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ABSTRACT: Structurally precise copper hydrides [CU11Hg{SzP(OiPr)g}s(CECR)g], (R= Ph (1),
CeHsF (2) and CgH,OMe (3) were first synthesized from the polyhydrido copper cluster
[CuzoH11{S:P(O'Pr);}s] with nine equiv. of terminal alkynes. Later their isolated yields were
significantly improved by direct synthesis from [Cu(CH3CN)4](PFes), [NH4][SZP(OiPr)2], NaBH,,
and alkynes along with NEt; in THF. 1, 2, and 3 were fully characterized by single-crystal X-ray
diffraction, ESI-MS and multinuclear NMR spectroscopy. All three clusters have eleven copper
atoms adopting 3, 3, 4, 4, 4-pentaccaped trigonal prismatic geometry, with two hydrides inside
the Cuy; cage, the position of which being ascertained by a single-crystal neutron diffraction
structure of cluster 1 co-crystallized with a [Cuz(H){S:P(O'Pr),}¢], 4 cluster. Six dithiophosphate
and three alkynyl ligands stabilize the Cu;;H, core in which the two hydrides adopt a trigonal
pyramidal coordination mode. This coordination mode is so far unprecedented for hydride. The

'H NMR resonance frequency of the two hydrides appears at 4.8 ppm, a value further confirmed



by 2H NMR spectroscopy for their deuteride derivatives [Cui1(D){S.P(O'Pr),}s(C=CR)s]. A
DFT investigation allows understanding the bonding within this new type of copper(l) hydrides.

INTRODUCTION

Stereochemistry and properties are strongly related. This is why the exceedingly popular
X-ray crystallography technique is the method of choice for understanding molecular properties.
However, in the case of hydride-containing complexes and clusters, X-ray diffraction fails to
assess the bonding features of the hydride ions, thus not allowing comprehending the properties
associated with. This is why rarely has literature addressed the surroundings of hydrides unless
neutron diffraction data are available.! Under this guideline, our group has managed to uncover
new coordination geometry of hydrides from several copper hydrides despite the difficulty in
growing good quality single crystals for neutron diffraction.®™ Among these, five-coordinated
hydrides (us-H) in both square pyramidal and trigonal bipyramidal,”® and four-coordinated
hydrides (us-H) in tetrahedral and square planar’’ can be thoroughly discussed. In these
compounds, the hypercoordinated hydrides, which are surrounded by a certain number of metal
atoms, can be viewed as inverse coordinated centers, within the concept of inversed coordination
defined recently by Haiduc,? that is the formation of metal compounds in which the acceptor and
donor sites are reversed compared to conventional coordination complexes.

Encapsulation of main group anions in transition metal frameworks remains an active
field in cluster science and provides solid examples of inversed coordination. Owing to their
variable coordination modes, halides and chalcogenides are the most studied species and have
yielded planar, tetrahedral, octahedral, and cubic coordination patterns.? The latter is frequently
observed in dithiophosph(in)ate-stabilized M's (M = Cu, Ag) cubic clusters encapsulating S*, CI
, and Br.® Our research group has reported selenide- and halide-centered cubes, [Cug(His-
Se){SezP(O'Pr)2}el,” [As(Hs-Se){Se2P(O'Pr)zs],” [Cus(hs-X){Se2P(OR)2}el(PFs),” and [Ags(s-
X){SezP(OR)2}¢](PFs) (X = F, CI, Br).’

The configuration of eleven metal atoms in a pentacapped trigonal prismatic arrangement
appears to be prototypical for silver(l) and copper(l) surrounded by both halides and
dichalcogenolates. Notable examples are [Cuii(He-Se)(Hs-X)s{Se:P(OR),}s] (R= Et, Pr, 'Pr;
X=Br, 1),° [Agi1(Ho-Se)(Hz-X)s{Se2P(OR)2}s] (R= Et, Pr, 'Bu; X=Br, 1)’ and [Agus(pe-1)(Hs-



Ds{E2P(O'Pr)2}e] (E= S, Se),*° [Cuii(Ho-X)(Hz-X)s{S:P(O'Pr)o}s]” (X= Br, 1), and [Cux(He-
S)(Ha-X)a{SP(O'Pr),}s] (X= Br, 1),** which all house a nanocoordinated sulfide, selenide, or
halide at the center of tricapped trigonal-prism (Scheme 1). Cluster stability of this type studied
by Density Functional Theory (DFT) has been attributed to the ionocovalent interactions
between the central closed-shell anion and the host copper (or silver) atoms, besides the strong
M-E (or M-X) covalent bonding. On the other side, encapsulation of two closed-shell anions
inside single My; cage is not known, to the best of our knowledge.

Herein we report three heteroleptic Cuyy cages, [CuiiHo{S:P(O'Pr),}s(C=CR)s], which
contain two encapsulated hydrides. They are produced from the degradation of a polyhydrido
copper cluster, [CuxH11{S:P(O'Pr)2}s],*¢ with nine equiv. of terminal alkynes. Interestingly, this
is the first proof of two hydrides located within a pentaccapped trigonal prismatic cage of eleven
Cu(l) atoms. Unexpectedly, the two hydrides were found to be four-coordinated and exhibiting a

brand-new trigonal pyramidal geometry, never observed so far in metal hydride chemistry.
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Scheme 1. Sketches of (A) the anion-centered pentacapped trigonal prismatic metal cages
stabilized by three halides and six dichalcogenolates; (B) the pentacapped trigonal prismatic
copper(l) cage with two interstitial hydrides. The alkoxy groups and phenyl rings are omitted for

clarity.

RESULTS AND DISCUSSION

Nine equiv. of terminal alkynes were added to a THF suspension of
[CuaoH11{S,P(O'Pr),}e].1¢ The reaction was stirred at 30°C for 48h and the color of suspension
changed from dark orange into dark brown. Workup of this reaction resulted in the isolation of
new clusters [Cuyz(H)2{S2P(O'Pr).}s(C=CR)s], where R= Ph (1), C¢H4F (2) and CgH4OMe (3) as
yellow precipitates in 10%, 9.6% and 20.4% yield. The by-products [Cu7(H){S.P(O'Pr):}s] (4)
was also formed during the reaction. The yields of 1 and 2 can be increased to 48.7% and 47.4%,
respectively, by direct reaction of [Cu(CH3CN)4](PFs), [NH4][S:P(O'Pr),], [BH4]" and alkynes
along with NEts, where the mole ratios are 3.5:2:1:4:4 at 30°C under N, condition (Scheme 2).
Their deuteride derivatives [Cui1(D)2{S:P(O'Pr),}s(C=CR)s], where R= Ph (15-50.7%), CeH4F
(2p-55.3%) and CgH,OMe (3p-19.7%) were synthesized to support the existence of hydrides in
the cluster.

THF
[Cuzo(H)n{SzP(OiPr)z}g] +9HC=CR ——> [CU11(H)z{SzP(OiPr)z}a(CECR)s]
481, 30°C

-[Cu7H{S2P(O'Pr)2}¢]

THF, NEt;
11[CU(CHCN)4](PFs) * 6[NH4][S2P(OiPr)z] + 3HC=CR +2NaBH, 5 [Cuyy(H)o{SoP(O'Pr)2}s(C=CR)3]
31, 30°C

-[CurH{S2P(O'Pr)2}¢]

R =Ph (1); CgHsF (2); CeHsOMe  (3)

Scheme 2. General synthesis of 1, 2 and 3.



The chemical compositions of 1, 2, and 3 were firstly assessed by electrospray ionization
mass spectroscopy (ESI-MS) which indicates a band at m/z 2283.54 (calcd. 2283.46) (1),
2337.49 (calcd. 2337.43) (24), and 2373.48 (calcd. 2373.49) (34). ESI-MS also showed a lower-
intensity mass peak attributed to the adduct-ion peak of [Cui;H-{S,P(O'Pr),}s(C=CR); + Cu']",
at m/z 2346.48 (calcd. 2346.38), 2400.43 (calcd. 2400.36), and 2436.41 (calcd. 2436.42). In
addition an adduct ion peak corresponding to [Cus(H){S,P(O'Pr),}s + Cu*]* was also found
(Figure S23). The spectra of the deuteride derivatives of 1, 2 and 3 depict an identical pattern
with peaks at m/z 2285.45 (calcd. 2283.46) (1p), 2338.52 (calcd. 2337.43) (2p) and 2375.48
(calcd. 2373.49) (3p). The adduct ions [X + Cu']" (X = 1, 2 and 3) were also assigned to
prominent peaks observed respectively at m/z 2348.37 (calcd 2346.48), 2402.53 (calcd. 2400.36)
and 2438.42 (calcd. 2436.42). The simulated isotopic patterns of [X] and [X + Cu™]" (X =1, 2
and 3) are in good agreement with the experimental ones as shown in Figures 1 and S17-S22.
The peaks of [Xy] and [Xu + Cu®]" are 1.99 mass unit lower than that of [Xp] and [Xp + Cu’]",

respectively, manifesting the presence of two hydrides in the neutral cluster.
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Figure 1. ESI-MS of [14] and [14+Cu™]". Inset show experimental and simulated mass spectra
of (a) [1] and (b) [L+Cu'T".



'H NMR spectroscopy of clusters 1, 2, and 3 displays two sets of proton resonances
corresponding to the alkyl group of the dithiophosphate (dtp) ligands and one set of chemical
shifts assignable to the alkynyl ligands. However only one *!P chemical shift at 103.9, 103.6 and
104.0 ppm, respectively, is observed for clusters 1 ~ 3 (Figure S6-S11). The observed ‘*H NMR
chemical shift patterns strongly suggest that there is no two-fold symmetry imposed on the dtp
ligand. The two hydrides in 14 display a single peak at 4.75 ppm in CDCl3 (Figure 2a). That of
its deuteride analog, 1p, appears at 4.82 ppm in chloroform at 297 K (Figure 2b). Comparable
values are observed for 2y and 2p (4.75 and 4.82 ppm, see Figures S1 and S12) and for 3y and
3p (4.65 and 4.70 ppm, see Figures S2 and S13) in CDCl; and CHCI3 respectively. The accurate
integration ratio of ‘H NMR resonances of clusters 1-3 fully confirms their overall compositions,
that is: two hydrides, six dithiophosphates and three alkynyl ligands. The FT-IR spectra of the
hydride and deuteride derivatives of 1-3 show great similarities. The v(C=C) stretching
vibrations of the coordinated alkynyl ligands at 2009.9 (1), 2001.6 (24), 2000.9 (34) and 2010.6
(1p), 2000.4 (2p), 2001.1 (3p) cm™ (Figure S$24-529) are found at lower frequencies than those
of the free alkynes (V(HC=CC¢Hs))= 2110 cm™ (v(HC=C6H4F))= 2115 cm™ and
(v(HC=CC¢H,OCH3))= 2107 cm™. These values are slightly lower than that in
[Cu13{S,CN"Bu,}6(C2Ph)a]* (2019 cm™).?
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Figure 2. a) 'H NMR spectrum of compound 1y in CDCl; and b) ?H spectrum of compound 1o
in CHCls.

Selected metric data from the molecular structures of clusters 1-3, determined by single
X-ray and neutron diffraction (vide infra) analyses, are given in Table 1. Views of these
molecular structures can be seen in Figure 3 and Figures S31-S33. Their general features are
similar and analogous to [Cui1(Hs-Se)(Br)s{S:P(O'Pr),}s] and [Agii(Me-1)(Hs-1)s{E2P(O'Pr),}6]
[E=Se, S].2*! The whole copper cage adopts the geometry a 3, 3, 4, 4, 4-pentaccaped trigonal
prism, i.e., the Cug triangular prism of which the three rectangular and the two triangular faces
are capped by an additional copper atom (Figures 3a-3b and S30). The highest ideal symmetry
possible for such a Cuy; cage is thus D3,. This metal framework is stabilized by three alkynyls
and six dtp ligands (Figure 3c). Half of the dtp alkyl groups are oriented towards the alkynes, i.e.,
along the sides of the metal framework, whereas the remaining half are oriented away from the
metal core (Figure 3d). This is in full agreement with the NMR results mentioned above. The six
dtp ligands, each bridging four copper atoms in a [z, M2 binding mode, are equally distributed on
the right and left sides of the cluster along the horizontal Cs axis. The three alkynyl ligands are

arranged along the waist of the pentacapped prism, alternatively binding to top and bottom



triangles in l,lg-T]l fashion. As a result of ligand capping configuration, the ideal D3, symmetry of
the Cujyy core is lowered to Cz, symmetry when the outer ligand sphere is considered. It is of note
that, not considering the encapsulated atoms, the structure adopted by 1-3 is similar to that of the
above-mentioned clusters [Cu1(pe-E)(H3-X)3{Se-P(OR)2}s] and [Cuz1(pe-X)(MUs-
X)3{Se-P(OR),}s]" (E = S, Se; X = halogen),®** with the three p3-X halides replaced by the three
alkynyl ligands. The Cug trigonal prism in 1-3 displays slightly longer intra-triangular edge
lengths than the distances of inter-triangular planes. For example, the intra Cug;-Cy; distances are
approximately 0.2 A longer than inter Cugi-Cy; distances (see Table 1). Other distances such as
Cutop-Cuyi, Cucap-Cuyi, and Cu-S are almost identical.

(b)

(d)

croere
IO0DWO

Figure 3. Shell by shell constructions of clusters [Cus;(H),{S;P(O'Pr),}s(C=CR)s], where R= Ph
(1), CgH4F (2) and CyH;O (3) a). A Cuy; cage in pentacapped trigonal prism; b) Two hydrides
encapsulate the Cu;; cage; c) six dithiophosphate and three alkyne ligands; d) Total structure of
[Cusi(H)2{S2P(O'Pr)2}s(C=CR)4].



Cuyi-Cuyi intra
Comp. Cuyi-H Cup-H Ciop-CUyi CUcap-CUyi Cu-S Cu-C c=C
Cuyi-Cuyi inter
2.9583(6)-3.1667(9),
. 1.69(4)-1.80(4), 1.82(3)-1.98(4), avg. 3.0284(6); 25828(5)-2.6274(5), | 2.5391(5)-2.8400(5), | 2.2801(8)-2.6193(8), | 1.951(3)-2.131(3), | 1.181(4)-1.220(4),
avg. 1.75(3) avg. 1.89(3) 2.7763(5)-2.9245(5) avg. 2.6066(5) avg. 2.712(5) avg. 2.3838(8) avg. 2.044(3) avg. 1.206(4)
avg. 2.8352(5)
2.989(11)-3.17(1),
. 1737(19)-1.793(17), | 1.841(19), 1.860(17) avg. 3.05(1) 2556(9)2.659(11), | 2509(8)2892(9), | 224(2)-2618(16), | 1951(11)-2.158(9), L onto)
N .
avg. 1.76(2) avg. 1.851(18) 2.771(8)-2.902(9), avg. 2.601(10) avg. 2.718(10) avg. 2.38(2) avg. 2.043(10) avg, 1.203(11)
avg. 2.842(8)
2.854-3.221,
v OFT) 1.714-1.784, 1.880-1.896, avg. 3.024 2.566-2.609, 2531-3.087, 2.290-2.709, 1.944-2.160, 1237-1.238
avg. 1.749 avg. 1.888 2.003-2.958, avg. 2.584 avg. 2.773 avg. 2.402 avg. 2.044 avg. 1.238
avg. 2.932
2.9644(7)-3.195(1),
, 1.66(5)-1.87(5), 1.78(4)-1.89(5), avg. 3.049(1) 25464(6)-2.6417(6), | 2.5425(6) - 3.0179(6), | 2.2784(9)-2.7153(11), | 1930(4)-2.157(4), | 1.185(5)-1.223(5),
avg. 1.77(5) avg. 1.85(5) 2 755006 20D avg. 2.6098(6) avg. 2.7439(6) avg, 2.3858(9) avg. 2.044(3) avg. 1.209(5)
avg. 2.8631(6)
2.9953(5)-3.1004(6),
5 1.72(4)-1.80(4), 1.88(4)- 2.04(4), avg. 3.0468(6); 2.6021(4)-2.6244(4), | 25762(4)-2.8344(4), | 2.3002(6)-2.5896(7), | 1950(3)-2.125(3), | 1.214(4)-1218(4),
avg. 1.76(4) avg. 1.96(4) 2.7366(4)-2.8527(5) avg. 2.6154(4) avg. 2.7125(4) avg. 2.3902(7) avg. 2.046(2) avg. 1.216(4)
avg. 2.7808(4)
2.952-3.069,
3 1.732-1.744, 1.896-1.905, avg. 3.009 2580-2.622, 2.568-2.793, 2.310-2.529, 1.956-2.139, 1.230-1.232,
(DFT) avg. 1.738 avg. 1.901 avg. 2.601 avg. 2.697 avg. 2.389 ava. 2.044 avg. 1.231
2.755-2.814 9
avg. 2.776

Table 1. Selected bond lengths (A) for 1, 2, and 3 (X-ray data), 1y (neutron data), 1’ and 3 (DFT).




Table 2. Selected crystallographic data of 1-3 (X-ray) and 2[1n] . [4n] (neutron).

1 2 3. 2(CeHus) . 2[1n] - [4n] -
[(CH3),CO)] 2[(CH5;),CO)]
CCDC number 1961353 1961354 1961355 1967640
o C363H593.20CUGGF18073P36
Empirical formula | CgoH101Cu1101,P6S1, S1pa C78H141CU11016P6S12 | Ci6aH300CU29035P 18536
Formula weight 2283.88 14097.24 2604.38 6434.30
Temperature, K 150(2) 150(2) 150(2) 100(2)
Wavelength, A 0.71073 0.71073 0.71073 04-35
Crystal system Triclinic Monoclinic Triclinic Triclinic
Space group P(-)1 P2./n P(-)1 P(-)1
a, A 14.9244(14) 23.7795(10) 14.9538(6) 14.5541(5)
b, A 26.487(3) 27.3755(12) 15.0769(6) 19.9817(7)
c, A 28.342(3) 41.2995(18) 27.7010(10) 23.5820(8)
a, deg. 113.149(2) 90 82.7840(10) 105.344(3)
B, deg. 104.257(2) 90.1670(10) 86.5970(10) 102.635(3)
v , deg. 97.301(2) 90 61.0810(10) 98.626(3)
Volume, A3 9664.2(16) 26885(2) 5423.3(4) 6294.0(4)
Z 4 2 2 1
Calculated
density, Mg m™® 1.570 1.741 1.595 1.698
Absorption
coefficient, mm™ | 2.772 2.998 2.483 1.1587 + 0.8921 A
(neutron, cm™)
Crystal size, mm® | 0.07 x 0.08 x 0.15 0.13x0.23x0.33 0.29 x0.36 x 0.38 0.80x1.24x1.75
Omax, deg. 25.000 26.399 27.136 32.625
Reflections 86957 / 33948 (Riy = | 234576 / 55078 (Rt = 77464 123970 (Rine = | 20644 / 10153 (Rjq
collected / unique | 0.0211) 0.0427) 0.0229) 0.1249)
Completeness, % | 99.7 100.0 100.0 38.8
restraints / 947/ 1893 1320 /3026 522/ 1147 4707 / 2513
parameters
GoF 1.068 1.024 1.064 1.127
Final R indices R1=0.0268, wR2 = R1=0.0346, wR2 = R1 = 0.0307, wR2 = | R1 = 0.1425, wR2 =
[1>26(1)] 0.0678 0.0747 0.0745 0.2718
R indices (all R1=0.0341, wR2 = R1=0.0522, wR2 = R1 = 0.0343, wR2 = | R1 = 0.1427, wR2 =
data) 0.0703 0.0810 0.0762 0.2722
Largest diff. peak
/hole, e A 1.389, -0.797 3.568, -2.465 2.345,-0.910 1.235, -0.903
(neutron, fm)
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The precise hydride positions were ascertained by a single-crystal neutron diffraction

study of a co-crystallized compound labeled 2[1n] . [4n] . 2[(CH3),CO)], which contains two

clusters [Cuyy(H)2{S2P(O'Pr)2}6(C=CPh)3] (1), one [Cuz(H){S:P(O'Pr):}s] (4), and two acetone
molecules in the asymmetric unit. The hydride atoms were located in the nuclear density map
and refined anisotropically. The OMIT map in Figure 4a shows the distribution of negative
nuclear densities of the two hydrides. They occupy symmetrical positions in each of the (top and
bottom) metal tetrahedral cavity composed of a prismatic triangular face and its capping atom.
Surprisingly, they do not sit at the tetrahedron center, but instead are lying almost in the plane of
the triangular face, as indicated by the sum of the Cugi-H-Cuyi angles, which is close to 360
degree (Figure 4). As far as we know, this trigonal pyramidal coordination mode of hydrides
characterized by neutron diffraction is unprecedented. Indeed the coordination environment of a
four-coordinate hydride is mostly in tetrahedral or near square-planar geometry.! The Cu-H
distances reflect the trigonal pyramidal coordination with two types of Cu-H distances, Cuyi-H
(average 1.76(2) A) and Cuyp-H (average 1.851(18) A). Selected bond lengths of 1y are listed in
Table 1. The 3P NMR resonances of the co-crystals are at 104.16 ppm (1) and 103.95 ppm (4) in
a 2:1 ratio (Figure S35). The overall composition of [2(1)(4)] was further characterized by ESI-
mass spectrometry (Figure S36).
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Figure 4. (a) Overlay of the omit map showing the negative nuclear scattering density of the
missing hydride atoms in the Cu;1H, core of 1y (neutron data). (b) View of the hydride atoms in
the CuyiH, core of 1y showing the atom labeling scheme. Atomic displacement ellipsoids are
drawn at their 50% probability level. Color code: Cu, blue; H, pink; nuclear density, cyan. The
nuclear density is displayed at isosurface level of —1.0 fm A™. Selected geometric parameters (A;
°): H1-Cul 1.751(19), H1-Cu2 1.78(2), H1-Cu3 1.77(2), H1-Cul0 1.841(19); H2—-Cu4
1.793(17), H2-Cu5 1.741(17), H2-Cu6 1.737(19), H2-Cull 1.860(17); Cul-H1-Cu3
116.5(12), Cul-H1-Cu2 117.0(13), Cu3-H1-Cu2 126.1(11), Cul-H1-Cul0 90.7(9), Cu3-H1-
Cul0 94.9(11), Cu2-H1-Cul0 90.8(9), Cu6-H2-Cu5 118.5(9), Cu6-H2-Cu4 122.7(9), Cub5-
H2-Cu4 118.4(10), Cu6-H2-Cull 92.7(8), Cu5-H2-Cull 91.0(8), Cu4-H2-Cull 92.2(8).
Displacement of hydride atoms from the plane defined by each of the three Cuy; atoms: -
0.068(19) A for H1 and 0.061(16) A for H2.

The [Cui1(H)2{S.P(O'Pr),}s(C=CR)s] clusters look yellowish to the naked eye and have
similar absorption features. Clusters 1, 2 and 3 display two intense prominent absorption bands at
344 and 414 nm for 1, 343 and 414 nm for 2 and 344 and 411 nm for 3 (Figure 5). The
compound [(1)2(4)] containing the co-crystallized 1 and 4 clusters in the solid state is also
yellowish and its spectrum shows the distinguished absorption of both components (Figure S37),
i.e., two absorption bands characteristic of 4 at 286 nm and 348 nm and a broad absorption band
around 418 nm for 1. Monitoring the stability of 1 in dichloromethane by UV-Vis at ambient
temperature indicates it changes steadily over time and completely decomposes within 5 days
(Figure S38). Furthermore, the variable temperature *"H NMR spectra show that resonances
corresponding to the alkyl groups of dtp and phenylacetylene moieties remain unchanged and the
two hydrides peaks at 4.86 ppm still exist during heating process (Figure S39). This result
indicates that 1 is stable at elevated temperature.
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Figure 5. The absorption spectra of cluster 3 in dichloromethane (1.07 x 10 M) and calculated

spectra of 1” and 3.

DFT calculations carried out at the PBEO/Def2TZVP level were performed both on a
simplified model of compounds 1-3, namely [Cu11(H)2(S2PH>)s(C,Ph)s] (1') and on the cluster 3.
Their optimized geometries were found to be of C; symmetry, the deviation away from ideal Csy,
symmetry being mainly due to space filling of the ligand substituents. Their metric data are fully
consistent with their experimental counterparts in clusters 1-3 (Table 1). It is noteworthy that the
trigonal pyramidal coordination mode of the hydrides found by neutron diffraction is
unambiguously reproduced by DFT. Other hydride positions were tested in the case 1’. Any trial
to encapsulate them in other cavities ended up with the optimized geometry of the global energy
minimum, i.e. encapsulated hydrides along the pseudo-Cs axis in trigonal pyramidal
coordination, presumably in part because of the larger size of these alternative 5-atom cavities,
but overall for orbital matching requirement (see below). Similar results were obtained when
looking for hydride outer capping positions. A unique alternative energy minimum was found

with the hydrides bonded in terminal positions to the Cup atoms lying on the Cs axis. This high-
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energy isomer was found to lie 4.48 eV above the global minimum and thus has virtually no
chance to be observed. The large HOMO-LUMO gaps of 1" and 3 (3.72 and 3.70 eV,

respectively) are typical for stable Cu(l) hydride nanoclusters.™®”

Table 3. Selected NAO charges and interatomic Wiberg indices computed for 1°.

Cuyi 0.74

Cliop 0.68
NAO charges

ClUcap 0.74

H (hydrides) -0.69

Cuyi-H 0.097

Citop-H 0.070
Cupi-Cuy | 0.025

CUIop'CUtri 0.040
Wiberg indices

CUcap'CUtri 0032

Cu-S 0.157
Cu-C 0.178
C=C 2.624

Since 1" and 3 provided very similar results, we focus below on those of 1. Its Kohn-Sham
orbital diagram is shown in Figure 6. The highest occupied levels have a dominant 3d(Cu)
character with negligible hydride participation. The three lowest unoccupied orbitals are the
combination of “in-plane” ©*(CC) orbitals of the phenyl alkynyl ligands. They are delocalized
on both the CC triple bonds and the 6-membered rings with minor metal admixtures. The natural
atomic orbital (NAO) charges of the copper atoms (~ +0.7, see Table 3) and of the hydrides (~ -
0.7) are also typical for stable Cu(l) hydride nanoclusters.®" The particularly small Cu-Cu
Wiberg indices are consistent with the mainly metallophilic character of these weak interactions.
The Cu-H Wiberg indices indicate stronger bonding with the in-plane Cuy; atoms, in line with
their shorter Cu-H distances (Table 1).
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Figure 6. Kohn-Sham frontier orbital diagram of cluster 1’ with localization (%) in the order
CU11/(82PH2)6/(C2Ph)3/H2.

An analysis of the bonding of the two hydrides with their [Cu11(S:PH,)s(C2Ph)s]** host cage
in 1’ leads to a very simple 2-electron/2-orbital picture: both in-phase and out-of-phase
combinations of the occupied 1s(H) orbitals interact in a one-to-one fashion with the LUMO and
LUMO+1 of [Cua1(S2PH-)s(C2Ph)s]*, respectively. These two accepting orbitals (Figure 7) have
large 4s(Cu) character, both with major localization on the triangular faces of the central copper
prisms (49 % and 51%, respectively) and minor contribution (9% and 13%, respectively) on the
copper atoms capping these faces. These orbital topologies are responsible for the preference for
a nearly trigonal pyramidal hydride coordination mode over the more common tetrahedral one.
The larger Cu...Cu distances of the trigonal base (Cugi-Cuyi intra in Table 1) also favor this

preference.
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Figure 7. The two accepting orbitals of the hosting cage [Cui1(S:PH2)s(CoPh)s]** which are

responsible for the bonding with the two encapsulated hydrides.

TD-DFT calculations on 1" found the simulated low-energy weak band (Figure 5) associated
with a transition at 415 nm of HOMO—-LUMO and HOMO—LUMO+1 character, thus of
MLCT nature, where L means mainly alkynyl n*(CC). The second simulated band is associated
with a transition at 333 nm also of MLCT nature, and involves several 3d(Cu)-type occupied
levels and the three lowest vacant orbitals of large alkynyl 7*(CC) nature. The TD-DFT-
simulated spectrum of 3 (Figure 5) is very similar to that of 1’, with transitions of the same
MLCT nature.
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Figure 8. A correlation plot of the experimental vs. computed *H MNR chemical shifts of 3.

Finally, it is worthy of noting that the calculated *H NMR chemical shifts of 3 are in good
agreement with their experimental counterparts, as exemplified by the linear correlation that
exists between the two sets of values (Figure 8). Such a consistency brings supplementary
confidence on the existence of the two encapsulated hydrides and on their coordination mode, if
there were even the need for. Finally, it should be noted that the calculated Cu-H vibrational

frequencies were found to lie in two ranges, i.e. 730-790 cm™ and 1200-1220 cm™.

CONCLUSIONS

We have successfully isolated three new clusters, [Cuyi(H)2{S:P(O'Pr)2}s(C=CR)s], R= Ph (1),
CsH4F (2) and C¢H4OMe (3), which contain two hydrides located inside an eleven-copper cage.
The CuyiH; core is the first example having two interstitial hydrides enclosed in a pentacapped
trigonal prismatic copper cage, which is further stabilized by six diisopropyl dithiphosphates and
three alkynyl ligands. The two hydrides in 1 adopt a pi4-H trigonal pyramidal coordination mode,
fully authenticated by single crystal neutron diffraction and confirmed by DFT calculations. The

fully characterized copper hydrides provide timely examples for the emerging topics of
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nanoscale copper hydrides,**9 the hydride position of some of which being not even

discussed.**"’
EXPERIMENTAL SECTIONS

All chemicals were purchased from commercial sources and used as received. Solvents were
purified following standard protocols. All reactions were carried out under N, atmosphere by
using standard Schlenk techniques. [CuzH11{S:P(O'Pr):}s],*¢ [Cu(CHsCN)4](PFe),® and
[NH4][S:P(O'Pr),]*® was prepared by following the procedure reported in literature and
characterized.®® NMR spectra were recorded on a Bruker Advance DPX300 FT-NMR
spectrometer operating at 300 MHz while recording *H, 121.5 MHz for *'P, 100.61 MHz for **C
and 46.1 MHz for 2H. The *'P NMR spectra were referenced to external 85% H3sPO, at =0 ppm.
The chemical shift (6) and coupling constant (J) are reported in ppm and Hz, respectively. ESI-
mass spectrum recorded on a Fison Quattro Bio-Q (Fisons Instruments, VG Biotech, U. K.).
UV-Visible absorption spectra were measured on a Perkin Elmer Lambda 750
spectrophotometer using quartz cells with a path length of 1 cm.

General Preparation of [Cui1(H){S,P(O'Pr),}s(C=CR)s], [R= C2Ph (1); CgHaF (2); CoH;0
(3)]. Cluster 1, 2, and 3 can be prepared by following two general procedures and detailed
preparation method is given for cluster 1 for both methods.

Method a (1-3). In a Flame-dried Schlenk tube, [Cuzo(H)11{S2P(O'Pr),}], (0.1 g, 0.031 mmol)
was suspended in THF (5 cm®) along with phenylacetylene (31 pL, 0.279 mmol) resulting
mixture was stirred at 30 °C for 48 h. The solvent was evaporated under vacuum and residue was
dissolved in DCM and washed with water (3x15mL). After separation, organic layer was passed
through Al,Og, the yellow residue was dissolved with ether, and solvent was evaporated under
vacuum. The precipitate continue to wash with methanol (3x15 mL), to remove
[Cu;H{S,P(O'Pr),}¢] and ligands impurities. Finally, solvent was evaporated to dryness under
vacuum to get a pure yellow powdered of 1. The yield is 0.0655, 10.1% based on Cu.

Similarly, deuterium analog (3) was synthesized by using [Cuzo(D)11{S:P(O'Pr)>}s], result the
formation of [Cuy1(D)2{S:P(O'Pr);}¢(C=CCsHsOMe)s].
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Method b (1-2). In a Flame-dried Schlenk tube [NH4][S,P{O'Pr},] (0.046 g, 0.2 mmol) and
phenylacetylene (43 pL, 0.4 mmol) was suspended in THF (30 cm®), then continue addition of
[Cu(CH3CN)4](PFs) (0.112 g, 0.35 mmol) and Triethylamine (40 pL, 0.4 mmol). After stirred 5
minute, NaBH, (0.0037 g, 0.1 mmol) was added to the mixture. The resulting mixture was
stirred at 30°C for 3 hours. The solvent was evaporated under vacuum and residue was dissolved
in DCM and washed with water (3x15mL). After separation, organic layer was passed through
Al,O3, the yellow residue was dissolved with ether, and solvent was evaporated under vacuum.
The precipitate continue to wash with methanol (3x15 mL), to remove [Cu;H{S,P(O'Pr),}s] and
ligands impurities. Finally, solvent was evaporated to dryness under vacuum to get a pure yellow
powdered of 1. The yield is 0.030, 48.7% based on Cu.

Similarly, deuterium analog (1-2) was synthesized by reacting NaBD, (0.0042, 0.1 mmol),
result the formation of [Cuy1(D)2{S:P(O'Pr),}s(C=CR)s].

Preparation of 2[1] . [4]

In a Flame-dried Schlenk tube [NH4][S:P{O'Pr},] (0.046 g, 0.2 mmol) and phenylacetylene (43
uL, 0.4 mmol) was suspended in THF (30 cm®), then continue addition of [Cu(CHsCN).](PFe)
(0.112g, 0.35 mmol) and Triethylamine (40 pL, 0.4 mmol). After stirred 5 minute, NaBH,4
(0.0037 g, 0.1 mmol) was added to the mixture. The resulting mixture was stirred at 30°C for 3
hours. The solvent was evaporated under vacuum and residue was dissolved in DCM and washed
with water (3x15mL). After extraction, organic layer was collected and passed through Al,O3 to
get yellow residue then dissolved in acetone. Solvent was evaporated under vacuum to get

yellow powders of 1 and 4.

(1n): ESI-MS: m/z (Cal. 2283.46) 2283.54 for [Cu1(H)2{S:P(O'Pr)2}6(C=CCsHs)s] (1) and m/z
(Cal. 2346.38) 2346.48 for [Cui1(H)2{S:P(O'Pr),}s(C=CCsHs)3]+Cu’T". *H NMR (300 MHz,
CDCl3):7.21~7.65 (m, 15 H, -C,Ph), 5.07~4.83 (m, 12 H, CH), 4.76 (bs, 2H, us-H ), 1.52~1.38
(d, 72 H, CHs) ppm; **C NMR (400 MHz, d-Acetone): 135.25, 131.75, 128.12, 124.13, 83.87,
74.58, 74.07, 73.12, 23.31 ppm; *'P NMR (121.49 MHz, CDCls): 103.9 (14). FT-IR data in KBr
pellet (cm-1): 2975.3; 2931.9; 2870.7; 2009.9; 1722.7; 1592.5; 1483.3; 1177.1; 1140.2 1069.1;
951.7, 884.1; 755.8; 689.6. Elem.Anal: (Cal. C% 31.55; H% 4.46). Found: C% 31.21; H% 4.50.
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(1p): ESI-MS: m/z (Cal. 2283.46) 2285.45 for [Cuyy(D)2{S:P(O'Pr),}s(C=CCsHs)s]) (1o) and
m/z (Cal. 2346.38) 2348.37 for [Cuy1(D)2{S2P(O'Pr)2}s(C=CCsHs)s]+Cu']". *H NMR (300 MHz,
CDCl3):7.20~7.65 (m, 15 H, -C,Ph), 5.07~4.82 (m, 12 H, CH), 1.52~1.38 (d, 72 H, CH3) ppm.
’H NMR (46.1 MHz, CDCl3): 4.82 (bs, 2D, ps-D). *'P NMR (121.49 MHz, CDCls): 103.9 (14).
FT-IR data in KBr pellet (cm-1): 2976.1; 2932.1; 2871.6; 2010.6, 1723.6; 1592.7; 1482.9; 1177.1;
1064.4; m951.6; 884.4; 753.7; 689.7. The precentage yield: 0.032 g, 50.7% based on Cu.

(2n): ESI-MS: m/z (Cal. 2337.43) 2337.49 for [Cusi(H)2{S:P(O'Pr)2}s(C=CCsHsF)s] (2+) and
m/z (Cal. 2400.36) 2400.43 for [Cui1(H)2{S2P(O'Pr),}s(C=CCsHsF)+Cu’T*. *H NMR (300 MHz,
CDCl3): 6.90~7.40 (m, 12 H, -CgH,4F), 5.04~4.82 (m, 12 H, CH), 4.76 (bs, 2H, us-H ), 1.21~1.88
(d, 72 H, CHs) ppm; *C NMR (400 MHz, d-Acetone): 159.63, 133.42, 116.68, 81.57, 74.23,
74.07, 72.92, 54.75, 23.31 ppm; *'P NMR (121.49 MHz,CDCl3): 103.6. (2). FT-IR data in KBr
pellet (cm-1): 3063.8; 2977.3; 2932.4; 2871.9; 2001.6; 1601.5 1574.6; 1465.71257.5; 1238.8;
1177.0; 1103.1; 1075.4; 884.3; 746.0;680.1; 529.1 460.2. Elem.Anal: (Cal. C% 30.82; H% 4.23).
Found: C% 27.25; H% 4.46. The precentage yield: 0.030 g, 47.3 % based on Cu.

(2p): ESI-MS: m/z (Cal. 2337.43) 2338.52 for [Cui1(D)2{S:P(O'Pr),}s(C=CCsHsF)s] (2p) and
m/z (Cal. 2400.36) 2402.53 for [Cui1(D)2{S:P(O'Pr),}s(C=CCsHsF)s]+Cu’T". *H NMR (300
MHz, CDCl5):6.91~7.39 (m, 12 H, -C,Ph), 5.03~4.82 (m, 12 H, CH), 1.24~1.39 (d, 72 H, CH3)
ppm. °’H NMR (46.1 MHz, CDCls): 4.82 (bs, 2D, ps-D). 3P NMR (121.49 MHz,CDCl5): 103.6.
(2p). FT-IR data in KBr pellet (cm-1): 3436.2; 3064.9; 2977.5; 2932.6; 2872.7; 2000.4; 1602.9;
1574.8; 1480.8; 1450.7 1257.6; 1258.6; 1177.7; 1102.5; 1075.0; 934.0; 884.9; 754.9; 680.8;
529.5; 460.0. The precentage yield: 0.035 g, 55.3% based on Cu.

(3n): ESI-MS: m/z (Cal. 2373.49) 2373.48 for [Cusy(H)2{S:P(O'Pr),}s(C=CCsHsOCH3)s] (31))
and m/z (Cal. 2436.42) 2436.41 for [Cuy(D)2{S:P(O'Pr)2}s(C=CCsH4OCH3)3]+Cu’T". *H NMR
(300 MHz, CDCls): 6.70~7.26 (m, 15 H, -CgH-0), 5.03~4.80 (m, 12 H, CH), 4.65 (bs, 2H, us-H ),
3.78 (s, 3H-CH3CgH40) 1.21~1.88 (d, 72 H, CHs) ppm; *C NMR (400 MHz, d-Acetone):
159.63, 133.42, 116.36, 113.68, 81.57, 74.29, 74.07, 72.92, 54.79, 23.31 ppm; *'P NMR (121.49
MHz, CDCls): 104.0. (34). FT-IR data in KBr pellet (cm-1): 3068.4; 2974.6; 2931.2; 2872.1;
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2000.9; 1601.7; 1503.9; 1259.9; 1177.1; 1025.1; 829.9; 756.7; 637.1; 532.1; 488.2. Elem.Anal:
(Cal. C% 31.87; H% 4.54). Found: C% 31.82; H% 4.54. The presentage yield is 20.4% based on
Cu.

(3p): ESI-MS: m/z (Cal.2373.49) 2375.49 for [Cuyy(D)2{S,P(O'Pr),}s(C=CCsH4OCHs)3] (3p)
and m/z (Cal. 2436.42) 2438.42 for [Cuy(D)2{S:P(O'Pr)2}s(C=CCsH4OCH3)3]+Cu’T". *H NMR
(300 MHz, CDCl5): *H NMR (300 MHz, CDClg): (m, 15 H, -CgH;0), (m, 12 H, CH), (bs, 2H,
wa-H ), (s, 3H-CH3CgH,40O) (d, 72 H, CH3) ppm ppm. ’H NMR (46.1 MHz, CDCly): (bs, 2D, La-
D). *'P NMR (121.49 MHz, CDCl3): 104.0. (3p). FT-IR data in KBr pellet (cm-1): 3033.9;
2974.7; 2931.2; 2871.8; 2001.9, 1601.6; 1503.9; 1251.9; 1169.8; 1026.4; 820.1; 748.3; 636.2;
531.2; 457.7. The precentage yield: 19.7% based on Cu.

Single Crystal X-ray Crystallography

Single crystals suitable for X-ray diffraction analysis of 1, 2 and 3 were obtained by
slowly diffusing hexane into a concentrated acetone solution at -5 °C temperature. During the
crystallization of 1 in acetone solution, the cocrystal of 1 and [Cu;H] also grow at the same time.
The single crystals were mounted on the tip of glass fiber coated in paratone oil, then frozen at
150 K. Data were collected on a Bruker APEX Il CCD diffractometer using graphite
monochromated Mo Ka radiation (A = 0.71073 A). Absorption corrections for area detector were
performed with SADABS* and the integration of raw data frame was performed with SAINT?,
The structure was solved by direct methods and refined by least-squares against F? using the
SHELXL-2018/3 package,**? incorporated in SHELXTL/PC V6.14.%* All non-hydrogen atoms
were refined anisotropically. Hydride atoms were located from the residual electron densities and
refined without any constraints. In structure of 1, carbon atoms on 010, O12, and phenyl ring on
C54 were disordered and split into two positions with 50% occupancy at each. The solvent
molecules were severe disordered. SQUEEZE? program is applied to remove the peaks of
unmodelled solvent molecules. In structure of 2, three [Cu(H){S:P(O'Pr),}s(C=CCeHaF)s]
molecules were solved in asymmetric unit. One of three Cuy; clusters has minor contribution of
[Cu11(S){S2P(O'Pr),}s(C=CCgH4F)3]. The occupancy ratio of S* and two H is 20:80. The other
two Cuy; molecules in asymmetric unit did not reveal heavy electron densities in the center of

Cuy; framework. One phenyl ring on C98 was found to be disordered, and split into three
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positions. The structure reported herein has been deposited at the Cambridge Crystallographic
Data Centre, CCDC 1961353 (1), CCDC 1961354 (2), and CCDC 1961355 (3).

Single Crystal Neutron Diffraction

The location of hydrides in 1y was confirmed by single crystal neutron diffraction
experiment using the TOPAZ single-crystal neutron time-of-flight (TOF) Laue diffractometer at
ORNL’s Spallation Neutron Source.”® A light yellow plate-shaped crystal (1.75x1.24x0.8 mm)
was attached to a MiTeGen loop using a perfluorinated grease (Krytox GPL 205) and cooled to
100 K for data collection. A total of 20 crystal orientations optimized with CrystalPlan
software®* were used to ensure better than 98% coverage of a hemisphere of reciprocal space.
Each orientation was measured for approximately 4 hrs. Raw peaks intensities were obtained
using the 3-D ellipsoidal Q-space integration method available in Mantid.”® Data normalization
including Lorentz, neutron 6 TOF spectrum, and detector efficiency corrections were carried out
with the ANVRED3 program.?® A Gaussian numerical absorption correction was applied with p
=1.1587 + 0.8921 L cm™ . The reduced data were saved in SHELX HKLF2 format in which the
neutron wavelength for each reflection was recorded separately. Non-hydrogen atom positions in
the X-ray structure were used for initial refinement of the neutron structure. Hydrogen atoms on
carbon atoms are placed using the riding model available in SHELXL-2014% with the default C-
H distances for neutrons; only their displacement parameters are refined. The hydride in the
asymmetric unit of 1y was located from the difference Fourier map calculated using the neutron
data. Hydrogen is a negative scatter for neutrons. The deepest and the second deepest hole of -
3.36 and -2.64 fm A located ~ 1.68 A from the Cu5 and Cu3 atom, respectively, were assigned
as the two hydride atoms in Cus; cluster. The third deepest hole of -2.17 fm A located ~ 1.57 A
from Cul2 was assigned as the hydride atom in Cuy; cluster. The neutron structure was then
refined successfully to convergence using the SHELXL-2014 program. Crystal data and selected

distances are listed in Tables 1-2. The structure reported herein has been deposited at the

Cambridge Crystallographic Data Centre, CCDC 1967640 (2[1n][4n] . 2[(CH3).CO)]).
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Computational details

Geometry optimizations were performed by DFT calculations with the Gaussian 16
package,”’ using the PBEO functional,?® together with Grimme’s empirical DFT-D3 corrections
and the all-electron Def2-TZVP set from EMSL Basis Set Exchange Library.* All the optimized
geometries were characterized as true minima on their potential energy surface by harmonic
vibrational analysis. The Wiberg bond indices were computed with the NBO 6.0 program.®! The
'H NMR chemical shift were computed, according to the GIAO method,* as implemented in
Gaussian 16. The UV-visible transitions were calculated by means of TD-DFT calculations.
Only singlet-singlet, i.e. spin-allowed, transitions were computed. The UV-visible spectra were
simulated from the computed from TD-DFT® transitions and their oscillator strengths by using
the SWizard program,®* each transition being associated with a Gaussian function of half-height
width equal to 3000 cm™. The compositions of the molecular orbitals were calculated using the

AOMix program.®
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