) and selected bond lengths and angles of complexes 2-4 are summarised in Table 1 alongside comparisons with other ansa complexes, and untethered sandwich complexes. The angle of Cn(1)-M-Cn(2) (γ) represents the angle between the vectors from the metal to the ring centroids, whilst the angle of Cn(1)-Cn(2) (β) represents the angle between the vectors normal to the ring centroids. These parameters are particularly useful, as the absolute value of difference between these parameters (i.e. |γ -β|) reflects the amount of slippage of the metal from a standard η 5 mode of coordination to each ring. 2a These parameters are illustrated in Figure 5, and the values summarised in Table 1. The Sm complex 2 and Eu complex 3 are isomorphous, both crystallising in the monoclinic space group P21 and having two thf molecules coordinated to the metal centre (Figure 3). The cyclopentadienyl rings of 2 and 3 display similar Cn(1)-Ln(1)-Cn(2) angles of 115.83( 7)˚ and 115.78(9)˚ respectively, owing to their similar ionic radii. The ansa complexes 2 and 3 exhibit longer metal to centroid bond lengths than those observed for their octaphenyl counterparts (2: Sm-Cn = 2.625(2) and 2.672(3) vs. octaphenylsamarocene: Sm-Cn = 2.573 and 2.564 Å, and 3: Eu-Cn = 2.616(2) and 2.6246 (18) vs. the dme solvate of octaphenyleuropocene: Eu-Cn = 2.599 and 2.596 Å) (summarised in Table 1). In the case of the Sm complexes, this difference in lengths can be partly explained by the change in coordination numbers from seven to eight, and dme is less bulky than two thf molecules. The angle of the Cp rings in complex 2 about the Sm metal centre (115.83(7)˚) is much smaller than that observed for octaphenylsamarocene (151.47 ˚), 13c again demonstrating the influence of the tether on the interplanar angle. Complex 4 crystallised in the monoclinic C2/c space group, whereby the Yb centre is coordinated to the two cyclopentadienyl rings, and one molecule of thf (Figure 4). The planar angle between the two cyclopentadienyl rings with respect to the ytterbium centre is 124.61(5)˚, much smaller than the corresponding angle of octaphenylytterbocene (150.84(9)˚), 13b which demonstrates the strong influence of the CH2-CH2 tether on the interplanar angle. The Yb-Cn bond lengths observed for 2 are consistent with those reported for the analogous thf-complexed octaphenylytterbocene (Yb-Cn = 2.440(3) and 2.448(3) Å) 13b (summarised in Table 1), and slightly longer than that of decaphenylytterbocene (Yb-Cn = 2.3710 (12) and 2.3814(13) Å for the ytterbocene with lattice C6D6, 13d and 2.3711(10) Å for the solvent-free ytterbocene). 13a The differences between 4 and [Yb(C5Ph5)2] are consistent with the difference in coordination number (7 to 6).

Table 1 also summarises the comparison of various parameters between the recently reported divalent ansa complexes A-Ln synthesised by Balaich et al. 5 (see Scheme 1) and our new complexes. The reported A-Ln complexes are more open (smaller Cp-M-Cp angle) despite the presence of only two phenyl rings on the Cp ligand, however, this could be related to the presence of two dme molecules in A-Sm, A-Eu (10-coordination) and one dme in A-Yb (8coordination) vs only two thf in complexes 2 and 3 (8-coordination) and one thf in complex 4 (7-coordination). The ring slippage is significantly larger in 2-4 as is the twist angle of the ethylene bridge. These parameters may indicate a stronger steric crowding in complexes 2-4 caused by the four phenyl groups on the Cp ligand, and despite the presence of the two bulky tBu groups on the tether in A-Ln. Figure 5 -Visual representation of geometric parameters, γ and β, in a generic C2 ansa complex.

Luminescence studies of divalent Eu complex 3

Molecular divalent europium complexes have recently gained renewed interest for their luminescence properties, especially as the emission can vary in energy (from blue to red), demonstrated with a range of organic 27 or inorganic ligands 28 or host lattices. 29 This has led to applications in light-emitting devices, sensing and catalysis. 30 Divalent europium shows strong broad band luminescence due to transitions between the lowest excited [Xe]4f 6 5d 1 configuration of the Eu II ion and the [Xe]4f 7 ground state. 31 While the interaction of the 4f orbitals with their surrounding ions is weak, the 5d orbitals are influenced by the ligand field and therefore the 4f 7 -4f 6 5d 1 electronic transitions are influenced by the chemical environment of Eu II . As a result, the emission wavelengths, lifetimes and quantum yields of divalent europium can vary in energy depending on the ligands, lattice and nature of any counter-ions.

Whereas emission for complexes based on Cp and COT ligands is generally found in the orange-red spectral range, 13c,f,27f-h inorganic halide or pseudo halide complexes often emit in the blue, 28 including the recent NHC complex [EuI2(IMes)(thf)3] and the strongly emissive azacryptand complexes. The luminescence properties of the new divalent ansa Eu complex 3 were investigated. In toluene, complex 3 showed a maximum emission in the deep red region at 720 nm after excitation at 359 nm (see SI, Fig. S25), which is considerably red-shifted compared to the previously reported orange-red emitting penta-and tetraphenyl sandwich complexes (616 and 645 nm respectively). 13c To date, only [EuCp*2(Et2O)] has been reported to emit at even higher wavelengths (730 nm). 27g Broadband Vis-NIR emitters are currently an active research field. 30c

In the solid state, the red-shift of 3 was less pronounced with a broad emission band whose maximum is at 685 nm (see Figure 6). The excitation spectrum has two broad bands at 360 and 440 nm, close to the one for decaphenyleuropocene (345 and 420 nm) (see SI, Fig. S26). From these values, a large Stokes shift of 8100 and 7700 cm -1 can be estimated for 3 and [Eu(C5Ph5)2],

respectively. It is noteworthy that no evidence of structural re-organisation within the luminescent complex upon excitation is noted, as no emission spectral shifting is observed during the emission. The apparent increased ligand field effect of the ansa ligand on the d-orbitals of europium and consequent bathochromic effect on the emission wavelengths with respect to the non-bridged complexes seems not to be in good agreement with the crystallographic data. 32a Actually, the Eu-Ct distances significantly increase when going from the pentaphenyl to the tetraphenyl and then to the ansa complex (2.489 vs 2.598 vs 2.620 Å). However, it is also very probable that the presence of one dme or two thf molecules in the unbridged and bridged octaphenyleuropocenes could significantly influence the emission energy, as well as the Cp ligand-metal distance and geometry. Interestingly, the luminescence lifetime of the new ansa complex in the solid state was considerably longer (2.14 μs) than in the penta-and tetraphenyl complexes (0.55 and 1.07 μs). 13c To date the longest lifetimes have been determined for the amide complex [Eu(NR2)2] (R = Si( i Pr)3) with up to 50 μs, 27k whereas most other complexes are usually around or below 1 μs.

CONCLUSION

Three new divalent ansa-bridged octaphenyllanthanocene complexes [Ln(C5Ph4CH2)2(thf)n] (Ln = Sm, n = 2 (2); Ln = Eu, n = 2 (3), Ln = Yb, n = 1 (4)) were synthesised by straightforward reductive dimerisation of 1,2,3,4-tetraphenylfulvene with iodine activated lanthanoid metals.

Full characterisation of these complexes by NMR, LDI-TOF and XRD revealed a significant effect of the ansa-bridge on the geometry and the electronic parameters compared to previously reported unbridged octa-and deca-phenylmetallocene complexes. Especially, the luminescence studies on the divalent Eu complex 3, which is among the most red-shifted emitters, shows ligand tethering to be an additional means to regulate luminescence. Reactivity studies of these new complexes towards small molecule activation are underway. The much more open coordination sphere around the metal, thanks to the ansa-bridge, should make them more reactive compared to the non-bridged octa-and especially deca-phenylmetallocenes which lack considerable reactivity towards most electrophiles. 13a,g Furthermore, the readily available and tunable tetraphenylfulvenes are currently under investigation to access non-symmetrical ansa ligands with one bulky and one smaller coordination site for selective catalysis purposes.
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 1 Figure 1. Molecular structure of 1,2,3,4-tetraphenylfulvene 1.
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 2 Figure 2. Comparison of 1 H NMR data of unbridged Sm complexes (a, b) 13c and the new Sm
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 3 Figure 3 -ORTEP diagram of complex 3 (also representative of 2) showing atom-numbering
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 4 Figure 4 -ORTEP diagram of complex 4 showing atom-numbering scheme for relevant

Figure 6 .

 6 Figure 6. Time-resolved photoluminescence spectrum of solid 3 (ex = 532 nm). LUT/

  

Table 1 .

 1 Comparison of ansa complexes (2-4) with unbridged cyclopentadienyl based lanthanoid complexes13a-d and ansa complexes A-Ln.5 

	Parameter	2	Sm(C5Ph4H)2(thf)	A-Sm	3	Eu(C5Ph4H)2(dme) Eu(C5Ph5)2	A-Eu	4	Yb(C5Ph4H)2(thf) Yb(C5Ph5)2	A-Yb
	M-Cn(1)	2.625(2)	2.5733(19)	2.6756(10)	2.616(2)	2.5963(18)	2.4890(17) 2.6822(11) 2.4105(14)	2.448(3)	2.3711(10)	2.399(2)
	M-Cn(2)	2.627(3)	2.5642(18)	2.6756(10) 2.6246(18)	2.5994(18)	2.4890(17) 2.6822(11) 2.4151(14)	2.440(3)	2.3711(10)	2.381(2)
	M-O(1)	2.646(4)	2.488(3)	2.6682(15)	2.605(3)	2.547(3)	-	2.696(2)	2.389(2)	2.369(5)	-	2.452(4)
	M-O(2)	2.613(4)	-	2.7101(17)	2.628(3)	2.579(3)	-	2.649(2)	-	-	-	2.421(4)
	Cn(1)-M-Cn(2) (γ)	115.78(9)	151.47(6)	104.83(4)	115.83(7)	128.62(5)	180.00(0) 104.48(6) 124.61(5)	150.84(9)	180.00(0)	115.95(7)
	Cn(1)-Cn(2) (β)	112.0(2)	152.61(16)	104.80(13) 111.72(19)	122.67(15)	-	104.58(14) 120.48(13)	151.4(2)	-	113.13(19)
	Slippage (|γ -β|)	3.78	1.14	0.03	4.11	5.95	-	0.10	4.13	0.56	-	2.82
	Ethylene											
	Bridge	59.7(6)	-	37.0(4)	60.1(5)	-	-	36.6(5)	59.5(4)	-	-	47.4(5)
	Twist											
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Synopsis : New divalent ansa-octaphenyllanthanocene complexes were synthesised by reductive dimerisation of 1,2,3,4-tetraphenylfulvene and their X-ray structures and spectroscopic properties (multinuclear NMR spectroscopy, luminescence) compared to unbridged octaphenyl and decaphenyl sandwich complexes.