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CONSPECTUS

P article size is one of the key parameters determining the unexpected catalytic activity of

gold, with reactivity improving as the partide gets smaller. While this is valid in the 1—5 nm
range, chemists are now investigating the influence of partide size in the subnanometer regime.
This is due to recent advances in both characterization techniques and synthetic routes capable
of stabilizing these size-controlled gold dusters. Researchers reported in early studies that small
dusters or aggregates of a few atoms can be extremely active in some reactions, while 1—2 nm
nanopartides are catalytically more efficient for other reactions. Furthermore, the possibility that
small gold dlusters generated in situ from gold salts or complexes could be the real active species
in homogeneous gold-catalyzed organic reactions should be considered.

In this Account, we address two questions. First, what is the origin of the enhanced reactivity
of gold dusters on the subnanometer scale? And second, how can we predict the reactions where
small dusters should work better than larger nanopartides? Both geometric factors and electronic
or quantum size effects become important in the subnanometer regime. Geometric reasons play

OMe B
N o _N_O N\
U X axr
OMe 0, @
OMe
Br //:
Ss
OMe @
awy o

Y
alcoho o ’.‘-‘
? ‘f.‘

aldehyde

akey role in hydrogenation reactions, where only accessible low coordinated neutral Au atoms are needed to dissodiate H,. The quantum
size effects of gold dusters are important as well, as dusters formed by only a few atoms have discrete molecule-like electronic states and
their chemical reactivity is related to interactions between the duster's frontier molecular orbitals and those of the reactant molecules.

From first principles calculations, we predict an enhanced reactivity of small planar clusters for reactions involving activation
of CCmultiple bonds in alkenes and alkynes through Lewis acid—base interactions, and a better catalytic performance of 3D gold
nanopartices in redox reactions involving bond dissociation by oxidative addition and new bond formation by reductive
elimination. In oxidation reactions with molecular O, initial dissociation of O, into basic oxygen atoms would be more effectively
catalyzed by gold nanoparticles of ~1 nm diameter. In contrast, small planar clusters should be more active for reactions following
a radical pathway involving peroxo or hydroperoxo intermediates. We have experimentally confirmed these predictions for a series
of Lewis acid and oxidation reactions catalyzed by gold dusters and nanoparticles either in solution or supported on solid carriers.

Introduction

Gold has attracted wide interest as a catalyst in the last 25
years due to its unexpected activity under mild temperature
and pressure conditions. Small gold nanoparticles finely
dispersed on solid suppotrts are active and highly selective
in a large number of organic reactions."* The catalytic
activity of gold depends on some key parameters, such
as particle size and shape, interaction with the support,
oxidation state, and quantum size effects.>® However,
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these parameters are not completely independent. As
particle size decreases, the number of atoms accessible
to reactants, as well as the relative concentration of the
more reactive low coordinated atoms at corner or edge
positions, increase. Moreover, the number of gold atoms
in direct contact with the support varies with particle
diameter and shape, which might lead to enhanced reac-
tivity when gold nanoparticles are supported on noninert
metal oxides.

Published on the Web 06/10/2013  www.pubs.acs.org/accounts
10.1021/ar400068w ©2013 American Chemical Society
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FIGURE 1. Optimized structure (top) and calculated isosurfaces of the lowest unoccupied molecular orbital (LUMO, center) and highest occupied
molecular orbital (HOMO, bottom) of Aus, Aug, Aus, Aug, Auy, Au, s, and Ausg clusters, together with molecular orbital energy levels in blue. Obtained

at the B3LYP/LANL2DZ level using the Gaussian09 program.

In agreement with these arguments, Haruta et al.
reported that the activity for CO oxidation of gold nano-
particles supported on TiO,, a-Fe;03, and Co304 increases
sharply when particle diameter goes below 4 nm,” and
a similar behavior was reported for the aerobic oxidation
of alcohols over Au/TiO,® and with PVP-stabilized gold
clusters.® On the other hand, a volcano type curve with
a maximum in activity at a gold particle diameter of
~3 nm was reported for CO oxidation over Au/TiO,
catalysts'® and for aerobic alcohol oxidation over Au/
MgO,"" showing that particle morphology is another critical
parameter for catalytic activity. It has also been demon-
strated that the most active sites for different reactions are
not necessarily the same, and that the optimum particle
size for a given reaction depends on the material used as
support.'?~13

While the key role of gold particle size is clear, the study
of the subnanometric regime is a challenging task due to the
difficulty to obtain a homogeneous distribution of cluster
sizes and due to technical limitations to characterize aggre-
gates of few gold atoms. However, the stabilization of
size-controlled gold clusters either in solution or supported
on solids and recent advances in characterization techni-
ques have allowed identification of subnanometric gold
nanoparticles in different materials.'® Concerning catalysis,

bilayer clusters of ~0.5 nm in diameter have been identified
as the active species for CO oxidation over Au/FeOj
catalysts,'” and Aug—Auj o clusters supported on Al,Os films
are active for propene epoxidation.'® Nevertheless, the
reactivity of small gold clusters is not limited to oxidation
reactions, and it has been recently demonstrated that small
Augs clusters in gas phase are able to dissociate the C—1 bond
in iodobenzene while mononuclear Au* cations are not."®
It is interesting to notice that, in many organic reactions,
gold salts and gold complexes are claimed as active cata-
lysts, though the starting gold species may decompose
during reaction.?°~22 In these cases in which the catalyst
introduced in the reaction media is not the true active
species, but this is formed in the course of the reaction, an
induction period should be observed provided that the rates
of catalyst formation and reaction are decoupled. At this
point, our starting hypothesis was that small clusters gener-
ated in situ from gold salts or complexes might be the real
active species in a number of homogeneous gold-catalyzed
organicreactions. A specific experimental program was then
undertaken to study the additional possibilities that gold
clusters can offer with respect to gold nanoparticles. Simul-
taneously we investigated how the geometricand electronic
differences between gold clusters and nanoparticles can
determine their activity and selectivity. We expected that,
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FIGURE 2. Frontier orbitals of ethene, phenylacetylene, and iodobenzene (a). Optimized structures involved in phenylacetylene deprotonation (b),
iodobenzene dissociation (c), and coupling step (d) over a Auzg nanoparticle and a Aus cluster. Au, O, C, and H atoms are depicted in yellow, red,

orange, and white, respectively.

based on this, it would be possible to predict the suitability of
each type of gold catalysts for a given reaction.

Geometric and Electronic Differences be-
tween Au Clusters and Nanoparticles

Due to strong relativistic effects in gold that induce hybridi-
zation of the atomic 5d-6s orbitals, two-dimensional struc-
tures are the most stable configuration of gold clusters
formed by up to 7 atoms (Figure 1).23 The frontier orbitals
of planar Auy clusters consist of several lobes localized on
the low coordinated Au atoms and fully accessible to inter-
action with reactant molecules. However, when particle
morphology changes from planar to 3D and the coordina-
tion number of the surface atoms increases, the contribution
of the atoms inside the particle to the composition of the
frontier orbitals becomes more important, and therefore
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orbital overlap with interacting molecules would be less
efficient.

On the other hand, the discrete electronic levels in the
smallest Auy clusters are more separated than in larger
nanoparticles,** and the number of electrons energetically
accessible to be transferred to reactant molecules in redox
processes increases with increasing number of gold atoms
in the system. So, depending on the type of interaction
involved in the catalytic process, a different molecular inter-
action and reactivity could be expected for small planar
clusters and larger 3D nanoparticles.

Interaction of Molecules with Au Clusters and
Nanoparticles

Gold as Lewis Acid Catalyst. When gold acts as Lewis
acid, molecular binding involves electron density transfer
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TABLE 1. Interaction of Different Molecules with Aus Cluster and Ausg Nanoparticle?

Aus Ausg gas
Eint (kcal/mol)? Aq () Iy (A9 Eint (kcal/mol)? Aq () Iy (A Iy (A7

propene -37.8 —-0.11 1.41 —-12.3 -0.16 1.38 1.33
phenylacetylene -37.0 —0.06 1.26 -11.9 -0.15 1.25 1.21
H>O —-155 —-0.11 0.97 -54 -0.07 097 0.97
ethanol -18.3 -0.13 0.97 -9.1 -0.08 097 0.97
thiophenol —-32.6 —-0.24 1.36 —-13.2 -0.20 1.35 1.35
iodobenzene —-283 -0.28 2.15 -16.6 -0.26 2.12 2.13
0, (top) ~220 0.36 1.29 125
O (bridge) -23.0 0.40 1.32 —-22.8 0.62 137 1.25
05 (bb) —22.6 0.87 1.46 1.25

9Calculated using the VASP code, PW91 functional, and plane wave basis set with a cutoff of 500 eV and PAW potential. All systems were placed ina 20 x 20 x 20 A3
cubicbox, and calculations were carried out at the I k-point of the Brillouin zone. bCalculated as Eiy = E(Auy-adsorbate) — E(Auy) — E(adsorbate). “Net charge transferred
to Au upon molecular adsorption obtained from Bader AIM analysis. Negative values imply electron density from molecule to gold. “ryy corresponds to rec in propene
and phenylacetylene, roy in H>O and ethanol, rsy in thiophenol, rq in iodobenzene, and rog in Oa.

from the highest occupied molecular orbital (HOMO) of the
adsorbing molecule to the lowest unoccupied molecular
orbital (LUMO) of the cluster. The binding of Lewis bases
such as alkenes and alkynes involves charge transfer from
the occupied = CC orbital of the multiple CC bond to the
LUMO of the cluster, and back-donation from gold to the
a* (CQ) orbital of the corresponding alkene or alkyne (Figure 2a).
These two charge transfer processes produce an activation and
weakening of the multiple CC bond that is reflected in an
elongation of the CC distances (Table 1). The more efficient
orbital overlap achieved on small planar clusters leads to
a larger interaction energy and also to a higher degree of
CC bond activation, that should cause a higher reactivity.
Indeed, the activation energy for deprotonation of phenyl-
acetylene yielding a o-bonded complex is considerably
lower on an Aus cluster (30 kcal/mol) than over a Ausg
nanoparticle (40 kcal/mol).

The HOMO of other Lewis bases such as water, alcohols,
and thiols is localized on the corresponding p orbitals on
O and S atoms, and the spatial overlap with the protruding
lobe of the LUMO on an isolated Aus cluster is considerably
more efficient than with the LUMO on a Ausg hanoparticle.
There is a clear correlation between the degree of charge
transfer and the calculated interaction energy (Table 1),
but this interaction does not lead to any activation of the
O—H orS—H bonds, and therefore an enhanced reactivity on
smaller clusters cannot be inferred in this case.

Gold as Redox Catalyst. Coupling reactions between aryl
halides, arylboronic acids, and alkenes or alkynes resulting
in formation of new C—C bonds are also catalyzed by gold.>>~%”
These reactions usually involve some bond dissociation by
oxidative addition and new bond formation by reductive
elimination. Aryl halides such as iodobenzene bind to gold
by electron density transfer from the lone pair on the halide

q02

FIGURE 3. Optimized structures of O interacting with Ausg, Auy3, Aus,
and Au;s clusters, and correlation between optimized OO bond length
and charge transferred to O,. Inset: correlation between activation
barrier for O, dissociation and charge transferred to O».

atom to the LUMO of the cluster, and the C—I bond is
activated by back-donation from gold to the antibonding
oq molecular orbital. Binding of iodobenzene to either Aus;
or Ausg systems stabilizes the o, molecular orbital by ~1 eV
with respect to gas phase molecule, facilitating in both cases
charge transfer and bond activation. The better accessibility
of the electrons in the discrete electronic levels of larger
nanoparticles facilitates this process, and consequently the
activation barrier for iodobenzene dissociation on a Ausg
nanoparticle is lower than that on a Aus cluster, 11.3 and
15.8 kcal/mol, respectively. The resulting phenyl fragments
are more stabilized on the less coordinated Aus; clusters, and
as a consequence the activation barrier for the C—C coupling
step is ~4 kcal/mol larger on Aus than on Ausg (Figure 2).
These values suggest that gold nanoparticles of ~1 nm
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FIGURE 4. (a) Reaction scheme and possible mechanism for ester-assisted hydration of alkynes. (b) Turnover number (TON) and turnover frequency
(TOF) for different amounts of AuCl. () Plot-time conversion for AuCl (squares) and HAuCl, (diamonds) at 100 ppm. (d) Absorption measurements
(a.u., arbitrary units) for the hydration reaction containing the Au active species during the induction time and when the reaction proceeds. Inset:

corresponding fluorescence, irradiated at 349 nm.

diameter could be more active than small planar clusters for
coupling reactions.

Gold as Oxidation Catalyst with O,. The interaction of
molecular O, with gold, which is a key step in gold-catalyzed
oxidation reactions, involves electron density transfer from
the metal to the empty 7* (O0) molecular orbital of 0,.>% The
degree of charge transfer and therefore of molecular activa-
tion depends on the spatial overlap between the HOMO of
the gold cluster and the z* orbital of O,, and this is related to
the mode of adsorption of O, on gold (Figure 3). The largest
degree of charge transfer and therefore of OO bond activa-
tion is found in bridge—bridge complexes (bb), in which each
oxygen atom in O is bonded to two Au atoms, and the four
Au atoms involved are arranged as in the Au(100) facet. The
bridge conformation, in which O, lies parallel to an Au—Au
bond and each oxygen atom in O, is directly bonded to one
Au atom, produces an intermediate degree of molecular
activation or peroxo species, and adsorption in an end-on
or top mode in which O, is almost perpendicular to the
gold surface and only one oxygen atom is directly bonded
to a low coordinated Au atom leads to a weaker molecular
activation or superoxo species.?>3° A previous theoretical
study in our group concluded that O, adsorption and dis-
sociation into adsorbed oxygen atoms are structure-sensitive
processes, that mainly depend on particle morphology.°
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When gold particle size goes below ~0.5 nm, the irregular
and/or planar shape of the clusters does not allow the
presence of (100) facets that stabilize the bb conformation,
and therefore only bridge and top conformations exist,
for which the calculated O, dissociation activation energies
are considerably larger (Figure 3, inset).??>" The ability of Au
NPs of ~1 nm diameter to dissociate O, was experimentally
confirmed, and both chemisorbed oxygen atoms and oxide-
like structures composed by linear O—Au—O units were
theoretically and experimentally identified.3%33

These results indicate that, in principle, chemisorbed
oxygen atoms and oxide-like O—Au—O structures should
be present on 3D gold clusters of ~1 nm diameter, while
molecularly adsorbed superoxo species and, depending on
reaction conditions, hydroperoxide —OOH groups' #3* would
be the active oxygen species on planar gold clusters of low
atomicity.

Testing Reactivity Predictions by
Experimental Catalytic Results

From the above considerations, we predicted an enhanced
reactivity of small planar Auy clusters for reactions involving
activation of the CC multiple bond in alkenes and alkynes,
while redox reactions involving bond dissociation by oxi-
dative addition and new bond formation by reductive



elimination should be more efficiently catalyzed by 3D
gold nanopatrticles. In the case of oxidation reactions with
molecular O,, for those processes requiring the participa-
tion of basic O™ species, 3D gold nanopatrticles should be
more active than clusters, while for mechanisms involving
radical species, small planar gold clusters would be the
preferred catalyst.

Lewis Acid Catalysis with Au Clusters. We have recently
reported® that gold clusters of 3—5 atoms catalyze the
ester-assisted hydration of alkynes in solution with millions
of turnovers at room temperature. When the reaction
Kinetics were studied in the presence of large amounts of
gold salts (~5 mol %) no induction period was apparent, but
when the reaction was carried out in the presence of only
100 ppm of either AuCl or HAuCl,, an induction period of 1 h
was observed, after which the reaction proceeded with the
same rate regardless the starting salt used (Figure 4). These
results suggest that neither AuCl nor HAuCl, is the active
species, but others formed from the gold salts during the
induction period. The evolution of gold species was followed
by MALDI-TOF spectrometry and UV—vis spectroscopy, and
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FIGURE 5. Plot-time conversion for the ester assisted hydration of
alkynes with Aus—PAMAM (<) and Aug—PAMAM (O).
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it was found that the reaction started only when Aus—Aus
clusters predominated, indicating that these are indeed
the true active species. To further confirm this conclusion,
Aus and Aug dlusters stabilized on the dendrimer poly-
(amineamide—ethanol) (PAMAM—OH) were independently
synthesized,3® and Figure 5 shows that while Aus—PAMAM
catalyzed the reaction at ppm concentrations, Aug—PAMAM
did not.

The selective bromination of arenes with N-bromosucci-
nimide is catalyzed by AuCls,?” and activity was attributed
to the high Lewis acidity of Au'™. If this was so, less acidic
Audl should work poorly as catalyst. However, when the
bromination of p-dimethoxybenzene was performed with
catalytic amounts of AuCl or AuCl3, an induction period was
observed after which a similar activity was observed regard-
less the initial gold salt used (Figure 6). Gold clusters of 7—9
atoms were identified by UV—vis measurements as respon-
sible for the catalysis. In accordance, the performance
of Aug—PAMAM was better than that of Aus—PAMAM, while
gold nanoparticles were not active for this reaction, as
predicted above.

To further confirm that different reactions are catalyzed
by different gold clusters, the reactants of the two Lewis acid
reactions considered were mixed in a single vessel and then
AuCl was added. UV—vis and MALDI-TOF studies during the
ester-assisted hydration of alkynes had shown that the
initial gold species formed from AuCl are predominantly
clusters of 6—9 atoms and, in accordance, the bromination
of p-dimethoxybenzene proceeded from the beginning.
However, after the expected induction time, 3—5 atom gold
clusters take over and the hydration proceeds while the

OMe
(Au] Br

DCE,r. t.

OMe
100
- 1
0 1 2 3 4 5
Time (h)

FIGURE 6. Plot-time conversion for the gold-catalyzed bromination of arenes. Left: with 100 ppm of AuCl. Right: with Aug—PAMAM (O) and

Aus—PAMAM (O).
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[Au] (0.05 mol%)

O oo
K3POy, DMF:H,0
135°C, 24 h

TABLE 2. lodobenzene Homocoupling Catalyzed by Gold Nanoparti-
cles and Clusters

gold catalyst conversion (%)

Au/TiO2 100
AuCl + butynol + HCl <5
Aus—PAMAM 18

“Measured by GC. Biphenyl was the only product found.

bromination stops. In other words, each reaction proceeds
independently depending on the type of gold cluster present
in solution.

Redox Catalysis with Au Nanoparticles: Homocoupling
of lodobenzene. The homocoupling of iodobenzene has
been reported on gold nanoparticles*® 22 and extended
surfaces.8 The reaction mechanism involves initial dissocia-
tion of the C—I bond by oxidative addition and subsequent
formation of the new C—C bond between two phenyl frag-
ments by reductive elimination (Figure 2¢,d), and, according
to the DFT calculations previously described, 3D gold nano-
particles should be more active than planar Aus clusters
for coupling reactions. To experimentally confirm whether
iodobenzene homocoupling occurs on gold nanopatticles
or clusters, we used commercial Au/TiO, containing metallic
nanopatrticles of 3.0 £ 0.5 nm, gold clusters generated in situ,
and Aus—PAMAM. Table 2 shows that while Au/TiO, cata-
lyzes iodobenzene homocoupling quantitatively, in situ
generated gold clusters and Aus—PAMAM give very low
conversions, demonstrating that iodobenzene homocou-
pling preferentially occurs on gold nanoparticles.

Activation of Molecular Oxygen on Gold Nanoparticles:
Formation of Chemisorbed O Atoms as Active Species. The
mechanism of gold-catalyzed alcohol oxidation involves
an initial deprotonation of the hydroxyl group forming a
metal-alkoxide intermediate that, in a second step, suffers a
p-hydride elimination yielding the carbonylic product, while
O, reacts with the abstracted H atoms to produce H,O
(Figure 7a) or participates in the first step of the mechanism
by assisting in the deprotonation of the alcohol (Figure 7b).
When gold nanoparticles are supported on metal oxides, the
alkoxide intermediate is probably formed on the support
or at the metal—support interface. But when the reaction
is catalyzed by naked gold nanoparticles in solution, stabi-
lized by polymers, or supported on carbon or SiO,, activity
has been related to the presence of low coordinated atoms
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FIGURE 7. Reaction mechanism of gold-catalyzed alcohol oxidation to
aldehydes with (a) oxygen removing adsorbed H atoms after reaction
or (b) oxygen directly participating in alcohol deprotonation. (c) Energy
profile. (d) Plot of calculated adsorption energies (E,qs, empty circles),
activation energies for OH dissociation (E;on, gray squares), and for
C—Hg bond scission (Excy, black triangles) versus coordination number
of gold. Arrows point to the values corresponding to systems with
adsorbed O atoms (over Ausg nhanoparticles, coordination number 6)
or O, molecule (over Aus cluster, coordination number 2). Adsorption
energies have been calculated as E,qs = E(adsorption complex)

— E(ethanol) — E(catalyst), where the term catalyst includes the gold
cluster or nanoparticle and adsorbed oxygen species if present.

placed at corner or edge positions®3°~*' and indeed,

a direct relationship between activation bartiers and coordi-
nation number of Au atoms was theoretically obtained
(Figure 7¢,d)."" However, the effect of chemisorbed basic O
atoms is considerably more important and decreases the
activation energy for deprotonation of the hydroxyl group
by ~20 kcal/mol (Figures 7d, 8), while it has no influence
on the dissociation of the C—H, bond.** The reaction path
for ethanol oxidation over a Aus cluster has been here
investigated, and although the interaction of ethanol with
the low coordinated atoms in Aus is considerably stronger
than that with the Ausg nanoparticle, the activation energy
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FIGURE 8. Structures involved in gold-catalyzed alcohol oxidation. The catalyst model is (a) Ausg nanoparticle, (b) Auzg nanopatticle with
chemisorbed O, (c) Aus cluster, and (d) Aus cluster with adsorbed O,. Au, O, C, and H atoms are depicted in yellow, red, orange, and white, respectively.

for deprotonation is ~10 kcal/mol larger (Figure 7d). The
presence of coadsorbed activated O, does not assist in this
process since, as shown in Figure 8d, the proton of ethanol
hydroxyl group is not directly transferred to adsorbed O,
but to the gold cluster with an activation barrier as high as
36 kcal/mol. It can then be concluded that alcohol oxidation
is very favored by the presence of chemisorbed oxygen
atoms able to abstract protons and dissociate the hydroxyl
group. These basic oxygen atoms are stabilized on 3D gold
nanoparticles and not on small planar clusters. In agreement
with these theoretical predictions, experimental tests with
in situ generated gold clusters in solution under aerobic
conditions did not show significant oxidation conversion
for different alcohols, in contrast to the previously reported
activity of gold nanoparticles for alcohol oxidation to alde-
hydes or acids.291137-39

Activation of Molecular Oxygen on Gold Clusters: For-
mation of Radical Peroxides as Active Species. Recent
work in our group has shown that Au/CeO, catalyzes the
oxidation of thiols to disulfides with oxygen, in absence
of solvent or in aqueous media at room temperature.*>

A radical pathway was proposed for this reaction, according
to which the thiol SH bond dissociates homolytically into
a H atom and a thiyl radical that forms an Au-thiolate
species. O, acts as the final electron acceptor, reacting with
the H atoms to form either H,O or H>0».
2RSH +%Oz — 2RSSR+ H,0

Taking into account the frontier orbital arguments dis-
cussed before, radical mechanisms should be favored
over small isolated gold clusters. To identify the active
species for disulfide formation, isolated gold atoms, gold
clusters with 5—-10 atoms, and gold nanoparticles of
~1 nm were supported on carbon nanotubes and their
activity in the oxidation of thiophenol tested (Figure 9).*
Gold species were characterized by HAADF-STEM, XAS,
and UV—vis spectroscopies, and it was found that only
clusters with 5—10 atoms were active for this reac-
tion, in agreement with the theoretical prediction that
small planar clusters should be more active than nano-
particles in oxidation reactions involving radical peroxo
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or hydroperoxo intermediates. The complete reaction
path for thiol oxidation over isolated Au' species, Aus
clusters, and Ausg nanoparticles was investigated by
means of DFT calculations (Figure 10), and both the initial
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/
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FIGURE 9. Yield to disulfide with reaction time over gold atoms (®) and
over gold clusters (O). Gold nanoparticles are inactive.

induction period observed when using isolated atoms as
catalyst and the decrease in activity observed with increas-
ing particle size were explained in terms of ability to activate
molecular O, and catalyst poisoning by formation of very
stable linear RS-Au-SR units on 3D nanoparticles.*>*°

Conclusions

The geometric and electronic differences between gold
clusters comprising a few atoms and gold nanoparticles of
1 nm or larger determine their activity and selectivity. On the
basis of DFT calculations, we predict an enhanced reactivity
of small planar clusters for reactions involving activation
of the CC multiple bond in alkenes and alkynes by means of
Lewis acid—base interactions, and a better catalytic perfor-
mance of 3D gold nanoparticles in redox reactions involving
bond dissociation by oxidative addition and new bond
formation by reductive elimination. In the case of oxidation

a) o
Ph-SH o
} O .
e N
- H,0

[o—

Ph-SH )

o B
v

4
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FIGURE 10. Structures involved in the mechanism of thiol oxidation catalyzed by (a) Au' species and (b) Aus cluster. Au, S, C, O, and H atoms are

depicted in gold, yellow, orange, red, and white, respectively.
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reactions with molecular O, it is proposed that those pro-
cesses requiring initial dissociation of O, into basic adsorbed
oxygen atoms are more effectively catalyzed by gold nano-
particles of ~1 nm diameter, while small planar clusters
should be more active for reactions following radical path-
ways involving peroxo or hydroperoxo intermediates.
These predictions have been experimentally confirmed by
testing the catalytic performance of gold nanoparticles and
of small gold clusters stabilized on dendrimers or generated
in situ in solution for several types of reactions.
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