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A new reductant in gold cluster chemistry gives a superatomic 
gold gallium cluster 
Florian Fetzer,a Claudio Schrenk,a Nia Pollard,b,c Adebola Adeagbo,b Andre Z. Clayborne,*b,c 
Andreas Schnepf*a

The low valent gallium(I) compound GaCp is primarily used in 
gold cluster chemistry to synthesize the superatomic cluster 
[(PPh3)8Au9GaCl2]2+, complementing the borane-dominated 
set of reducing agents in gold chemistry, opening a whole new 
field for further research. Using density functional theory 
calculations, the cluster can be described by the jellium model 
as an 8-electron superatom cluster. 
 
Metal nanoparticles are a thoroughly studied class of 
compounds in inorganic chemistry with various possible and 
partly already implemented applications.1 These range from 
biomedical science2 to electronic applications3 all enhancing the 
research effort invested into nanoparticles.4 For example, the 
desire to design electronic devices demands structurally well- 
characterized building blocks while decreasing in size.5 Although 
metal nanoparticles show promising results as building blocks 
for thin films6 they often lack detailed information about their 
exact structure and composition. At this point, atomically 
precise metalloid clusters of the general formula MnXm (M = 
metal, X = protecting substituent; n > m)  rise as excellent model 
systems.7 These compounds are often well characterized by 
theoreticians and experimentalists which continues to drive a 
growing interest in nanocluster chemistry in recent decades.8 
Investigations of atomically precise metalloid gold clusters are 
continually pursued heavily by chemists in part due to their size-
dependent electronic properties, ligand-dependent tunable 
conductivity, and well-documented synthesis routes, which is 
prudent for both optoelectronic and biomedical applications.9 

Since the first structural characterization of a metalloid gold 
cluster Au11(PPh3)7Cl6 by Malatesta et al. in 1969,10 a vast 
amount of those clusters have been reported using varying 
synthesis routes. Though not identical, the majority of those 
routes use boranes or boranates as reducing agents, including 
the landmark example of the first structurally characterized 
multi-shell metalloid gold cluster Au102(p-MBA)44 (p-MBA = p-
mercaptobenzoic acid).11 

  The variety of reductants successfully used for gold cluster 
chemistry is very meager as it is almost completely limited to 
boron-containing reagents with only a few exceptions of 
different reductants known to date.12 As the choice of the 
reductant is an important parameter to determine the resulting 
cluster species, expanding the catalogue of viable reductants is 
crucial to widen the spectrum of metalloid gold clusters. The 
possibility of using low-valent group 13 compounds as reducing 
agents was already shown by Schmidbaur via the synthesis of 
(dppe)2Au3In3Cl6 (dppe = 1,2-bis(diphenylphosphino)ethane).13 

 A series of multiply doped gold clusters could successfully 
be synthesized via a transmetallation reaction using low-valent 
Al(I) and Ga(I) compounds.12 The introduced dopants alter the 
electronic state of the resulting clusters. The formation of gold 
clusters by the utilization of a gallium (I) precursor as reductant 
without transition-metal doping was primarily described by 
Sharp et al.in 2004.14  Thereby, in addition to their functionality 
as a reducing agent gallium(I) compounds can be used to 
incorporate gallium atoms into the resulting cluster due to the 
tendency to insert into the gold-halide bonds.15 These 
combined properties of inserting gallium into the gold halide 
bond while simultaneously reducing the gold atom qualifies 
subvalent gallium precursors as possible reductants to form 
intermetalloid gold clusters. Thereby, the chosen ligand 
coordinated to the gallium precursor can have an immense 
impact onto the reductive behavior of the compound. Examples 
are Ga-DDP (DDP =2-((2,6-diisopropylphenyl)amino-4-((2,6-
diisopropylphenyl)imino)-2-pentene) whose reductive 
properties are yet only proven for tin with the synthesis of the 
metalloid cluster [Sn17(GaCl(DDP))4],16  and GaCp* (Cp* = 
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pentamethylcyclopentadienyl) which was already used as a 
reductant  in gold chemistry.14 Unlike many of the known 
gallium(I) species which afford comparatively complex 

syntheses18 gallium cyclopentadienyl (GaCp) can be prepared 
easily in a one-step synthesis. It is thus accessible by a reaction 
of GaI and NaCp as previously published by our group.19  
 The reaction of in-situ generated GaCp with PPh3AuCl in 
toluene at room temperature yields a dark red solid. The title 
compound [(PPh3)8Au9GaCl2]2+ 1 with [GaCl4]− and [GaCpCl3]− as 
counter anions can be crystallized after dissolving the red solid 
in a thf/diethyl ether mixture (for further information see SI). 
The crystals were suitable for single crystal x-ray diffraction and 
the obtained structure of the title compound 1 is displayed in 
figure 1.20 1 crystallizes with the counter ions in the monoclinic 
space group C2/c, whereby half a molecule is present within the 
asymmetric unit. 1 has a kernel built of nine gold atoms and one 
GaCl2 unit. A triphenylphosphine group is bound to each 
peripheral gold atom. The kernel structure formed by the nine 
gold atoms resembles the [Au9(P(p-C6H4OMe)3)8]3+ cluster, 
published by Mingos et al. in 1982.21 In compound 1, the 
incorporated GaCl2 unit is shifted out of plane and leads to a 
distortion of the kernel compared to the one published by 
Mingos et al. The whole core is therefore best described as a 
truncated Au-centered centaur polyhedron (Au9Ga) with one 
corner missing and another one occupied by the GaCl2-unit. This 
motif of a centered centaur polyhedron is already well 
described in gold cluster chemistry within the structures of 
various Au11(PPh3)7X3-cluster species (X = Cl, SCN, CNiPr, I).22 The 

model of a truncated centaur polyhedron is supported by the 
bond angles of 107.43° and 110.83° for Au3'-Au2-Au4 and Au4'-
Au3'-Au2 respectively, which are close to the angle of 108° of 
an ideal pentagon. The Au-Au distances between the peripheral 
gold atoms (283.6 pm and 293.9 pm) are in the range known for 
elemental gold (288 pm). The bond lengths to the central gold 
atom are shorter, which is consistent with the observations of 
Hutchison et al. on an Au-centered centaur polyhedron.23 
Within 1 two Au-Ga distances are present. The Au-Ga distance 
to the outer gold atoms (Au4-Ga) is with 268.6 pm in the range 
found within an Au-Ga alloy.24 In contrast to this the Au-Ga 
distance to the central gold atom is with 247.1 pm remarkably 
shorter. 
 The two counter anions are a superposition of a 60:40 ratio 
of GaCpCl3- and GaCl4- respectively, as found during crystal 
structure determination. These display the oxidation products 
of the employed reducing agent GaCp. The ratio is confirmed by 
NMR spectroscopy (see SI for further information).  
 Quantum chemical calculations shed light on the 
“superatom” nature of the cluster system.  The quantum 
chemical calculations were performed using the GPAW code 
with the PBE functional for exchange and correlation using the 
structure determined by x-ray analysis of 1 and an alternative 
structure by reducing the ligands to methyl groups (1Me) (Figure 
2). For precise details see supporting information. Table S1 in 
the SI shows the bond lengths of the computed ground state 
structures for 1 and 1Me.  We note that the bond lengths of the 
relaxed structures differ only by 2.84% when compared to the 
experimentally obtained structure (Table S1).  In the superatom 
view (i.e., jellium) the molecular orbitals on the cluster core 
arise from the iterant valence electrons of the metal atom core.  
Here, the total number of electrons contributing to the 
molecular orbital configuration is eight or 1S21P6.  An analysis of 
the spherical Kohn-Sham orbital density indicates that the 
highest occupied molecular orbital in 1 and 1Me has P-

symmetry.  While both 1 and 1Me have a HOMO state of P-
symmetry, the reduction of the ligand assists in gaining clarity 

Figure 2 Visualization of computational results of 1 and 1Me. (a) Space filling model 
of 1 (left) and 1Me (right). The black, white, pink, gold, purple, and green balls 
represent the C, H, P, Au, Ga, and Cl atoms respectively. (b) Kohn-Sham density of 
the highest occupied molecular orbitals for 1 (left) and 1Me (right). (c) Kohn-Sham 
density of the three highest occupied molecular orbitals (HOMO) and lowest 
unoccupied molecular orbitals (LUMO) of 1 (up) and 1Me (down). 

 

Figure 1 Molecular structure of [(PPh3)8Au9GaCl2]2+ in the solid state. All atoms except for 
carbon are displayed as thermal ellipsoids with 50% probability. Hydrogen atoms are 
omitted for clarity. Au: gold, Ga: blue, P: violet, Cl: green. Selected bond lengths [pm] and 
angles [°]: Au1-Au1‘ 320.1, Au1-Au2 289.4, Au1-Au3 287.6, Au1-Au5 263.4, Au2-Au3 
283.6, Au2-Au4 289.4, Au2-Au5 272.7, Au3-Au4 293.9, Au3-Au5 267.8, Au4-Au5 267, 
Au4-Ga 268.6, Au5-Ga 247.1, Ga-Cl 220.7; Au2-Au5-Au2' 163.961(20), Au1-Au5-Au4‘ 
154.475(17), Au4-Ga-Au4' 124.401(19), Au4'-Au3'-Au2 110.830(27), Au3'-Au2-Au4 
107.429(26), Au1'-Au1-Au3 87.123(22), Au1-Au3-Au2' 93.061(25), Au3-Au2'-Au1' 
94.121(24), Au2'-Au1'-Au1 85.558(22), Au4-Ga-Auf4‘ 124.401(19), Cl-Ga-Cl 
104.055(139), Symmetry operations: 1-x, y, 3/2-z. 
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of the electron density residing on the core. A close view of the 
three highest occupied and three lowest unoccupied orbitals 
reveal P and D symmetry respectively (Figure 2). The HOMO-
LUMO gap is 1.81 eV and 1.84 eV for 1 and 1Me respectively. The 
orbital symmetry and large HOMO-LUMO gap are 
characteristics that illustrate the superatom character of the 
cluster.   

Despite this superatom character of the cluster, a slow 
degradation of 1 in solution can be observed as shown by NMR 
experiments (see SI). Stability of 1 against oxygen or moisture 
was probed by contaminating a solution of 1 with air and water, 
respectively. The reaction was monitored by NMR 
spectroscopy, showing a rapid degradation of 1 within a few 
hours. The degradation products could not be isolated or 
identified yet. Further information about the cluster, its stability 
and decomposition could be obtained by high-resolution 
electro-spray-ionization mass spectrometry (HR-ESI-MS). The 
degradation products that could be identified are displayed in 
figure 4. Degradation of 1 due to oxygen or moisture 
contamination during the transfer into the spectrometer cannot 
be ruled out completely, despite no oxygen-containing 
compounds could be observed. The title compound 
[(PPh3)8Au9GaCl2]2+ could be assigned to the peak at 
2005.63661 m/z corresponding to the molar mass of 4011.65 
g/mol and the double positive charge of 1. Some degradation 
products could be identified which gives insight into the 
decomposition processes of 1 during the transfer to the gas-
phase (Figure 4). The smallest fragment that could be detected 
by HR-ESI-MS is the literature-known (PPh3)2Au+ 2.25 Further 
degradation products are [Au6(PPh3)6]2+ 3 and [Au8(PPh3)7]2+ 4 
which could be identified by their mass of 1377.67 m/z and 
1705.677 m/z, respectively. The formation of 3 can be explained 

by the elimination of a (PPh3)2Au3GaCl2-group from 1. Beside 
this, compound 4 results from the elimination of the smaller 
group (PPh3)AuGaCl2 from the title compound 1. The 
degradation products 2,3 and 4 are all already known as gas-
phase species and were previously observed in ESI-MS 
measurements.26 It is important to note, that the degradation 
products observed do not contain gallium atoms. This implies 
that the removal of the GaCl2+ group may be an early step in the 
degradation of 1. The resulting Au9(PPh3)8+ cluster also shows 
quick decomposition in solution despite its eight-electron 
closed-shell electronic structure as described by Häkkinen, 
Zheng and co-workers.27 The metastability of 1 suggests that 
while electronic structure is typically a good indicator of 
stability, there are other factors (i.e., thermodynamics) that 
may play a role, similar to gold-thoilates. 
 The optical properties of 1 have been investigated by UV-vis 
spectroscopy (Figure 3), showing some characteristic features. 
Two prominent peaks are observed at wavelengths of 385 nm 
and 405 nm which is in the range of previously reported 
absorption maxima of gold clusters.23 We compared the 
experimental UV-Vis spectrum to the simulated one of 1Me 
(details in supporting information) to gain clear insight into the 
origins of the electronic transitions contributing to the 
prominent peaks.  At 408 nm, the transition originated from a 
state 1.15 eV below the highest occupied molecular orbital 
(HOMO-6) and transitions to the lowest unoccupied state 
(LUMO).  There are two peaks in the simulation that could 
correspond to the observed peak at 385 nm. The simulations 

  
Figure 3 UV-vis spectrum of title compound [(PPh3)8Au9GaCl2]2+ 1 in dichloromethane. 
The spectrum shows two clear peaks at 385 nm and 405 nm. 
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Table 1. Electronic transitions observed in the 1ME simulated UV-Vis spectra. 

 
nm eV From Symmetry To Symmetry 
408 3.04 HOMO-6 hybrid LUMO 1D 
394 3.15 HOMO-2 1P LUMO+3 1D 

374 3.31 HOMO-1 1P LUMO+4 1D 

 

 

Figure 4 a) Scheme of the degradation of [(PPh3)8Au9GaCl2]2+ during the gas phase 
transfer.   b) Overview of the spectrum, showing the intact cluster at 2005.63661 m/z 
and several degradation products (for further information see SI). 
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point to two peaks at 394 nm and 374 nm. Both of these 
originate from superatom 1P-states (Table 1). 
 
We reported the synthesis and characterization of an atomically 
precise intermetalloid gold-gallium cluster [(PPh3)8Au9GaCl2]2+ 
1, obtained by the reduction of an Au(I)-precursor by the low-
valent gallium species GaCp. It is the first successful synthesis of 
a metalloid gold cluster using GaCp as a reducing agent, opening 
the door to a new cluster family. The reported reduction system 
also displays a viable alternative to the transmetallation 
reactions reported by Fischer et al. to generate gallium doped 
gold clusters.12 1 has been characterized by NMR, single crystal 
X-ray analysis and HR-ESI-MS. The mass spectrometric 
investigations reveal various degradation products, giving 
insight into the degradation process of the cluster. Quantum 
chemical calculations support the classification of the 
compound as an eight-electron superatom complex and 
identified origins of the prominent peaks in the UV-Vis spectra.  
 This cluster is the first example of an intermetalloid cluster 
obtained by using GaCp as a reductant. The easy accessibility 
and fast in-situ generation of GaCp allows this compound to be 
used in a manifold of reaction systems and thereby opens up a 
huge field for further research. 
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