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Copper hydride clusters in energy storage and conversion
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Hydrogen is seen as an increasingly important clean and sustainable energy source going into the future. There are a host
of materials being investigated for the storage of hydrogen. In this frontier, we provide an overview of hydride clusters
derived from earth-abundant copper being used for the storage and conversion of hydrides into hydrogen, and the reaction

of CO, with hydride sources to produce the formic acid/formate pairing, which are considered excellent hydrogen carriers.

www.rsc.org/

We summarize the main synthesis methods to stabilize high-nuclearity hydride clusters with phosphine, N-heterocyclic

carbene, and in particular phosphor-1,1-dithiolate ligands. Unprecedented structures and hydride geometries have been

revealed through both X-ray and neutron single crystal analyses. We point to the release of hydrogen in such hydride clusters

through solar irradiation, thermolysis and acid treatments. Finally, we show the facile formation of rhombic nanoparticle

copper morphologies derived from accurately determined high-nuclearity clusters and suggest this could provide a

mechanism that links molecular structures with bulk microstructures of materials.

Introduction

The continuous growth of the human population coupled with
expanding industrial sectors results in an increase in a global energy
demand.? In order to sustain the increasing demand, energy systems
need to become cost-effective and sustainable.? The depletion of
fossil fuels and associated emission of greenhouse gases have been
implicated in climate change issues and therefore the development
and improvement of energy systems from renewable and
sustainable sources are simultaneously a great scientific challenge
and opportunity.3 Sustainable and renewable sources include solar,
wind, wave and geothermal energy. Although solar and wind energy
are dependent on weather conditions, sunlight is generally regarded
as the only long-term carbon-neutral resource for all global energy
requirements. For example, assuming only 10% efficiency and
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covering less than 2% of the Earth’s surface, the sun provides about
50 TW energy, satisfying all energy requirements well into the 21t
century.?

However, regardless of the source, storage and transportation of
energy from known renewable systems still remains a major
challenge.> Hydrogen fuel-based technologies have emerged as a
strong contender because it is considered a promising energy carrier,
capable of storing and delivering energy in usable form® and can be
utilized in a wide variety of applications.” Hydrogen storage
materials should comply with a multitude of criteria that includes
amongst others being lightweight, inexpensive and readily available,
have high volumetric and gravimetric densities, rapid sorption
kinetics, and easy activation.®12 A wide range of materials have been
tested for H, gas storage, including metal hydrides,’* complex
hydrides,>* chemical hydrides,'> carbon materials,'® and sorbents
such as metal-organic frameworks (MOFs).Y” The main goal of H,
storage materials'®1? is to find materials that adsorb hydrogen with
a H, density greater than the density of liquid H, which is only 70.8
kg m-3 at 20 K and 1 atm pressure.

The interstitial metal hydrides (MH,) comprise the d- (especially Pd)
and f-block metals (and alloys) and have received significant
attention due to reversible hydrogen storage under ambient
conditions, but unfortunately the gravimetric hydrogen storage
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density is low.2° The light metal hydrides such as solid [MgH,].. are
amongst the best class of hydrogen storage materials but following
decades of research, as a class, they are limited to a reversible
hydrogen storage capacity of only 2 mass% at <373 K and 2 atm.!
Complex hydrides have received much attention because many of
them have appreciable gravimetric hydrogen storage capacities. In
such hydrides the hydrogen atoms are covalently bonded to a central
atom in an anion complex (e.g. [AlHg]*, [AIH,4]7, [BH,]™, [NH,]7) and
stabilized by a cation, typically an alkali (e.g. Li) or alkaline earth
metal (e.g. Mg) or a transition metal (e.g. Zn).22 In particular,
magnesium borohydride, Mg(BH,),, consists of numerous phases®
and is a potential solid-state hydrogen storage material with a very
high gravimetric hydrogen content of 14.9 wt% H,. A new cubic
nanoporous polymorph, y-Mg(BH,),, has 33% empty space in the
structure and reveals a remarkable volume collapse of 44% upon
compression.? Recently, the system Ca(BH,),—Mg,NiH,; was used to
prove the possibility to fully reverse the borohydride decomposition
process even in cases where the decomposition reaction leads to
undesired stable boron containing species; the system has
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implications in understanding dehydrogenation and

rehydrogenation reaction mechanisms.2*
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MOFs are promising hydrogen storage materials and have been
extensively studied. MOFs are crystalline materials and are
synthesized from metal ions and organic building blocks. As a result,
a host of chemico-physico properties such as reactivity, framework
topology, pore size, and surface area can be readily tuned by the
selection of molecular building blocks leading to defined structures,
permanent porosity, and high specific surface areas. Amongst the
highest excess H, storage capacity within a MOF is 99.5 mg g at 56
bar and 77 K in NU-100 which has a total capacity of 164 mg gt at 77
K and 70 bar,?* and the highest total H, storage capacity reported is
176 mg g (excess 86 mg g?) in MOF-210 at 77 K and 80 bar.?¢
Recently, Long and co-workers reported the volumetric H, storage
capacities over a range of near-ambient temperatures relevant to on-
board storage. Based upon adsorption isotherm data, Ni,(m-dobdc)
(dobdc = dioxido-1,3-benzenedicarboxylate) was found to be the
top-performing physisorptive storage material with a usable
volumetric capacity between 100 and 5 bar of 11.0 g/L at 25 °C and
23.0 g/L with a temperature swing between -75 and 25 °C.%’

A class of compounds typically not considered in the storage and
conversion of hydrogen are high-nuclearity transition-metal hydride
clusters. The omission is presumably due to the low gravimetrical and
volumetric hydrogen densities such clusters obviously possess.
However, given the large number of criteria needed (see above) for
efficient hydrogen storage, it remains to be seen which combination
of properties will trump others for specific applications. For example,
the coinage metals Cu, Ag and Au have a richly associated
photochemistry, and can release hydrogen (and other small gaseous
molecules) under certain solar irradiation conditions, not readily
achieved by other hydride systems that rely on thermal activation. In
this frontier, we focus on the synthesis of copper hydrido clusters,
followed by their H, storage and reactivity, CO, reduction and
reactivity (formic acid is regarded as an excellent hydrogen carrier),28
and finally the conversion into distinctively shaped nanoparticles.

Formation of copper hydride clusters
I. Phosphine ligands

Coinage metals hydrides have garnered significant interest owing
both to their structural diversity and reactivity.23° Phosphine
ligands form a variety of different nuclearity copper hydride clusters
like binuclear to tetranuclear,3!-3* and octanuclear,3>-3¢ having (U,/pMs-
H) mode of hydride as shown Figure 1(a-j). Among these clusters,
only the hexameric [HCuP(p-tolyl);]¢ was studied by single-crystal
neutron diffraction to locate the exact hydride (us-H) positions at
triangular faces of octahedron.37-3% A type of ug-H coordination was
also observed during C-H activation (Figure 1k).4°
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Figure 1. Different Cu core structures with predicted location of hydrides.

Il. NHC ligands

The isolation of monoligated dimeric copper hydride using the NHC
ligand was reported, Figure 1a-b.*! Improved stability was obtained
with 6- and 7- membered cyclic (alkyl)(amino)carbene (CAAC)
ligands*? and several dimers with bridging (u,-H) hydrides have been
found to be stable at RT.*3 Recently, a bulky NHC ligand, 1,3-bis[2,6-
bis[di(4-tbutylphenyl)methyl]-4-methylphenyllimidazole-2-ylidene)
(IPr) was used for a monomeric copper hydride (IPrCuH) with
equilibrium of dimeric [LCuH], in solution.**

I1l.Phosphor-1,1 dichalcogen ligands

In solution, cubic [Cug{E,P(O'Pr),}¢]?* (E = S, Se) clusters react with a
hydride source to form a hydride-centered tetracapped tetrahedral
[Cug(pa-H){E,P(O'Pr),}6]* cluster, Figure 2A-B.*° lon trapping (halides,
chalcogenides) within the empty [Cusls]?* system was achieved by
the Liu group?®’ and reaction of [Cug(us-H){S;CNPr,}s]* with one
equivalent [BH,4]", excised a Cu atom and produced a neutral and
hydride centered tricapped tetrahedral [Cu;(us-H){S;CNPr,}e]
cluster, Figure 2C. An appropriate stoichiometric ratio of Cu* salt,
dichalcogen (S/Se) ligands with excess (~1.5 equivalent) borohydride
produced symmetric [CuygH11{S,P(OPr),}g],4748
[Cuzs(H)15(S2CNBU,)15](PFg), %30 [Cusza(H)20{S2P(O'Pr),}1,],°2%2  and
asymmetric [CuyoH11{Se,P(O'Pr),}6],>3 polyhydrido copper
nanocluster (Figure 2D-G). The neutron diffraction study of these
clusters revealed capping ps-H and interstitial (us-H, Ms-H, He-H)
hydride ligands.

Cuyg with encapsulation of a Cu, unit within Cz, symmetry, Figure 2D.
The single-crystal neutron diffraction study revealed 11 hydride ions
within the Cu,y core and displayed three different coordination
modes: six ps-hydrides in capping mode on triangular-faces of both
cupolae except apical triangles, two ps-hydrides in a tetrahedral
cavity within cupolas, and three ps-hydrides in near square-planar

created by
(E) CuygHys (F) CuzHyy

geometry

(B) CugH (C) Cu;H (D) CuzoHyy (G) CuyHy

Figure 2. Dichalcogen (removed for clarity) and hydride (red, neutron diffraction) ligands
stabilized copper (blue) frameworks; (A) Cubic core. (B) Tetracapped tetrahedral CugH
core (C) Tricapped tetrahedral Cu;H core (D) Elongated triangular orthobicubola with
encapsulation of Cu, unit create CuyHi; (E) Rhombicuboctahedron Cu,, encapsulated
tetrahedral Cu, to create CuyH;s core (F) Asymmetric CuyH;; core (central
cuboctahedron Cu;3 combines with a Cug cupola and a single Cu atom). (G) A hexacapped
rhombohedron (pink) of 14 Cu atoms sandwiched between two triangular cupolae of
(2x9) Cu atoms.

Hydrogen storage

A hydrogen evolution study was performed from higher nuclearity
(Cuyo, Cuyg and Cus,) hydrides under different physico-chemical
conditions including solar irradiation, thermolysis, and acidification,

This journal is © The Royal Society of Chemistry 20xx
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Figure 3.47:4953 These hydrides are excellent models forH, storageas
they are stable in air and moisture and reledsehydi6ger-Ghder piid
conditions. Variable-temperature (VT) H, 2H NMR and 3!P NMR
studies showed that heating of CuygH1; (at ~65 °C), CuygHys (at ~70
°C) and Cus,Hy (at ~60 °C) clusters decomposes into [CusHLg]* or
[CugHLg]* clusters with liberation of H, (6 = 4.61 ppm), {D,, 6 = 4.59
ppm} after 20 minutes, with concomitant deposition of Cu,S.4” The
H, evolution was also monitored by GC analysis equipped with
thermal conductivity detector (TCD). The clusters also liberated H,
under solar irradiation (1 h), and entirely decomposed to the
[CugHLg]* cluster when raising the temperature to approximately 42-
44 °C. It was observed that the H, evolution rate is slower under
sunlight irradiation than under thermolysis. Cluster CuygHis is
capable of releasing 2.6, 4.0, 2.0, and 12.2 equivalents of H, per
molecule exposed to solar energy, to reflux, or in the presence of
weak- or strong acid, respectively, Figure 3A.>3 Cluster Cus;Hy is
capable of releasing ~7, ~4, ~11 and ~19 equiv. of H, per molecule
exposed to solar energy, to reflux, or in the presence of weak (12 h)
and strong (5 min.) acids and converted into Cug(CI){S,P(O'Pr),}s]*
and Cug(H){S,P(OPr),}s]*, respectively. The [Cug(CI){S,P(OPr),}s]*
cluster can be converted into Cug(H){S,P(O'Pr),}s]* using one molar
equiv. of [BH4]". Thus, with respect to hydrogen density, Cus,H,g is
able to release ~0.30, ~0.17, ~0.48, ~0.85 wt% of H, under solar
energy, thermolysis, or in the presence of weak and strong acid,
respectively, Figure 3B. By comparison, the maximum H, density
released from Cu,oH;; was 0.50 wt% while interacting with strong
acid. With thermolysis and solar irradiation CuygH;; was converted
into [CusHLg] with liberation of H,, while CusH is convertible into
CugH. Finally, the corresponding Cu,g, Cu,g and Cus, can be recovered
from the yielded product [Cug(H){L}s]* or [Cu;(H){L}s] with further
reaction of [BH4]™ to complete the H, evolution cycle. The complex
[Cug(H){S,CN"Pr,}s]* releases H, in presence of Ce(NO3)s> and is
converted into [Cu(S,CN"Pr,),].>* The deuterated analogues CuyoD11,
Cu,gD1s5 and Cus,D,o were also reacted with HCl in an NMR tube, and
a triplet at ~4.58 ppm and a doublet at 4.70 ppm were observed in
the 'H NMR and 2H NMR spectra, respectively, thus confirming the
hydridic state of hydrogen atom within the copper cores. In the gas
phase, the chiral cores of nanoclusters [CuigH:6(dppe)s]?* and
[CuieH14(dppa)s]?®* (or their deuterated analogues) indicated the
evolution of H,/D, and yielded corresponding [Cug(L)s]?* and
[Cuse(L)s]?* clusters of mixed (Cu'/Cu®) valence nanoclusters.>®
Heating of [CuigH1ig(dppe)s]? at 55 °C in VT 'H NMR shows H, (6 =
4.62 ppm) evolution in CDCl; solution. In 2014, the Van Leeuwen
group reported H, evolution from nanocluster
[CuigH#{S(CsH4)PPhy}10]l (4 mg, 0.02 mmol) in THF via visible light,
thermolysis and acidifications and produced 27 uL (0.0001 mmol) H,
under visible light.>¢ Unfortunately, hydrogen evolution induced by
copper hydrides and proposed in Figure 3 are not catalytic due to the
intrinsic difficulty in hydride replenishment. An alternative hydride
source such as hydrides from proton reduction seems feasible.
However, the controlled experiment of proton reduction in solution
will be very difficult to proceed due to the hydridic characteristics of
these copper hydrides. Nevertheless, it can be performed under
electrochemical conditions by using Cus,H,o(dtp)s, as the catalysts
(TOF of 16 mol. sec? at overpotential of 0.6 V).>”
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Figure 3. Proposed H, evolution cycle (A) from CuygH;s and (B) from Cus,H,o and CuyoHiy
with inter conversion with corresponding CugH and Cu;H.

Reactivity with CO, and the formic acid/formate
pairing

Energy-rich products such as formic acids (usually trapped as formate
jon)>® are an attractive target for energy storage during
hydrogenation of CO,. These fuels can be stored and transported
more efficiently compared to an equal quantity of CO, first taken up
and then emitted over the life cycle of fuel.>® Copper hydrides can
react stoichiometrically with CO, to produce formate and formic
acids. Noteworthy is that NHC ligands prefer formation of formate,
while phosphine and dichalcogen containing copper hydrides prefer
formic acid.

A mononuclear [(IPr)CuH] complex was formed from a
reaction between [(IPr)Cu(O'Bu)] and (EtO)sSiH, and subsequent
insertion of CO, into the Cu-H bond at RT yielded the corresponding
copper formate [(IPr)CuO,CH] in 81% vyield, Scheme 1.%° Further
addition of (EtO);SiH into the copper formate solution releases the
silyl formate and regenerates the copper hydride [(IPr)CuH] catalyst.

(Et0),SiH 0
Co,
NHC-Cu-OtBu NHC-Cu-H 47_T—> >—H

(E10);Si0'Bu (E0)S-00CH  (EO)SiH oo ©

Scheme 1. NHC ligated copper formate formation.

Generally, the reactivity of any metal hydride toward CO, depends
on the degree of anionic character at hydrogen. The [(IPrCu),(u-H)1*
complex displays considerable hydridic character despite its overall
positive charge and CO, and acetylene reacts readily with [(IPrCu),(p-
H)]* to form [(IPrCu),(u-O,CH)]* and a (trans-phenyl vinyl)-bridged
dicopper(l) complex, Scheme 2.5* The 6- and 7- membered NHC
ligand stabilizing the dinuclear [CuHL], species showed rapid
insertion of CO, to yield the corresponding formate complex.*?

4| J. Name., 2012, 00, 1-3

+
H, Ph

2 - H View Ayticle Onli
| OEOH e g, — %010 1039/9@&@4639?
ot M 35°CwRT, 7 ge. 45°CtoRT, [HCUTO 5 O—CUL
<7 B 30 min, 1h,
71% BFy L = IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) 99%

Scheme 2. Synthesis and reactivity of hydrido-bridged dicopper cation.

[Cuy(p-H)(p-dpmppm),]* was exposed to CO, (1 equiv.) at RT and
readily formed [Cu,(u-HCOO)(p-dpmppm),]* in 78% yield, Scheme
3.52 The reaction of the formate-bridged Cu complex in acidic
medium released 1 equiv. of HCOOH, and further addition of [BH4]™
to [Cuy(u-dpmppm),]%* or [Cu,(u-Cl)(u-dpmppm),]* vyielded the
original [Cuy(p-H)(u-dpmppm),]*. Similarly,
[Cug(p—H)2(s—H)(u-dpmppm),]* also reacted with CO, (1 atm, 25 eC)
to yield Cu4(u-HCOO)s3(p—-dpmppm),]* in 69 % vyield, which
subsequently react with HCI to yield [Cu,(pu—Cl)3(u—dpmppm),]* along
with 3 equivalent formic acid.

+ NaBH,
¥ =1 \
A ~p~ P P R ~p~P
7o J ! [p) HBF, or HCI oo
_p— CO2,1atm,RT P—Cu Cu—P 4 P-Cu_ Cu-P
P-Cu_H_Cu P i iy ( 00,0 [y
(¢ 1 I P PP p_ P-LP
PP~ ~
H HCOOH  {X=0, if HBF,; X=Cl, if HCI}

Scheme 3. Dpmppm ligated copper formate stabilization and formation of HCOOH.

The copper hydride cluster [CuisH1is(phen)s(PPhs)s]?*, which was
isolated by reaction of [(Ph3P)CuH]¢ with 1,10-phenanthroline, reacts
with CO, in the presence of excess PhsP to form a formate complex,
[(PhsP),Cu(n?-0,CH)] along with [(phen)(PhsP)CuCl].83 A similar
formate complex [(PhsP),Cu(n?-0,CH)] was also observed from the
reaction of [(PhsP)CuH]s with CO, in presence of 6 equiv [P(Ph)s].%*
Hydrogenolysis (H,, 1 atm.) of the Cu-O bond of (CuO-'Bu), in THF
under mild conditions (23°C, 5 h) in the presence of a stoichiometric
amount (1 mol/mol of Cu) of tridentate MeC(CH,PPh,); ‘tripod’,
yielded the dimeric complex [HCu(tripod)], in 75% yield, Scheme 4,33
which was thermally unstable in toluene solution above at 40°C. The
tripod-type ligands typically provide an appropriate coordination
sphere around the copper(l) center in order to accommodate a
fourth ligand. For example, the hydride dimer was reacted with 1 atm
of CO, in toluene at 25 °C and immediately deposited monomeric (n3-

tripod)Cu(n*-0,CH) in 89% yield.
co2 1atm Phj Pph2
Toluene, RT {\CU(OZCH

0B * CHCC H,, 1 atm, 5h RPhz H thP
u-O'Bu H. H,PPh. —o
[CH3C(CH,PPhy)s] THE.RT Cu Cu
Pth “HPhyP

Scheme 4. Synthesis of tridentate Ilgated MeC(CH,PPh,); copper formate.

In 2015, the Appel group used the base 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) to form [(tripod)Cu-DBU]* and reacted it with H, which
formed a transient intermediate [(n3-tripod)CuH], which
subsequently reacted with CO, to form a n' coordinated formate
complex [(tripod)Cu-O,CH]*, Scheme 5.%> The formate ligand is
rapidly displaced by excess DBU, facilitating turnover and generating
the free formate product. The lkariya group reported a Cu DBU
complex for hydrogenation (H,) of CO, to give [DBU-H] and [HCO,]~
via a monomeric copper hydride intermediate.%® A hydride-bridged
dimer [(LCu),H]* was structurally characterized during the

N
\"0% (Triphos)Cu-H
sz} riphos)Cu-H | co,
+DBU ° 0BU Fast h
_ tOBYU _ (Triphos)Cu-DBU _______Fast i -
(Triphos)Cu-MeCN (Triphos) (Triphos)Cu-O,CH
+MeCN
‘0,CH DBU

DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene
Scheme 5. The formate formation recycle CO, in presence of triphos CuH and DBU.
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Figure 4 Extended recycling for CO, conversion into formate in the presence of triphos
CuH and DBU

hydrogenation of CO, in the presence of DBU and proposed a
mechanism, Figure 4.%7 Recently,®® the Bertrand group demonstrated
that a CAAC/NHC ligated mononuclear copper hydride work in
tandem with Lewis pairs [DBU][BRs] for reduction of CO, to formate
using H,. Initial insertion of CO, into the CuH bond gave a copper
formate (Scheme 6). The C-O bond of the copper formate was
cleaved by H,, which was activated by the Lewis pair, returning the
copper hydride complex and formate salt [HDBU][HCO,]. This
catalytic cycle involved the synergistic effect between L - Cu - H and
[DBU][BR3] for reduction of CO, with H,. A Lewis pair having a less
steric hindered base and more acidic borane in the presence of
CAAC-Cu-H (0.00025 mmol) achieved the best CO, conversion to
formate (TONs 1881).

+ _

DBU..BR,
- BR, CO,, DBU, THF, A_
L-Cu-OPh ——————— |-Cu-H — > L-Cu-H-BR; ————— > |-Cu-OOCH
THF, -78 °C 7 ~
Hp, A Ny
L =CAAC, NHC; R = C¢Hs, C¢Fs [HDBU]*[HCOZ]' DBU..BR3
Scheme 6. CO, reduction cycle in presence of LCuH , H, and classical Lewis pair.

He and co-workers described a gas-phase reaction of the anion
[Cu,H,]™ with CO, at variable temperatures (298-559 K) and observed
that increased reaction temperature switched the product formation
of [Cu,H,CO,] ~ at room temperature to [CuH,CO,] ~ at 559 K,
indicating the possible formation of stable formate species in
[CuH,CO,]~.%° The DFT study supported the direct hydride transfer
from [Cu,H,] to the C atom of CO, to be the most favorable pathway
for the C-H bond formation in the gas phase. By comparing anions
[CuyHs]™ and [CuH,], it was found the latter was more reactive with
CO, to produce formate under a gas phase conditions.”®

O:C\
——OH o

H Il
Cu—Cu—H=Cu /C\
Q
:
Cu—Cu—H-Cu

\WAANY4

H +e Cu Cu
(TSpcoo+)

--T

Cu Cu
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u-Cu~.~Cu
NNV
i Cu
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Figure 5 Lattice hydride mechanism for electrocatalytic reduction of CO, into HCOOH
using [Cus,(H),0{S;P(O'Pr),}1,] at low overpotentials. DOI- 10.103\/;/\'CV§S$§406'§§§
For a mechanistic understanding of CO, reduction on nanostructure
Cu catalyst, a structurally precise ligand-protected copper hydride
nanocluster [Cus,(H),0{S:P(O'Pr),}1,] was studied and electrocatalytic
CO, reduction at low overpotential performed, Figure 5.57 The DFT
study supported a negative charge on p3-H capping hydrides is most
favourable to react with C atoms of CO, molecules, which favours
formation of HCOOH to generate the [Cus,H19L1,-HCOO] species and
then the positive charge of Cu atoms stabilized the [Cuz;Higlip-
OOCH] species. The next step involve the addition of adjacent ps-H
to release HCOOH product and the sequential vacancies of two
lattice hydrides within the copper core readily re-establish via two
sequential proton-reduction steps, Figure 5. It was also predicted
that if a lattice hydride initially interacts with O rather than C of CO,
then CO will be produced over the HCOOH formation. The main
reason for the formation of HCOOH over the CO using the Cus,
nanocluster appears to be that CO formation needs higher activation
energy. The S and P atoms of ligands are not playing any direct role
to CO, reduction for this cluster. It indicates that the Cu framework
of the nanocluster remain stable until it regains the lost hydrides to
produce HCOOH. Along with the CO, electoreduction, the hydrogen
evolution reaction (HER) can also be a major competing reaction. But
HCOOH formation is kinetically preferred over the HER due to low
overpotential, but the higher potential will greatly favour for HER.

H
] . CO,, CH,ON, RT p‘?)\‘p? R3SiH, CO,
[Cug(p-H)g(w-dppm)s]”™” — & @ — > R;SiOCOH
RT p / ”_P) CH;CN, ’
LSS s
p

[Cus(u-H)(1-0,CH)(p-dppm)3]’
Scheme 7. A tricopper formate synthesis from CugHg core and CO,, and hydrosilylation.

Recently, a reaction of copper hydride cluster [Cug(p-H)s(ndppm)s]?*
with CO, (1 atm, RT) afforded a tricopper complex, [Cus(pu-H)(u-
0,CH)(u-dppm)s]*, Scheme 7, and its existence was confirmed by the
solid state structure followed by an NMR study.3® Further, the
reaction of CugHg with CO, forming a tricopper hydride was also
performed for hydrosilylation (Me,PhSiH/MePh,SiH) to vyield
corresponding silylformate (R3SiOCOH). Recently, the Crimmin group
characterized the heterobimetallic hydride Au—H—Cu, which acts as a
pre-catalysts for the conversion of CO, to HCO,Bpin using HBpin as a
reductant.”?

Conversion into nanoparticles and alloy clusters

The sequential reaction of [BH,]™ with [CuygH11] yielded [Cus,Hy0] and
subsequently unique rhombus-shaped copper nanoparticles, which
indicated the existence of many polyhydrido metal clusters as
intermediates prior to formation of nanoparticles of various metals
under wet chemical methods.5%53 A superatom with centred Cu;
core of icosahedron [Cu,sH,»(PPhs)i]*,’2 and cuboctahedron
[Cu13(S,CN"Bu,)6(C=CR),](PFs) (R=C(O)OMe, CeH4F), 72
[Au/Ag@Cu15(S,CNMBu,)6(C=CPh,)4][CuCly] was isolated, Figure 6.74
Interestingly, the central copper was also replaced by
halogen/chalcogen atoms to obtain copper clusters containing main
group elements (Cl, Br, S) with a hyper-coordination number 12 and
which show enhanced luminescence properties.’>76
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[X =Cu, Ag, Au, S, Cl, Br]
Figure 6. Miniature of bulk fcc structure, Cu/Ag/Au/S/Cl/Br@Cu,, (cuboctahedral) core.

Conclusions and outlook

The dichalcogen stabilized polyhydrido copper nanoclusters reveal
exceptional stability in air and moisture in comparison to phosphine
and NHC ligated copper hydrides. The NHC ligands are able to
stabilize lower nuclearity copper hydrides. Spectroscopically, it was
shown that dimers show an equilibrium with mononuclear NHC-CuH
and that is presumably the reason for quick reaction of these
dinuclear copper hydrides with CO, at RT, but their isolation
(mononuclear) at RT remains a challenge. Multidentate phosphine
ligated copper hydrides have shown excellent reactivity with CO, to
yield the formate product, which yielded HCOOH in acidic (HBF4/HCI)
medium. Dichalcogen stabilized polyhydrido copper (Cu,g, Cusg, Cus;)
nanoclusters are stable in air and moisture, and reveals the presence
of both interstitial and capping hydrides, which evolves as H, under
mild thermolysis, solar irradiation and acidifications under a recycled
process. Thus, these are excellent models for H, storage. The
[Cus;Hyglss] cluster shows outstanding performance in synthesis of
HCOOH from CO, at low overpotential with regeneration of original
molecules. Thus copper hydrides are able to convert CO, into
formate and formic acid (C; molecules) but generating molecules like
CH30H, C,HsOH, etc. remain a challenge.
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