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Two mixed-metal hydride clusters, corresponding to x = 3 and 4, were structurally characterized from a set of atomically
precise heptanuclear clusters, CuxAgzx(H){S2P(O'Pr)2}s (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, as well as their potential applications
in hydrogen storage? and various catalytic processes.3 The search for new Cu/Ag hydrido nanoclusters (NCs) is emerging and
topical.#29Several high-nuclearity Cu(l)/Ag(l) hydrides, [Cu2sH10(SPhCl2)18]%,> [Cu1eH14(E-dpmppm)a]?*,6 [CuigH17(PPhs)10]%’ and
[AgioHs(dppa)s]?*,® have been reported. A few polyhydrido NCs displaying M(1)/M/(0) character also exist, such asthe 2e species
[CuzsH22(PPh3)12]*,7 [Cu29ClaH22(Phaphen)iz]t,® [Cus1(StBu)26SeCleH14]*,1% and [Agao(DMBT)24(PPhs)sH12]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 spectroscopicevidences of ESI-MS, multi-
nuclear NMR, in combination with DFT calculations. Our group has isolated and structurally characterized a series of
tetracapped-tetrahedral octanuclear!? and tricapped-tetrahedral heptanuclear clusters!® encapsulating a tetrahedrally
coordinated hydride, the position of which was fully established by neutron diffraction onthe compound [Cu7(H){S.C(aza-15-
crown-5)}].130 Later, Cu(l) polyhydrides [Cu2s(H)15{S2CN("Pr)2}2](PFe),** [Cu20(H)11{E2P(OPr)2}s] (E = S5 Sel)
[Cuszo(H)18{E2P(OR)2}12] (E=S, Se; R ="Pr, Pr,Bu),1” [Cus2(H)20{S2P(O'Pr)2}12],2 [Cu11(H)2{S2P(O'Pr)2}6(C2Ph)s],1? and the Cu(l)/Pd(0)
hydrides, [Pd@Cu14(H)2{S2CN("Pr)2}6(C2Ph)s],2° were structurally characterized by both single-crystal X-ray and neutron
diffraction, fromwhich a new synthetic concepthas been established, based on thefactthat hydrideadditions assist the growth
of nanoscalecopper clusters.*

Although neutron diffractionisthe most reliabletechniqueto locate hydrogen atoms, it is not conveniently available. In
addition, the successful performance of a neutron diffraction experimentis not an easytask, and the following points mustbe
overcome: (i) Grow singlecrystals of sufficiently bigsizeas well as high quality; (ii) Avoid high background noise especially for
compounds containinga 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 factorsin X-ray data.2l However, the HAR method is mostly applied for organic compounds,
but rarely for inorganic cluster compounds.

Mixed-metal hydride clusters are emergingly challengingin 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 [Mg(H)Ls]* (M = Cu, Ag; L =dithio-or diselenolate), the metal
framework was found to exhibita tetracapped-tetrahedral geometry of which each metal sitecan be either Cu(l) or Ag(l).12f The
related M7(H)Ls can be obtained from further reduction of [Mg(H)Ls]* to form a tricapped-tetrahedral metal framework.!3 These
results inspired us to synthesize mixed-metal hydride clusters.Herein we report an one-pot synthesis and characterizations of
CuxAg7x(H){S2P(O'Pr)2}s, x = 1-6 (abbreviated as CuxAgzxH). Surprisingly it is our first successful attempt on performing
anisotropicrefinement of aninterstitial hydride by using X-ray diffraction data.

The synthesis was performed with [Ag(CH3CN)a]PFs, [Cu(CH3CN)4]PFs, and NHa[S2P(O'Pr);] dissolved in THF solution first
followed by adding NaBH4 as a hydride provider. The final products were purified by column chromatography to yield CuxAg7-
«(H){S2P(O'Pr)2}s, x =1-6.Two crystals grown fromthe mixtures were hand-picked to collectdiffraction data. Thecrystal structure
of the firstone turned out to have one metal site (Mtop) statistically occupied by 50% Cu and 50% Ag, thus correspondingto a
co-crystallized product of composition [CuszAga(H){S2P(OPr)2}s]o.5[CusAgs(H){S2P(O'Pr)2}elos (1). Intriguingly, the composition of
the second crystal is CuasAgs(H){S2P(O'Pr)2}s (2). In the crystal structure of 1, the seven metal atoms constitute a tricapped-
tetrahedral framework, (p3-Cu)s(MiopAg3) (Miop = Cuo.sAgos), of ideal C3ysymmetry, with the encapsulated hydride lyingat the
center of the MiopAgs 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 Miop, the central hydride and the middle of the
(Agwi)s triangular face of the inner tetrahedron (Figure 1a).Unlikein 1, the Miop positioninstructure2is fully occupied bya 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 almostidentical. Small
differences exist in Miop-Myi (3.0890(3)-3.2531(3) Ain1; 3.0970(5)-3.2543(5) Ain 2), Mcap-Miop (2.7368(4)-2.7499(4) Ain1;



2.7152(6)-2.7312(6) Ain 2), and Mcap-Muri (2.9208(3) - 3.0324(4) Ain 1;2.8950(5) —3.0118(6) A in 2). The Miop(Agtri)3 tetrahedron
in1 can be compared to its analog in [Ag7(H){S2CC(CN)2}6]®", 3, which metal framework also reveals a tricapped-tetrahedral
geometry, but with an elongated inner tetrahedron (Figure 1c). The Miop-Myidistances of the latter are much longer than those
in1 and 2 (Table S1). The S...S bite distancein 3, which is approximately 0.35-0.43 A shorter than in 1 and 2, could be the
explanation for this elongated tetrahedron. The H-Miop distances are1.65(2) Ain 2 and 1.83(4) A in 1. The angles of Mop-H-Mi
and Mui-H-Mgi in 1(2) are 109(2)-118(2)° (117.6(5)-124.3(5)°) and 100(2)-105(2)° (96.3(4)-97.7(4)°). In fact the tetrahedral
coordination of the hydride observed in both 1 and 2 is one among several possible four-coordinated hydride configurations
suchasinsquare-planar,’>elongated tetrahedral,132® distorted seesaw,!” and trigonal pyramidal modes.1®

The hydride atominboth 1 and 2 was located from the Fourier density map. It 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.lngeneral, such anisotropic refinement usually results in non-positive-definite in hydrogen refinement, because H
has only one electron. Itis highly correlated to the crystal orientation during the entire data collection. However, the prediction
to collectinformative 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
importantthingis thata 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 A) and redundancy (4.15) than those of 2 (d~0.78 A, redundancy
3.17). It canonly be assumed that more informativereflections 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(NMez)3]e were located and refined by using X-ray data collected at-162 C .22

DFT calculations? on two simplified C3 models for the clusters presentin 1 and 2, namely [CuszAga(H){S2PH2}s] (1’) and
[CuaAgs(H){S2PH2l}6] (2°) reproduce nicely their structures (Table S1). The building of C3 isomers of 1’ and 2’ in which the three
Mcap atoms areAg (inthe place of Cu), destabilizes thesystems 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
[CuaAga(H){S2PH2}6] for which the H@Ags@Cua isomer is found more stable than its H@Cus@Ags relative by 6.0 kcal/mol.
Exchanging Cutop With one Agyi in2’ destabilizes the cluster by 2.6 kcal/mol, indicating that among the four inner tetrahedral
positions, Cu prefers the Mip one. The Mcap > Miop > Myi Site preference for Cu is related for its strong affinity to bind sul phur
(Mcap: sulphur only) and its stronger than Ag bindingto hydride (Mop-H stronger than M- H).

Due to the intrinsiccharacters of highly similar polarities, the products, CuxAg7x(H){S2P(O’Pr).}s, x =1-6, cannot be further
separated. Whilethereactions were performed with various stoichiometric ratios Cu:Ag:L:H™ = x:(7-x):6:1, (x = 1-6), the resulting
products based on their TH NMR spectra arevery similar. The hydrideresonance displaysina wide distribution (4.9 - 6.3 ppm)
that integrates to one H relativeto 12 methylene and 72 methyl protons of a total of six di-isopropyl dithiophosphate ligands
(Figure2). The resonancecentered at5.0 ppm splits into a doubletof doublets (1J1H-10725 =86.7 Hz, L1H-100ag=99.7 Hz), whichis
due to the hydride coupled with different isotopomers, 197Ag and 199Ag nuclei. This doublet of doublets peak can be assigned
to the CugAgH compound. Based on the same principle, the resonancecentered at5.44 ppm with a triplet of triplets pattern
canbe assigned to CusAgzH. It clearly suggests thatthe hydride coupled with two pretend, magnetically equivalentsilver nuclei,
and the distribution of the splitting patternis the superposition of the spectra of the differentisotopomers. Itis confirmed by
the simulated pattern of MxM’2.<H (M, 107Ag; M’, 109Ag) spin system (Figure 3) with the assumed coupling constant of J1n-1072¢
(65.0 Hz) and Y1n-100ag (74.7 Hz). Theresonancein the range of 5.9 - 6.4 ppm displays a mixture combination thatcan be resolved
as CusAgsH (quartet of quartets), AgaCusH (quintet of quintets), Cu2AgsH (sextet of sextets), and CuAgsH (septet of septets),
respectively. Their simulated spectra arestacked 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 (J1n-109a¢=74.5 Hz) in 19°Ag NMR spectrum (Figure S1)
matches with YJ1n-100ag (74.7 Hz) of CusAg2H in the TH NMR spectrum. Only CusAgzH, CuaAgsH, CuszAgaH, and CuzAgsH species
could be observed. The other compounds were not detected due to lower quantities. The corresponding chemical shifts and
couplingconstantsarelisted in Table 1. CusAgsH shows the mostintense peakin both 'H, 2H (Figure $8), and 19°Ag NMR spectra,
which is highly correlated with the crystal data. Variable-temperature 'H NMR experiment was performed (Figure S2). The
hydride resonances are all slightly upfielded by ~ 0.15 ppm at -60°C . Their lineshapes did not change upon temperature
decreases to -40°C, then became broad at-60°C. The NMR spectroscopic data suggests thatfastintrachanges between capping
and inner vertices atoms occur at the NMR time scale. Besides, the coupling constant (1Jnag) of each compound inthe CuxAgs-
xH mixture was discernible. Presumably the metal exchange tends to be intramolecular rather thanintermolecular and sucha
fluxional behavior has been observed inthe Ag7(H)Ls analogs (L= [S2CC(CN)2]%, [E2P(OR)2]" E = S, Se).13a¢

ESI-MS spectrum displayed a wide distribution of CuxAg7xH (x = 0 - 7). The most and second intense peaks at m/z
2000.3582 and 2044.3331 correspond to the molecularion [CusAgs(H){S2P(O'Pr)2}s + Ag* + 2(H20)]* (calcd. m/z 2000.4689) and
[CusAga(H){S2P(O'Pr)2}s + Ag* + 2(H20)]* (calcd. m/z 2044.4444), respectively (Figure S4). Interestingly, both [Cuz(H){S2P(OPr)s
+ Agt + 2(H20)]* and [Ag7(H){S2P(O'Pr)2}6 + Ag" + 2(H20)]* can be barely seen (Figure S5). It is noted that both CuxAgs-
«(H){S2P(O'Pr)2}6 (x =0 and 7) species were not observed inthe HNMR spectrum. This can be attributed to rearrangement
reactions taking placeinthe gas phase.

Calculations on models of the non-structurally characterized clusters, i.e. CuxAg7-x(H)(S2PH2)s (x =1, 2, 5, 6), indicatethat
their isomers of lowest energy follow the metal site preference rule discussed above (Figure S7). Their computed 'H NMR
hydride chemical shifts display the best agreement with their experimental counterparts (Table1).

In conclusion, a set of mixed-metal hydride compounds CuxAg7-x(H){S2P(O'Pr)2}s (x = 1-6) have been synthesized and



characterized by multi-nuclear NMR, ESI mass spectroscopy, DFT simulation and both CusAgsH and CusAgsH by single-crystal X-
raydiffraction. An unprecedented (us-H) hydride encapsulatedina hetero-metallic M4 (AgsCu) tetrahedral cage, which can be
refined anisotropically in crystal 1, is reported. It is expected that the addition of a supplementary Cu(l)/Ag(l) capping metal
suchas Cu(l)/Ag(l) would lead to a stableoctanuclear species sincethere is one empty sitealongthe Cs axis.
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Figure 1. ORTEP drawing (30% probability) of (a) compound 1 (O'Pr groups omitted). (b) The CusAgsH corein2, and (c) the Ag;H corein3.
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Figure 2. THNMR (800.24MHz, CDCl3, r.t.) spectrum of CuxAg7«(H){S2P(O'Pr)}s. 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.
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Figure 3. Simulated splitting patterns of a hydride in CuxAgzxH (x =1-6) in tH NMR spectrum. The sumof all simulation is givenon the top (redline).

Table 1. The chemical shift and coupling constant of CuxAg7x(H){S2P(O'Pr)2}s,x =1-6 in 1H and 1®Ag NMR spectra.

1HNMR (ppm)

Cpd. H NMR (ppm) oFT 1J(1H-197Ag) (Hz) U(*H-1°Ag)(Hz) Ratio (%) 0°AgNMR(ppm)  U(*H-10%Ag)(Hz)
CucAgH 4.996 5.40 86.7 99.7 2.1 - -
CusAgH 5.441 5.78 65.0 74.7 16.9 1080.5 74.5
CusAg:H 6.049 5.82 62.9 72.3 40.9 1120.9 72.7
CusAgiH 6.078 6.45 57.4 66.0 25.1 1140.2 66.6
Cu,AgsH 6.116 6.33 52.3 60.1 11.4 1137.4 60.0

CuAgeH 6.132 6.13 44.6 51.3 3.6 - -






