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A B S T R A C T

We here report the catalytic effects of foreign atoms (Cu, Ag, and Pt) doped into well-defined 25-gold-atom
nanoclusters. Using the carbon-carbon coupling reaction of p-iodoanisole and phenylacetylene as a model
reaction, the gold-based bimetallic MxAu25−x(SR)18 (–SR=–SCH2CH2Ph) nanoclusters (supported on titania)
were found to exhibit distinct effects on the conversion of p-iodoanisole as well as the selectivity for the
Sonogashira cross-coupling product, 1-methoxy-4-(2-phenylethynyl)benzene). Compared to Au25(SR)18, the
centrally doped Pt1Au24(SR)18 causes a drop in catalytic activity but with the selectivity retained, while the
AgxAu25−x(SR)18 nanoclusters gave an overall performance comparable to Au25(SR)18. Interestingly,
CuxAu25−x(SR)18 nanoclusters prefer the Ullmann homo-coupling pathway and give rise to product 4,4′-
dimethoxy-1,1′-biphenyl, which is in opposite to the other three nanocluster catalysts. Our overall conclusion is
that the conversion of p-iodoanisole is largely affected by the electronic effect in the bimetallic nanoclusters’ 13-
atom core (i.e., Pt1Au12, CuxAu13−x, and Au13, with the exception of Ag doping), and that the selectivity is
primarily determined by the type of atoms on the MxAu12−x shell (M=Ag, Cu, and Au) in the nanocluster
catalysts.

1. Introduction

Bimetallic nanoclusters have played a very important role in
homogeneous and heterogeneous catalysis due to the synergy between
the constituent elements [1–4]. Even more, sometimes the bimetallic
nanoclusters could exhibit much better catalytic activities than do the
monometallic counterparts [5–9]. The catalytic properties of bimetallic
nanocatalysts are influenced by the distribution of the two metallic
components in the bimetallic nanoclusters; for example, the alloy, core-
shell, and dumb-bell nanostructures behave very differently in catalytic
processes [10]. Recently, Kobayashi et al. have reported that the two
carbon-stabilized polymer incarcerated gold-based bimetallic na-
noclusters catalysts (PI-CB/Au-Pt and PI-CB/Au-Pd) showed very
different selectivity in the aerobic oxidation of alcohols and direct
oxidative ester formation due to the different structures of the
bimetallic nanoclusters [11].

Metal-catalyzed (i.e., Cu, Pd, and Au) carbon–carbon coupling
reactions, such as Ullmann homo-coupling and Songashira cross-
coupling reactions that result in the formation of new carbon–carbon
bonds, are of paramount importance in synthetic organic chemistry

[12–16]. Some bimetallic and trimetallic nanoclusters have been
reported to be good catalysts for the Songashira cross-coupling reaction
[17,18]. Santhanalakshmi's group have reported that the Au/Ag/Pd
core/dual-shell trimetallic nanoclusters are applied in the Songashira
cross-coupling reaction and the trimetallic nanoclusters showed better
catalytic activity than the corresponding mono- and bimetallic na-
nocluster catalysts [17].

In our previous work, we have reported that the oxide-supported
gold nanoclusters (Au25(SR)18, where R=CH2CH2Ph, hereafter) cata-
lysts were well applied for the Ullmann homo-coupling of aryl iodides
and Songashira cross-coupling reactions between p-iodoanisole and
phenylacetylene [18–22]. It also has been reported that copper and
platinum nanoclusters could also be applied for the Ullmann homo-
coupling and Songashira cross-coupling reactions in the literatures
[12–16]. To gain insight into the fundamental relationship between
metal composition of bimetallic catalysts and their catalytic activity/
selectivity, we intentionally introduce foreign atoms (e.g., Pt, Ag, and
Cu) into the Au25(SR)18 nanoclusters and then investigate the catalytic
performance of bimetallic catalysts.
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2. Experimental

2.1. Characterization

MALDI mass spectrometry was performed with a PerSeptive
Biosystems Voyager DE super-STR time-of-flight (TOF) mass spectro-
meter. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyldidene]
malononitrile was used as the matrix in MALDI-MS analysis.
Typically, 0.1 mg matrix and 10 μL analyte stock solution were mixed
in 10 μL CH2Cl2. 10 μL solution was applied to the steel plate and then
dried under vacuum (at room temperature) prior to MALDI mass
spectrometry analysis. X-ray photoelectron spectroscopy (XPS) analy-
sis was performed on VG ESCAB mk-2.

2.2. Preparation of 1 wt% MxAu25−x(SR)18/TiO2

MxAu25−x(SR)18 clusters were synthesized according to a literature
procedure [23]. Typically, 1 mg MxAu25−x(SR)18 nanoclusters were
dissolved in 5 mL DCM, and 100 mg TiO2 oxides were added. After
stirred for 12 h at room temperature, the supernatant became color-
less. The MxAu25−x(SR)18/TiO2 catalysts were collected by centrifuga-
tion and dried in vacuum at room temperature The as-prepared
MxAu25−x(SR)18/TiO2 catalysts were then heated to 150 °C in vacuum
for 2 h for annealing.

2.3. Typical procedure for carbon–carbon coupling reaction

In a typical carbon–carbon coupling reaction, p-iodoanisole
(0.1 mmol), phenylacetylene, K2CO3 (0.3 mmol), MxAu25−x(SR)18/
TiO2 (100 mg) (the catalysts should be activated at 150 °C in vacuum
for half hour before the reaction) and 1 mL DMF were added to a 5 mL
one-neck round-bottom flask. The mixture was stirred under N2

atmosphere at 160 °C for 40 h as indicated in Table 1. After the
reaction, 10 mL water was added to the flask, followed by extraction
with EtOAc (2 mL×2). The products were obtained after removing
EtOAc. The products were characterized by proton nuclear magnetic
resonance (1H NMR) spectroscopy. The conversion of p-iodoanisole
and yields of 4,4′-dimethoxy-1,1′-biphenyl and 1-methoxy-4-(2-phe-
nylethynyl)benzene were determined by NMR (300 MHz) analysis.

3. Results and discussion

3.1. Characterization of the three different gold-based bimetallic
nanoclusters

The synthesis of the three different gold-based bimetallic nanoclus-
ters followed the literature protocols [6,23], e.g., single-atom Pt doped
Pt1Au24(SR)18 nanoclusters, multiple-atom doped CuxAu25−x(SR)18
(x=0 to 6) and AgxAu25−x(SR)18 (x=0 to 5). And we also synthesized
as well as homogold Au25(SR)18 nanoclusters [24,25] for comparison.
All the nanoclusters were firstly characterized and determined by
matrix-assisted laser desorption/ionization (MALDI)-mass spectrum
(Fig. 1).

The MALDI mass spectrum of Au25(SR)18 nanocluster exhibits an
intense peak at m/z 7394 Da (where z=1) corresponding to the
calculated formula weight of 7394 (Fig. 1a); of note, the small peak
at m/z 6057 Da is a fragment (i.e., Au21(SR)14) caused by the some-
what destructive MALDI method, in consistent with the reported
literatures [25]. No other peaks were found, indicating the purity of
the Au25(SR)18 nanoclusters. Similarly, the single peak at m/z 7392 Da
for the Pt1Au24(SR)18 nanocluster indicates the product purity [6].
However, the cases of Ag and Cu doping did not give rise to singly
doped nanoclusters, instead, a distribution of AgxAu25−x(SR)18 or
CuxAu25−x(SR)18. As shown in Fig. 1c, the spacing of the
AgxAu25−x(SR)18 peaks is 89–90 Da, indicating the atomic mass
difference between gold and silver (MAu–MAg=197.0–107.9=89.1 Da),
suggesting that gold atoms were successively replaced by silver atoms,
but the total metal atoms of the cluster were preserved at 25. The
maximum doping number of the AgxAu25−x(SR)18 nanoclusters was up
to five, Fig. 1c, inset. Similarly, in the case of CuxAu25−x(SR)18 (Fig. 1d),
the peak spacing was 133–134 Da (theoretical MAu–MCu=197.0–
63.5=133.5 Da), indicating the substitution of gold for copper. And
the maximum replacement in CuxAu25−x(SR)18 was six, as shown in
Fig. 1d, inset. Of note, similar with the cases of Au25(SR)18 and
Pt1Au24(SR)18 nanoclusters, a serial of fragments, noted as asterisks,
were found in the CuxAu25−x(SR)18 and AgxAu25−x(SR)18 (Fig. 1c and
d).

3.2. Characterization of the TiO2-supported MxAu25−x(SR)18 catalysts

These different bimetallic gold-based nanoclusters were supported
on TiO2, and then used as catalysts in the carbon–carbon coupling
reaction system. The oxide-supported bimetallic gold-based nanoclus-
ters MxAu25−x(SR)18 catalysts were made by impregnation of the TiO2

oxide powders in a dichloromethane (DCM) solution of
MxAu25−x(SR)18 nanoclusters, and then annealed at 150 °C (1 h) in a
vacuum oven [20]. The TiO2-supported Au25(SR)18 catalyst was still
intact after the annealing process, which is supported by the Z-contrast
scanning transmission electron microscopy and thermogravimetric
analysis in our previous work [20]. And more, no discernable loss of
ligands of the pure Au25(SR)18 nanoclusters showed during the thermal
stability analysis (e.g., at 150 °C in air atmosphere for 1 h) [20]. The
external staples of the bimetallic gold-based nanoclusters
MxAu25−x(SR)18 catalysts were exclusively Au2(SR)3, therefore we
believe that the other oxide-supported bimetallic nanoclusters
MxAu25−x(SR)18 should also remain stable after the thermal treat-
ments.

Next, the surface gold and transition metal atoms of the
MxAu25−x(SR)18/TiO2 (where, M=Pt, Cu, and Ag) catalysts were
characterized by XPS analysis, as seen in Fig. 2. The XPS spectra of
the AgxAu25−x(SR)18 show the binding energies (BEs) of Au 4f7/2 and
Au 4f5/2 are at 83.70 and 87.38 eV and the BEs of Ag 3d5/2 and Ag 3d3/
2 are at 367.43 and 373.61 eV (Fig. 2A and B). Meanwhile, the BEs of
the Au 4f7/2, Au 4f5/2, and Cu 2p of CuxAu25−x(SR)18 nanoclusters are
located at 83.65, 87.33, and 932.06 eV, respectively (Fig. 2C and D).
And in the case of PtAu24(SR)18 nanoclusters, the BEs of the Au 4f7/2,

Table 1
The catalytic performances of TiO2-supported MxAu25–x(SR)18 nanocluster catalysts for
the carbon–carbon coupling reaction between p–iodoanisole and phenylacetylene.a

I
Cross-coupling

Homo-coupling

Au or Cu Catal., 
Base, Solvent

MeO+

MeO OMe

OMe

Homo-coupling

Ullmann

Sonogashira

MPEB

DMBP

diphenyldiacetylene

Entry Catalysts Conversion [%]b Selectivity [%]b

MPEB DMBP

1 Au25(SR)18 79.5 65.7 34.3
2 AgxAu25–x(SR)18 83.0 55.4 44.6
3 CuxAu25–x(SR)18 52.4 28.3 71.7
4 Pt1Au24(SR)18 48.5 67.2 32.9

a Reaction conditions: 100 mg catalyst, 1 wt% MxAu25–x(SR)18 loading, 0.1 mmol p–
iodoanisole, 0.1 mmol phenylacetylene, 0.3 mmol K2CO3, 1 mL DMF, 160 °C, 40 h.

b The conversion of p–iodoanisole and selectivities for DMBP and MPEB were
determined by 1H NMR.
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Au 4f5/2, Pt 4f7/2, and Pt 4f5/2 are 83.50, 87.48, 71.81, and 75.05 eV,
respectively, as shown in Fig. 2E and F. These shifts of ca. 0.1–0.3 eV
toward the binding energy of the natural metallic Au (Au4f7/2: 83.8 eV)
may be attributable to charge transfer between Au and metal species
(Au, Ag, and Pt), indicating that the electronic structure of the clusters
was modified by dopants.

3.3. Catalytic performance of the gold-based bimetallic nanoclusters
in carbon−carbon coupling reaction

Next, we choosed p-iodoanisole and phenylacetylene as reactants
for the caborn–carbon coupling reaction. In general, the reaction
between p-iodoanisole and phenylacetylene (Scheme 1) usually give
rise to two main homo-coupling products (diphenyldiacetylene and
4,4′-dimethoxy-1,1′-biphenyl) and a Sonogashira cross-coupling pro-
duct (1-methoxy-4-(2-phenylethynyl)benzene) [26–28]. The catalytic
reaction was carried out at 160 °C for 40 h under a N2 atmosphere;
other conditions were 0.1 mmol p-iodoanisole, 0.1 mmol phenylacety-
lene, 0.3 mmol potassium carbonate (K2CO3), 1 mL N, N′-dimethyl-
formamide (DMF), and 100 mg MxAu25−x(SR)18/oxide catalyst (the net
amount of bimetallic nanoclusters: 1 mg), the details can be seen in the
Experimental section. The reaction products were analyzed by 1H NMR
spectroscopy.

When Au25(SR)18/TiO2 was used as the catalyst in the carbon–
carbon coupling reaction, we obtained 79.5% conversion of p-iodoani-
sole and 65.7% selectivity for the cross-coupling product MPEB
(Table 1, entry 1); hereafter, the conversion is based on p-iodoanisole
and the selectivity is for MPEB. We then tested the catalytic activities of
the other three gold-based bimetallic nanoclusters catalysts. When

using AgxAu25−x(SR)18/TiO2 as the catalyst (Table 1, entry 2), the
conversion (83.0%) was slightly higher than that of Au25(SR)18/TiO2,
but the selectivity was much lower (55.4% with Ag-doped catalyst vs.
65.7% with homogold catalyst). We further investigated
CuxAu25−x(SR)18/TiO2 and Pt1Au24(SR)18/TiO2 (Table 1, entry 3 and
4). In both cases, the conversion decreased to 52.4% and 48.5%,
respectively, but the selectivity was drastically different (28.3% with
CuxAu25−x(SR)18/TiO2 and 67.2% with Pt1Au24(SR)18/TiO2). Based on
the conversion, the catalytic performance of the titania-supported
catalysts follows the following decreasing order:
Ag Au (SR) ≈ Au (SR) > Cu Au (SR) > Pt Au (SR) .x 25−x 18 25 18 x 25−x 18 1 24 18

In terms of the selectivity, CuxAu25−x(SR)18/TiO2 was contrary with
Au25(SR)18/TiO2 and Pt1Au24(SR)18/TiO2, which implies that the
CuxAu25−x(SR)18/TiO2 catalyst prefers the Ullmann homo-coupling
process, while the latter two catalysts give predominant cross-coupling.
On the other hand, AgxAu25−x(SR)18/TiO2 gives rise to no preference of
the cross-coupling over the Ullmann homo-coupling.

3.4. Mechanism of the carbon–carbon coupling reaction

Taken together, the above catalytic results of bimetallic nanoclus-
ters catalysts exhibit distinct effects of doping atoms on the catalytic
activity and selectivity in the carbon–carbon coupling reaction between
p-iodoanisole and phenylacetylene. Furthermore, the correlation of the
catalytic performance with the cluster structure and electronic proper-
ties will be discussed.

The [Au25(SR)18]
–TOA+(TOA=tetraoctylammonium) nanoclusters

[24] possesses a core/shell Au13@Au12(SR)18 structure. The Au13 core
consists of one center and an icosahedral shell of 12 atoms, whereas the

Fig. 1. MALDI mass spectra of the four nanoclusters: (a) Au25(SR)18, (b) Pt1Au24(SR)18, (c) AgxAu25−x(SR)18 (x=0 to 5), and (d) CuxAu25−x(SR)18 (x=0 to 6). The insets in (c) and (d) are
the zoom-in spectra. The asterisks (*) stand for the fragments of these nanoclusters caused by the some destructive MALDI method. –SR=–SCH2CH2Ph.
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exterior Au12(SR)18 shell can be viewed as six –S(R)-Au-S(R)-Au-S(R)–
semirings (so called dimeric staple motifs). In general, the foreign
atoms could reside in three types of atomic positions in the structure,
that is, in the icosahedral center (only one available site), in the Au12
icosahedral shell (12 metal atom sites total), or in the exterior dimeric
staples (12 metal atom sites total). In our previous work on the
Pt1Au24(SR)18 nanoclusters, both experiment and theory confirmed
that the single Pt atom is located at the center of the 25-metal-atom
cluster, Pt1@Au12@Au12(SR)18 [6]. In contrast, for both
AgxAu25−x(SR)18 and CuxAu25−x(SR)18, the multiple copper and silver
dopant atoms are preferentially located in the icosahedral Au12 shell,
instead of the exterior Au12(SR)18 shell [29,30]. The interesting
different distributions of the two metallic components in the gold-
based bimetallic nanoclusters may significantly alter the catalytic
performance of the oxide-supported catalyst.

The carbon-carbon coupling reactions (the MeOPhI/PhC≡CH pair,
MeOPhI/MeOPhI pair, and PhC≡CH/PhC≡CH pair) yield the cross-
coupling product MPEB, and homo-coupling products DMBP and
diphenyldiacetylene, respectively (Scheme 1). The co-adsorption en-
ergies of the PhI/PhC≡CH pair, PhI/PhI pair, and PhC≡CH/PhC≡CH
pair on the surface of the model Au25(SCH2CH2Ph)18 nanocluster
catalyst have previously been calculated by density functional theory
(DFT) method [20]. In the DFT calculations, the p-iodoanisole
(MeOPhI) was replaced by iodobenzene (PhI) to reduce computational
demand. It was found that the PhC≡CH/PhC≡CH pair and PhI/PhI
pair have a co-adsorption energy of −0.90 eV and −1.05 eV (negative
means stabilization), respectively. On the other hand, the PhC≡CH/
PhC≡CH pair has an adsorption energy of −0.86 eV. The DFT calcula-
tion result indicates that the PhI/PhI pair seems easier adsorbed and
interacts slightly stronger with the Au25(SCH2CH2Ph)18 nanocluster
catalyst than other two pairs, PhC≡CH/PhC≡CH and PhI/PhC≡CH; of
note, phenylacetylene or/and iodobenzene adsorbs on one gold atom,
the other reactant adsorbs on the second gold atom, and both the –

C≡CH or/and –I groups point towards the third external gold atom and
even bond to the sub-surface of the Au13 icosahedral core (Scheme 2).

Based on the above experimental and DFT results, we propose a
mechanism for the MxAu25−x(SR)18 catalyzed Sonogashira cross-cou-
pling reaction of phenylacetylene and p-iodoanisole. It is worthy of
noting that the MxAu25−x(SR)18 nanoclusters [29,30] share the same
structure as that of the Au25(SR)18 nanocluster, but the external staples
are exclusively Au2(SR)3, while the icosahedral surface is composed of
both Au and Ag (or Cu) atoms in AgxAu25−x(SR)18 and
CuxAu25−x(SR)18; in contrast, the single Pt atom is located in the
icosahedral center of Pt1Au24(SR)18. Thus, we use the crystal structure
of Au25(SR)18 nanoclusters as the model in the proposed mechanism of

Fig. 2. XPS spectra of MxAu25−x(SR)18 catalysts. (A) Au 4f and (B) Ag 3d for AgxAu25−x(SR)18; (C) Au 4f and (D) Cu 2p for CuxAu25−x(SR)18; (E) Au 4f and (F) Pt 4f for Pt1Au24(SR)18.

I
Cross-coupling

Homo-coupling

Au or Cu Catal., 
Base, Solvent

MeO+

MeO OMe

OMe

Homo-coupling

Ullmann

Sonogashira

MPEB

DMBP

diphenyldiacetylene

Scheme 1. Catalytic carbon−carbon coupling reaction of p-iodoanisole and phenylace-
tylene to yield the Sonogashira cross-coupling product 1-methoxy-4-(2-phenylethynyl)
benzene (MPEB) and two homo-coupling products 4,4′-dimethoxy-1,1′-biphenyl
(DMBP) and diphenyldiacetylene.
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the Sonogashira cross-coupling reaction catalyzed MxAu25−x(SR)18
nanoclusters (Scheme 2). In the previous literautes, the catalytic
reactions are speculate to occur on the open facet of gold nanoclusters
[20,31,32]. Initially, the p-iodoanisole and phenylacetylene molecules
are adsorbed onto the open facet (i.e., the triangular Au3 surface motif)
of MxAu25−x(SR)18 nanocluster catalysts, and then the reactants
interact with each other and become activated through interactions
with both the external Au3 and the metal atoms (i.e., Au, Ag, and Cu)
on the surface of the MxAu13−x icosahedral core in the presence of the
base (e.g., K2CO3, as shown in Scheme 2). The Ph-I bond would be
activated to the Ph∙∙∙Au∙∙∙I intermediate. Meanwhile, the C-H bond of
phenylacetylene can be activated to the Au∙∙∙C≡CPh intermediate.
These intermediates on the adjacent metal atoms can couple with each
other to form the cross-coupling product (1-methoxy-4-(2-phenylethy-
nyl)benzene) and homo-coupling products (4,4′-dimethoxy-1,1′-biphe-
nyl and diphenyldiacetylene).

The above experimental results imply that the catalytic activity was
determined by the electronic effects of the MxAu25−x(SR)18 nanoclus-
ters and the atom type on the surface of MxAu13−x icosahedral core. On
the other hand, the selectivity was dominated by the atom type on the
surface of MxAu13−x icosahedral core in the competing coupling
reaction of the MeOPhI/PhC≡CH pair and MeOPhI/MeOPhI pair
(Scheme 2).

Control experiments using plain oxide powders gave no conversions
of iodoanisole and phenylacetylene under the identical reaction condi-
tions. Thus, the carbon–carbon coupling reaction of iodoanisole and
phenylacetylene is catalyzed by the bimetallic nanoclusters, especial by
the 13-atom icosahedral core of the bimetallic nanoclusters. The oxide-
supported Au25(SR)18 nanocluster catalyst exhibits better catalytic
activity than Pt1Au24(SR)18 nanoclusters in terms of the conversion
of iodoanisole, but these two catalysts show similar selectivity for
MPEB product. The observed similar selectivity is reasonable since
both Pt1Au24(SR)18 and Au25(SR)18 have the same types of surface

atoms (all are Au atoms); the reduced activity of Pt1Au24(SR)18 should
be caused by potential electron density transfer from the Au12 shell to
the central Pt atom.

When comparing the catalytic performance of AgxAu25−x(SR)18
with that of Au25(SR)18, the most distinct difference lies in the
selectivity for MPEB product. The presence of Ag dopant atoms in
the M12 icosahedral shell seems not favourable for the selectivity to
MPEB. Similarly, the presence of Cu dopants also significantly reduces
the selectivity for MPEB. Another potential factor for the lower activity
and selectivity of the CuxAu25−x(SR)18 catalyst is its less stability
compared to AgxAu25−x(SR)18 and Au25(SR)18.

The CuxAu25−x(SR)18 catalyst is very interesting that the selectivity
for MPEB is indeed completely reversed (i.e., favoring the Ullmann
homo-coupling pathway) compared to the AgxAu25−x(SR)18,
Pt1Au24(SR)18, and Au25(SR)18 nanocluster catalysts that favor the
cross-coupling product. Of note, copper complexes and nanoclusters
are well known excellent catalysts for the Ullmann homo-coupling
reaction [33,34]. In our system, the reversed selectivity of
CuxAu25−x(SR)18 for Ullmann homocoupling can be accounted for by
the rich Cu contents in the icosahedral shell of CuxAu13−x. To further
confirm that, we synthesized small-size thiolate-capped copper na-
noclusters Cun(SR)m with the same thiol ligand (phenylethanethiol) by
a synthetic method similar to that of Au25(SR)18. Under the identical
carbon–carbon coupling reaction condition, the Cun(SR)m/TiO2 cata-
lyst gave 71.4% conversion, and 21.4% selectivity for the cross-
coupling product (MPEB), and 78.6% selectivity for the Ullmann
homo-coupling product (DMBP). This catalytic result implies that the
TiO2-supported copper nanocluster catalyst prefers to yield Ullmann
homo-coupling product in the carbon–carbon coupling reaction of
iodoanisole and phenylacetylene. Compared to the MeOPhI/PhC≡CH
pair, the MeOPhI/MeOPhI pair interacts more strongly with the
external Au3 and the copper atoms on the surface of the CuxAu13−x
icosahedral core.

4. Conclusions

In summary, we have investigated the catalytic activity of gold-
based bimetallic MxAu25−x(SR)18 (M=Pt, Cu, and Ag) nanoclusters
supported on titania for the reaction of carbon–carbon coupling of p-
iodoanisole and phenylacetylene. The titania-supported Au25(SR)18
nanoclusters exhibit better catalytic performance (conversion of the
p-iodoanisole and selectivity for the Sonogashira cross-coupling pro-
duct 1-methoxy-4-(2-phenylethynyl)benzene) than other bimetallic
MxAu25−x(SR)18 nanoclusters. Compared to homogold Au25(SR)18,
the centrally doped Pt1Au24(SR)18 causes a drop in catalytic activity
but with the selectivity retained, while the AgxAu25−x(SR)18 nanoclus-
ters gave an overall performance comparable to Au25(SR)18.
Interestingly, CuxAu25−x(SR)18 nanoclusters prefer the Ullmann
homo-coupling pathway and give rise to product 4,4′-dimethoxy-1,1′-
biphenyl, which is in opposite to the other three nanocluster catalysts.
Our overall conclusion is that the conversion of p-iodoanisole is largely
affected by the electronic effect in the bimetallic nanoclusters’ 13-atom
core (i.e., Pt1Au12, CuxAu13−x, and Au13, with the exception of Ag
doping), and that the selectivity is primarily determined by the type of
atoms on the MxAu12−x (M=Ag, Cu, and Au) shell in the nanocluster
catalysts.
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MxAu25−x(SR)18 nanoclusters. Color code: gold atoms on the staple motif (Au12(SR)18),
green; metal atoms on M13 icosahedral core, orange; sulfur atoms, yellow; carbon atoms,
grey; hydrogen atoms, white. Of note, the p-iodoanisole was replaced by iodobenzene
(PhI) for clarity.
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