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Abstract: A polyhydrido copper nanocluster, [Cu,yH,,{Se,P-
(OiPr),}o] (2y), which exhibits an intrinsically chiral inorganic
core of C; symmetry, was synthesized from achiral [Cu,,H ;-
{S,P(OiPr),}o] (1) of Cs, symmetry by a ligand-exchange
method. The structure has a distorted cuboctahedral Cuy; core,
two triangular faces of which are capped along the C; axis, one
by a Cug, cupola and the other by a single Cu atom. The Cu,,
framework is further stabilized by 9 diselenophosphate and 11
hydride ligands. The number of hydride, phosphorus, and
selenium resonances and their splitting patterns in multinuclear
NMR spectra of 2y indicate that the chiral Cu,,H,; core retains
its C; symmetry in solution. The 11 hydride ligands were
located by neutron diffraction experiments and shown to be
capping us-H and interstitial us-H ligands (in square-pyramidal
and trigonal-bipyramidal cavities), as supported by DFT
calculations on [Cu,yH,;(Se,PH,)o] (24) as a simplified model.

Ligand replacement has become a subject of intense interest
as it serves as a means to tune the surface structure of metal
nanoparticles (NPs)'l and thus their optical and electronic
properties.”! The situation becomes more interesting in the
case of atomically precise gold nanoclusters.®’l For example,
thiol-ligand exchange in molecularly pure [ Ausg(pet).,] (pet =
~S(CH,),Ph) with 4-tert-butylbenzenethio (tbbt) gave a new
[Aus4(tbbt),,] nanocluster. Surprisingly, the intrinsically chiral
[Ausg(pet),,] was transformed into achiral [Aus,(tbbt),,].[*! In
parallel with this synthesis of thiolate-protected gold nano-
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clusters, recent studies have demonstrated that stable gold
nanoclusters can be fabricated by the replacement of thiolate
with selenolate ligands (“SeR)."”) However, to the best of our
knowledge, there have been no studies reported so far on the
structure of ligand-supported, chiral polyhydrido metal nano-
clusters generated by utilizing a ligand-exchange method.
Transition-metal hydrides found in solid-state and molec-
ular forms'® play extensive roles in both homogeneous and
heterogeneous catalysis™®! and hydrogen-storage technol-
ogy.”) A binary copper hydride has been known since 1844,
and the first neutron-diffraction evidence of hexameric
[CugHg(PR;)¢] copper hydrides™ also known as Stryker
reagents, was pivotal for their development as catalysts for
C—F bond activation,'? reduction, and hydrogenation.!'’]
Copper hydride complexes generated in situ with chiral
phosphine ligands have been used for the stereoselective
conjugate reduction of a range of carbonyl compounds.'*
Clearly, the induction of chirality in any class of metal
hydrides is of added value because of the importance of such
chiral complexes for asymmetric catalysis.'” Recently, the
chemistry of copper hydride nanoclusters has been rapidly
developed by several research groups.'”l This new research
area has promising applications.'>'¥! Following the synthesis
and isolation of air- and moisture-stable copper(I) hydride
clusters [Cug(pu-H)L¢]" and [Cu,(us-H)Lg] stabilized by
dichalcogen ligands (L),!'”! we recently reported three sym-
metrical types of nanoscale copper(I) polyhydrido clusters,
namely, [CuyHy Lol "™ [CuygHysLio] "1 and [Cus,HyLy] >
with peculiar structural features and potential applications in
solar H, evolution. We report herein the replacement of
dithio- with diselenophosphate ligands by the treatment of
a pure, nanospherical cluster, [CuyH,;{S,P(OiPr),},] (1y),
with NH,[Se,P(OiPr),] to afford [Cu,,H,,{Se,P(OiPr),}] (2y).
The solid-state structure of 2y, as elucidated by low-temper-
ature X-ray diffraction (XRD), was supported by elemental
analysis and multinuclear ("H, *H, ”’Se, and *'P) NMR
spectroscopy. Neutron diffraction of 2y established the
location of the hydride ligands, as supported by density
functional theory (DFT) investigations on the simplified
model [Cu, H;;(Se,PH,)o] (2'y). Astonishingly, the structure
of 2y was drastically different from that of the starting
material 1y and revealed that an achiral molecule 1y of Cj,
symmetry had been converted into an intrinsically chiral
molecule 2y of C; symmetry. We also developed a direct
synthetic route to produce 2y in moderate yield by a stoichio-
metric reaction of a copper(I) salt, NH,[Se,P(OiPr),], and
BH,”. The dichalcogen-stabilized polyhydrido copper(I)
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nanoclusters 1y and 2,4 with their distinct molecular structures
and metal cores have chemical formulas that differ only in the
nature of the chalcogen (S vs. Se) and can therefore be
considered as pseudoisomers.

Nanocluster 1y reacted with NH,[Se,P(OiPr),] (12 equiv)

—35°C in solution to yield 24 within 2 hours; this trans-
formation could be monitored by *'P NMR spectroscopy (see
Figure S1 in the Supporting Information). In a direct synthetic
approach, 2y was also synthesized in moderate yield by a one-
pot reaction in the solvent THF (see the Supporting
Information). Nanocluster 2y was moderately air- and mois-
ture-stable in the solid state; in solution it decomposed
gradually within a few days, but it was reasonably stable under
an inert atmosphere. The molecular formula of 2y was
established by electrospray ionization mass spectrometry
(ESI-MS; Figure 1). ESI-MS (positive-ion mode) of 2, and 2,
revealed a prominent peak at m/z 4042.8 (calcd: 4043.08) and
m/z 4052.9 (caled: 4053.8), which correspond to a formula of
[CuyHyo{Se;P(OiPr)y}o] " [24—H]"  and  [CuyDyy{Se,P-
(OiPr),}]" [2p—D]", respectively (Figure 1; see also Fig-
ure S2). Mass spectra also displayed the dicationic (2+)
species [CuyHo{Se,P(OiPr),}o]*" (m/z 2022.9; caled: 2022.4)
and [Cu,Do{Se,P(OiPr),}o]*" (m/z 2026.4; caled: 2026.4). The
theoretical isotopic patterns of the monocationic ([25—H]",
[2,—D]") and dicationic species ([24—2H]*", [2,—2DJ*")
show great resemblance to the corresponding experimental
patterns (see insets in Figure 1 and Figure S2). A 10.1 mass-
unit difference between the [23—H]" and [2,—D]" species
confirmed the presence of 11 hydride ligands in the neutral 2
species.

The cluster 2y crystallizes as a racemate in the space group
R3. The solid-state molecular structure of the left-handed
isomer, consisting of three anticlockwise copper strands of
ideal C; symmetry, exhibits a fairly distorted, cuboctahedral
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Figure 1. ESI-MS spectrum of 2,,. A,B) Experimental (top) and theoret-
ical isotopic patterns (bottom) for [Cu,H;0{Se,P(OiPr),}s]" (A) and
[CuzoHs{Se,P(OiPr),}e]** (B)
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Cuy; core (Figure 2a). Whereas a regular Cu;, cuboctahedron
can be described as a planar Cug hexagon sandwiched
between two staggered Cu; faces, the Cuq ring in 1y has
a nonplanar chair conformation, and one of the two triangular
Cu, faces is significantly larger than the other (Figure 2b). A
view along the C; axis (Figure 2c) reveals that these top
(smaller) and bottom (larger) triangles of the cuboctahedron
are further covered by a Cug cupola and one capping Cu atom,
respectively. Within the copper-centered Cu,; cuboctahedron,
the Cu-Cu distances are in the range 2.5051(4)-2.8281(5) A,
except for the long edges of the bottom triangular face
(3.0911(6) A). Within the Cu, capping cupola they are in the
range 2.5695(5)-2.7182(4) A. Except for the longer triangular
edges, these values are consistent with the 2.5284(9)-
2.8595(7) A range reported for 14!"*! The entire copper
framework is covered by nine diselenophosphate (dsep)
ligands with equal distribution in three spherical rows. Each
dsep ligand on both end rows connects an irregular quadri-
lateral Cu, face in a tetrametallic tetraconnective (M*:p,,1,)
pattern, and those of the middle row bond in a trimetallic
tetraconnective (n’:u,,11,) pattern to one Cu atom of a Cu, unit
and two Cu atoms from the chair part of the cuboctahedron
(Figure 2d). The Cu-p,-Se distances are in the range
2.4208(3)-2.6883(4) A1 Although 2y and 1, exhibit the
same number of copper—chalcogen bonds (36), the distribu-
tion of these bonds over the metal atoms is different. In 1, all
18 surface copper atoms are each bonded to two sulfur
atoms."® The 19 surface Cu atoms of 2y can be classified into
seven types of symmetry-related atoms (labeled A-G) in
a ratio of 3:3:3:3:3:3:1 (Figure 2¢). The B- and G-type atoms
are bonded to three Se atoms, the A-, E-, and F-type atoms to
two Se atoms, and the C- and D-type atoms to only one Se
atom.

The structure of 24 as determined by neutron diffraction is
depicted in Figure2e. It shows the 11 hydride ligands
(grouped into five types of symmetry-related atoms), of
which seven (1 + 3 + 3) are capping ps;-H ligands and four (3 +
1) are in interstitial ps-H locations. The three-coordinated (-
H5M) hydride situated on the C; axis caps an apical triangle
of the Cu, cupola, and the remaining six (3 + 3; p;-H) hydrides
bridge six triangular faces of the cuboctahedron, in alternat-
ing up and down positions along the sides of the Cug chair.
The average Cu—p;-H bond length, 1.70(7) A, is close to the
average distances of 1.71(4) and 1.76(3) A reported for 14"
and [Cu{P(p-tolyl);}(us-H)]e,"* respectively. One of the five-
coordinated interstitial hydrides (us-H1M) is located on the
C, axis in trigonal-bipyramidal coordination (r=1.00).”* It
occupies a cavity generated by the bottom (large) triangular
face of the Cu,, cuboctahedron, the encapsulated Cu atom,
and the bottom capping metal with Cu-HIM distances
ranging from 1.7897(12) to 1.920(5) A. To the best of our
knowledge, there has been no previous example of a five-
coordinated hydride ligand in a trigonal-bipyramidal coordi-
nation site in a homometallic hydride.”” The other three
symmetry-related five-coordinated hydrides (us-H) lie in
square-pyramidal cavities® (z~0.04) created by two atoms
of the Cu, cupola and three atoms of the cuboctahedron. The
(Cu—ps-H4M) bond distances, 1.675(3)-2.056(3) A, are com-
parable with those [1.774(9)-2.121(8) A] identified by single-
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Figure 2. a) Full molecular structure of 2, (isopropoxy groups have been omitted for clarity). b) Complete Cu,, framework. c) Fragmentation of
the Cu,, core by the labeling of different surface-atom types (A-G): The central cuboctahedron Cu,; (C—F) combines with a Cug (A,B) cupola and
a single Cu atom (G). d) Cuy, core shielded by nine [Se,P(OiPr),]” ligands with equal distribution in three spherical rows. e) Structure of the
CuyoH,; moiety with the five types of symmetry-related hydride ligands, as determined by neutron diffraction. f,g) Side and top views of the three
anticlockwise copper strands constituting the Cu,, core. Color code: Cu blue, Cu—Cu edges cyan, Se yellow, P green, H red.

crystal neutron diffraction in [Cus,H,o{S,P(OiPr),}1,].*” On
the basis of the structural description mentioned above,
a peculiar bonding situation of the central copper atom, Cus8,
arises. Apart from its 12 Cu—Cu (d'*-d"’) contacts, it is bonded
to only one hydride. The coordination environments of the
other copper types are SeH; (Cucp), Se,H, (Cusgyr), and
Se;H (Cugg).

The Cuy, chiral core of 2y represents an unprecedented
arrangement of copper atoms, as shown by a side view in
Figure 2 ¢, in which the 19 surface Cu atoms can be classified
into seven types of symmetry-related atoms (A—G) in a ratio
of 3:3:3:3:3:3:1. Three groups of every single Cu atom type
create three anticlockwise helices along the C; axis (Fig-
ure 2f,g). To the best of our knowledge, no structural
evidence of a nanoscale, hydrido metal cluster with an
intrinsic chiral metallic core has been presented previously.
This structural feature is similar to that of a recently
discovered thiol-stabilized gold cluster, in which an Au,,
core of C; symmetry had an intrinsically chiral inorganic
core.”™ Unfortunately, 2, crystallizes in the central symmetric
space group R3, so that no optical activity is revealed in its CD
spectrum.

In agreement with the structure determined by neutron
diffraction, the *'P{'H} NMR spectrum of 2 at ambient
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temperature displays three resonances of equal intensity at
98.6 (Js.p=691.3, 637.8 Hz), 89.6 (674.9, 616.0 Hz), and
54.0 ppm (598.9 Hz; see Figure S3). The broad selenium
satellite of the phosphorus peak at 54.0 ppm was well resolved
into the expected double doublet pattern when the temper-
ature was decreased (see Figure S4). These results indicate
that there are three types of dsep ligand, and both selenium
atoms of each dsep ligand type are chemically inequivalent.
Thus, there exist six types of selenium atoms in the molecule,
as also supported by the ’Se{'H} NMR spectrum with the
appearance of six doublet resonances centered at 192.48
(Vsep=644.5 Hz), 49.04 (672.7 Hz), —8.38 (703.6 Hz), —35.60
(566.0 Hz), —102.15 (609.6 Hz), and —144.77 (640.8 Hz; see
Figure S5). These splitting patterns can be attributed to the
asymmetric arrangement of the copper atoms, and their
binding to both selenium atoms of each dsep ligand result in
two chemically and magnetically non-equivalent selenium
atoms within each dsep ligand type. Overall, these NMR
spectroscopic results support the intrinsic chirality of the Cu,,
core of 2y in solution. As a result of this intrinsic chirality, the
"H/"H NMR spectrum of the hydride in 2 and the deuteride
in [CuyD,,{Se,P(OiPr),}s] (2p) should display five types of
hydride resonances in a ratio of 1:3:3:3:1 (Figure 2e).
Experimentally, five broad singlet deuteride resonances at
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—1.28, —0.63, —0.52, 3.01, and 3.27 ppm with an integral ratio
of 3:3:1:1:3 were observed in the ’H NMR spectrum of 2y, (see
Figure S6 A). These signals are absent in its 'HNMR
spectrum (see Figure S6B). On the other hand, the
'HNMR spectrum of 2y (see Figure S6C) displays three
broad hydride peaks at —1.31, —0.65, and 3.11 ppm in a ratio
of 3:(3+1):(1+3). The expected splitting of each of the
hydride peaks at —0.65 and 3.11 ppm into two peaks in a 3:1
ratio was not observed until the temperature was lowered to
—90°C (see Figure S7A,B). Thus, the observed pattern of
hydride resonances is consistent with the location of the
hydride ligands in the neutron single-crystal structure and
also strongly reflects the existence of five types of hydride
ligand in 2y owing to the C; arrangement of Cu atoms. Once
again, the intrinsic chirality of the Cu,, core is well demon-
strated. The UV/Vis absorption spectrum of 2y in solution
displays a band at around 386 nm along with two broad bands
at 455 and 511 nm (see Figure S8).

The DFT-optimized geometry of the 2’y model led to
a structure with very close to C; symmetry that is fully
consistent with the experimental structural data (Table 1).

Table 1: Selected metric parameters and "H NMR hydride shifts for 2, and the corresponding DFT-

computed values.

o

from this covalent interaction, which is the major stabilizing
component governing the existence of the encapsulated
(formally Cu") atom, which is bonded to only one hydride
ligand (see above). Thus, the 12-fold “d'-d'®” interactions in
the center cuboctahedron build up some electron density
within this volume. This electron density is to some extent
responsible for the cohesion of the structure, in the same way
(but to a lesser degree) as jellium-type electrons are in
superatom-like clusters.?"!

We also investigated the stability of the chiral 2y structure
with respect to that of its hypothetical C;, “isomer” by
calculations on the selenium analogue of 1, namely,
[CuyH 1 {Se,PH,)y] (17y). Consistent with experiment, 2’y
was found to be more stable than 1"y by 19 kcalmol ..

In summary, chalcogen-ligand exchange on the symmet-
rical nanocluster [Cu, H,;{S,P(OiPr),}s] (1) induced the
formation of the asymmetric nanocluster [Cu,,H;,{Se,P-
(OiPr),}o] (2), which exhibits an intrinsically chiral Cu core
in both solution and solid states. No metal hydride cluster
with a chiral core has been reported previously. Unlike its
sulfur analogue,™® the nanospheric cluster 2y features a dis-
torted central Cu,; cuboctahedron
with, along this symmetry axis, an
additional Cu4 cupola staple motif

Bond lengths [A]®

"H NMR chemical shifts
experimental (CDCl;)

on one side and a single capping Cu

Cuigyy—pig-H®! 1.730(3) {1.735-1.738} —0.52
CUcupoHs-H™! 1.680(3)-1.723(3) {1.680-1.755} —1.28, —0.63
Cu—ps-Hy, 1.675(3)-2.056(3) {1.686-2.042} 3.27
Cu—ps-Hyp 1.7897(12)-1.920(5) {1.790-1.934} 3.01
CUcenCUgypo® 2.5859(4)—2.7213(5) {2.596-2.760} -
[Cu—Cu]cpo™ 2.5051(4)-2.8281(5) {2.592-2.697} -
CleypsCllgyp™ 2.5809(4)-2.7793(4) {2.585-2.770} -
ClgypsCliczp” 2.6209(5) {2.637-2.643} -

calculated atom on the other side. Among the
—-0.25 various coordination modes of cap-
0.74, -0.10  ping (u;-H) and interstitial hydrides
;Z: (us-H) in 2y, a five-coordinated

Hatom in a trigonal-bipyramidal
location was observed for the first
_ time in a homometallic hydride
_ cluster.” DFT calculations con-

[a] Cu—Cu bond lengths were determined by X-ray diffraction; Cu—H bond lengths were determined by
neutron diffraction. The values in curly brackets are the theoretical bond lengths from DFT calculations.
[b] cup=cupola, cubo = cuboctahedron, sp=square pyramid, tbp =trigonal bipyramid, cent=center,

cap =capping.

Moreover, there is reasonably good consistency between the
computed and observed hydride NMR chemical shifts, as
exemplified by the linear correlation that exists between the
two sets of values (see Figure S9). The hydride natural orbital
charges are between —0.60 and —0.45, whereby the encapsu-
lated hydride ligands are more negatively charged than the
outer [;-H atoms. These charges are indicative of significant
covalency. The Cu—Cu Wiberg indices of the Cu,y cage lie in
the usual range (0.04-0.08) found for weak d'°-d" interac-
tions of this type."™® The values associated with the
encapsulated metal, Cu8, are somewhat larger (0.08-0.12)
and indicate weak covalent interactions resulting from
electron donation from filled 3d orbitals of the Cu cage into
the 4s/4p orbitals of the encapsulated metal. This effect is
evidenced by the valence electron configuration of this
encapsulated atom (3d*”' 45" 4p®®) as compared to the
averaged configuration of the copper atoms that constitute
the Cuy, cage (3d** 45" 4p®%). The atomic charges of these
cage atoms range between +0.45 and +0.60, whereas
a negative charge of —0.12 on the encapsulated metal arises
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firmed the stability of the 2y archi-
tecture and brought to light the
generation of 4s/4p electron density
in the center of the cuboctahedron;
this electron density is responsible
for the stability of the cuboctahe-
dron. The insight obtained into the chirality of cluster 2y
could offer new perspectives for stereoselective reactions,
such as the reduction of unsaturated hydrocarbons.!"
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