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The oxidative addition–reductive elimination (OARE) mecha-
nism of reactive molecules on metal atoms is a cornerstone of
modern chemistry. However, the complementary reductive
addition–oxidative elimination (RAOE) mechanism is barely
considered, despite a first reduction reaction between metal
atoms and the incoming organic reactant makes chemical sense
in a plethora of processes. Here we show, in a chronological
order, early precedents in the literature which indicated the
possibility of a general RAOE mechanism, the few systems

explicitly reported so far (including a catalytic system) and
some other reactions where a RAOE mechanism would
satisfactorily explain the mechanistic evidences found. These
examples, together, strongly suggest that researchers should
consider the RAOE mechanism during their investigations, and
not simply adjust their conclusions to the omnipresent OARE
mechanism. This new line of thinking might open new avenues
in the design of chemical reactions, particularly catalytic ones.

1. Introduction

The first structuration of organometallic reactivity occurred,
historically, with the appearance of the oxidative addition–
reductive elimination (OARE) mechanism,[1] which served as a
starting point to rationalize the different reactions occurring on
metal complexes.[2] Although difficult to assign, the first
references to the oxidative addition step can be tracked back to
the 1960s, and acknowledged to Collman[3] and Vaska[4] during
their seminal works on the addition reaction of diatomic
molecules (Cl2, H2 and others) to M(CO)xCly(PPh3)2 complexes
(M=Ir, Ru; x=1–3; y=0–1). Since them, the OARE mechanism
has been used as a basis to explain a plethora of chemical
reactions, particularly metal–catalyzed organic reactions, some
of them of industrial use such as the production of acetic acid
by the carbonylation of methanol (Cativa and Monsanto
processes, with Ir and Rh metal catalysts),[5] the hydrogenation
reaction of alkenes, alkynes, nitro or keto compounds (purifica-
tion of ethylene, nutraceuticals and margarine production,…;
with Pt, Pd, Ni and Rh catalysts),[6] and the cross–coupling
reaction of organic halides with a variety of nucleophiles (Heck,
Suzuki, Sonogashira and Buchwald–Hartwig reactions, to name
a few; with Pd, Ni, Cu, Fe,… catalysts),[7] among others. The
number of reports during the last five decades where the OARE
mechanism is mentioned is >22000 (according to ScifinderTM),
growing year by year and with 920 entries only in 2023. The
universality of the OARE mechanism involves not only transition
(d–block) but also main group (s– and p–block)[8] and inner
transition metals (f–block),[9] and it can be said without any

hesitation that the OARE mechanism is a hot topic of research
for decades and that modern chemical manufacturing cannot
be understood without the OARE mechanism.

In contrast to the OARE mechanism, the reductive addition–
oxidative elimination (RAOE) mechanism has barely received
any attention. Figure 1 shows that this reaction sequence
implies, contrary to the OARE mechanism, a first electronic
donation from the adding molecule to the metal atoms of a
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Figure 1. a) Scheme for the classical oxidative addition–reductive elimination
(OARE) mechanism. b) Scheme for the proposed reductive addition–
oxidative elimination (RAOE) mechanism. Notice that the individual
oxidation step for each metal atom in the cluster is not explicitly indicated
since the charge of the cluster is shared by all atoms and denoted here as
“n”, thus the redox events are referred to the overall electronics.
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metal aggregation (or to a highly delocalized organic molecule,
see ahead), which constitutes the reductive addition reaction.
The electron density is then shared by the connected metal
atoms in the metal core, which accommodates the two moieties
of the breaking starting molecule, typically onto different metal
atoms. Then, the same insertion/transmetallation events occur-
ring in the OARE mechanism can operate, to finally trigger the
oxidative elimination step and release the reaction product, in a
catalytic manner if required.

The lack of RAOE mechanisms in the literature is difficult to
accept having in mind that electron–donating molecules are
very common reactants in chemical synthesis, and this absence
can perhaps be explained by the fact that the classical OARE
mechanism was founded on monoelectronic complexes,[10]

where the RAOE is not possible. However, RAOE mechanisms
could be in operation in some of the catalytic systems reported
so far for OARE, circumventing the tendency to adjust (and
sometimes force) the experimental evidences to the stablished
OARE mechanism. For instance, let us consider three fundamen-
tal metal–catalyzed systems adjudicated to the classical OARE
mechanisms which might better be depicted by a RAOE
mechanism or, at least, would have the same chemical sense: 1)
the coupling of benchmark nucleophiles such as NH3 and H2O,
whereas the literature systematically proposes the electron
donation of the metal to the proton (OARE),[11] rather than
considering the more feasible donation of the free–pair
electrons in the N or O atoms to the metal site (RAOE); 2) the
splitting of H2,

[12] which is generally explained by an electron
donation from the metal to the unoccupied σ* orbital of the
diatomic molecule, instead of the often equally probable
donation from the occupied σ orbital of H2 to coordinatively
unsaturated metal sites; and 3) the activation and breaking of
O� O and S� S bonds (i. e. O2 and disulfides),[13] where, in analogy
with H2, an electronic donation from the occupied π orbitals is
as possible as an electron acceptance. This third family of
reactions, in concrete with disulfides RS–SR,[14] is indeed one of
the few examples reported with both OARE and RAOE
mechanisms, and better explained by the latter (see ahead).

This Perspective will describe the three systems reported so
far with RAOE mechanisms, one of them catalytic, and will also
show other catalytic systems unsatisfactorily explained by the
classical OARE mechanism (as recognized in the same refer-
ences) and which could fit better the RAOE mechanism. Before
to that and for the sake of comparison, we will comment on the
classical OARE mechanism on metal surfaces, which generated
some debate years ago but, as we will show here, seems
sufficiently resolved and accepted.

It is noteworthy to remark that the RAOE mechanism has
not been disproved for any system in the literature, since,
simply, it has not been studied in most cases. Only in those
cases where the classical OARE mechanism dramatically
deviated from the experimental evidences and any other
alternative mechanism (radical, acid, base,…) was also dis-
proved, the RAOE mechanism was studied. In other words, the
probability that RAOE mechanisms, when studied, might fit the
experimental evidences and explain known and future reac-
tions, is reasonably high. In this way, the RAOE mechanism

would expand the limited number of molecular activation types
on metals, and provide an alternative pathway to the classical,
extremely extended but sometimes assumed OARE mechanism.

2. The Classical Oxidative Addition–Reductive
Elimination (OARE) Mechanism on Metal
Aggregations

The OARE mechanism on metal cores, including subnano
clusters,[15] nanoparticles[16] and macrosized metal surfaces,[17]

sometimes formed in–situ from monoatomic metal species,[16f–i]

is well stablished after more than three decades of investiga-
tion. A mixture of active species during reaction, which has
been insightfully named “cocktail catalysis” in some cases, is
also common during OARE mechanisms.[18] Figure 2 shows that
some of the more important catalytic redox processes with
monometallic complexes where an OARE mechanism is claimed
to operate, also occur on metal aggregates.[19] As representative
examples, we show here the H2 splitting on metal nanoparticles
(hydrogenation reactions),[20] the oxidative addition of iodo-
methane on a metal surface (i. e. carbonylation of methanol),[21]

the cross–coupling reaction of substituted benzenes on sub–
nanometer metal clusters,[22] and the hydrogen–borrowing and
cross–coupling of aminoderivatives on supported bimetallic
nanoalloys,[23] which cover most types of catalytically active
metal cores to be encountered.

A recurrent argument against the OARE mechanism on
metal aggregates in the liquid phase is the leaching of discrete
metal entities (monometallic or perhaps ultrasmall metal
clusters of 2–3 atoms),[24,25] which may invalidate the redox
mechanism on bound multimetallic entities in solution. How-
ever, although the latter can be true for some systems,[26] a
battery of evidences confirms the suitability of metal aggre-
gates to undergo the OARE mechanism: 1) leaching studies on
many metal–supported solid catalysts confirm that the catalytic
activity mainly or exclusively comes from the solid;[27] 2) gas
phase oxidative oxidation reactions on metal surfaces, where
leaching does not occur, are well known;[21,28] 3) multisite solid

Figure 2. Representative examples of classical OARE mechanisms on differ-
ent metal aggregations with industrial implementation. a) The H2 splitting
on metal nanoparticles, b) iodomethane oxidative addition for the carbon-
ylation of methanol, c) cross–coupling reaction of halobenzenes on metal
clusters, and d) hydrogen–borrowing and cross–coupling of aminoderiva-
tives on supported metal nanoalloys.
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catalysts are extremely efficient catalysts for a variety of
reactions operating through the OARE mechanism, and the
concomitant leaching and operational regrouping of the differ-
ent catalytic elements in solution is highly unlikely;[29] and 4)
metal aggregates activated by an external stimulus, i. e. light,[30]

plasmon,[31] electricity,[32] and solid supports,[33] are also very
active. This body of literature unambiguously confirms the
redox activation of a plethora of molecules on different metal
aggregates through the OARE mechanism, most of the times in
a catalytic fashion.

3. The Reductive Addition–Oxidative
Elimination (RAOE) Mechanism

3.1. Precedents in the Literature

Some publications during the 1960s and 1970s already
suggested the “gain instead of loss” of electron density on the
metal site after the additive breaking of a molecule. Figure 3
shows some of these precedents, which, ironically, involved in
some cases the foundational metal complexes of the classical
OARE mechanism, i. e. the Vaska's Ir complex (1) and a Ru3

complex (2).[34] The gain of electron density on Ir complexes
during reaction with, for instance, H2,

[35] was measured by
Fourier transformed infrared spectroscopy (FT–IR), after using
carbon monoxide (CO) or the same H2 molecule as a probe, and
the values obtained were incongruent with the values obtained
for isolated monometallic complexes where an oxidative
addition has occurred, such as complex (3), which of course
accounted for a loss of electron density after the oxidation of
the monometallic metal site. This inconsistency between the
FT–IR values of the isolated monometallic metal complexes
(always oxidized) and the FT–IR values obtained during reaction
(metal atom apparently reduced) could be accepted at that
time with different explanations, such as a distinct coordination
mode and back–donation of the CO probe ligands, changes in
the coordination sphere during reaction,… In such a way, it was
assumed that the Ir complex was still in monometallic form
during reaction and it cannot suffer the RAOE mechanism, since

the potential agglomeration of the metal atoms into few–atom
clusters, to engage into the addition step, was barely consid-
ered. Two decades later, investigations by Finke and co–
workers[36] demonstrated that the aggregation of the starting
monometallic Ir complexes during H2–mediated hydrogenation
reactions indeed occurs, to in–situ generate the catalytically
active Ir4 clusters (4), which activated H2 during reaction. These
two pieces of science, separated through years but connected
here, might explain why the monometallic species gain instead
of lose electron density during the H2 reaction, since the in–situ
formation of Ir clusters would enable a RAOE mechanism.
Indeed, the same anomalous effect of gaining rather than losing
electron density was observed for Ru3 clusters during the H2

addition, when passing from complex (4) to complexes (5) and
(6).[34]

The precedents of potential RAOE mechanisms on metal
atoms could be expanded to Au atoms, able to move from the
� 1[37] to the +3 formal oxidation step,[38] and this change in
oxidation state can easily occur in clusters when accepting
incoming ligands.[39,40]

3.2. Reported Examples of RAOE Mechanisms

3.2.1. Organocatalytic Diborylation of Pyrazine Derivatives

The first publication where we could find the term “reductive
addition”, in the context here presented, is authorized by
Ohmura, Suginome and a co–worker,[41] less than ten years ago,
and it is, curiously, a metal–free catalytic reaction. The RAOE
mechanism can theoretically occur not only on metal aggre-
gates but also on highly conjugated redox organic molecules,
where the electron density can delocalize after the initial
reductive addition step. The study shown in Figure 4 involves a
4,4’–bipyridine organocatalyst (7), able to dissociate and
incorporate bis(pinacolato)diboron (Bpin)2 (8) molecules in a
reductive addition step, to catalyze borylation reactions after
using pyrazines (10) as final oxidation agents. In this way, the
4,4–bipyridine organocatalyst is regenerated after an oxidative
elimination pathway, not explicitly mentioned like that in the
publication,[41] since the reduced borylated 4,4’–bipyridinyl
intermediate (9) still requires an external oxidant to be trans-
formed into the final product, or in other words, the oxidative
elimination does not occur internally after coupling of the two

Figure 3. a) Proposed mechanism for a cis addition of a diatomic molecule
(X� Y) to planar trans–[IrCl(CO)((C6H5)3P)2] (1),[4] and the in–situ formation of
catalytically active Ir4 clusters.

[35] Formal oxidation states are indicated in red.
b) Proposed reaction sequence interconverting [(μ–H)Ru3(μ–COMe)(CO)10] (4)
to [(μ–H)3Ru3(μ3–COMe)(CO)9] (6).[34]

Figure 4. Proposed catalytic cycle involving 4,4’–bipyridine organocatalyst
4.[41]
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boryl moieties but after reacting with an external oxidant.
Nevertheless, the relevancy of using the concept “reductive
addition” in an early example deserves to be remarked.

Figure 5 shows the scope of the reaction, which allowed to
prepare a variety of pyrazine derivates (11) using the organo-
catalyst (12).

3.2.2. Stoichiometric Redox Reaction of Thiols on Metal
Nanoparticles

The first example that explicitly reports a complete RAOE
mechanism was published a couple of years ago by Kumacheva,
Liu and co–workers,[42] and it deals with the addition /
elimination of thiols to metal nanoparticles (Au, Ag and Pt), as
shown in Figure 6. This classical organo–protection of metal
nanoparticles, particularly for Au, has been systematically
explained in the literature by other mechanisms including the
AORE mechanism, but it is here depicted by the RAOE
mechanism on the basis of sound experimental evidences.

The dissociation with time of the protecting thiols of Au
nanoparticles, structured as self–assembled monolayers (SAM)
materials, has traditionally been ascribed to the progressive
oxidation of the thiol group with air, to generate less
coordinating sulfur oxide species. However, this work demon-
strates that the oxidation occurs on the metal atoms of the
nanoparticle rather than on the thiol group themselves, thus
enabling an “oxidative elimination” process. For that, different
peroxides (13) (benzoyl or hydrogen peroxide, and also tert–
butyl hydroperoxide) were used to accelerate the oxidation
reaction of the Au–thiol SAM, with the subsequent agglomer-
ation of Au atoms, after creating new Au–Au bonds during the
oxidation elimination step. This reaction resembles many other
Au cluster (nanoparticle)–catalyzed reactions where oxidant
species and thiols participate (i. e. the reversible aerobic
oxidation of thiols to disulfides), which we will feature ahead as

potentially RAOE mechanism–driven reaction. The addition of
amines (propylamine, phenylamine or oleylamine) as external
reductants (14) together with fresh thiols (15) (in the form of
polymers for a better visualization of the Au nanoparticles by
transmission electron microscopy, TEM) completely reversed
the process, to obtain the original thiol stabilized Au nano-
particles after a reductive addition step. In this case, a stepwise
combination of elementary steps occurs, since the reagents are
different for the oxidative elimination (thiols and peroxides) and
reductive addition (amines) steps.

Figure 7 shows that the RAOE mechanism occurs with
different thiol polymers (polystyrene and polyethylene glycol
terminated thiols, PS–SH and PEG–SH respectively), different

Figure 5. Scope for the organocatalytic diboration of pyrazine derivatives
(11).[41]

Figure 6. Scheme of the oxidative elimination and reductive addition (OERA)
of HS–terminated polymer ligands on the AuNPs.[42] The redox events from
Au0 to Au+ and vice–versa are indicated with arrows. Different reagents are
necessary to close the OERA mechanism, thus a stepwise combination of
elementary steps is in operation.

Figure 7. a) Illustration of the self–assembly of Au nanoparticles induced by
oxidative elimination. TEM images of time-dependent detachment of thiol
ligands from b) Au nanoparticles or c) Au nanorods on polystyrene
(AuNP@PS and AuNR@PS, respectively).[42]
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solvents (tetrahydrofurane, water, ethanol and N,N’–dimethyl-
formamide), Au nanoparticles or nanorods of different sizes (7–
30 nm), and also different metals (Au, Ag and Pt). Therefore, this
study conclusively demonstrates the feasibility of the RAOE
mechanism in a stoichiometric manner for a variety of metal
nanoparticles, using sacrificial oxidant and reducing agents and,
in this case, in the opposite order (oxidative elimination and
then reductive addition, called by the same authors an OERA
mechanism).[42]

3.2.3. Au8–catalyzed cross–coupling of Disulfides

The first example of catalytic RAOE mechanism was recently
reported by our group.[43a] For that, we leveraged the reported
redox interconversion of two well–defined phosphine Au8

clusters, which require NaBH4 and Cl� /air as external reducing
and oxidizing agents, respectively.[43b] As shown in Figure 8, we
envisioned that the reversible transformation of the crystallo-

graphically–defined Au cluster (16) of formula
[Au8(dppp)4Cl2][(NO3)2], [dppp=1,3
bis(diphenylphosphino)propane] into the corresponding
[Au8(dppp)4][(NO3)2] (17)

[43c] complex might occur after reductive
addition and oxidative elimination of a disulfide molecule (18)
instead of the sacrificial NaBH4 and Cl� /air agents, in such a way
that the system will become cyclic and catalytic if a second
disulfide (19) is added to the mixture. In this way, the cross–
coupling of different disulfides could be achieved. Remarkably,
the catalytic approach will bring a stepwise combination of
elementary steps (with two different stoichiometric reagents)
into a single elementary step (catalytic). The use of crystalline
pure Au8 clusters assured defined spectroscopic values, in order
to accurately follow the evolution of the reaction and the Au8

catalysts by in–situ techniques.
Figure 9 shows that the Au8–catalyzed reaction works well,

enabling the synthesis of a variety of disulfides (20) in moderate
to good yields. The mechanism of the reaction was extensively
studied by in–situ ultraviolet–visible absorption spectrophotom-
etry (UV–Vis), 31P nuclear magnetic resonance (NMR) spectra
and matrix–assisted laser desorption/ionization–time–of–flight
mass spectrometry (MALDI–TOF), showing the interconversion
of the redox Au8 clusters during the process and unveiling
some of the expected intermediates for a reaction with a RAOE
mechanism. Comparative reactive experiments discarded any
OARE mechanism in operation, as well as acid–catalyzed or
radical mechanisms, and strongly supported the RAOE pathway.
Figure 9 shows the proposed mechanism based not only on the
experimental evidences found but also on density functional
theory (DFT) calculations. It can be seen that the oxidized Au8

cluster (16) is reduced to the Au8 cluster (21) after addition of
two disulfide molecules, with the concomitant breaking of one
Au–Au bond, loss of the Cl� anions (as sulfyl chlorides) and re–
structuration of the Au8 cluster, to give the reduced Au8 cluster
(22) containing the activated disulfide as the new ligand. The
exchange of thiol moieties on this activated disulfide generates
the intermediate (23) with the cross–coupling disulfide product

Figure 8. Scheme of the reversible transformation of the Au cluster
[Au8(dppp)4Cl2][(NO3)2] (16) into the corresponding [Au8(dppp)4][(NO3)2]
(17)[43c] (notice the increase in 2e� in the cluster after losing 2Cl� ) by
reductive addition and oxidative elimination of a disulfide molecule instead
of, as reported,[43b] external sacrificial agents such as NaBH4 or Cl

� /air. For the
latter, different reagents are necessary to close the OERA mechanism, thus a
stepwise combination of elementary steps is in operation.

Figure 9. a) Scope for the disulfide metathesis reaction catalyzed by Au8 cluster (16). b) Proposed RAOE mechanism for the metathesis reaction of disulfides
supported by experimental evidences and computational studies. Notice the increase in 2e� in cluster (16) after losing 2Cl� .
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(as the typical transmetallation and insertion processes in OARE
mechanisms), which is released after a final oxidative elimina-
tion event with the sulfyl chlorides left behind, to regenerate
the starting oxidized Au8 complex (16) catalyst.

This Au–catalyzed cross–coupling reaction of disulfides,
mediated by a RAOE mechanism, is not exclusively catalyzed by
the well–defined Au8 complex (16) but also proceeds in the
presence of catalytic amounts of supported Au clusters (�3
nm) on different supports (ZnO, TiO2, graphene,…).[43a,44] The
solid catalyst could be reused, thus showcasing the generality
of the mechanism and its potential application in heteroge-
neous catalysis. The Au–catalyzed reaction significantly im-
proves the catalytic activity of any previously reported metal
system for the cross–coupling reaction of disulfides, including
RhH(PPh3)4,

[45] RhCl3
[46] and PdCl2.

[47] Thus, the result might be
considered remarkable, if one has in mind the relevancy of the
disulfide coupling reaction in biology,[48] its wide application in
dynamic covalent/combinatorial chemistry,[49] and that this
reaction fulfills the requisites of a modern sustainable organic
chemistry, i. e. (reusable) catalysis and full atom economy. The
reaction is also applicable to diselenides.[50]

4. Some Reported Reactions Explainable by the
Reductive Addition–Oxidative Elimination
(RAOE) Mechanism

As said above, the standard in research when studying metal–
catalyzed cross–coupling reactions is the adjustment of the
reaction mechanism to the classical OARE mechanism. Alter-
native mechanisms such as radical, acid– or base–catalyzed
pathways are considered in some cases; however, these
mechanisms are drastically different from the OARE mechanism.
This limited mechanistic scenario oversimplifies the study and
give a blurred picture of the reaction pathway in some cases.
Any detail in the reaction mechanism can be paramount to
improve the reaction, much more if a reverse movement of
electrons along the pathway occurs, particularly on catalytic
sites. In line with this, the study of reversible oxidative addition
processes has gained attention in the last years,[51] providing an
alternative reaction pathway. However, the reversible oxidative
addition still strictly follows the OARE mechanism, just consider-
ing the reversibility of the oxidative addition step, i. e. an
equilibrium reaction, as key controlling step of the process. The
RAOE mechanism proposed here is drastically different to the
reversible oxidative addition, since the addition of the incoming
substrate to the metal site is accompanied by a decrease rather
than an increase in the electron density of the metal atoms,
with an overall acceptance of 1 or 2 electrons, to forge the new
bond for the coupled product after releasing the extra electrons
in an oxidative elimination step. Therefore, the differential
outcomes of the RAOE mechanism might be easily spotted for
some reported systems if the amount of experimental data is
rich enough to analyze and compare. Here we show some
examples.

4.1. Organocatalytic Cross–Coupling Reaction of Benzyl
Halides and Boronic Acids

Following the same order shown above for the reported RAOE
systems, we start this section with an organocatalytic reaction.
Figure 10 shows the Suzuki–type coupling of benzyl halides
(24) and boronic acids (25) catalyzed by simple thioethers such
as compound (26), to give a variety of diaryl methane products
(27), as reported by Huang and co–workers.[52] The reaction is
proposed to occur through a zwitterionic boron “ate” inter-
mediate (28), which rearranges to intermediate (29) after a 1,2–
metalate shift, to afford the Suzuki–type coupling product.

The experimental evidences that support the proposed
mechanism in Figure 10 include the lack of Lewis–acidity of the
tihioether to catalyze a Friedel–Crafts benzylation reaction, the
need of boronic acids rather than boronic esters to make the
reaction work, and the intermediacy of an in–situ formed sulfide
ylide (which formation is indeed the rate–limiting step for the
reaction). All these evidences are compatible with a RAOE
mechanism; indeed, one can draw the electronic movement
expected for the RAOE mechanism on the very same mecha-
nistic proposal of the organocatalytic reaction, on the inter-
mediates (28) and (29) (Figure 10b).[52] Besides, the manuscript
states that “the selective oxidative addition of transition metals
to alkyl halides rather than aryl halides is difficult due to
unfavorable transition states and bond strengths”, and that is
the reason why this study develops and alternative approach.
Thus, this system is a potential candidate to proceed through a
RAOE mechanism.

Figure 10. a) Transition–metal–free C(sp3) � C(sp2) cross–coupling reaction
catalysed by the organic sulfide catalyst (26). b) Scheme of the proposed
sulfide–catalysed cross–coupling mechanism.[52]
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4.2. Reaction of Levamisole Hydrochloride on a Triruthenium
(Ru3) Cluster

Figure 11 shows the chemical structure of levamisole [(� )–
2,3,5,6–tetrahydro–6–phenylimidazo[2,1–b]thiazole]
hydrochloride ([Hlvms]Cl) (30), a well–known drug with immu-
nomodulatory and anticancer properties,[53,54] which consists in
a constrained hetero–substituted bicycle compound with differ-
ent C� N and C� S bonds. Cabeza and co–workes have reported
that (30) reacts with the commercially available Ru3 cluster
Ru3(CO)12 (31) in THF at reflux temperature to build up the new
complex (32).[55] This crystallographically characterized Ru3

complex shows the expected structural features of a reductive
addition step, with broken C� S and Ru–Ru bonds,[56] the latter
now occupied by the Cl� anion of the incoming ligand salt,
after the addition of the levamisole hydrochloride (30).

The reaction in Figure 11 can be ascribed to a reductive
addition step, where the thioether coordinates to the Ru3

cluster (31) in the same way than disulfides coordinate to the
Au8 cluster (16) (see Figure 9 above), to break the C� S bond,
generate the new C� Ru and S� Ru bonds, transfer the electron
density, and break one of the Ru–Ru bonds of the cluster. A
RAOE mechanism is more favoured here than a classical OARE
mecchanism since Ru3(CO)12 (31) has not available coordination
positions, thus a direct addtion to generate that coordinating
space in the cluster is more likely. However, it could be argued
here that the Ru atoms in Ru3(CO)12 are in a too low oxidation
step to receive more electron density, but the same study[57]

shows reactive experiments where the Cl� anion bonds to
Ru3(CO)12 (31) to form a negatively charged Ru3 cluster. In other
words, (31) is prone to accept electron density. Analousgy, the
reaction of Ru3(CO)12 (31) with thiophene or 2–methylthiophene
also proceeds via C� S bond cleavage to yield the corresponding
complexes [Ru2(μ–C4H4)(CO)6] and [Ru4(μ3–S)(μ–C4H4)(CO)11],

[57]

which could very well come from a RAOE mechanism followed
by a disproportion reaction of the resulting Ru3 addition
complex. Phenazine is also operative as a reactant for the
reaction with the Ru3(CO)12 (31) clusters.

[58]

4.3. Aerobic Oxidation of Thiols to Disulfides Catalyzed by
Au5 Clusters

The oxidation of thiols with O2 to form disulfides is a common
process in nature and academic laboratories, however, slow and
difficult to control. Corma and co–workers developed a catalyst

consisting in sub–nanometric Au clusters deposited on multi-
walled carbon nanotubes (MWCNTs), which showed an extra-
ordinary catalytic activity for the aerobic oxidation of thiols
(turnover frequency, TOF=7·105 h� 1).[59] The Au clusters are
formed in–situ, after smooth agglomeration of the initially
supported gold salt, which is much less catalytically active.
Combined experimental and computational results allowed to
propose the reaction mechanism shown in Figure 12. It was
observed that the ligation of each molecule of thiophenol (33)
to the Au cluster (34) (exemplified with Au5 clusters, which
showed the highest catalytic activity) is accompanied by a 0.2e�

donation from thiophenol (33) to the Au cluster, thus with a
neat ganancy of electron density on the Au atoms.[60] This step
constitutes a reductive addition reaction. After activation and
dissociation of O2 onto the Au5 cluster containing to two
thiophenol molecules, deprotonation of the bonded thiophenol
moieties and release of H2O (without a significant change in the
electronics and topology of the Au5 cluster) occurs, to forge a
new Au–Au bond and release the disulfide product (35). This
process is essentially the same than the Au8–catalyzed release
of a disulfide product (Figure 9 above), i. e. the oxidative
elimination step. The same study[59] shows that the electron
movement is completely opposite with the less active single Au
atoms, where the density accumulates on the S rather than on
the Au atom, which re–inforces the hypothesis of a RAOE
mechanism with the few–atom Au clusters.

The Au5–catalyzed aerobic oxidation of thiols to disulfides
is, in our opinion, a clear example of reported reaction where a
RAOE mechanism will better explain the reaction mechanism.
The key parameter to measure is the relative electronic density
of the metal site during reaction, since the overall system will
show the same electronic counting than the OARE mechansim.
For instance, the levamisole complex (32) shown above is a
formal 50e� cluster, just 2e� more than the starting 48e�

Ru3(CO)12 (31) cluster, in accordance with the overall gain of

Figure 11. Scheme of the reaction of [Hlvms]Cl (30) with Ru3(CO)12 (31) to
build up the complex (32).[55]

Figure 12. Proposed mechanism of disulfide (35) formation catalyzed by an
Au5 cluster, supported by DFT calculations.[59] The increase in electronic
density of the Au atom after reductive addition of thiophenol (33) and the
arrows for the oxidative elimination step are both indicated in red.
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electron density, but nevertheless the same value would be
expected for the OARE mechanism. In the absence of a value
for the electron density on the metal core, it is difficult to
confirm the RAOE mechanism.

5. Conclusions and Outlook

The RAOE mechanism is a plausible pathway for reactions
involving metal aggregations, i. e. clusters from three atoms[61]

and above, nanoparticles and extended surfaces, where the
approaching molecules donate rather than receive electron
density to the metal core, opening up in a reductive addition
step. The metal atoms share the electron density, with the
possibility of breaking some metal–metal bonds, to accomodate
the two moieties of the broken incoming molecule onto
different metal atoms.[62] Then, the same intermediate steps
than occurs in the classical OARE mechanism, such as trans-
metallations, insertions, shifts,…, can occur, to finally forge the
new bond of the released coupled product with the extra
electron density received in the first step, regenerating the
broken metal–metal bonds and recuperating the original metal
aggregate.

The RAOE mechanism has obvious advantages respect to
the OARE mechanism. First, the metal reduces rather than
oxidizes to initiate the process, and metals in oxidized form are
naturally more stable. Second, donor molecules should better
engage in the mechanism, and molecules with available
electron density ready to be shared, i. e. on heteroatoms, are
extraordinarily common. Third, the interplay of the atoms in the
metal core provides a favorable entropic scenario, with much
more possibilities of bonding (including the metal–metal break-
ings and re–boundings), thus favouring the formation of the
required transition state to evolve.

We are aware of the transgressive proposal here reported,
which supposes a paradigmatic shift in the way of thinking
about reaction mechanisms not only on metal aggregates but
also in delocalized organic molecules. We do not intend to
invalidate the universality of the classical OARE mechanism,
neither any of the works previously reported. Most of the
systems involving cross–coupled products likely proceed
through an OARE mechanism, either with mono– or multi–
metallic catalysts. However, our message here is that the RAOE
mechanism should be considered during the research studies.
In this way, catalyst design may change, and not be exclusively
focused on fullfilling the classical OARE mechanism.[63]

Some hints to think for a possible RAOE mechanism during
a given reaction might include: 1) reduction of the metal core
during the fist stage of the process, 2) involvement of electron
donor molecules which prefer to give rather than to receive
electron density, and 3) unfeasibility to adjust the experimental
evidences to the classical OARE mechanism. All these features
are easily quantificable with the current experimental techni-
ques, including in–operando instrumentations such as X–ray
photoelectron spectroscopy (XPS), Raman and diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS), to name
a few, to follow the electron density of the metal core; NMR and

FT–IR to follow the electron density of the incoming molecules;
and reactive and kinetic experiments to validate the different
mechanistic models. All these experimental tecniques can be
accompanied by computational calculations, of high accuracy
for small metal clusters.

The understanding of how a wide variety of reactions
operate could benefit after including the RAOE mechanism
during the mechanstic studies. For instance, paramount reac-
tions such as the hydrogenation reaction with H2 and the
coupling of NH3 or H2O (which include ammonium borane
decomposition and others)[64] might be revised in some cases,
since these molecules possess a low–lying highest ocuppied
molecular orbital (HOMO) ready to give electron density, rather
than receiving in the antibonding lowest unocuppied molecular
orbital (LUMO), and the metal catalysts often employed for the
activation of these molecules are metal clusters and nano-
particles.
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