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Hydride-Encapsulated Bimetallic Clusters Supported by 1, 1-Dithiolates

Two mixed-metal hydride clusters, corresponding to x = 3 and 4, were structurally characterized from a set of atomically precise heptanuclear clusters, CuxAg7-x(H){S2P(O i Pr)2}6 (x = 1-6). An interstitial hydride lying at the center of a tricapped tetrahedral cage was located and refined anisotropically by using X-ray data, and its presence acertained by multinuclear NMR spectroscopy and DFT calculations.

Metal hydrides are known for their glamorous structural diversity and bonding features, 1 as well as their potential applications in hydrogen storage 2 and various catalytic processes. 3 The search for new Cu/Ag hydrido nanoclusters (NCs) is emerging and topical. 4,[5][6][7][8][9][10][11][12][13][14][15][16][17][18][START_REF] Silalahi | [END_REF][20] Several high-nuclearity Cu(I)/Ag(I) hydrides, [Cu25H10(SPhCl2)18] 3-, 5 [Cu16H14 -dpmppm)4] 2+ , 6 [Cu18H17(PPh3)10] + , 7 and [Ag10H8(dppa)6] 2+ , 8 have been reported. A few polyhydrido NCs displaying M(I)/M/(0) character also exist, such as the 2e species [Cu25H22(PPh3)12] + , 7 [Cu29Cl4H22(Ph2phen)12] + , 9 [Cu61(S t Bu)26S6Cl6H14] + , 10 and [Ag40(DMBT)24(PPh3)8H12] 2+ . 11 A pitfall in the structural characterization of these NCs is that the position of the hydrides cannot be accurately determined from X -ray diffraction alone. Nevertheless, the molecular formulation can be determined by the spectroscopic evidences of ESI-MS, multinuclear NMR, in combination with DFT calculations. Our group has isolated and structurally characterized a seri es of tetracapped-tetrahedral octanuclear 12 and tricapped-tetrahedral heptanuclear clusters 13 encapsulating a tetrahedrally coordinated hydride, the position of which was fully established by neutron diffraction on the compound [Cu7(H){S2C(aza-15crown [START_REF] Silalahi | [END_REF] and the Cu(I)/Pd(0) hydrides, [Pd@Cu14(H)2{S2CN( n Pr)2}6(C2Ph)6], 20 were structurally characterized by both single-crystal X-ray and neutron diffraction, from which a new synthetic concept has been established, based on the fact that hydride additions assist the growth of nanoscale copper clusters. 4a Although neutron diffraction is the most reliable technique to locate hydrogen atoms, it is not conveniently available. In addition, the successful performance of a neutron diffraction experiment is not an easy task, and the following points must be overcome: (i) Grow single crystals of sufficiently big size as well as high quality; (ii) Avoid high background noise especially for compounds containing a large number of H atoms. In comparison with neutron experiments, in-house X-ray diffraction rapidly provides results for further analysis. Grabowsky's group applied the Hirshfeld atom refinement (HAR) method to refine hydrogen with aspherical scattering factors in X-ray data. 21 However, the HAR method is mostly applied for organic compounds, but rarely for inorganic cluster compounds.

-5)}6]. 13b Later, Cu(I) polyhydrides [Cu28(H)15{S2CN( n Pr)2}12](PF6), 14 [Cu20(H)11{E2P(O i Pr)2}9] (E = S, 15 Se 16 ), [Cu30(H)18{E2P(OR)2}12] (E = S, Se; R = n Pr, i Pr, i Bu), 17 [Cu32(H)20{S2P(O i Pr)2}12], 18 [Cu11(H)2{S2P(O i Pr)2}6(C2Ph)3],
Mixed-metal hydride clusters are emergingly challenging in this field. Not only will one encounter the unavoidable disorder issues on metal sites, but also face the high probability of co-crystallization from their reaction mixtures. In our previous computational investigations on the octanuclear species [M8(H)L6] + (M = Cu, Ag; L = dithio-or diselenolate), the metal framework was found to exhibit a tetracapped-tetrahedral geometry of which each metal site can be either Cu(I) or Ag(I). 12f The related M7(H)L6 can be obtained from further reduction of [M8(H)L6] + to form a tricapped-tetrahedral metal framework. 13 These results inspired us to synthesi ze mixed-metal hydride clusters. Herein we report a n one-pot synthesis and characterizations of CuxAg7-x(H){S2P(O i Pr)2}6, x = 1-6 (abbreviated as CuxAg7-xH). Surprisingly it is our first successful attempt on performing anisotropic refinement of an interstitial hydride by using X-ray diffraction data.

The synthesis was performed with [Ag(CH3CN)4]PF6, [Cu(CH3CN)4]PF6, and NH4[S2P(O i Pr)2] dissolved in THF solution first followed by adding NaBH4 as a hydride provider. The final products were purified by column chromatography to yield Cu xAg7- x(H){S2P(O i Pr)2}6, x = 1-6. Two crystals grown from the mixtures were hand-picked to collect diffraction data. The crystal structure of the first one turned out to have one metal site (Mtop) statistically occupied by 50% Cu and 50% Ag, thus corresponding to a co-crystallized product of composition [Cu3Ag4(H){S2P(O i Pr)2}6]0.5[Cu4Ag3(H){S2P(O i Pr)2}6]0.5 (1). Intriguingly, the composition of the second crystal is Cu4Ag3(H){S2P(O i Pr)2}6 (2). In the crystal structure of 1, the seven metal atoms constitute a tricappedtetrahedral framework, (μ3-Cu)3(MtopAg3) (Mtop = Cu0.5Ag0.5), of ideal C3v symmetry, with the encapsulated hydride lying at the center of the MtopAg3 tetrahedron. The entire metal core is stabilized by six diisopropyl dithiophosphate (dtp) ligands , reducing the whole molecular symmetry to C3. The 3-fold rotational axis passes through Mtop, the central hydride and the middle of the (Agtri)3 triangular face of the inner tetrahedron (Figure 1a). Unlike in 1, the Mtop position in structure 2 is fully occupied by a Cu atom (Figure 1b). It is worthwhile to mention that the encapsulated H-atom revealed in both 1 and 2, is the first reported example of a hydride bonded to both Cu and Ag atoms.

Selected bond lengths are listed in Table S1. The distances between metal atoms in 1 and 2 are almost identical. Small differences exist in Mtop-Mtri (3. 6) Å in 2). The Mtop(Agtri)3 tetrahedron in 1 can be compared to its analog in [Ag7(H){S2CC(CN)2}6] 6-, 3, which metal framework also reveals a tricapped-tetrahedral geometry, but with an elongated inner tetrahedron (Figure 1c). The Mtop-Mtri distances of the latter are much longer than those in 1 and 2 (Table S1). The S…S bite distance in 3, which is approximately 0.35-0.43 Å shorter than in 1 and 2, could be the explanation for this elongated tetrahedron. The H-Mtop distances are 1.65(2) Å in 2 and 1.83(4) Å in 1. The angles of Mtop-H-Mtri and Mtri-H-Mtri in 1(2) are 109(2)-118(2) o (117.6(5)-124.3(5) o ) and 100(2)-105(2) o (96.3(4)-97.7(4) o ). In fact the tetrahedral coordination of the hydride observed in both 1 and 2 is one among several possible four-coordinated hydride configurations such as in square-planar, 15 elongated tetrahedral, 13a-b distorted seesaw, 17 and trigonal pyramidal modes. [START_REF] Silalahi | [END_REF] The hydride atom in both 1 and 2 was located from the Fourier density map. I t was initially refined isotropically without any constraints in data 1. To our great surprise, a further anisotropic refinement of the hydride using the X-ray data of 1 was successful. In general, such anisotropic refinement usually results in non-positive-definite in hydrogen refinement, because H has only one electron. It is highly correlated to the crystal orientation during the entire data collection. However, the prediction to collect informative reflections related to hydride is extremely difficult. One should ensure that the coverage of the data collection is as high as possible so that more dataset can be incorporated in order to increase the redundancy, and the most important thing is that a low-temperature experiment should be performed to reduce the temperature effect. The data analysis demonstrated that those of 1 have higher resolution (d~0.73 Å) and redundancy (4.15) than those of 2 (d~0.78 Å, redundancy 3.17). It can only be assumed that more informative reflections were collected in the data of 1. Sum of the above reasons, the hydride in 1 could be anisotropically refined to convergence with unexpected success. It is of note that the hydrides in [CuHP(NMe2)3]6 were located and refined by using X-ray data collected at -162 ℃. 22 DFT calculations 23 on two simplified C3 models for the clusters present in 1 and 2, namely [Cu3Ag4(H){S2PH2}6] (1') and [Cu4Ag3(H){S2PH2}6] (2') reproduce nicely their structures (Table S1). The building of C3 isomers of 1' and 2' in which the three Mcap atoms are Ag (in the place of Cu), destabilizes the systems by 13.6 and 16.4 kcal/mol, (free energy) respectively. Obviously, Cu prefers capping positions. This is also exemplified by calculations on the tetracapped -tetrahedral octanuclear model [Cu4Ag4(H){S2PH2}6] for which the H@Ag4@Cu4 isomer is found more stable than its H@Cu4@Ag4 relative by 6.0 kcal/mol. Exchanging Cutop with one Agtri in 2' destabilizes the cluster by 2.6 kcal/mol, indicating that among the four inner tetrahedral positions, Cu prefers the Mtop one. The Mcap > Mtop > Mtri site preference for Cu is related for its strong affinity to bind sulphur (Mcap: sulphur only) and its stronger than Ag binding to hydride (Mtop-H stronger than Mtri-H).

Due to the intrinsic characters of highly similar polarities, the products, CuxAg7-x(H){S2P(O i Pr)2}6, x = 1-6, cannot be further separated. While the reactions were performed with various stoichiometric ratios Cu:Ag:L:H -= x:(7-x):6:1, (x = 1-6), the resulting products based on their 1 H NMR spectra are very similar. The hydride resonance displays in a wide distribution (4.9 -6.3 ppm) that integrates to one H relative to 12 methylene and 72 methyl protons of a total of six di -isopropyl dithiophosphate ligands (Figure 2). The resonance centered at 5.0 ppm splits into a doublet of doublets ( 1 J1H-107Ag = 86.7 Hz, 1 J1H-109Ag = 99.7 Hz), which is due to the hydride coupled with different isotopomers, 107 Ag and 109 Ag nuclei. This doublet of doublets peak can be assigned to the Cu6AgH compound. Based on the same principle, the resonance centered at 5.44 ppm with a triplet of triplets pattern can be assigned to Cu5Ag2H. It clearly suggests that the hydride coupled with two pretend, magnetically equivalent silver nuclei, and the distribution of the splitting pattern is the superposition of the spectra of the different isotopomers. It is confirmed by the simulated pattern of MxM'2-xH (M, 107 Ag; M', 109 Ag) spin system (Figure 3) with the assumed coupling constant of 1 J1H-107Ag (65.0 Hz) and 1 J1H-109Ag (74.7 Hz). The resonance in the range of 5.9 -6.4 ppm displays a mixture combination that can be resolved as Cu4Ag3H (quartet of quartets), Ag4Cu3H (quintet of quintets), Cu2Ag5H (sextet of sextets), and CuAg6H (septet of septets), respectively. Their simulated spectra are stacked in Figure 3. The sum of all spectra (red) exactly matches with the experimental one (inset of Figure 2). An observed doublet resonance at 1080.5 ppm ( 1 J1H-109Ag = 74.5 Hz) in 109 Ag NMR spectrum (Figure S1) matches with 1 J1H-109Ag (74.7 Hz) of Cu5Ag2H in the 1 H NMR spectrum. Only Cu5Ag2H, Cu4Ag3H, Cu3Ag4H, and Cu2Ag5H species could be observed. The other compounds were not detected due to lower quantities. The corresponding chemical shifts and coupling constants are listed in Table 1. Cu4Ag3H shows the most intense peak in both 1 H, 2 H (Figure S8), and 109 Ag NMR spectra, which is highly correlated with the crystal data. Variable-temperature 1 H NMR experiment was performed (Figure S2). The hydride resonances are all slightly upfielded by ~ 0.15 ppm at -60℃. Their lineshapes did not change upon temperature decreases to -40℃, then became broad at -60℃. The NMR spectroscopic data suggests that fast intrachanges between capping and inner vertices atoms occur at the NMR time scale. Besides, the coupling constant ( 1 JHAg) of each compound in the CuxAg7-xH mixture was discernible. Presumably the metal exchange tends to be intramolecular rather than intermolecular and such a fluxional behavior has been observed in the Ag7(H)L6 analogs (L = [S2CC(CN)2] 2-, [E2P(OR)2] -E = S, Se). 13a,c ESI-MS spectrum displayed a wide distribution of CuxAg7-xH (x = 0 -7). The most and second intense peaks at m/z 2000.3582 and 2044.3331 correspond to the molecular ion [Cu4Ag3(H){S2P(O i Pr)2}6 + Ag + + 2(H2O)] + (calcd. m/z 2000.4689) and [Cu3Ag4(H){S2P(O i Pr)2}6 + Ag + + 2(H2O)] + (calcd. m/z 2044.4444), respectively (Figure S4). Interestingly, both [Cu7(H){S2P(O i Pr)2}6 + Ag + + 2(H2O)] + and [Ag7(H){S2P(O i Pr)2}6 + Ag + + 2(H2O)] + can be barely seen (Figure S5). It is noted that both CuxAg7x(H){S2P(O i Pr)2}6 (x = 0 and 7) species were not observed in the 1 H NMR spectrum. This can be attributed to rearrangement reactions taking place in the gas phase.

Calculations on models of the non-structurally characterized clusters, i.e. CuxAg7-x(H)(S2PH2) 6 (x =1, 2, 5, 6), indicate that their isomers of lowest energy follow the metal site preference rule discussed above (Figure S7). Their computed 1 H NMR hydride chemical shifts display the best agreement with their experimental counterparts (Table 1).

In conclusion, a set of mixed-metal hydride compounds CuxAg7-x(H){S2P(O i Pr)2}6 (x = 1-6) have been synthesized and characterized by multi -nuclear NMR, ESI mass spectroscopy, DFT simulation and both Cu3Ag4H and Cu4Ag3H by single-crystal Xray diffraction. An unprecedented (μ4-H) hydride encapsulated in a hetero-metallic M4 (Ag3Cu) tetrahedral cage, which can be refined anisotropically in crystal 1, is reported. It is expected that the addition of a supplementary Cu(I)/Ag(I) capping metal such as Cu(I)/Ag(I) would lead to a stable octanuclear species since there is one empty site along the C3 axis. 
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 1 Figure 1. ORTEP drawing (30% probability) of (a) compound 1 (O i Pr groups omitted). (b) The Cu4Ag3H core in 2, and (c) the Ag7H core in 3.

Figure 2 .

 2 Figure 2. 1 H NMR (800.24MHz, CDCl3, r.t.) spectrum of CuxAg7-x(H){S2P(O i Pr)2}6. The hydride chemical shift ranges 4.9 -6.3 ppm (inset). The asterisk at 4.95 ppm is the resonance of the BHT, which is commonly added in THF solvent as a stabilizer.

Figure 3 .

 3 Figure 3. Simulated splitting patterns of a hydride in CuxAg7-xH (x = 1-6) in 1 H NMR spectrum. The sum of all simulation is given on the top (red line).

  

Table 1 .

 1 The chemical shift and coupling constant of CuxAg7-x(H){S2P(O i Pr)2}6, x = 1-6 in 1 H and 109 Ag NMR spectra.

	Cpd. Cu6AgH Cu5Ag2H Cu4Ag3H Cu3Ag4H	4.996 5.441 6.049 6.078	5.40 5.78 5.82 6.45	86.7 65.0 62.9 57.4 m 99.7 74.7 72.3 66.0 a n u s c r i p t 2.1 --16.9 1080.5 74.5 40.9 1120.9 72.7 25.1 1140.2 66.6 --
	Cu2Ag5H CuAg6H A c c e p t e d 6.116 6.33 52.3 6.132 6.13 44.6	60.1 51.3	11.4 3.6	1137.4 --	60.0 --

1 H NMR (ppm) 1 H NMR (ppm) DFT 1 J( 1 H-107 Ag) (Hz) 1 J( 1 H-109 Ag) (Hz) Ratio (%) 109 Ag NMR (ppm) 1 J( 1 H-109 Ag) (Hz)

Acknowledgements

This work was supported by the Ministry of Science and Technology of Taiwan (109-2113-M-259-008) and the GENCI French national computer resource center (project A0050807367). We thank Academia Sinica High-Field NMR Center (HFNMRC) for technical support; HFNMRC is funded by Academia Sinica Core Facility and Innovative Instrument P roject (AS-CFII-108-112).

Conflicts of interest

There are no conflicts to declare.