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Introduction

High-nuclearity Cu hydride nanoclusters of
Cuy,H;9 and Cu,oH13 consolidated by an
N-containing triphosphine ligand: synthesis,
characterization and catalysis

Meng-Xia Ma, %€ Yi-Wu Zhou, 2 12 Zi-Jian Gui,” Ting-Hong Huang,
Qing-Ling Ni,? Shi-Ming Li,? Liu-Cheng Gui*® and Xiu-Jian Wang (=) *2

The synthesis of copper hydride nanoclusters and the determination of their atomically precise structures
are beneficial for gaining an in-depth understanding of the structure—property relationship. N,P-contain-
ing ligands with a combination of hard and soft donors exhibit versatile coordination modes which are
promising for mediating the structures of Cu hydride nanoclusters and their properties. Herein, two Cu
hydride nanoclusters, [Cuy,H19(NP3)4(CH3CN)41-(ClO4)s (1) and [CusgH13(NP3)4(CH3CN)3Clyl-(ClO4)5 (2),
based on the tripodal N-containing triphosphine ligand of tris(diphenylphosphino-ethyl)amine (NPz) are
synthesized, and their compositions and structures are determined by 'H NMR, high-resolution ESI-MS
and single-crystal X-ray diffraction. The location of hydrides is established based on the optimized model
obtained by DFT calculations. In cluster 1, the skeleton of 22 Cu can be described as a fusion of two dis-
torted Cuyz centred icosahedra by sharing four Cu atoms, and each NPz ligand exhibits a tridentate mode
(P, P, P) to bind one Cus triangular plane. The skeleton of 20 Cu in cluster 2 can be described as a Cusz
centred icosahedron bridging a cap-shaped Cu; moiety, and the ligands exhibit two binding modes, the
tridentate (P, P, P) and the tetradentate (N, P, P, P) modes, to consolidate these Cu atoms. The synthesis of
clusters 1 and 2 is similar. The involvement of Cl™ anions and the flexibility of NPz play a synergistic role in
mediating the construction of cluster 2, resulting in a structure distinct from that of cluster 1. Their deu-
teride analogues, 15 and 2p, are also synthesized for comparison. Cluster 2 exhibits better catalytic activity
than cluster 1 for the reduction of 4-nitrophenol to 4-aminophenol.

detailed structural anatomy of nanoclusters can seek to under-
stand the kernel structures and the growth mode of kernels,

The study of monodisperse and atomically precise coinage
metal (Au, Ag, Cu and their alloys) nanoclusters protected by
organic ligands has attracted continuing attention, not only
because of their aesthetically pleasing molecular structures
and interesting properties, but also as it allows for the
development of direct structure-property relationships of
nanoclusters.™ Through tremendous efforts over the past
few decades, a large number of nanoclusters containing from
a few tens to hundreds metal atoms have been synthesized
and their structures atom-precisely determined.'***> The
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the surface structures and the self-assembly of surface protect-
ing ligands, as well as the interfacial bonding between the
kernel and the surface structure.”*>” The observed growth
modes of kernels in nanoclusters include kernel fusion, inter-
penetration, cluster of cluster, shell by shell, and layer by
layer.”®** The peripheral ligands and the assembled metal-
ligand motifs (termed as staple motifs) govern a nanocluster’s
stability and geometric and electronic structures. For example,
the surface ligands in Au,,, induce nanocluster hierarchical
self-assembly into complex structures,® and the clockwise/
anticlockwise configuration of Au,(SR),+; bonds in Auszg(2-
PET),, (2-PET: 2-phenylethylthiolate) creates a pair of enantio-
mers.>® M,(SR),.; (M = Au and Ag) bonds are commonly
observed in nanoclusters, and their flexibility and diversity
contribute to various nanoclusters.>’* Moreover, metal-
alkynyl and mixed P-metal-S-metal-P bonds are also reported
with various configurations to anchor the kernel of nano-
clusters for structural stability.>* As is well known, systematic

This journal is © The Royal Society of Chemistry 2025
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studies of nanoclusters can establish the structure-property
relations.

Though a large number of atom-precise Cu nanoclusters
have been reported, the metastability of Cu nanoclusters
resulting from their high susceptibility towards oxidation,** ™’
to a certain degree, prevents systematic comparative studies.
Among the family of Cu clusters, Cu hydride nanoclusters
have attracted special attention since they are key intermedi-
ates in numerous copper-catalyzed reactions and promising
materials for hydrogen storage.*®* ** Some successful synthetic
protocols have been established for the preparation of copper
hydride nanoclusters based on stabilizing reagents such as
thiolates, selenide, phosphines, dithiophosphate, dithiocarba-
mates, or their combinations. But only a handful of copper
hydride nanoclusters with more than 20 Cu atoms have been

reported with atomically precise structures, including
44 45 46 47 48
CuyoHi4, Cu,3Hg, Cu,5Hyy, CuysH;,, CuyeHyy,
49 50 33 51 52
Cu,sHsg, CuygH;o, CuygH;s, CuygHje, CuygHyo,
53 54 55 56 57
CuyoHy,, CuzoHjs, Cus;He, Cus,Hg, Cusz,Hyo,
CuzgHyo,°®  CuyoHss,>® CuyHus,%®  CussHys,®'  CusyHa,®
UzeMio, UyoH3s, UyqHys, Us3Hyg, Us7H50,

CusgH,0,%%%* CugHia,?® CuyoH,, ¢ and Cug,Hs,.%” Unlike thio-
lates and alkynes having variable coordination modes, neutral
phosphine ligands just terminally coordinate to metal atoms
and have, to a certain extent, predetermined steric
configurations.®® 7° Therefore, a phosphine ligand with defi-
nite coordination mode can be an appropriate candidate to
regulate the size and shape of nanoclusters depending on
phosphine’s steric and size constraint. But the stability of Cu
hydride clusters just based on phosphine ligands is a big
problem. So phosphine ligands usually perform as auxiliary
ligands to construct high-nuclearity nanoclusters.”>"#>36:5871
Hexameric complexes are most common with monodentate
phosphine ligands, such as Stryker’s reagent, [(PPh;)-CuH]e,
which is commercially available.”> To date, only six Cu
hydride clusters with more than 10 Cu atoms have been
reported just based on phosphine ligands, of which three
clusters, [Cuy4Hy,(phen)s(PPhs),J*",”®  [CuygHyo(PPhs)i6]","
and [Cu,sH,,(PPh;);,]","” are based on monodentate phos-
phine ligands and three examples, [Cu;¢Hq4(dpmppm),J**,”*
[Cuy6H14(DPPA)]*",”® and [Cu,gH;¢(DPPE)e]**,”> are based on
polyphosphine ligands. Polyphosphine ligands can also
perform as a bonding mode to stabilize metal clusters, similar
to Au(Ag),(SR),+1. Moreover, polyphosphine ligands with pre-
determined steric constraints can aggregate metal atoms into
clusters with metal-metal bonds. We selected a branched tet-
radentate ligand, tris(diphenylphosphino-methyl)amine (NP;),
containing three P(CH,)N sites with a combination of hard
and soft donors, to stabilize some Ag nanoclusters:
[Ag15CL(NP;).]*",” [Ag12(NP3)(Spz)s2] and [Ag:s(NP;)s(Spz)iz]*
(Spz = pyrazine-2-thiolate).”® In the Ag;s; cluster, each NP,
ligand performs as a tetradentate mode (N, P, P, P) to partici-
pate in coordination, but the central N atom of NP; in the Ag;g
and Ag;, clusters does not bond with metal ion where each
NP; just performs as a tridentate mode (P, P, P). Guan et al.
used HN(CH,CH,PR;), (RPNHP) to construct [CugHs(RPNHP);]
and [Cu,H,(RPNHP),] clusters where the N atom is also
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uncoordinated, but a mononuclear copper hydride, (RPNHP)
CuH, with the NH group bound to copper is proposed as a cat-
alytically active species.”’ Surely in these types of ligands, the
hemilabile coordination of hard N atom to soft coinage metal
atom will favor cluster transformation, shape/size adjustment
and metal surface reaction.

We seek to exploit the bonding coordination mode and the
steric confinement of an N-containing polyphosphine ligand
to synthesize stable Cu hydride clusters and to regulate their
geometric configuration, electronic structures and properties.
Herein, the tripodal tetradentate ligand NP; is selected as
a stabilizing agent for the construction of Cu hydride
nanoclusters, due to its geometric flexibility and variable
coordination modes. And two nanoclusters, [Cu,,H,;9(NP;),
(CH3CN),](ClO4); (1) and [CuyoH;3(NP3)4(CH;CN);CL](ClO,)3
(2), are successfully synthesized and characterized by single-
crystal X-ray diffraction, "H NMR, and high-resolution electro-
spray ionization mass spectrometry (HR ESI-MS). There are
four NP; ligands involved in each of 1 and 2. However, no N
atom from NP; ligands participates in coordination in cluster
1, while only the N atom in one NP; ligand does not partici-
pate in coordination in cluster 2.

Results
Synthesis and characterization

Synthetic methods for 1 and 2 are similar (see the experiment
part in the SI). The reactions proceeded at 0 °C in a solution of
CH;0H and CH;CN containing Cu powder, [Cu(CH;CN),]Cl10,
and NaBH, (Scheme 1). The addition of CuCl, for the prepa-
ration of cluster 2 is just to provide a Cl~ source. If Ph,PCl is
used instead of CuCl,, nanocluster 2 can also be afforded with
a comparable yield. The hydrides originate from NaBH,. Due
to the different sizes of H™ and CI™ anions, the introduction of
Cl™ ions aims to modify the structure of the Cu hydride nano-
cluster. Interestingly, the presence of Cu powder is crucial for
the formation of 1 and 2, which could be due to Cu powder
inhibiting the oxidation of Cu" in the reaction process. In the
absence of Cu powder, the yields of resulting cluster crystals
are much lower, even though the reactions are also carried out
under the reducing condition provided by NaBH,. Perhaps the
fast reaction between Cu®" ions and Cu powder ensures all Cu
species exist as Cu” ions in the reactive system, improving the
yields of theses clusters. High-quality orange-yellow rhombic
crystals of 1 and red cubic crystals of 2 are obtained from a
solution with mixed solvents of MeCN/MeOH/Et,O in a

[Cu(CH,CN),](CIO,)

y
©/va \|© 0°C CH.CN, CH;OH
o0

NP,

(P (P Cu powder, NaBH, ——————>[CzzH15(NP3)4(CH;CN),](CIO,); (1)

L;[Cuqu‘3(NP;),(CH3CN)QCI4](CIO,)3 2)

Scheme 1 The synthetic routes to nanoclusters 1 and 2.
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refrigerator at —20 °C (Fig. S1). The UV-visible absorption
spectra of the as-obtained nanoclusters 1 and 2 have no domi-
nant visible absorption peaks (Fig. S2), and their time-depen-
dent optical absorption spectra show that they are stable in
CH;CN solvent (Fig. S3). The optical energy gaps were deter-
mined to be 2.28 eV for 1 and 2.79 eV for 2 by extrapolating
the lowest-energy absorption peak to zero absorbance (see the
insets in Fig. S2). The high-resolution XPS spectrum of Cu 2p
shows two sharp peaks at binding energies of 932.3 and 952.1
eV for cluster 1, as well as at 932.8 and 952.7 eV for cluster 2,
which originate from Cu 2p;/, and 2p;,, respectively, and are
similar to those of Cu(i) (Fig. $4).*>*° Moreover, there is no
observable satellite signal at around 943 eV, which indicates
the absence of Cu(u) in clusters 1 and 2. These two clusters are
stable in DMSO at low temperature (—20 °C) for longer than
three months (Fig. S5). The compositions of clusters 1 and 2
are determined by single-crystal X-ray diffraction, '"H NMR,
and HR ESI-MS, and supported by theoretical calculation. To
investigate the presence of hydrides, their corresponding deu-
teride analogues, 1, and 2p, are also synthesized. The crystal
data and structure refinement for 1 and 2 are given in
Table S1.

The crystal structure, ESI-MS and "H NMR for nanocluster 1

Single-crystal X-ray diffraction shows that cluster 1 crystallizes
in the triclinic P1 space group. The asymmetric unit contains a
pair of enantiomers of [Cu,,(NP3)4(CH3CN),] moiety and six
ClO,™ anions, indicating that the electronic charge of cluster 1
would be +3. All NP; ligands in an enantiomer exhibit the
same conformation, clockwise or anticlockwise (Fig. S6). Below
we choose an enantiomer for structural analysis, due to these
two enantiomeric pairs showing similarity in their coordi-
nation environments. The skeleton of 22 Cu in 1 can be viewed
as two fused Cu,; centered icosahedra which share four
common atoms that construct a twisted quadrilateral, as
shown in Fig. 1a. Each icosahedron associates with two NP;
ligands and two coordinated MeCN molecules. Moreover, each
NP; ligand adopts a tridentate mode (P, P, P) to bind one Cus
triangular plane. The steric effect of the large-sized NP; ligand

Fig. 1 The crystal structure of cluster 1. (a) The two centred Cu;s fused
icosahedra; and (b) the centred octahedron capped by two roof-shaped
[Cug(NP=)>(CHsCN),] units. The centred and fused Cu atoms are labelled
in yellow colour. All phenyl groups and hydrogen atoms are omitted for
clarity.
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can lead to icosahedra being distorted, resulting in two adja-
cent Cu, quadrilaterals formed at the surface of each distorted
Cu,; centered icosahedra. The two centred Cu atoms and four
fused Cu atoms construct a twisted octahedral Cug core which
does not contact any NP; and solvent ligands (Fig. 1b). The
fusion of icosahedral M;; moieties is usually observed for the
construction of nanoclusters, such as the vertex-fusion of Au,;
in  [Auz,(PPhj)1o(SR)1oCL]" (ref. 77) and (PtAgy,) in
[Pt;Ag44{S,P-(OPr),}»,] (ref. 78)7® to construct linear structures,
Auy; in [AugeSe,-(PPhs);o(SePh)ys]” (ref. 79)° and (Au/Ag)ys in
[(p-Tol3P);,Au,5-g10Bry4]" (ref. 80)%° to construct cyclic struc-
tures, as well as the fusion of triangular faces of Auy; in
Auzg(SC,H4Ph),,*° and in the computational mode of
[Auss(Auy5Cls)],%" and the interpenetration fusion of Auyj in
Au;0S(S-"Bu);5.%> The structure of 1 can be also described as
that an octahedral Cug core is pocketed by two roof-shaped
[Cug(NP;),(CH;CN),] units in which eight Cu atoms construct
four triangles and two quadrilaterals (Fig. 1b and S7).

The twisting of two fused icosahedra results in the overall
conformation of 1 with internal helicity, exhibiting a chiral
feature. Both chiral enantiomers crystallize as a racemic
mixture. The Cu-Cu distances in 1 are in the range of 2.430
(2)-2.883(1) A, and the average bond lengths of CUcenterClUicos,
ClUoeta=CUghen aNd CUgpe—ClUgpen are 2.595 A (range: 2.452(3)-
2.856(3) A), 2.533 A (range: 2.430(2)-2.782(4) A) and 2.683 A
(range: 2.508(3)-2.883(1) A), respectively, which are compar-
able to those found in other Cu hydride clusters.'” Also, the
Cu-P distances (av. 2.263 A) are typical of those found in Cu(i)
phosphine complexes.*"*77*

To further determine the composition and charge state of
1, HR ESI-MS is performed (Fig. S8). The positive mode ESI-MS
spectrum of 1 shows two prominent peaks centred at 1287.80
with a charge of +3 and 1981.17 with a charge of +2, which are
assigned respectively to the formulas of [Cuy,H;o(NP;),]** and
[Cuy,Hyo(NP3),(ClO,)** (Fig. 2), while the ESI-MS spectrum of
its deuteride analogue, 1p, shows signals centred at 1293.51
with a charge of +3 and 1990.72 with a charge of +2, which
correspond respectively to the formulas of [Cuy,D16H3(NP3)4]**
and [Cuy,D19(NP3),(ClO,)*" (Fig. S9). These formula assign-
ments are validated by the good agreement between calculated
and experimental isotopic patterns. Three hydrides in
[Cuy,D46H3(NP;),]** are due to the impurity of the borodeuter-
ide source (the purity of NaBD, is 95%), which is unavoidable

[CuyoHyg(NPy) P [CuzoHy5(NP3)4(CIOL) 1

Experimental
Simulated

,,,,, YA LA AARAARRR A LA drdviv)
e o o7 198 | 1m0 | 12 | 194 106 1988 | 190

m/z

Fig. 2 HR ESI-MS spectra of dominant species [Cuz,H;9(NP3),1** and
[Cuz2H16(NP3)4(ClO4)I?* along with simulated ones.
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Fig. 3 IH NMR spectra of 1 and 1p in CDzCN. The marked peaks corres-
pond to CHsOH (@), water (&), CHsCN (*), and impurities in the solvent.

in polyhydrido copper clusters.®” All these assigned species
and the 19 mass difference between [Cu,,H;o(NP;)4(ClO,)*
and [Cuy,D;o(NP3)4(ClO,)]** confirm that cluster 1 has
19 hydride ligands (Fig. S8). Based on ESI-MS and SCXRD
results, the total composition of 1 is proposed as
[Cu,,H1(NP5)4(CH;CN),]-(ClO,)3, and all the copper atoms are
in the +1 state. The formulas assigned by ESI-MS are derived
from the parent cluster 1** with the loss of four MeCN
molecules.

To further characterize the hydrides in 1, "H NMR measure-
ments were performed. The '"H NMR spectrum of 1 features
three broad peaks at 0.45, 0.62, and 1.06 ppm, which integrate
for 10 H, 6 H and 3 H, respectively, and are assignable to
19 hydrides in different chemical environments. These peaks
are completely missing in the "H NMR spectrum of 1, (Fig. 3
and Fig. S10), validating the assignment of hydrides. The
peaks centred at 2.35 (4 H), 2.89 (8 H), 3.45 (6 H) and 3.60 (6
H) ppm in the spectrum of 1 are ascribed to 24 H of -CH,~
moieties, while the peaks at 6.2-8.3 ppm correspond to 120 H
of phenyl groups in ligands. Furthermore, the comparison of
"H NMR spectra shows that the peaks of ~CH,- and phenyl
groups in 1 and 1p, are almost consistent. In CD;CN, the *'P
NMR spectrum of complex 1 exhibits three broad peaks at
—3.44, —0.61, and 0.03 ppm, with an integration ratio of
1:1:1 (Fig. S11), suggesting that the twelve phosphine atoms
in 1 are distributed into three distinct groups. Four phos-
phines are assigned to the terminal sites of the fused Cu,,
polyhedron, while the remaining eight phosphines, located at
the waist of the Cu,, framework, are further divided into two
groups each of which is associated with one of the two Cu;
icosahedra.

The crystal structure, ESI-MS and "H NMR for cluster 2

Cluster 2 crystallizes in the trigonal R3¢ space group. X-ray
diffraction study reveals that it consists of 20 Cu atoms, 4 NP3,
4 coordinated Cl™ ions, 3 coordinated CH3;CN solvent mole-
cules, and 3 ClO,™ anions, indicating that the cation charge of
cluster 2 would be +3 which is balanced by three ClO,~ coun-

This journal is © The Royal Society of Chemistry 2025
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terions. The skeleton of 20 Cu can be described as a centred
Cu,; icosahedron covered by a cap-like Cu,; moiety which con-
sists of a Cug hexagon (Cu6, Cubi, Cubii, Cu7, Cu7i and Cu7ii)
with nonplanar chair configuration and a top Cu atom (Cug)
that is bonded to three interval Cu atoms in the hexagon and a
terminal CI” ion with Cu-Cu and Cu-Cl distances of 2.528(1)
and 2.183(2) A respectively (Fig. 4). The C3 axis passes through
the top Cu atom in the Cu, moiety and the centred Cu atom in
the icosahedron. Besides the Cu-Cu bonding between a Cu;
triangle (Cu5, Cu5i and Cub5ii) in the Cu,; icosahedron and
the Cues hexagon, three Cl™ ions perform as a pjz-bridging
mode to link the Cuy; and Cue moieties (the Cu-Cl bond
length range is 2.298(2)-2.956(1) A). Furthermore, three NP,
ligands perform in a tetradentate mode (N, P, P, P) to bind
four Cu atoms of which three Cu atoms belong to the Cug
hexagon and one to the icosahedron. The fourth NP; ligand
performs in a tridentate (P, P, P) mode to bind a triangular Cus
plane (Cui, Culi and Culii) of this icosahedron. The remain-
ing three Cu atoms on the surface of Cu,; are coordinated by
three MeCN solvent molecules. The structure of 2 can be seen
as an evolution from 1 by losing two Cu' ions. The skeleton of
20 Cu can be also viewed as an interpenetrating structure of a
centred Cu,; icosahedron and a twisted Cuy, tetrahedron
which share four Cu atoms, along with a top Cu atom capping
a face of this tetrahedron (Fig. S12).

The range of Cu-Cu distances in 2 is 2.455(4)-3.004(3) A
which is a little larger than that in cluster 1. But the average
CUcenter—ClUicos and Cu-P distances are 2.583 A (range: 2.465
(2)-2.682(4) A) and 2.248 A (range: 2.230(2)-2.267(3) A),
respectively, which are comparable with those observed in
cluster 1 and other reported Cu hydride clusters.””””>”7> The
average distance of Cu-N is 2.065 A and the Cu-p;—Cl dis-
tances are 2.298 and 2.570 A.**

By comparing the geometric parameters of NP; ligands, it
is found that the bond angle of C-N-C is a significant mark
for the (P, P, P) tridentate and the (N, P, P, P) tetradentate
coordination modes (Scheme S1 and Table S2). The average
bond angle of C-N-C is about 108° in the tetradentate coordi-
nation mode, but this value experiences a large range with the

Fig. 4 The crystal structure of cluster 2 (a) and the skeleton of 20 Cu
(b) in cluster 2. All phenyl groups and hydrogen atoms are omitted for
clarity. Symmetry codes: i=1-y, x-y,zii=1-y—-x,1-x, z.
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tridentate mode in different compounds. Moreover, the triden-
tate mode of NP; is appropriate to construct a triangular metal
plane which exists in octahedral, icosahedral and tetrahedral
structures, while the tetradentate coordination mode can
match with complicated polyhedral structures.

To determine the number of hydrides in 2, HR ESI-MS ana-
lyses of 2 and 2p, are also performed (Fig. S13). The positive
ESI-MS of 2 shows three characteristic signals at 1290.76 with
a charge of +3 and 1953.67 and 1985.65 with a charge of +2,
which match well respectively with the simulated isotopic pat-
terns  of [CuyoHy3(NP3),CLIPY, [CusoHi3(NP3),Cl]**  and
[Cu,oH13(NP3),Cly(ClO,)** (Fig. 5). While the ESI-MS peaks of
its deuteride analogue, 2p, at 1294.81 with a charge of +3 and
1959.70 and 1991.71 with a charge of +2 match well respect-
ively with the simulated isotopic patterns of [CuyoD;i,H
(NP3),CLY, [CuneD1,H(NP),Cl]*" and [CuyoDi,H(NP;),Cly
(Clo,)J** (Fig. S14). These formula assignments are validated
by the good agreement between simulated and experimental
isotopic patterns. All the species reveal the incorporation of
13 hydrides in 2 (Fig. S13). So the composition of 2 is proposed
as [CuyoH;3Cly(CH3CN);(NP3)4]-(ClO,);. The formulas assigned
by ESI-MS are derived from the loss of MeCN molecules from
the parent cluster 2%*.

To further characterize the hydrides, the "H NMR spectra of
2 and 2p, are compared in CD;CN. The peaks centred at —0.50,
—0.10 and 1.85 ppm for 2 are absent for 2, showing that these
peaks ascribed to H™ ions in 2 are replaced by D™ ions in 2p
(Fig. 6). The peak integration of the "H NMR spectrum of 2
shows that 9 hydrides are equally distributed to three peaks at
—0.50, —0.10 and 1.85 ppm, and four hydrides are overlapped
with —-CH,- in NP; at 3.37-3.99 ppm with one hydride at
3.37-3.66 ppm and three hydrides at 3.67-3.99 ppm. And
these four overlapped hydride signals are also absent in the

T T T
1286 1288 1290
m

T T T
1292 1294 1296
lz

Cu,oH45(NP;),Cls]?*
[CuzoH;s(NPs)eCls] [CuzoH;13(NP3),Cly(CIO,)**
Experimental

Simulated

AR
T80 192 1084 1986 1988 190 1992 19%%
miz

T T T T
1948 1952 1956 1960
m/z

Fig. 5 HR ESI-MS spectra of characteristic species of [CuoH13(NP3)4
CLI**, [CuzoH15(NP3)4ClsI?* and [CuaoH13(NP3)4ClL(CLOL)?* along with
simulated ones.
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Fig. 6 H NMR spectra of 2 and 25 in CDsCN. The marked peaks
correspond to water (&), CHzCN (*), and impuirities in the solvent.

spectrum of 2p. To further determine quantitatively these
hydrides in 2, an internal standard reagent of 1,3,5-trioxane is
used to perform 'H NMR in (CD3),SO. As shown in Fig. $15,
the quantitative result is consistent with that of the peak inte-
gration. However, the peaks of -CH,- in (CDj3),SO are not well
resolved relative to those in CD3;CN (Fig. S16). Complex 2 fea-
tures four broad resonances in its *'P NMR spectrum in
CD;CN, centered respectively at —8.88, 0.15, 0.95 and
7.34 ppm with an integration ratio of 1:1:1:1 (Fig. S17),
suggesting that the twelve phosphine atoms in 2 are divided
into four groups. Three phosphines are ascribed to the NP;
ligand with the (P, P, P) tridentate coordination mode, and
another three phosphines from different NP; ligands with the
(N, P, P, P) tetradentate mode attach to the icosahedron. The
remaining six phosphines, distributed into two groups, coordi-
nate to the Cu atoms at the cap-like Cu, moiety.

The optimized results by DFT calculation

To ascertain the position of hydrides, several structural
models consisting of hydrides for 1 and 2 are given based on
the information from the crystal structural analysis, the
observed hydride NMR chemical shifts and previously reported
structures of hydride-containing copper clusters. Density func-
tional theory (DFT) calculations are carried out for optimiz-
ation until the default convergence limit is reached. It is worth
mentioning that without any additional hydrogen atoms, the
convergence cannot be carried out and the structure is
cracked. The final optimized structure is nearly consistent
with the experimental structure. The lowest energy structures
for the corresponding clusters 1 and 2 are shown in Fig. 7
and S17.

There are six convergently optimized structures for cluster 1
(Lopar Lopbs loper Llopd, lope and 1gy¢), having nearly the same
lowest energies and similar structures. To describe the posi-
tions of hydrides, the optimized structure of 1,p, is used as an
example. In optimized 1,p,, One pg-hydride (H,) as an intersti-
tial locates at the center of the octahedral Cug core in the
fused icosahedra, and another 18 hydrides are distributed on

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Optimal hydride sites in 1, (left) and 2 (right) based on DFT cal-
culations. Colors: orange, H; green and yellow, Cu; and bright green, CL

the icosahedral surface. Among the 18 surface hydrides, two
py-hydrides (Hp) locate at the waist of the fused icosahedra to
bridge respectively two fused Cu atoms and two differently ico-
sahedral Cu atoms, each of 12 hydrides (H. and H,) performs
as a p3 coordination mode capping a Cu; triangle, and each of
the remaining four hydrides (Hq) locates above one irregular
Cu, quadrangle and bridges three Cu atoms with a p; coordi-
nation mode. The discrepancy among 1opa—1gp¢ results from
the drift of Hy positions as shown in Fig. S18. These drifts of
Hq hydrides (also called “fluxional” hydrides) may result in the
split of the "H NMR signal for Hy. So four Hy hydrides belong
to two adjacent wide peaks at 0.25-0.85 ppm in the '"H NMR
spectrum of cluster 1. The peak centred at 0.45 ppm contains
8 H. and 2 Hg, while the peak centred at 0.62 ppm contains 4
H. and 2 Hq. The H, and 2 Hy, are ascribed to the peak centred
at 1.05 ppm.

In the optimized cluster 2, seven hydrides adopt p,-H
coordination modes and six hydrides adopt ps;-H coordination
modes. Each of three p,-H atoms (H,,) bridges the top Cu
atom and three adjacent Cu atoms in the Cug hexagon, while
each of another three p,-H atoms (H,) bridges one Cu atom
from the Cug hexagon and three Cu atoms of the icosahedron.
The remaining one ji,-H atom (H;) bridges the central Cu atom
in the icosahedron and three Cu atoms bound by the NP;
ligand with a tridentate (P, P, P) mode. Moreover, each of the
six p3-H atoms (Hy and H,,) bridges three triangular Cu atoms
on the surface of the icosahedron. The hydride H,, is ascribed
to the wide peak at —0.50 ppm, H, at —0.10 ppm, Hj at
1.85 ppm, H;j at 3.37 to 3.66 ppm, and H, at 3.67 to 3.99 ppm.
The difference in the "H NMR peak locations between hydrides
H, and H, may be ascribed to the anion effect in solution,
though they have similar environments based on the crystal
structure.

The Cu-Cu distances in X-ray and DFT structures for 1 and
2 are almost in good agreement and summarized in Table S3.
And the Cu-H distances in 1 and 2 are comparable with those
in previously reported Cu hydride clusters.*””*

This journal is © The Royal Society of Chemistry 2025
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The calculated band gaps based on the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are 1.99 eV for 1 and 1.65 eV for 2, which are
smaller than their optical band gaps estimated by the extrapol-
ation of the absorbance to the baseline.*>®” The electronic
charge densities of the frontier orbitals show that the nano-
cluster cores (including Cu and H) in 1 and 2 primarily con-
tribute to the HOMOs and the LUMOs (Fig. S19 and S20).

Catalysis

To estimate the catalytic performances of clusters 1 and 2 with
different structures, the reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP) by NaBH, in water is chosen as a model
reaction (Scheme 2; the details of the catalytic experiment are
provided in the SI). Clusters 1 and 2 do not dissolve in water,
revealing that their catalytic reactions are heterogeneous. At a
reaction temperature of 0 °C, the complete conversion of 4-NP
catalyzed by cluster 2 takes 160 minutes, which is shorter than
that catalyzed by cluster 1 (400 min) (Fig. 8). When the reac-
tion is carried out at 25 °C, the time required for complete con-
version of 4-NP catalyzed by cluster 2 is almost the same as
that at 0 °C, which is still shorter than that catalyzed by cluster
1 at 25 °C (Fig. S21), showing that the temperature is not a
strict requirement for the catalytic reaction. The time-depen-
dent UV-visible spectra of 4-NP in an aqueous NaBH, solution
remains unchanged in the absence of the nanocluster catalyst
(Fig. S22), confirming that the nanocluster catalyst is necessary
for the reduction of 4-NP.

Based on the change of UV-visible absorption of 4-NP with
time at 0 °C and a wavelength of 400 nm, the calculated rate

OH OH

NﬂBH4, HzO

-
t

Cu-H clusters as catalyst

NO, NH,

Scheme 2 A schematic diagram showing the catalytic reduction of
4-NP to 4-AP.

Absorbance (a.u.)
Absorbance (a.u.)

450 500 300 350 450 500

300 350

Wa\'clf-:ngth /nm \ancl‘co:g(h /nm
Fig. 8 UV -visible spectra showing the gradual reduction of 4-NP cata-
lyzed by different catalysts: (a) cluster 2 and (b) cluster 1 in the presence
of NaBH, at 0 °C. Catalytic experiment: 4-NP (9.45 mg, 2.27 x 1072 M),
NaBH, (257 mg, 6.8 mmol), cluster catalyst (3 mg) and 3 mL of H,O.
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constant for cluster 1 is k = 0.0063 min™", but for cluster 2 the
rate constants at high and low concentration of 4-NP are k" =
0.013 min~" and &’ = 0.046 min™!, respectively (Fig. S23). These
rate constants indicate that the catalytic reactions are first-
order processes. Their rate constants are lower than those of
reported copper hydride nanoclusters (0.84 min™" for [(TOP)
CuH]e,** 0.5 min™" for Cu,4(Tf-dpf)s(OAc),H;),** but are com-
parable to that of [Cuy,(Tf-dpf)e(OAc),H;] (0.007 min™").** The
concentration-dependent rate constants for cluster 2 can be
ascribed to the selective absorbance for 4-NP due to the non-
equilibrium absorbing structure of cluster 2. For a low concen-
tration of 4-NP, the more active sites on the surface of cluster 2
are left for the cleavage of B-H in BH,".

The catalytic performance of cluster 2 is better than that of
cluster 1, showing the existence of a structure effect. In
addition to the different surface adsorbing ability of these two
clusters, which influences their catalytic effect,**® the poss-
ible transient dissociation of the hemilabile Cu-N bonds
associating to NP; ligands in 2 could also produce active sites
for effective catalytic reaction. However, the multidentate che-
lating ability of NP; still keeps the structure stable during the
catalytic process. The recyclability of cluster 2 for the catalytic
reduction of 4-NP is explored at 25 °C with a 160 min reaction
time. After the twelfth cycle, the conversion of 4-NP is still
100% (Fig. S24), while the catalyst remains stable which is
monitored by UV-visible spectroscopy of cluster 2 in MeCN
(Fig. S25). Moreover, the reductions of 4-NP to 4-AP with
NaBD, in place of NaBH, are also explored using clusters 1
and 2 as catalysts. After catalysis, the ESI-MS results show that
no hydrides in 1 and 2 are replaced by D™ of BD,~ (Fig. 526),
which supports that the catalytic reaction happens on the
surface of the clusters but the hydrides in the clusters are not
involved in the catalysis.

Conclusions

In summary, we report the synthesis of two high-nuclearity Cu
hydride nanoclusters of Cu,,H;9 and Cu,oH;; and their deu-
teride analogues, Cu,,D;9 and Cu,oD;3, which are character-
ized by HR ESI-MS, 'H NMR and single-crystal X-ray diffrac-
tion. DFT calculations support their compositions, structures
and the sites of hydrides. The tetradentate NP; ligand acts to
stabilize these structures with a tridentate mode (P, P, P) or a
tetradentate mode (N, P, P, P). The small ionic ligands of H™
and CI™ ions perform not only as bridging ligands but also as
charge transport agents. However, the participation of CI” can
also adjust the structure of Cu hydride nanoclusters due to the
different sizes of H™ and Cl™ ions. Interestingly, the coordi-
nation of labile N atom can diversify structures and favor
surface reactions. The structure of 2 can be seen as an evol-
ution from 1 by losing two Cu" ions and due to the synergistic
mediation of CI” ions and the NP; ligand. The catalytic per-
formance of cluster 2 is better than that of cluster 1 for the
reduction of 4-NP to 4-AP. This could result from the transient
dissociation of hemilabile Cu-N bonds in 2 producing
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additional active sites for effective catalytic reaction, in
addition to the different surface adsorption catalysis.
Furthermore, cluster 2 exhibits different adsorption perform-
ances toward high and low concentrations of 4-NP.
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