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Treatment of Fe[BF4]2•6H2O with 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one (HL 1 ) or 4,6-di(4-methylpyrazol-1-yl)-1Hpyrimid-2-one (HL 2 ) affords solvated crystals of [{Fe III (OH2)6}Fe II 8(-L)12][BF4]7

(1, HL = HL 1 ; 2, HL = HL 2 ). The centrosymmetric complexes contain a cubic arrangement of iron(II) centers, with bis-bidentate [L] -ligands bridging the edges of the cube. The encapsulated [Fe(OH2)6] 3+ moiety templates the assembly through twelve O-H…O hydrogen bonds to the [L] -hydroxylate groups. All four unique iron(II) ions in the cages are crystallographically high-spin at 250 K, but undergo a gradual high→low spin-crossover on cooling, which is predominantly centered on one iron(II) site and its symmetry-related congener. This was confirmed by magnetic susceptibility data, LIESST effect measurements and, for 1, Mössbauer spectroscopy and diffuse reflectance data. The clusters are stable in MeCN solution, and 1 remains high-spin above 240 K in that solvent. The cubane assembly was not obtained from reactions using other iron(II) salts or 4,6-di(pyrazol-1-yl)pyrimidine ligands, highlighting the importance of hydrogen bonding in templating the cubane assembly.

Introduction

Spin-crossover (SCO) compounds are an important class of molecular switch, which undergo a transition between a high-spin and low-spin electronic configuration under temperature, pressure, irradiation or other physical stimuli. [START_REF]Spin Crossover in Transition Metal Compounds I-III[END_REF][START_REF]Spin-Crossover Materials -Properties and Applications[END_REF][START_REF] Zarembowitch | Spin Crossover Phenomenon -Preface and Introduction C[END_REF][START_REF] Kumar | Emerging Trends in Spin Crossover (SCO) Based Functional Materials and Devices[END_REF][5] This electronic rearrangement also changes the structure of a molecule, and thus of the lattice containing it. [START_REF] Halcrow | Structure:Function Relationships in Molecular Spin-Crossover Complexes[END_REF] As a result, SCO transitions perturb many physical properties of a material. 7 This has been exploited to produce switchable conducting, 8,9 dielectric, 9,10 ferroelectric, 11 fluorescent, 12 mechanically responsive 13 and molecular magnet materials [START_REF] Ohkoshi | Light-Induced Spin-Crossover Magnet[END_REF] based on SCO components. While SCO is most often observed in molecular crystals and coordination polymers, 15 it can also be incorporated into guest-responsive frameworks [START_REF] Sciortino | Two-Dimensional Coordination Polymers with Spin Crossover Functionality[END_REF] and in soft materials. [START_REF] Gaspar | Spin Crossover in Soft Matter[END_REF] Moreover, SCO switching properties are retained at micro and nano length scales, [START_REF] Kumar | Emerging Trends in Spin Crossover (SCO) Based Functional Materials and Devices[END_REF]5,18 and even at the single molecule level. 19 This has led to several applications for SCO compounds in macroscale, nanoscale and molecular devices being demonstrated in prototype form. [START_REF] Kumar | Emerging Trends in Spin Crossover (SCO) Based Functional Materials and Devices[END_REF][START_REF] Hayami | Spin-State Switches in Molecular Materials Chemistry[END_REF] With this in mind, there is interest in (supra)-molecular assemblies of SCO centers, which can switch between multiple states if their components undergo SCO selectively. 21 Some dinuclear compounds, 21-25 molecular squares [START_REF] Newton | Cyanide-Bridged Molecular Squaresthe Building Units of Prussian Blue[END_REF][START_REF] Stout | Spin Crossover in Tetranuclear Fe(II) Complexes, {[(tpma)Fe(μ-CN)]4}X4 (X = ClO4 -, BF4 -)[END_REF] and grid complexes 28,[START_REF] Shen | Redox Modulation of Spin Crossover within a Cobalt Metallogrid[END_REF] have this property, of undergoing SCO at specific sites under different conditions in the solid state. Tetrahedral coordination cages, 21,[START_REF] Scott | Spin Crossover in Homoleptic Fe(II) Imidazolylimine Complexes[END_REF]24,[START_REF] Li | Recent examples of SCO-active tetrahedral coordination cages[END_REF] metallomacrocycles [START_REF] Kershaw-Cook | An Iron(II) Spin-Crossover Metallacycle from a Back-To-Back Bis-[dipyrazolylpyridine[END_REF] and a handful of larger assemblies with multiple SCO centers 21,[START_REF] Unruh | Spin State Switching of Metal Complexes by Visible Light or Hard X-Rays[END_REF][33][START_REF] Struch | An Octanuclear Metallosupramolecular Cage Designed to Exhibit Spin-Crossover Behavior[END_REF][35][START_REF] Arczyński | A Family of Octahedral Magnetic Molecules Based on [Nb IV (CN)8] 4[END_REF][37][START_REF] Yan | Spin-Crossover Phenomenon in a Pentanuclear Iron(II) Cluster Helicate[END_REF] are also known, although their SCO switching often occurs in a gradual and less well-defined manner. We report here two examples of a supramolecular, templated iron(II) cubane assembly which both undergo SCO at two of their eight vertices. These are the largest molecules yet known to exhibit site-selective SCO. Experimental Section 2-Methyl-4,6-bis(pyrazol-1-yl)-1,3-pyrimidine (L 3 ), [START_REF] Ortiz | New [2×2] Copper(I) Grids as Anion Receptors. Effect of Ligand Functionalization on the Ability to Host Counteranions by Hydrogen Bonds[END_REF] 2-amino-4,6-bis(pyrazol-1-yl)-1,3-pyrimidine (L 4 ) [START_REF] Ortiz | New [2×2] Copper(I) Grids as Anion Receptors. Effect of Ligand Functionalization on the Ability to Host Counteranions by Hydrogen Bonds[END_REF] and the reagent sodium 4,6-dichloro-pyrimidin-2-onate [START_REF] Hübsch | Part XLII. Synthesis and Properties of 6,7,8-Trimethyl-4-thiolumazine[END_REF] were prepared by the literature procedures. Synthesis of 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one (HL 1 ). Sodium 4,6-dichloro-pyrimidin-2-onate (0.59 g, 3.2 mmol), pyrazole (0.50 g, 7.2 mmol) and sodium hydride (0.29 g, 7.2 mmol) were suspended in tetrahydrofuran (40 cm 3 ). The mixture was stirred at 65 o C under N2 for 18 hrs, then the solvent was removed under vacuum affording the sodium salt Na[L 1 ] as a solid residue. This was dissolved in water (35 cm [START_REF] Zarembowitch | Spin Crossover Phenomenon -Preface and Introduction C[END_REF] ) and dilute HCl was slowly added until the solution reached pH 5. Extracted of the acidified solution with chloroform (3x 50 cm 3 ), followed by evaporation to dryness of the dried washings, afforded HL 1 in NMR purity. Yield 0.50 g, 69 %. Mp 223-224 °C. ES + -MS m/z 229.0833 (calcd for [H2L 1 ] + 229.0832), 251.0655 (calcd for [NaHL 1 ] + 251.0652). [START_REF]Spin Crossover in Transition Metal Compounds I-III[END_REF] H NMR ({CD3}2SO) δ 6.67 (dd, 1.7 and 2.6 Hz, 2H, Pz H 4 ), 7.82 (s, 1H, Pym H 5 ), 7.96 (d,1.7 Hz,2H,Pz H 3 ),8.59 (m,2H,Pz H 5 ). 13 C NMR ({CD3}2SO) δ 87.1 (1C, Pym C 5 ), 109.4 (2C, Pz C 4 ), 127.9 (2C, Pz C 3 ), 144.1 (2C, Pz C 5 ), 159.9 (2C, Pym C 4/6 ), 164.7 (1C, Pym C 2 ).

Synthesis of 4,6-di(4-methylpyrazol-1-yl)-1H-pyrimid-2-one (HL 2

). Method as for HL 1 , using sodium 4,6-dichloro-pyrimidin-2onate (0.82 g, 4.4 mmol), 4-methylpyrazole (0.90 g, 10.9 mmol) and sodium hydride (0.5 g, 12.5 mmol) in tetrahydrofuran (50 cm 3 4). A solution of HL 1 (0.20 g, 0.88 mmol) in acetonitrile (85 cm 3 ) was added to another solution of Fe[BF4]2•6H2O (0.25 g, 0.73 mmol) in acetonitrile (25 cm 3 ). The mixture was stirred at room temperature for 15 mins, then filtered. Slow diffusion of diethyl ether vapor into the yellow solution, over a period of 3 days, afforded red/orange crystals of 1•6MeCN with an octahedral morphology, together with an orange powder that was removed by decantation. The crystals are stable to exposure to air at 298 K for a period of hours, but decompose to a solvent-free material after drying in vacuo. Yield 0.18 g, 63 %. Elemental analysis for C120H96B7F28Fe9N72O18 found (calcd) (%) C, 36.7 (36.5), H, 2.22 (2.45), N, 25.4 (25.6). ESMS m/z 570.7 (13, [Fe(H2O)

6⊂Fe8(L 1 )12(BF4)] 6+ ), 702.3 (57, [Fe(H2O)6⊂Fe8(L 1 )12(BF4)2] 5+ ), 899.3 (80, [Fe(H2O)6⊂Fe8(L 1 )12(BF4)3] 4+ ),
1228.1 (100, [Fe(H2O)6⊂Fe8(L 1 )12(BF4)4] 3+ ), 1885.6 (7, [Fe(H2O)6⊂Fe8(L 1 )12(BF4)5] 2+ ). [START_REF]Spin Crossover in Transition Metal Compounds I-III[END_REF] H NMR (CD3CN) δ 5.9, 60.1 (both 24H, Pz H 3 and H 5 ), 79.7 (24H, Pz H 4 ), 114.1 (12H, Pym H 5 ).

On one occasion, a paler yellow crystal of [Fe(HL 1 )2(OH2)3(NCMe)][ClO4]2 (4) was isolated from one of these crystallization vials, and crystallographically characterized. This compound could not be isolated in pure form, however, so its analytical characterization was not achieved.

Synthesis of [{Fe III (OH2)6}Fe II 8(-L 2 )12][BF4]7 (2).

A solution of HL 2 (0.050 g, 0.20 mmol) in acetonitrile (7.5 cm 3 ) was added to another solution of Fe[BF4]2•6H2O (0.026 g, 0.078 mmol) in acetonitrile (5 cm 3 ). The mixture was stirred at 298 K for 2 hrs, then filtered. Slow diffusion of a mixture of diethyl ether and di-isopropyl ether into the yellow solution, over a period of 3-5 days, afforded red crystals of 2•xMeCN•yEt2O. These crystals decompose readily on exposure to air to a solvent-free powder. Yield 0.029 g, 79 %. Elemental analysis for C144H144B7F28Fe9N72O18 found (calcd) (%) C, 40.2 (40.4), H, 3.46 (3.39), N, 23.4 (23.6). ESMS m/z 983. 4 (11, [Fe(H2O) (20 mg, 0.088 mmol) in acetonitrile (3 cm 3 ) was mixed with Fe[ClO4]2•6H2O (31 mg, 0.088 mmol) in acetonitrile (4 cm 3 ), affording an intensely yellow solution. The solution was stirred at room temperature for 2 hrs, then left to slowly evaporate under ambient conditions. Orange crystals of 3 appeared on the wall of the vial after 2 days, together with a larger quantity of an amorphous material of unknown composition. Yield 19 mg, 35 %. Elemental analysis for C14H18Cl2FeN8O11 found (calcd) (%) C, 27.8 (28.0); H, 2.85 (3.02), N, 18.4 (18.6).

CAUTION. Although we have experienced no issues while handling 3, metal-organic perchlorates are potentially explosive and should be handled with care in small quantities.

Synthesis of catena-[Fe(-L 3 )(OH2)(solv)]

[BF4]2 (5, solv = acetone; 5b, solv = H2O). Filtered solutions of L 3 (22 mg, 0.097 mmol) in acetone (7 cm 3 ), and of Fe[BF4]2•6H2O (30 mg, 0.089 mmol) in acetone (5 cm 3 ), were mixed to afford a yellow solution that slowly deposited a small amount of insoluble yellow powder upon standing. After the precipitation ceased the solution was filtered, and the supernatant was crystallized by slow diffusion of diethyl ether vapor. One such reaction afforded yellow single crystals of formula [Fe(L 3 )(OH2)(acetone)][BF4]2•H2O (5•H2O, see below). However, on other occasions this procedure yielded an insoluble yellow powder analysing as [Fe(L 3 )(OH2)2][BF4]2 (5b), where the coordinated acetone is presumably replaced by another water ligand. Yield 21 mg, 43 % yield. Elemental analysis for C11H14B2F8FeN6O2 (5b) found (calcd) (%) C, 26.7 (26.9), H, 2.78 (2.87), N, 17.0 (17.1).

Single Crystal Structure Analyses

Diffraction data for HL 1 and 1•6CH3CN were recorded at station I19 of the Diamond synchrotron (λ = 0.6889 Å). Other crystallographic data were measured with an Agilent Supernova dual-source diffractometer using monochromated Cu-Kα (λ = 1.5418 Å) radiation. All the structures were solved by direct methods (SHELXS97 [START_REF] Sheldrick | Crystal Structure Refinement with SHELXL[END_REF] ), and developed by full least-squares refinement on F 2 (SHELXL97 41 ). Experimental details for the structure determinations (Tables S1-S3) and descriptions of the crystallographic refinements are given in the Supporting Information.

Crystallographic figures were prepared using XSEED. [START_REF] Barbour | X-Seed -A Software Tool for Supramolecular Crystallography[END_REF] Octahedral coordination volumes (VOh) and the volumes of the metallacubane cages were calculated with Olex2. [START_REF] Dolomanov | OLEX2: a Complete Structure Solution, Refinement and Analysis Program[END_REF] Bond valence sum calculations were performed using literature parameters for high-spin and low-spin Fe-N and Fe-O bonds. 44 

Other measurements

Crystals of 1•6MeCN and 2•xMeCN•yEt2O were sent to collaborating labs for Mössbauer spectroscopy, LIESST and diffuse reflectance measurements. Since loss of lattice solvent from those materials could occur during transit or sample preparation, the solvent content of the samples used for those measurements is uncertain. Dried, polycrystalline 1 and 2 have reduced long-range order but otherwise retain their solid state structures, from X-ray powder diffraction and magnetic susceptibility data (Figures S13-S15).

Elemental microanalyses were performed by the London Metropolitan University microanalytical service. Electrospray mass spectra were recorded on a Bruker MicroTOF-q instrument, from CHCl3 solution (organic compounds) or CH3CN solution (metal complexes). Diamagnetic NMR spectra employed a Bruker DPX300 spectrometer operating at 300.1 MHz ( 1 H) or 75.5 MHz ( 13 C), while paramagnetic NMR spectra used a Bruker Ascend400 (400.1 MHz) or Jeol JNM-ECA600II (600.1 MHz) spectrometer. X-ray powder diffraction data were measured using a Bruker D2 Phaser diffractometer. Simulated powder patterns were produced by Lazy Pulverix, 45 which is part of the XSeed software suite. [START_REF] Barbour | X-Seed -A Software Tool for Supramolecular Crystallography[END_REF] Solid state magnetic susceptibility measurements were performed on a Quantum Design MPMS-3 magnetometer, with an applied field of 5000 G and a scan rate of 5 Kmin -1 . Freshly prepared 1•6MeCN and 2•xMeCN•yEt2O were protected from solvent loss during the measurements with a drop of diethyl ether in the sealed sample holder. Diamagnetic corrections for the sample (estimated from Pascal's constants) [START_REF] O'connor | Magnetochemistry -Advances in Theory and Experimentation[END_REF] and the sample holder were applied to the data. Magnetic measurements in solution were obtained by Evans method using a Bruker Avance500 spectrometer operating at 500.13 MHz. 47 A diamagnetic correction for the sample, 47 and a correction for the variation of the density of the solvent with temperature, [START_REF] García | Excess Viscosity η E , Excess Volume V E , and Excess Free Energy of Activation ΔG[END_REF] were applied to these data.

Diffuse reflectance data were obtained using a home-built reflectivity set-up coupled to a CVI spectrometer, which allows us to collect both the reflectivity spectra in the 450-950 nm range at a given temperature and to follow the temperature dependence of the signal at a selected wavelength ( 2.5 nm) between 5-290K. The instrument is equipped with an optical detector, which collects the whole reflected intensity affording the total reflectivity signal as a function of temperature. The white light source is a halogen lamp emitting between 300-2400 nm. This analysis was directly performed on thin layer of the available solid samples in form of polycrystalline powder without any dispersion in a matrix.

Photomagnetic measurements were performed using a set of photodiodes coupled via an optical fibre to the cavity of a MPMS-55 Quantum Design SQUID magnetometer operating at 20 kOe. The powder sample was prepared in a thin layer (~0.1 mg on around 100 µm thickness) to promote full penetration of the irradiated light. The sample mass was obtained by comparison with the thermal spin transition curve measured on a larger, accurately weighed polycrystalline sample. The sample was first slow cooled to 10 K, ensuring that potential trapping of HS species at low temperatures did not occur. Irradiation was carried out at 405, 510, 650, 830 and 1550 nm. The power of the sample surface was adjusted to 5 mW cm -2 (calibrated outside the SQUID magnetometer). Irradiation at 650 nm was found to be most efficient in this system. Once photo-saturation was reached, irradiation was ceased and the temperature increased at a rate of 0.3 K min -1 to ~100 K and the magnetization measured every 1 K to determine the T(LIESST) value given by the minimum of the δχMT/δT vs T curve for the relaxation. [START_REF] Létard | Structural, Magnetic, and Photomagnetic Studies of a Mononuclear Iron(II) Derivative Exhibiting an Exceptionally Abrupt Spin Transition. Light-Induced Thermal Hysteresis Phenomenon[END_REF] The magnetization was also measured in the absence of irradiation between 10-290 K, to follow the thermal spin transition and to obtain a low temperature baseline. 57 Fe Mössbauer spectra were obtained in transmission geometry using a constant acceleration spectrometer operated in conjunction with a 512-channel analyser in the time-scale mode (WissEl GmbH). The source contained 57 Co diffused in Rh with an activity of 1.4 GBq. The spectrometer was calibrated against α-iron at room temperature. A continuous flow cryostat (OptistatDN, Oxford Instruments) was utilized for variable temperature measurements. Spectra were simulated using the public domain program Vinda running in Excel 2003®. [START_REF] Gunnlaugsson | Spreadsheet Based Analysis of Mössbauer Spectra[END_REF] The spectra were analysed by leastsquares fits using Lorentzian line shapes. In addition to the Mössbauer isomer shift δ and quadrupole splitting ΔEQ parameters, the linewidth at half maximum Γ is given in Table S14.

Results and Discussion

The new ligands 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one (HL 1 ) and 4,6-di(4-methylpyrazol-1-yl)-1H-pyrimid-2-one (HL 2 , Chart 1) were prepared in 69 % yield, by reaction of sodium 4.6-dichloro-2pyrimidonate [START_REF] Hübsch | Part XLII. Synthesis and Properties of 6,7,8-Trimethyl-4-thiolumazine[END_REF] with 2.25 equiv of the appropriate pyrazole in the presence of sodium hydride as base. Crystallographic data show both ligands adopt the 4,6-di(pyrazol-1-yl)-1H-pyrimid-2-one tautomeric structure shown in Chart 1, rather than the alternative 2hydroxy-4,6-di(pyrazol-1-yl)pyrimidine form (Figures S3 andS4). This is also evident by 13 

[{Fe(OH2)6}Fe8(-L 1 )12][BF4]7•6MeCN (1•6MeCN) or [{Fe(OH2)6}Fe8(-L 2 )12][BF4]7•xMeCN•yEt2O (2•xMeCN•yEt2O
) as red/orange prisms upon slow diffusion of diethyl ether antisolvent. Yields of these syntheses were variable, at 30-65 % for 1 and up to 79 % for 2. Fresh crystals of 2•xMeCN•yEt2O have x = y = 2.5, but this solvent content was slowly lost during multiple data collections from the same crystal (Table S2). That solvent loss had no effect on the quality of the diffraction data over the timescale of the experiment, although drying the crystals in vacuo leads to loss of long-range order.

The assemblies comprise a [Fe8(-L)12] 4+ ([L] -= [L 1 ] -or [L 2 ] -) cluster with a cubane connectivity, encapsulating a [Fe(OH2)6] 3+ guest molecule that spans a crystallographic inversion center (Figure 1). The assignment of the cubane vertices as iron(II) centers, and the encapsulated guest as an iron(III) species was supported by bond valence sum calculations (Tables S12 andS13), [START_REF] O'keeffe | The Prediction and Interpretation of Bond Lengths in Crystals[END_REF] and by Mössbauer spectroscopy of 1 as described below. 3) Å at 100 K, and its internal volume is ca 90 Å 3 . [START_REF]The internal volume of the [Fe8(-L 1 )12] 4+ cage in 1•6MeCN was calculated to be 89.6 Å 3 at 250 K and 92.5 Å 3 at 100 K, using a 0[END_REF] The aqua ligands of the guest cation are oriented to the centers of the faces of the cubane, and each donates short hydrogen bonds to the O atoms from two [L 1 ] -ligands [O{OH2)…O{L 1 } = 2.588(4)-2.614(4) Å at 100 K]. 53 The corresponding parameters in 2 are essentially the same as for 1, although its Fe…Fe distances span a slightly narrower range (Tables S7-S11). The assemblies differ, however, in the conformations of their [L] -ligands which are noticably more twisted in 2 than in 1. That may be caused by steric contacts between the [L 2 ] -methyl substituents, on ligands on opposite edges of each face of the cubane (Figure 2). These methyl groups are separated by C...C = 3.5-3.7 Å, which is within the sum of their Pauling Van der Waals radii (4.0 Å 54 ).

Further consideration of 1•6MeCN is complicated by pyrazolyl group disorder, reflecting intramolecular steric clashes between [L 1 ] -ligands (Figure S9). However, insight is provided by the volume of the FeN6 or FeO6 coordination octahedra (VOh), which is a common crystallographic measure of spin states in SCO complexes (Table 1). High-and low-spin iron(II) complexes with bidentate diimine ligands typically exhibit VOh ≈ 13 and 10 Å 3 , respectively. [START_REF] Guionneau | Structural Aspects of Spin Crossover. Example of the [Fe II Ln(NCS)2] Complexes[END_REF] By that measure, Fe(1) in 1•6MeCN exhibits gradual SCO on cooling. The high-temperature onset of this SCO is ca 300 K, by extrapolation of the data, while the transition is 80±5 % complete at 100 K. While the other unique vertices Fe(2)-Fe( 4) are high-spin at 250 K, Fe(2) also shows the onset of gradual SCO below 150 K. Vertices Fe (3) and Fe(4), and the [Fe(OH2)6] 3+ guest Fe (5), remain fully high-spin at all the temperatures investigated.

No such ligand disorder occurs in 2•xMeCN•yEt2O, which affords a clearer picture of the spin states in that molecule. In this case, VOh indicates that all four unique iron(II) centers in the asymmetric unit are high-spin at 250 K (Table 2). Cooling the crystals induces gradual SCO in Fe(1) below 250 K, while small reductions in VOh for Fe (2) and Fe(3) in the 125 K structure also imply the onset of SCO at those centers. Atoms Fe(4) and Fe( 5) in 2•xMeCN•yEt2O remain fully high-spin on cooling, as before. Hence, SCO in both compounds occurs predominantly at Fe(1) and its symmetry equivalent in the centrosymmetric cluster, with the onset of SCO at one or two other cubane vertices also being evident at the low-temperature limits of the measurements.

Apart from the bond length changes at Fe( 1), SCO has little effect on the dimensions of the [Fe8(-L)12] 4+ cages. However, some pyrazolyl groups bound to Fe(1) and Fe(3) in 1 are displaced by up to 0.50 Å between the high-spin and low-spin structures (Figure S11). This may allow the SCO-induced contraction at Fe(1) and Fe(1 i ) to occur without significantly changing the internal volume of the cages, which is constrained by the [Fe(OH2)6] 3+ guest. [START_REF]The internal volume of the [Fe8(-L 1 )12] 4+ cage in 1•6MeCN was calculated to be 89.6 Å 3 at 250 K and 92.5 Å 3 at 100 K, using a 0[END_REF] Smaller heavy atom displacements of ≤0.35 Å occur in 2 on cooling, possibly because the SCO at Fe( 1) is less complete at 125 K in that compound (Figure S12). The steric influence of the encapsulated [Fe(OH2)6] 3+ might explain the incompleteness of SCO in 1 and 2, by inhibiting contraction of the cages that would result upon SCO at the other vertices. The higher temperature SCO at Fe(1) in 2 may have a geometric origin, according to the dihedral angles between the three bidentate ligand fragments coordinated to each vertex. These angles should be 90° in an ideal tris-chelate complex, where all ligands are perpendicular to each other. However, the average inter-ligand dihedral angle in high-spin 2•xMeCN•yEt2O at 250 K is 84.95(12)° for Fe(1), 79.57(12)° for Fe(2), 75.46(10)° for Fe(3) and 71.17(10)° for Fe(4) (Table S8). Hence, the arrangement of [L 2 ] -ligands about Fe(2)-Fe( 4) is significantly more twisted than for Fe (1). This is also reflected in the  bond angle parameter, which shows that more twisted ligand geometries induce greater deviations from an ideal octahedral coordination geometry at each vertex (Table S8). [START_REF]cis-N-Fe-N bond angle from 90°. A perfect octahedral complex gives = 0[END_REF] Thus, the more geometrically flexible high-spin state should be stabilized in Fe( 2)-Fe( 4), disfavoring SCO at those sites as observed. [START_REF] Halcrow | Structure:Function Relationships in Molecular Spin-Crossover Complexes[END_REF]  for Fe(1) decreases at 125 K, reflecting its spin transition, [START_REF] Guionneau | Structural Aspects of Spin Crossover. Example of the [Fe II Ln(NCS)2] Complexes[END_REF] but otherwise these parameters vary only slightly on cooling. That is consistent with the small structural changes during SCO noted above.

Figure 3

The lattice environments about the [Fe(L 1 )3] -fragments centered on Fe (1) and Fe(3) in 1•6MeCN at 250 K. The main residues have 30 % displacement ellipsoids, while neighbor molecules are de-emphasized. Short contacts between ligands bound to Fe (3) and Fe(3 ii ), which might inhibit SCO at that vertex, are highlighted. Color code: C, white or dark grey; H, pale grey; Fe, green; N, pale or dark blue; O, red; BF4 -or MeCN, yellow. Symmetry codes: (ii) 1-x, 1-y, 1-z; (iii) 3 /2-x, -1 /2+y, 3 /2-z.

While a similar analysis for 1•6MeCN is again impeded by its ligand disorder, Fe(1) and Fe( 3) have apparently less distorted geometries than Fe (2) and Fe( 4) in that cubane assembly at 250 K. That would disfavor SCO at Fe (2) and Fe( 4) in 1•6MeCN, as above. Moreover, the lattice cavity occupied by the ligands bound to SCO-active Fe( 1) is more open and disordered than for Fe(3), one of whose ligands forms a close steric contact with its symmetry equivalent bound to Fe(3 ii ) (symmetry code: (ii) 1-x, 1-y, 1-z; Figure 3). Its more constricted environment could prevent Fe(3) undergoing the geometric changes that would accompany SCO. [START_REF] Halcrow | Structure:Function Relationships in Molecular Spin-Crossover Complexes[END_REF] This combination of geometric and intermolecular steric factors might explain why SCO occurs preferentially at Fe( 1) in that compound. There are no obvious packing effects to influence SCO in 2•xMeCN•yEt2O, where each cubane vertex forms a comparable distribution of intermolecular contacts.

Magnetic susceptibility data were obtained from freshly prepared polycrystalline 1•6MeCN and 2•xMeCN•yEt2O, which were protected during the measurements to minimize solvent loss. Both compounds yielded MT = 32 cm 3 mol -1 K at 300 K, consistent with an assembly of eight high-spin iron(II) [MT ≈ 3.5 cm 3 mol -1 K] and one high-spin iron(III) [4.2 cm 3 mol -1 K] center (Figure 4). MT for both compounds gradually decreases on cooling, to a shallow plateau of 22-24 cm 3 mol -1 K between 50-100 K. However the variation in MT between 300-50 K is less monotonic for 2 than for 1, implying 2 undergoes SCO less gradually than 1 and with a lower onset temperature. The plateau MT values are slightly lower than expected for SCO occurring at Fe(1) only [ca 25 cm 3 mol -1 K], indicating partial SCO at other cubane vertices may occur at lower temperatures. These aspects are all consistent with the crystallographic data (Tables 1 and2). For both compounds, MT decreases increasingly rapidly below 50 K, which mostly reflects zero-field splitting of the remaining high-spin centers at these temperatures. [57][START_REF]Antiferromagnetic exchange between the high-spin iron(II) ions should also contribute to the low-temperature magnetic behavior of 1 and 2. 59,68 However[END_REF][START_REF] Létard | Light Induced Excited Pair Spin State in an Iron(II) Binuclear Spin-Crossover Compound[END_REF] The midpoint temperature T½ for the higher temperature SCO from these data is similar for both compounds, at ca 175 K for 1•6MeCN and 170 K for 2•xMeCN•yEt2O (Figure 4). SCO in 2 is well defined by the crystallographic and magnetic data. However, the behavior of 1 is less clear-cut because of its more gradual nature, and because the crystallographic disorder in 1•6MeCN complicates determination of the spin state of Fe(1)-Fe( 4) by that technique (Figure 5). To address that ambiguity, SCO in 1 was investigated further by other methods. Since the samples lost solvent while in transit to collaborator laboratories, the following data were obtained from solvent-free samples of 1. Importantly, solvent-free 1 and 2 retain their local structure integrity by X-ray powder diffraction (Figure S13). Magnetic data from dried 1 and 2 also closely resemble their solvated crystals, although the MT vs T curve for 1 has a less defined low-temperature plateau than for 1•6MeCN (Figures S14 andS15).

Figure 5 The high-spin iron(II) fraction (HS) in the cubane vertices of 1 and 2, as monitored by different measurement techniques (Table S15).

57 Fe Mössbauer spectra of 1 are shown in Figures 6 andS16. At 77 K the spectrum shows a strong asymmetry which decreases with increasing temperature. This cannot be explained by the presence of texture in the powder sample, since texture effects are temperature independent. Therefore, the Mössbauer spectra were analysed with three main components (Figure 6, Table 3). First is a singlet with an isomer shift δ = 0.55 mms -1 at 77 K characteristic for a high spin iron(III) species. Since these parameters are very close to those reported for the ferric hexaquo complex in frozen solution (δ = 0.50 mms -1 , ΔEQ = 0), [START_REF] Knudsen | Mössbauer Spectroscopic Studies of the Magnetic Hyperfine Interaction in the Ferric Hexaquo Complex in Frozen Aqueous Solution[END_REF] this singlet is due to the [Fe(OH2)6] 3+ cation encapsulated within a cubic local environment. Secondly, a doublet with δ = 1.15 mms -1 and ΔEQ = 1.65 mms -1 represents high-spin iron(II) sites [START_REF] Schünemann | Structure and Dynamics of Biomolecules Studied by Mössbauer Spectroscopy[END_REF] at the corners of the [Fe8(-L 1 )12] 4+ cub ane. Lastly a doublet with δ = 0.42 mms -1 and ΔEQ = 0.55 mms -1 , which is not present at T ≥ 175 K, is assigned to low-spin iron(II). In addition, a minor ca. 3 % high-spin Fe(II) impurity is also present in the spectra, whose identity is discussed below. Notably our analyses of the 295, 200 and 175 K Mössbauer spectra each show separate highspin iron(II) and iron(III) environments in a 1:8 ratio (Table 3, Figure S16) which underlines the assignments described above.

The relative contribution of the low-spin iron(II) doublet increases below T ≤ 150 K, reaching a ca 1:3 ratio of low-spin:highspin iron(II) atoms at 77 K. That implies SCO has occurred at around one-quarter of the iron(II) sites at that temperature, which is in qualitative agreement with the crystallographic and magnetic data from 1. However, SCO in the Mössbauer spectra evidently occurs at lower temperature than by the other techniques, with T½ shifted to 130±20 K (Figure 5). This may reflect desolvation of the sample before measurement, as mentioned above. No significant line broadening of the high-spin iron(II) doublet occurs below 175 K, showing the local symmetry of the cluster is preserved at all temperatures. That may imply that each vertex undergoes SCO simultaneously with its symmetry equivalent in the centrosymmetric cubane assembly.

Figure 6

The Mössbauer spectrum of 1 at 77 K. The simulation is in pink, with its components color coded as: high-spin iron(II) (orange); low-spin iron(II) (blue); high-spin iron(III) (green); and iron(II) impurity (cyan). Spectra at other temperatures are shown in Figure S16.

Table 3 Relative populations of the iron sites in the Mössbauer spectra of 1 (HS = high-spin, LS = low-spin). The spectra and simulations used to derive these parameters are shown in Figure S16 and Table S14. The presence of low-spin iron(II) in 1 and 2 at low temperature was confirmed by the observation of light-induced excited spin state trapping (LIESST), upon irradiation of the solid compounds at 650 nm at 10 K (Figures 7 andS17). [START_REF] Hauser | Light-Induced Spin Crossover and the High-Spin→Low-Spin Relaxation[END_REF]63 Low→high spin photoconversions of ca 35 % for 1 and 65 % for 2 were achieved under these conditions, as estimated from the maximum MT values shown by the irradiated samples before the onset of LIESST relaxation. [START_REF]cm 3 mol -1 K higher than the 'dark' measurement of 21.2 cm 3 mol -1 K. Assuming two low-spin Fe(II) sites per cubane undergo LIESST excitation, that corresponds to ca 35 and 65 % photoconversion efficiency in 1 and 2 respectively. Different exchange coupling and zero-field splitting contri[END_REF] Despite their different photoconversions, the thermal relaxation of the metastable high-spin centers in the two compounds occurs at essentially the same temperature, with T(LIESST) = 67 K for 1 and 68 K for 2. This agrees well with the predicted value of T(LIESST) = 69 K when T½, = 170 K, according to the previously proposed empirical relationship eq 1 [T0 = 120 K for iron(II) complexes of bidentate ligands]. 63,65 T(LIESST) = T0 -0.3T½

Figure 7 Magnetic susceptibility data for 2 upon cooling in the dark (black); irradiation at 650 nm at 10 K (red); and then rewarming (green). The inset shows the derivative of the data from the irradiated sample, whose minimum corresponds to T(LIESST).

Diffuse reflectance spectra of 1 were measured at five temperatures (Figure S18). While the spectra show a vibronic temperaturedependence that is independent of SCO, there is a clear increase in absorbance between 550-750 nm at 150 and 120 K. This is characteristic for MLCT transitions of low-spin iron(II) complexes with N-heterocyclic ligands, [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF] and indicates the occurrence of SCO in the sample. This absorbance decreases again at 70 and 10 K reflecting excitation of the low-spin iron sites by the incident white light, which become trapped in their high-spin excited state below T(LIESST). [START_REF] Hauser | Light-Induced Spin Crossover and the High-Spin→Low-Spin Relaxation[END_REF] A more comprehensive temperature dependence of the UV/vis spectrum was recorded using total reflectivity measurements, which show two clear discontinuities (Figure S19). An additional drop in reflectance on cooling below 170 K is close to the onset of SCO in dried 1 by Mössbauer spectroscopy (Figure 5), which converts some iron(II) centers to their more absorbing low-spin form as above. [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF] The increase in reflectance around 65 K reflects excitation by the white incident light of the low-spin fraction of the sample, which becomes trapped in its high-spin excited state at temperatures below T(LIESST). The data below 60 K imply the sample has returned to a fully high-spin state (Figure S19), which contrasts with the lower LIESST photoconversion achieved in the SQUID magnetometer (Figure S17). Be that as it may, these data confirm the thermal and light-induced spin state changes observed in 1.

The 1 H NMR spectra of 1 and 2 in CD3CN exhibit a single contact-shifted, C2-symmetric [L] -ligand environment (Figures S20 andS21). Electrospray mass spectra of 1 from MeCN solution show a clean progression of peaks corresponding to [{Fe(OH2)6}Fe8(L 1 )12(BF4)n] (7-n)+ molecular ions with 1 ≤ n ≤ 5 (Figures 8, S22 and S23). The mass spectrum of 2 shows more fragmentation than 1, but includes [{Fe(OH2)6}Fe8(L 2 )12(BF4)m] (7-m)+ (m = 4 and 5) as its strongest peaks (Figure S24). Both data imply that the [{Fe(OH2)6}Fe8(-L)12] 7+ assemblies retain their integrity in this solvent. Magnetic susceptibility data from 1 in CD3CN showed a constant MT = 31.4±0.4 cm 3 mol -1 K between 237-343 K (Figure S25). Hence the cluster remains fully high spin over the liquid range of that solvent, which is consistent with its solid state behavior.

Analogous complexations of HL 1 using Fe[ClO4]2•6H2O or Fe[CF3SO3]2 yielded yellow complex products, without the darker coloration characteristic of 1 and 2. Mononuclear [Fe(HL 1 )(OH2)2(NCMe)2][ClO4]2 (3) was often obtained from such solutions, containing a protonated HL 1 ligand (Figure S26). Hence, the cubane assembly in 1 was only obtained in the presence of the BF4 -counterion. Closely related [Fe(HL 1 )(OH2)3(NCMe)][BF4]2 (4) was also obtained on one occasion, as a byproduct in the synthesis of 1 (Figures S27 and S28). Hence [Fe(HL)(OH2)z(NCMe)4-z] 2+ species may be intermediates in the synthesis of 1 and 2, which could be initiated by deprotonation of metal-bound HL 1 or HL 2 by adventitious F -produced by hydrolysis of BF4 -in the reaction medium. [START_REF] Fabbrizzi | on Interaction of Urea-Based Receptors with Fluoride, Beautiful Colors Develop[END_REF] 

Conclusions

The [{Fe(OH2)6}Fe8(-L)12] 7+ (HL = HL 1 or HL 2 , Chart 1) motif in 1 and 2 is one of the largest SCO-active supramolecular assemblies. 21,[START_REF] Unruh | Spin State Switching of Metal Complexes by Visible Light or Hard X-Rays[END_REF][33][START_REF] Struch | An Octanuclear Metallosupramolecular Cage Designed to Exhibit Spin-Crossover Behavior[END_REF][35][START_REF] Arczyński | A Family of Octahedral Magnetic Molecules Based on [Nb IV (CN)8] 4[END_REF][37][START_REF] Yan | Spin-Crossover Phenomenon in a Pentanuclear Iron(II) Cluster Helicate[END_REF] Unusually, both compounds undergo SCO at specific positions among their chemically equivalent metal sites. 37 SCO in 1•6MeCN is gradual and difficult to quantify because of crystallographic disorder, and because SCO is apparently shifted to ca 50 K lower temperature in the desolvated samples used for some measurements. However SCO in 2•xMeCN•yEt2O, which lacks this disorder, is well-defined. In both freshly-prepared compounds, SCO at higher temperatures occurs at two symmetry-related iron(II) vertices with T½ = 170-175 K from crystallographic and magnetic data. Onset of gradual SCO at some other vertices is also apparent in the lowest temperature crystal structure of each compound. LIESST measurements confirm the presence of a low-spin Fe(II) fraction in 1 and 2 at low temperatures which, for 1, was further quantified with Mössbauer and diffuse reflectance spectra.

SCO at Fe(1) and Fe(1 i ) has little effect on the volume of the [Fe8(-L)12] 4+ cages (Figure 1). [START_REF]The internal volume of the [Fe8(-L 1 )12] 4+ cage in 1•6MeCN was calculated to be 89.6 Å 3 at 250 K and 92.5 Å 3 at 100 K, using a 0[END_REF] Hence the incomplete SCO shown by 1 and 2 might be explained by the steric influence of the [Fe(OH2)6] 3+ guest, which would inhibit contraction of the cage upon SCO at the other vertices. The specific observation of SCO at the Fe(1) site in 2 can be attributed to its coordination geometry, which is closer to ideal C3 symmetry than the other vertices in that cubane. Although such details in 1 are masked by its structural disorder, coordination geometry and intermolecular packing influences were identified that might explain the site-selective SCO in that compound.

Formation of 1 and 2 requires hydrogen-bonding templation between the encapsulated [Fe(OH2)6] 3+ and deprotonated [L] -, which may also contribute to their persistence in solution. Our current work aims to investigate the generality of this self-assembly process, and the use of different guest species to tune the SCO properties of the cage.

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/####.

Chart 1

 1 The ligands referred to in this work.

Figure 1 .

 1 Figure 1. The [{Fe(OH2)6}Fe8(-L 1 )12] 7+ assembly in 1•6MeCN at 100 K Only one orientation of the disordered pyrazolyl groups is shown, and C-bound H atoms have been omitted. The encapsulated [Fe(OH2)6] 3+ cation, centered on Fe(5), is shown with pale coloration. Color code: C, white; H, pale grey; Fe, green; N, blue; O, red. Symmetry code (i) 3/2-x, 1/2-y, 1-z.

Figure 2 .

 2 Figure 2. Space-filling views of the [{Fe(OH2)6}Fe8(-L)12] 7+ clusters in 1•6MeCN at 100 K (top), and 2•xMeCN•yEt2O at 125 K (bottom), showing the more twisted ligand conformations in the latter compound. Both views look down a OH2-Fe-OH2 axis in the [Fe(OH2)6] 3+ guest. Other details as for Figure 1.

Figure 4

 4 Figure 4 Solid state magnetic susceptibilty data for 1•6MeCN (black) and 2•xMeCN•yEt2O (red). The dark dashed lines show estimated MT values for different spin state populations of the iron(II) cubane vertices, while the pale gray lines indicate the midpoints of each stepwise SCO.
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  (K) HS Fe(II) LS Fe(II) HS Fe(III) Fe(

  Compound 4 could also be the minor paramagnetic impurity detected in the Mössbauer spectroscopy study of 1. Complexation of Fe[BF4]2•6H2O by L 3 or L 4 39 yielded pale yellow powders, one of which afforded the 1D coordination polymer [Fe(-L 3 )(OH2)(OCMe2)][BF4]2•H2O (5•H2O) after recrystallization from acetone/diethyl ether (Figures S29 and S30). All these results highlight the importance of O-H…O hydrogen bonding in templating the cubane cluster.

Figure 8

 8 Figure 8 Electrospray mass spectrum of 1, showing the [{Fe(OH2)6}Fe8(-L 1 )12(BF4)n] (7-n)+ peak progression. The inset shows an expansion (top) and simulation (bottom) of the principal n = 4 peak. Simulations of the other peaks are in Figure S23.

  

{Fe III (OH2)6}Fe II 8(-L 1 )12][BF4]7 (1) and [Fe(HL 1 )2(OH2)3(NCMe)][BF4]2 (

  

	).
	The product is a white solid. Yield 0.78 g, 69 %. Mp 228-229 °C.
	ES + -MS m/z 257.1146 (calcd for [H2L 2 ] + 257.1145), 279.0967
	(calcd for [NaHL 2 ] + 279.0965), 301.0785 (calcd for [Na2(L 2 )] +
	301.0784), 535.2031 (calcd for [Na(HL 2 )2] + 535.2037). 1 H NMR
	({CD3}2SO) δ 2.12 (s, 6H, CH3), 7.68 (s, 1H, Pym H 5 ), 7.78 (s, 2H,
	Pz H 3 ), 8.33 (s, 2H, Pz H 5 ), 12.53 (br s, 1H, NH). 13 C NMR
	({CD3}2SO) δ 8.7 (2C, CH3), 86.1 (1C, Pym C 5 ), 119.4 (2C, Pz C 4 ),
	125.9 (2C, Pz C 3 ), 145.1 (2C, Pz C 5 ), 159.7 (2C, Pym C 4/6 ), 164.6
	(1C, Pym C 2 ).
	Synthesis of [

Synthesis of [Fe(HL 1 )2(OH2)2(NCMe)2][ClO4]2 (3). Filtered

  

	6⊂Fe8(L 2 )12(BF4)3] 4+ ), 1340.2 (100,
	[Fe(H2O)6⊂Fe8(L 2 )12(BF4)4] 3+ ),	2053.8	(50,
	[Fe(H2O)6⊂Fe8(L 2 )12(BF4)5] 2+ ). Other fragmentation peaks of <20
	% intensity are not assigned. 1 H NMR (CD3CN) δ 4.8, 60.4 (both
	24H, Pz H 3 and H 5 ), 9.5 (36H, CH3), 112.7 (12H, Pym H 5 ).	
			solu-
	tions of HL 1		

  C NMR in {CD3}2SO solution, where the pyrimidone C2 atoms resonate at 164.6-164.7 ppm, as expected for a carbonyl C atom.

Treatment of Fe[BF4]2•6H2O with 1.2 equiv HL 1 or HL 2 in MeCN affords bright yellow solutions, which deposit

Table 2 Volumes of the coordination octahedra (VOh, Å 3 ) 55 about each unique iron atom in the crystal structures of 2•xMeCN•yEt2O (Figure S8). Full metric parameters for this compound are in Table S6.

 2 

	T (K)	125	200	250
	VOh{Fe(1)}	11.359(11)	12.704(11)	12.935(13)
	VOh{Fe(2)}	12.507(12)	12.801(10)	12.876(13)
	VOh{Fe(3)}	12.686(12)	12.819(10)	12.826(13)
	VOh{Fe(4)}	12.906(12)	12.910(10)	12.915(13)
	VOh{Fe(5)}	10.589(8)	10.635(7)	10.604(9)

Table 1 Volumes of the coordination octahedra (VOh, Å 3 ) 55 about each unique iron atom in the crystal structures of 1•6MeCN (Figures 1 and S7). Average values are given for Fe atoms coordinated by disordered pyrazolyl groups, with the range of values shown by all possible combinations of these disorder sites in parentheses. Full metric parameters for this compound are in Table S5.

 1 

	T (K)	100	150	200	250
	VOh{Fe(1)}	10.67(3) [10.26(2)-11.06(2)]	10.88(6) [10.45(3)-11.32(3)]	11.58(6) [11.07(3)-12.09(3)]	12.27(6) [11.79(3)-12.74(3)]
	VOh{Fe(2)}	12.39(3) [12.33(2)-12.45(2)]	12.61(3) [12.59(2)-12.62(2)]	12.76(3) [12.71(2)-12.80(2)]	12.77(3) [12.77(2)-12.77(2)]

Full experimental procedures and analytical characterization for the new compounds; crystallographic Figures and Tables for the ligand and complex structures; Mössbauer spectra and simulated parameters; and additional solid and solution phase characterization data. Accession Codes CCDC-1861171-1861177 and 1938349-1938353