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Abstract 
 
The precise preparation of monodisperse nanomaterials is among the most fundamental tasks 
in inorganic synthesis and materials science. Achieving this goal by galvanic exchange is 
hardly predictable and often results in major structural changes and polydisperse mixtures. 
Taking advantage of the enhanced stability imparted by ambiphilic carbenes, we report and 
rationalize the absolute templating, the complete exchange of metals in a template, of group 
11 clusters across the entire coinage metal family by means of galvanic exchange. We further 
delineate that these species provide a molecular model for better understanding the reduction 
of CO2 at M(111) coinage metal surfaces. 
 
Introduction 
 
The Moche civilization (200 AD, Peru) achieved the plating of gold onto copper artifacts by 
immersing copper objects in a solution of chloroauric acid,(1) yet they were unaware that this 
process was governed by the electrochemical differences in these metals. Nowadays, this 
technique is known as electrochemical replacement by galvanic exchange. It has emerged as a 
powerful tool to control the metal composition, morphology, and size of nanomaterials 
(Figure 1a).(2) These features not only determine their physicochemical properties(3) but also 
their efficiency in innovative applications such as plasmonics,(4) nanomedicine,(5) 
electronics,(6) and catalysis.(7) Despite these considerable advancements, and the 
attractiveness of this method, galvanic exchange remains primarily applied in materials 
science. In this context, extending this technology to ultrasmall nanoparticles (UNPs),(8) a 
bridge between materials and molecular systems, would allow for transitioning from an 
observation-driven (top-down) to a design-driven (bottom-up) approach. 
 
The homogeneous preparation and isolation of monodisperse UNPs is broadly described for a 
number of metals, providing structural modularity, uniformity, and scalability. Moreover, the 
well-defined structures of UNPs (often confirmed by X-ray crystallography) deliver suitable 
building blocks and desirable templates for galvanic exchange. However, this strategy suffers 
from some disadvantages. Aside from rare examples (Figure 1b),(9) it is generally accepted 
that exchanging more than one atom in a subnanometer sized cluster template is hardly 
predictable(10) and often leads to polydisperse mixtures through scrambling or aggregation. 
To complicate the matter further, the mechanism by which these processes transpire remains 
poorly understood, which inherently impairs future developments. 
Close examination of the literature reveals that, although thiolate and phosphine ligands are 
naturally prone to undergo redistribution, they are predominant in this field.(11) More 
recently, stable carbenes have increased in popularity because they are able to bind strongly to 
metal surfaces(12) and impart significant stabilization to UNPs.(13) Using 
cyclic(alkyl)(amino) carbenes (CAACs),(14) a family of ambiphilic carbenes known to 
stabilize a number of transition metals atoms in their formal zero oxidation state (e.g., Fe, Cu, 
Au, and Mn),(15) we previously reported the preparation of a trinuclear gold cluster.(16) 
Taking advantage of the enhanced stability imparted by CAACs, herein, we report the 
absolute templating (the complete exchange of metals in a template) of group 11 clusters by 
means of galvanic exchange. This allowed for the synthesis of trinuclear mixed-valent M0

2M1 



coinage metal clusters for the entire coinage metal family (Figure 1c). To further delineate the 
use of UNPs as intermediates between homo- and heterogeneous systems, we show that these 
species provide a molecular model for better understanding the reduction of CO2 at the 
surface of metals. 
 

 
Figure 1. (a) Galvanic exchange on a metal surface involving the replacement of a more active metal (orange 
atom) for a less reducing one (gray atom) is hard to predict. (b) A rare example of multiple atom galvanic 
exchange in nanoclusters without loss of structural integrity.(11) (c) The stabilization provided by 
cyclic(alkyl)(amino)carbenes (CAACs) allows for the absolute templating of trinuclear clusters by galvanic 
exchange. 

 
Results and Discussion 
 
The driving force for galvanic exchange relies on the difference in the electrochemical 
potential between the metal ions. Copper, the least electronegative and consequently the most 
reducing of the coinage metals, should provide an ideal template. To support this hypothesis, 
we used DFT to evaluate the thermodynamics of exchanging copper by gold in trinuclear 
M0

2M1 clusters and found this process to be exergonic by 27.6 kcal·mol–1 (See Method S4 for 
details(17)). Encouraged by these results, we set out to prepare the corresponding Cu0

2Cu1B1 
cluster. Despite several attempts, we found that the synthetic strategies previously reported for 
the gold variant were not amenable to copper.(13k,16) However, reduction of the readily 
available µ3-oxo-[Cu(EtCAAC)]3A with bis(neopentyl-glycolato)diboron afforded the Cu0

2Cu1 
trinuclear cluster B1 in excellent yield (72%; Figure 2). Note that the formation of the 
diboroxane provides a strong driving force for the reduction of A. X-ray quality crystals 
obtained from a THF solution layered with diethyl ether confirmed the structure of B1. Using 
B1 as a template, we next investigated the galvanic exchange. Upon reaction with 
(EtCAAC)AuCl as an electrochemical partner, clean formation of the Au0

2Au1 trinuclear 
cluster B2 and (EtCAAC)CuCl was established by 13C{1H} NMR spectroscopy. Simple 
evaporation of the solvent and washing of the residue with diethyl ether quantitatively 
afforded the trinuclear gold B2, which was characterized by X-ray crystallography. Inspired 
by these results, the electrochemical templating of copper by silver was considered. 
Unexpectedly, reaction of B1 with three equivalents of (EtCAAC)AgCl led to a rapid plating 
of silver metal in the reaction vessel. To circumvent this problem, we envisaged exploiting the 
stronger oxophilicity of copper versus silver as a driving force. B1 cleanly reacted with 



(EtCAAC)AgOPh, and a characteristic set of 13C{1H} NMR signals indicated the formation of 
(EtCAAC)CuOPh. More importantly, two sets of doublets at 258.5 [1J(107Ag–13C) = 182.6 Hz 
and1J(109Ag–13C) = 159.9 Hz] suggested the formation of a new silver compound, which was 
identified as the trinuclear B3 by X-ray crystallography. Finally, upon reacting B3 with 
(EtCAAC)AuCl, we achieved the electrochemical templating from the trinuclear silver to the 
trinuclear gold B2. While mixed-valent gold clusters have been reported,(18) there are fewer 
examples of copper and silver analogues.(19,20) More specifically, in the trinuclear series, 
only the Au0

2Au1 has been isolated(13k,16) whereas the copper and silver analogues were 
only studied in silico.(21) Structurally, the main difference between the three clusters B1−B3 
lies in the M–M bond distances which follows the order Cu < Au < Ag. This is in good 
agreement with the larger relativistic effect in gold which results in a reduced covalent radius 
compared to that of silver.(22) 

 

Figure 2. (Top) Trinuclear Cu0
2Cu1B1 obtained by reduction of the µ3-oxo-[Cu(EtCAAC)]3A, allows for the 

absolute templating of trinuclear M0
2M1 by galvanic exchange across the entire coinage metal series without loss 

of structural integrity. (Bottom) X-ray structures of trinuclear B1−B3; anions and hydrogens have been omitted 
for clarity. 

As with the isolobal triatomic hydrogen ion [H3]+,(23) Au0
2Au1 clusters are rare examples of 

σ-aromatic compounds.(13k) We confirmed that this is also the case with the trinuclear 
coinage metal series B1–B3, and that CAAC ligands do not significantly perturb the electronic 
structure in these systems. Indeed, topological analysis of the Electron Localization Function 
(ELF),(24) revealed the typical trisynaptic basin for a three-center two-electron cycle at the 



orthocenter of the trinuclear metal clusters (Figure 3a). Additionally, strongly negative values 
for computed nuclear-independent chemical shift (NICS) were found at the vicinity of the 
center (Figure 3b).(21,25) Cyclic voltammetry studies of B1–B3 indicated irreversible 
reductions at very low potentials (< −2 V) and irreversible oxidations above 0.5 V. This 
suggested that the galvanic replacement is unlikely to occur through an outer sphere reduction 
pathway, but rather involves an associative addition–elimination type mechanism. Trinuclear 
cationic σ-aromatic clusters have been proposed to behave as Lewis bases where the 
delocalized metal–metal bonds mimic π-aromatics interactions, and are thus capable of 
forming tetranuclear 4-center-2e– clusters with Lewis acidic metal complexes.(26) Taken 
together, these considerations indicate that, in this case, galvanic templating is likely 
occurring incrementally via a transient tetranuclear dicationic alloy cluster, wherein the least 
electronegative metal is replaced, and intermediate trinuclear alloys are formed (Figures 3c 
and S4 for the DFT calculated reaction profile). 
 

 
Figure 3. (a) Electron localization function (ELF) in B1–B3 highlights a trisynaptic basin (blue) of a three-center 
two-electron cycle. (b) The σ-aromaticity in trinuclear B1–B3 is indicated by the NICS scan plots showing large 
negative values at the ring center, gradually increasing to zero moving away from the ring center.(21) (c) The 
galvanic templating is proposed to involve sequential and incremental galvanic replacement via transient 
tetranuclear 4-center-2e– clusters. 
 
Trinuclear clusters B1–B3 feature a predominately zero oxidation state character and a spatial 
arrangement reminiscent of a M(111) metal surface. This analogy is further emphasized when 
considering that the experimental M−M bond distances and ELF topology in these clusters, 
closely mimics those observed in free-standing 2D monolayers (Figure 4a).(27) Consequently, 
we envisaged that these species might provide a molecular platform for understanding the 
interaction of small molecules with M(111) metal surfaces.(28) Coinage metal materials in 
various forms, ranging from polycrystalline foils to nanoparticles, have been thoroughly 
investigated as heterogeneous electrocatalysts for the reduction of CO2 to commodity 
chemicals and fuels.(29) Despite these reports, the process by which CO2 is activated at these 
metal surfaces is still controversial. It has been proposed that charge transfer from the surface 
to the antibonding orbital of CO2 induces the formation of a bent radical anion (CO2

•–), which 
can either facilitate (i) CO2 dissociation (CO2 → CO + O), (ii) a transient carboxyl (COOH), 
or (iii) a formate (HCOO) intermediate.(30) Using X-ray photoelectron spectroscopy 
(APXPS) and high-pressure scanning tunneling microscopy (HPSTM), the gradual coverage 
of atomically adsorbed oxygen has been observed on Cu(111) surfaces when subjected to 
CO2(g).(31) A computational work by Han and co-workers highlighted that Cu(111) surfaces 



should facilitate CO2 dissociation, whereas Ag(111) and Au(111) required a higher Ea.(32) To 
determine if M0

2M1 (M = Cu, Ag, and Au) clusters could behave as molecular surrogates for 
M(111) surfaces, we investigated the reaction of CO2 (1 atm) with B1–B3 (Figure 4b). In line 
with the computational data,(32) no reaction was observed upon reacting gold B2 or silver B3 
clusters with CO2. In marked contrast, using copper B1, we obtained a clean conversion to the 
µ3-oxo-[Cu(EtCAAC)]3A suggesting the formation of carbon monoxide. We repeated the 
reaction with 13C-labeled carbon dioxide (13CO2) and were pleased to observe a signal at 
181.3 ppm by carbon NMR, characteristic of 13CO. Capitalizing on these results and knowing 
that A reverts to B1 in the presence of a reducing agent, the catalytic reduction of CO2 to CO 
was performed in the presence of bis(neopentyl-glycolato)diboron; we were pleased to obtain, 
without optimization, up to 1000 TON. Our data support, at the molecular level, current 
hypotheses regarding the existence of a reductive CO2 dissociation mechanism (CO2 → CO + 
O) by copper surfaces. This process is likely at play in Cu electrodes which are unique in their 
ability to convert CO2 to small hydrocarbons (e.g., CH4 and C2H4)(33,34) but are known to 
degrade under catalytic conditions. 
 

 
Figure 4. (a) M–M bond distances and ELF topology suggest similarities between trinuclear B1–B3 clusters and 
free-standing M(111) monolayers. (b) In contrast to the gold and silver equivalent, the trinuclear Cu0

2Cu1B1 
promotes the dissociative reduction of CO2 thereby affording A. Using bis(neopentyl-glycolato)diboron to 
regenerate B1, up to 1000 TON could be obtained in the reduction of CO2 to CO. 
 
Conclusion 
 
Although galvanic exchange is commonly employed throughout materials chemistry, it often 
results in major structural changes including differences in metal nuclearity. In contrast, we 
have systematically applied galvanic exchange to trinuclear complexes of the coinage metals 
with maintenance of metal nuclearity throughout the series. These clusters have been 
synthesized in high yields using standard air-free techniques and thus provide a good platform 
for further study. Additionally, they feature metals in the predominantly zero oxidation state, 
making them reminiscent of M(111) surfaces. To further reinforce the analogy between 
materials and UNPs, we showed that the copper cluster B1 promotes CO2 reduction, a process 
commonly observed for Cu(111) surfaces. Additionally, the small size of these clusters 



allowed for the isolation and characterization of the µ3-oxo copper complex A, which has the 
potential to be occurring on Cu(111) surfaces.(31) Our results highlight the mounting impact 
of π-acidic carbene ligands in materials science.(13a) 
 
 
Experimental Section 

General Considerations 
All manipulations were performed, unless otherwise noted, under an atmosphere of dry argon 
using standard Schlenk and glovebox techniques. Benzene, tetrahydrofuran, diethyl ether, n-
pentane, and toluene were freshly distilled over Na metal under an atmosphere of argon. 
Hexanes, dichloromethane, and chloroform were freshly distilled over CaH2 under an 
atmosphere of argon. 1H, 13C, 19F, and 11B NMR spectra were recorded on a Varian VX 500 
MHz equipped with a 5 mm X-Sens cold probe or a Bruker 300 MHz spectrometer. Chemical 
shifts (δ) are reported in ppm and are referenced to SiMe4 (1H, 13C), CFCl3 (19F), or BF3·Et2O 
(11B). Coupling constants J are given in Hertz as positive values regardless of their real 
individual signs. NMR multiplicities are abbreviated as follows: s = singlet, d = doublet, t = 
triplet, q = quartet, sept = septet, m = multiplet, br = broad signal. All spectra were obtained at 
298 K in the solvent indicated, unless otherwise noted. Electrochemical experiments were 
carried out with a Biologic SP-300 potentiostat. Ferrocene was used as standard, and all 
reduction potentials are reported with respect to the E1/2 of the Fc/Fc+ redox couple. The UV–
vis spectra were recorded on a Shimadzu UV-3600 UV/vis/NIR spectrometer. Solvent peaks 
were digitally subtracted from all solution UV−vis spectra by comparison with an authentic 
solvent spectrum obtained prior to that of the sample. Melting points were measured with an 
electrothermal MEL-TEMP apparatus and mass spectra were performed on an Agilent 6230 
Accurate-Mass TOFMS spectrometer. Single-crystal X-ray structure determinations were 
carried out at low temperature on a Bruker P4 Platform, or Kappa diffractometer equipped 
with a Mo (λ = 0.71073 Å) or Cu (λ = 1.54178 Å) radiation source and a Bruker APEX 
detector. Crystals were selected under oil, mounted on nylon loops, and then immediately 
placed in a cold stream of N2. All structures were solved by direct methods with SIR 2004 or 
SHELXS and refined by full-matrix least-squares procedures utilizing SHELXL within the 
Olex 2 small-molecule solution, refinement, and analysis software package. 

Synthesis of Complex B1 
µ3-Oxo-[Cu(EtCAAC)]3A (5.0 g, 4.05 mmol) was dissolved in toluene (30 mL) and cooled to 
−40 °C. Bis(neopentyl glycolato)diboron (0.915 g, 4.05 mmol) was added to the solution and 
kept at −40 °C for 12 h. Afterwards, the solution was warmed to room temperature, the dark 
mother liquor was filtered off, and the crystals were washed with toluene (3 × 3 mL). The 
crystals were then collected, dissolved in THF (5 mL) at −40 °C, and layered with toluene to 
recrystallize again at −40 °C. The resulting solid was washed with toluene (3 × 3 mL) to give 
a dark yellow crystalline solid (3.55 g, 71.9% yield). Crystals for X-ray diffraction were 
grown at room temperature from a THF solution layered with diethyl ether. Characterization 
data: M.P.: 98–100 °C (Dec. to brown solid); 1H NMR (THF-d8, 300 MHz, 298 K): δ 7.35 (t, 
J = 7.5 Hz, 3H), 7.21 (d, J = 7.5 Hz, 6H), 2.67 (sept, J = 6.6 Hz, 6H), 2.02–1.95 (m, 6H), 1.90 
(s, 6H), 1.66–1.58 (m, 6H), 1.23–1.20 (m, 36H), 1.09 (t, J = 7.4 Hz, 18H), 0.77 (d, J = 6.6 Hz, 
18H) ppm; 13C{1H} NMR (THF-d8, 125.7 MHz, 298 K): δ 252.7 (CCarbene), 146.1 (Cq), 
135.4 (Cq), 130.1 (CHAr), 125.1 (CHAr), 81.8 (Cq), 64.4 (Cq), 43.0 (CH2), 31.9 (CH2), 29.9 
(CH), 29.2 (CH3), 28.6 (CH3), 22.0 (CH3), 9.9 (CH3) ppm; 19F NMR (THF-d8, 282 MHz, 298 
K): δ −154.5 (10B), −154.6 (11B) ppm; 11B{1H} NMR (THF-d8, 160 MHz, 298 K): δ −1.1 
ppm. 
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