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Palladium-catalysed Wacker-type oxidation of olefins to ketones or aldehydes is one of the most
prominent homogeneous reactions globally, even performed at a multi-tonne scale. From a funda-
mental and an applied point of view, it is extremely appealing to replace palladium catalysts by other
metal-based catalysts to increase the efficiency, selectivity and sustainability, particularly considering the
reactivity of well-defined first-row transition metal complexes as catalysts. In this case, the ligand(s)
coordinating to the metal(s) play a major role in controlling selectivity and activity, thanks to unique
mechanistic considerations. This mechanistically-driven feature article emphasizes the advantages and
disadvantages of currently existing approaches. Besides the main efforts devoted to homogeneous
catalysis, heterogenous systems and biocatalysis have also been studied as they offer complementary
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strategies. Overall, this review presents an up-to-date analysis of key contributions while highlighting
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Introduction

Palladium complexes are privileged catalysts, especially when
considering the oxidation of olefins to ketones or aldehydes
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existing gaps for future developments in this important and exciting field.

since the groundbreaking discoveries in the Wacker-Chemie
company in the 1950s." In this case, the industrially-relevant
ethylene starting material is oxidized to acetaldehyde in this
now-famous process, which is catalysed by palladium with
copper as a redox co-catalyst in an acidic environment with
high oxygen pressure.” This approach has been industrially
refined over the years to achieve multi-tonne production of
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Scheme 1 Well-established Pd-catalysed Wacker-type oxidation of ole-
fins to ketones and aldehydes with product selectivity being controlled by
the nature of the ligand attached to palladium and/or by the reaction
conditions.

acetaldehyde as well as related carbonyl-containing fine-chemicals
that are important building blocks and daily-life commodities.?
Importantly, these palladium-catalysed processes are highly selec-
tive since they avoid the formal cleavage of the carbon-carbon
double bond olefin observed when using other metal catalysts
under oxidizing conditions. As such, in the prototypical case of
starting from terminal olefins, the reaction can produce either
the ketone product via a Markovnikov-type intermediate or the
terminal aldehyde via an anti-Markovnikov-type intermediate
(Scheme 1).

The Wacker-type oxidation of olefins presents product selec-
tivity challenges, which are largely governed by the electronic
and steric bias at the olefin starting material and also by the
nature of the palladium-coordinated ligand. In addition, pro-
duct selectivity can eventually be tuned through careful control
of reaction parameters such as oxygen pressure, temperature,
solvent, reaction time, and additives.* Generally, while there is
a strong preference for Markovnikov selectivity when using
standard palladium complexes as catalysts, a reversal of selec-
tivity towards anti-Markovnikov products is feasible in the
presence of nitrite salts.* However, achieving full regioselective
control in the oxidation of internal olefins is notably more
difficult. This is a consequence of the fact that the bond
dissociation energies of the relevant chemical bonds fall within
a narrow range, making it almost impossible for the palladium
catalyst to discriminate between both olefin carbon atoms.
Additionally, Pd-catalysed oxidation of olefins to carbonyl deri-
vatives may face competition from other transformations,
particularly when sensitive functional groups are present in
the starting olefin.

To overcome these limitations in Pd-catalysed olefin oxida-
tion, alternative metal catalysts have been extensively explored
over the past decades.” Beyond addressing selectivity concerns,
an important area of research focuses on conducting these
transformations under environmentally benign conditions by
either replacing or avoiding the use of palladium as well as
simplifying the reaction setup to ensure compatibility with a
broad range of functional groups. This feature article empha-
sizes the main contributions to homogeneous Wacker-type
oxidation reactions using noble as well as 3d transition metal
homogeneous catalysts beyond palladium. In particular,
mechanistic studies are discussed herein as they are relevant
for controlling and/or altering the fundamental steps of catalytic
cycles, which may disclose more powerful catalysts for this unique
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transformation of strong interest in industry and academia.
We also pay significant attention to catalytic approaches invol-
ving bio-, electro- and photo-catalysis as well as heterogeneous
catalysis.

Early studies with platinum-group
metals (PGM)

In the 1970s and 1980s, independent contributions by the groups
of Read,’® Mimoun,” Drago,® Bressan,” Khan,'® and others"’
focused on utilizing metal complexes isoelectronic to palla-
dium(u) as prospective catalysts for the oxidation of olefins to
ketones or aldehydes. Aside from one example with platinum,*?
interesting results were observed when employing rhodium
and ruthenium complexes (Fig. 1).

For instance, rhodium(i) complexes such as [RhH(CO)-
(PPh3);] and [RhCI(PPhj;);] turned out to be catalytically active
in the formation of methyl ketones from aliphatic olefins in
the presence of a pure O, atmosphere at room temperature,
although minor formation of aldehydes resulting from C—C
bond scission was observed.®®” The presence of catalytic
amounts of copper salts such as [Cu(ClO,),(HMPA),] when using
[RhCl3-H,0] as the pre-catalyst suppressed the formation of this
side-product.” Similarly, [RuCl,(H,0),]" enabled the oxidation of

(Rn) or (Re)
RX + 0,

reaction conditions (more adapted to aliphatic than aromatic olefins):

major minor

[RhH(CO)(PPh3);] or [RhCI(PPh;)3]
(0.5 mol%)
r.t., benzene [RUCIy(H20)4]™ (8 mol%)
KCl
[RhCl3.H,0] (0.8 mol%)
[Cu(ClO4)2(HMPA),] (1.6 mol%)
40 °C, EtOH

35 °C, dioxane/H,0

reaction mechanism: o

o }M&

/EM]—\—OH [M]—]

[M]\\_
R

[M] = [Rh] or [Ru]

[M] g

Fig. 1 Selected examples of rhodium and ruthenium complexes as cat-
alysts for the Wacker-type oxidation of olefins to ketones (top) and the
postulated reaction mechanism (bottom). HMPA = hexamethylphosphor-
amide, R = alkyl or aryl.

This journal is © The Royal Society of Chemistry 2025
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aliphatic olefins to methyl ketone derivatives reaching a turnover
frequency (TOF) value of up to 62 h™" for the formation of
2-hexanone from 1-hexene under mild conditions.'® In these
examples, which appear more adapted to aliphatic substrates
rather than aromatic ones, catalyst decomposition (i.e. phos-
phine oxidation) was a major issue. A number of selected
mechanistic studies including kinetic analysis suggested the
transient formation of metal-peroxo and metal-dioxetan species
in the catalytic cycle (Fig. 1, bottom). Although further research
should be carried out to identify the oxidation state and precise
chemical structure of the reaction intermediates and transition
states, the reaction mechanism here strongly differs from that
accepted with palladium and one may wonder whether immo-
bilization of such catalysts in heterogeneous systems could
improve the current state-of-the-art.

The epoxidation—isomerization (El)
pathway leads to anti-Markovnikov
selectivity

A major breakthrough for accomplishing the selective anti-
Markovnikov Wacker-type oxidation of olefins to aldehydes
came from Che’s laboratory in 2004."* The strategy relies on a
key oxygen atom transfer event from the metal catalyst to the
olefin via formal epoxidation followed by isomerization (Fig. 2,
bottom). As such, the use of metal complexes amenable to the
formation of metal-oxo species was envisioned. For that, the
combination of ruthenium porphyrin derivatives with over-
stoichiometric amounts of oxygen atom sources (i.e. oxidants)
was considered as a suitable catalytic system. Although a first
generation of ruthenium porphyrin catalysts comprising an
octa-chlorinated pattern (Ru-1, Fig. 2) operated with N-oxides
as reagents (i.e. Cl,pyNO), improved ruthenium porphyrin
catalysts (Ru-2 and Ru-3, Fig. 2) allowed the use of O, from
the air atmosphere even at room temperature. In these cases,
the ruthenium active site is well buried and sterically protected
in the porphyrin core due to the large and bulky mesityl groups
placed in the meso position or the methyl and terphenyl
patterns replacing the pyrrolic protons (Fig. 2). The reactions
were highly selective and efficient for aldehyde formation
from styrene derivatives as exemplified by the fact of
reaching turnover number (TON) values of up to 1144
at 60 °C under a pure O, atmosphere when employing
4-methoxystyrene as the substrate. The reactions were also
compatible with conjugated dienes containing aromatic
handles such as 1-phenyl-1,3-butadiene and related ones, thus
significantly reducing the reactivity at the benzylic position,
which is attainable with other strategies (vide infra). However,
almost negligible reactivity was observed for the more demand-
ing aliphatic olefins.

The same group realized in 2011 a significant advancement
by replacing the catalytically active ruthenium(wv) centre by
iron(m) while keeping a similar porphyrinoid environment as
the ligand (Fig. 2)."* The fine-tuning of the structure of the
porphyrin backbone has a strong impact on the reactivity of the

This journal is © The Royal Society of Chemistry 2025
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Ru-1, X = 2,6-(Cl),-CgH3, Y =Z = H
Ru-2, X = 2,4,6-(Me)3-CgH, Y =Z =H

: R2=H,R3=Cl
Ru-3, X = H, Y = 2,6-(Ph),-CgHs, Z = Me!

NMe,, R2=R3*=F

Fe-1,R'=
Fe-2,R'=

reaction conditions for aromatic olefins:
Ru-1 (1-2 mol%)
Cl,pyNO (1 equiv.)
35°C, CDCly

Fe-1 (2 mol%)
PhIO (1.1 equiv.)
Ru-2 (1-2 mol%) rt, DCM

NaHCOj; (4-8 mol%)

air, r.t., CDCl; Fe-2 (2 mol%)
H,0; (2 equiv.)
Ru-3 (1-2 mol%) r.t, dioxane
0O, (1 bar)
60 °C, CDCl,

reaction conditions for aliphatic olefins:

Fe-1 (2 mol%)
PhIO (1.1 equiv.)
80 °C, DCE/dioxane

oxidant
)/ \lepwo 02, Hz0,)

reaction mechanism:

----- M=
Q[Ru} or[Fy/\
[Ml
/é\
H R

Fig. 2 Wacker-type anti-Markovnikov oxidation of olefins to aldehydes
using ruthenium- or iron-based porphyrin catalysts via the epoxidation/
isomerization (El) pathway. ClbpyNO = 2,6-dichloropyridine N-oxide, R =
aryl, alkyl or alkenyl, X = BArg, OTf, BF,4, PFg, or SbFe.

iron centre. For instance, the octa-chlorinated iron catalyst Fe-1
was active for the selective oxidation of terminal olefins includ-
ing aliphatic ones to aldehydes upon the use of PhIO, which is a
relatively stronger oxidant than the ones used for ruthenium
catalysis (Fig. 2). Interestingly, it was possible to use the highly
benign H,0, as an oxidant when using an iron porphyrin
catalyst containing tetrafluoro-para-dimethylamino groups at
all four meso positions (Fe-2, Fig. 2). In the case of the iron
catalysis, it was necessary to use catalytic amounts of halide
scavengers such as NaBArpy [BArg = tetrakis(3,5-bis(tri-
fluoromethyl)phenyl)borate] or AgX (X = OTf, BF,, PF,, SbF)

Chem. Commun., 2025, 61, 8471-8481 | 8473
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to ensure the presence of a cationic iron(m) species before
entering the catalytic cycle. In fact, when the iron-porphyrin
catalysts were not cationic, substantial amounts of epoxides
were formed as side-products, thereby indirectly demonstrating
the dual role of iron in both epoxide formation and isomeriza-
tion. The iron-based catalytic systems proved so powerful that
they enabled the so far elusive, at that time, oxidation of
disubstituted terminal olefins to aldehydes at room temperature
using catalyst loadings below 1 mol%.

Similar reactivity was later found using a combination
of the iron salt [Fe(BF,),] and the pyridine-2,6-dicarboxylic
acid ligand as the catalytically active system.'® Alternatively, it
is worth noting that to overcome the poor reactivity and
selectivity for internal olefins, Coates and coworkers per-
formed a two-step reaction sequence involving epoxidation
followed by isomerization using a hybrid aluminium/cobalt
catalyst; however, this is beyond the scope of this feature
article because it does not involve a formal oxidation
reaction.'® In the same vein, processes enabling the selective
ring-opening of terminal epoxide towards aldehydes (anti-
Markovnikov products) or methyl ketones (Markovnikov pro-
ducts) by means of metal catalysts have been reported and
reviewed elsewhere."”

Biocatalysis forms aldehydes via a
carbocation intermediate

It is clear that the formation of metal-oxo species, in particular
heme-like iron-oxo species, is decisive for the formation of
aldehydes via the epoxidation/isomerization pathway. In this
respect, and based on the promiscuous activity encountered in
some cytochromes from the P450 family and related systems,"®
the Arnold group pioneered the directed evolution of such
biocatalysts in order to reach the anti-Markovnikov oxidation
of olefins to aldehydes in the presence of air as the oxygen atom
source and NADPH as the source of hydrogen atoms (Fig. 3)."°
This biocatalyst approach, and further optimizations by the
Hammer group in combination with computational calcula-
tions by Garcia-Borras, established a unique action mode, in
which the carbonyl-leading pathway operates via a radical-
carbocation transient formation and intramolecular electron
transfer step followed by a final 1,2-hydride migration (Fig. 3,
bottom). The former is controlled by enzymatic conforma-
tion and takes place in a stereoselective manner, thereby
accessing enantiomerically-enriched aldehydes from prochiral
olefins. Importantly, the electrostatic environment in the
enzyme active site stabilizes this so far elusive type of carboca-
tion intermediate. This biocatalytic approach is compatible
with cascade and tandem transformations as exemplified in
the sequential use of the alcohol dehydrogenase (ADH) enzyme
en route to chiral alcohols. The system is highly efficient with
world-record breaking TON values for styrene derivatives including
1,2-disubstituted ones and is significantly less productive for
aliphatic olefins.
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Fig. 3 Biocatalytic anti-Markovnikov oxidation of olefins to aldehydes
under ambient conditions. NAD(P)H = reduced form of nicotinamide
adenine dinucleotide (phosphate), ADH = alcohol dehydrogenase enzyme,
R = aryl or alkyl, Z = H or alkyl.

Merging hydrogen-atom transfer with
metal-alkylperoxo catalysis for
Markovnikov selectivity

Much inspired by the work of Baran and others disclosing
the possibility to form iron-hydride species relevant for the
formation of carbon radical intermediates upon reaction with
olefins,*® Han and co-workers developed in 2017 the very first
example of iron-catalysed oxidation of olefins to ketones
(Fig. 4).>' The reactions required the use of, at least, stoichio-
metric amounts of a hydrosilane derivative as the hydrogen
atom source and O, from air. Han’s initial contribution used
FeCl, as the catalyst in relatively high loadings (10-20 mol%)
and polymethylhydrosiloxane (PMHS), which is a very afford-
able hydrosilane originating as a chemical waste from the
silicon-based industry under air at 80 °C. In this way, the
reaction was compatible with both aliphatic and aromatic
olefins. Terminal olefins delivered mainly ketone products with
trace amounts of aldehydes being observed in some cases.
Later, the Knolker group reported a number of well-defined
iron complexes that allowed similar reactivity leading to ketone
products from olefins.”> The ligands play a substantial role in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Markovnikov-selective oxidation of olefins to ketones under iron and cobalt catalysis, respectively. R = aryl or alkyl, Z = H or alkyl.

stabilizing the catalytically active iron species, making it pos-
sible to reduce the catalyst loading below 5 mol% while using
different types of hydrosilanes (i.e. PhSiH;, Et;SiH) under
ambient pressure and temperature conditions. Of particular
relevance was the identification of phthalocyanine- (Fe-3),
porphyrin- (Fe-4), phenanthroline- (Fe-5) and acac-type (Fe-6)
ligands as suitable ones for these oxidation reactions (Fig. 4).
Importantly, the reaction conditions developed by the groups
of Han and Knolker were successfully applied to the synthesis
of compounds of biological relevance.*>** In parallel, our
research group developed a tetracarboxylic acid iron-porphyrin
(Fe-7) that enabled to perform such reactions at ppm levels of
catalyst loading reaching high turnover numbers of ca. 200000
and making the catalysis compatible with the oxidation of
unactivated, aliphatic olefins to ketones under ambient pressure

This journal is © The Royal Society of Chemistry 2025

and temperature conditions (Fig. 4).*> Mechanistic investiga-
tions allowed the identification of initial iron-hydride species
via the reaction of the iron complex with the hydrosilane reagent
whereas kinetic studies revealed a partial first order in catalyst
concentration. As such, the p-oxo bridged di-iron species are
likely inactive for the catalysis. In the iron catalysts developed by
Knoélker,”” ourselves®® and others®® using well-defined iron
complexes as catalysts, traces of alcohol side-products were
observed in few selected cases, but mostly for aliphatic olefins.
Unfortunately, these reactions are so far unselective for
(unbiased) asymmetric, internal olefins because two different
ketone products can readily form.

The contributions by Knoélker’s group using Moéssbauer spec-
troscopy including inverse magnetic susceptibility, radical trap-
ping experimentation, and isotopically-labelled "®*0O-dioxygen as

Chem. Commun., 2025, 61, 8471-8481 | 8475
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well as employing deuterated hydrosilanes represent the cornerstone
regarding the fundamental understanding of the Markovnikov-
selective iron-catalysed oxidation of olefins to ketones,*® whose
simplified version is depicted in Scheme 2. It begins with iron(ur)
hydride species (the hydride originating from the hydrosilane
reagent) followed by olefin addition towards the formation
of the thermodynamically more stable internal iron(m)-alkyl
species, which further undergoes radical-mediated dioxygen
activation (with O, from air) and insertion leading to alkyl-
peroxo species that finally rearranges affording the ketone pro-
duct and the iron(hydroxo) species. The alcohol side-products
are believed to form via radical recombination in the final step,
OH transfer, Russel fragmentation and/or hydride-mediated
reduction of the ketone product. Our research group also
demonstrated that the formation of other side-products originat-
ing from olefin reduction or olefin homo-coupling could be
avoided by altering the order of addition of reagents into the
reaction mixture.”®

Alternatively, pioneering contributions in the 1980s and
1990s by the research groups of Drago and Matsushita, inde-
pendently, dealing with the use of cobalt catalysis for the oxida-
tion of olefins demonstrated the feasibility of Markovnikov-
selective ketone formation yet substantial amounts of hydro-
peroxide and alcohol side-products were present.”® This was
somehow circumvented by applying two-step procedures,”” but
obviously there was room for improvement. In 2024, our
research group showed that cobalt(u)-tetraphenylporphyrin
(CoTPP) is an excellent catalyst for the aerobic oxidation of
styrenes to acetophenone derivatives using different hydrosi-
lanes as hydrogen sources (Fig. 4).>® At room temperature and
under an air atmosphere, the reactions were exceedingly fast
occurring within 10 minutes with a very low catalyst loading
(1 mol%) using Et;SiH as the hydrogen source while keeping
excellent chemoselectivity as well as Markovnikov selectivity
(up to 99% of ketone). High TOF values (up to 864 h™*) were
achieved for the oxidation of aromatic olefins under these
benign conditions. The same catalytic system also operates
under stoichiometric amounts of PMHS as a hydrogen source
in an oxygen atmosphere at 70 °C in less than 1 hour with TOF
values of up to 530 h™". Very similar observations were made by
Arion and co-workers using a well-defined cobalt complex, Co-1,
that features a pentane-2,4-dione bis(S-methylisothiosemicarb-
azone) ligand (Fig. 4).”° The chemical and redox non-innocence
nature of the ligand was strongly supported by a combination of
advanced spectroscopic techniques and computational calcula-
tions that indicated O, activation by both the cobalt and the
ligand, which is relevant for the catalysis to occur. Moreover,
the reactions were highly chemoselective leaving unreacted allylic
and alkyne functional groups as well as highly compatible
with heteroaromatics and biologically-relevant motifs. However,
achieving the reactions of aliphatic olefins under Markovnikov-
selective cobalt catalysis remains elusive so far even with the
recent development of salen-based cobalt catalysts.*® The reaction
mechanism for the cobalt-catalysed Markovnikov-selective oxida-
tion of olefins to ketones is most likely similar to that reported
with iron catalysts based on a number of spectroscopic, kinetic
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Scheme 2 Simplified reaction mechanism for the iron-, cobalt- or nickel-
catalysed Markovnikov-selective oxidation of olefins to ketones following
the HAT pathway. R = alkyl or aryl.

and DFT calculations (Scheme 2). It is worth noting that this
mechanism is reminiscent of the Mukaiyama-type hydration of
olefins to yield alcohols,*" albeit the chemoselectivity is shifted
towards ketone formation due to a different rate-determining
step, thanks to the different nature of the ligand bound to cobalt.
Interestingly, these methodologies share the fact that the cata-
lysis is more efficient using ethanol as the solvent than others.
The role of ethanol solvent in both cobalt and iron catalysis is
very determinant because it appears to be involved in the
stabilization of key intermediates via hydrogen bonding as
shown by us recently.”® It is worth noting that a similar approach
has been disclosed under nickel catalysis by Han and co-workers
in 2019.%% Interestingly, the in situ formed phenanthroline-
chelated nickel catalyst allows chain walking of the remote olefin
double bond to reach the benzylic position in the substrate
followed by a Markovnikov-selective oxidation leading to the
corresponding acetophenone derivatives (Scheme 3). A catalytic
system based on cobalt or nickel applicable to purely aliphatic
olefins remains elusive so far.

Dual catalysis: complexity at the
service of sustainability
The possibility of altering the reactivity of well-defined transi-

tion metal catalysts by in situ combination with additional
catalytic events including electro- or photocatalytic approaches

ArW\Q &L’

PMHS
(3 equiv.)
air, r.t., EtOH

Scheme 3 Merging chain-walking processes with Wacker-type oxidation
under nickel catalysis towards acetophenone derivatives. Ar = aryl.

This journal is © The Royal Society of Chemistry 2025
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represents a unique entry for achieving highly selective trans-
formations.*® In this context, Lei and co-workers developed in
2016 a photocatalytic approach for the anti-Markovnikov oxida-
tion of olefins to ketones, including tri-substituted olefins as
well (Fig. 5).>* A cobalt complex behaved as a proton-reducing
catalyst, whereas the acridinium photosensitizer participates in
the blue LED-mediated generation of a radical cation in the
olefin that further undergoes a reaction with water, which is the
reagent sourcing the oxygen atom in the final ketone product.
In this way, dihydrogen gas is produced as a side-product in
this transformation that is conducted in acetonitrile solvent at
room temperature. This major breakthrough represents the
archetypical example of a reaction with 100% atom-economy.
However, this methodology was not compatible with aliphatic
olefins.

In 2020, Pericas and co-workers developed an innovative
electrochemical approach towards the sustainable oxidation
of olefins to ketones by combining catalytic amounts of
MnCl, and CuCl, in a water/acetonitrile mixture.*> Upon the
application of a potential of 2.8 volts, mono- and 1,2-
disubstituted aryl olefins were efficiently converted into the
corresponding acetophenones with exclusive Markovnikov
selectivity (Fig. 6). The catalysis is highly sensitive to steric
effects as ortho-substituted olefins afforded lower yields com-
pared to the para regioisomers and no reactivity was reported
for purely aliphatic olefin substrates. Importantly, the reac-
tion showed outstanding atom economy because the water
from the solvent was formally acting as the source of both
oxygen and hydrogen atoms in the final ketone product. The
proposed mechanism showed that three parallel oxidative events
were simultaneously taking place at the anode: the oxidation of
Mn" to Mn™, Cu™ to Cu™, and the acetonitrile molecule to its
radical cation.

In the same year 2020, Milstein and co-workers integrated
dual indium and ruthenium homogeneous catalysts for the
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T
N
=
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Fig. 6 Electrochemical Mn/Cu-catalysed Wacker-type oxidation of
olefins with Markovnikov selectivity and its reaction mechanism. Ar = aryl,
Z = H or alkyl.

environmentally friendly oxidation of olefins with excellent Mar-
kovnikov selectivity.>® The reaction design relied on the synergis-
tic cooperation of an acid-catalysed hydration using In(OTf); as a
catalyst and a pincer-Ru-catalysed acceptorless dehydrogenation
catalyst (Fig. 7). The catalysis took place in a solvent mixture of
water (acting as an oxidant) and dioxane with benign H, being
the sole side-product, thereby resulting in an atom-economical
process. The reaction exhibited good compatibility with styrene
derivatives containing multiple functional groups, albeit aliphatic
olefins led to a mixture of ketones due to double-bond isomeri-
zation. On the other hand, strained cyclic olefins (i.e. norbornene,
cycloheptene, cyclooctene) were well tolerated, affording the

Lo PO oy
H- O H=OSN=T

O\ o Non HO~ co N0

| \ \ |
/N\O/H

+ e

Ha
o-H H 7 g o
Ar)\kH Ar)ﬁ/ A)\(
Y

Fig. 5 Anti-Markovnikov oxidation of olefins by means of photocatalysis and cobalt-catalysed proton reduction. PS = photosensitizer, Ar = aryl, Z = H or

alkyl, Y = alkyl or H.
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Fig. 7 Dual ruthenium- and indium-catalysed Wacker-type Markovnikov
oxidation of olefins to ketones and mechanistic considerations. Z = H (for
R = aryl) or Z = alkyl (for R = alkyl).

corresponding ketones. Mechanistic investigations pointed out
that water serves as the oxygen source in the indium-based
catalytic cycle, and dihydrogen is released during the catalytic
cycle involving the ruthenium complex.

Although iridium complexes were evaluated for the oxida-
tion of terminal olefins to ketones and aldehydes, the reactivity
was very low and due to the lack of mechanistic insights further
research was abandoned until 2021.>” That year, Hong and
co-workers envisioned boosting the reactivity of iridium com-
plexes in the presence of additional copper ions. They reported
an original bimetallic Ir-Cu catalytic system for the selective
oxidation of water-soluble styrenes to the corresponding acet-
ophenones in an aqueous solution (Fig. 8, framed).*® The
catalysis was conducted in a formate buffer, leading to both
high TON and high Markovnikov selectivity. The Ir-Cu catalyst
comprised two metal-binding sites: one N,N-chelating arm was
coordinated to [IrCp*Cl] (Cp* = pentamethylcyclopentadienyl),
while the other site was coordinated to [Cu(dipic)] (dipic =
pyridine-2,6-dicarboxylato). The initial oxidation state of iri-
dium was +3 and that of copper was +2. The synergistic nature
of the bimetallic system was demonstrated by the absence of
the activity that was found in the individual mononuclear
systems. Mechanistic investigations were carried out to detect
the reaction intermediates by kinetic and spectroscopic studies
along with DFT calculations. The proposed mechanism involved
the formation of a substrate-to-catalyst complex via hydrophobic
interactions between the aromatic n-cloud of the Ir-
coordinated pyridine moiety within the ligand and the aromatic
moiety of the styrene reagents (Fig. 8, bottom), which was further
supported indirectly by the absence of reactivity of purely aliphatic
olefin substrates. The olefin insertion to generate the Ir'™-alkyl
species in the catalytic cycle is the rate-determining step.
Additionally, an Ir™-peroxo species produced by oxygen-
mediated insertion regenerated the active Ir'"" species and
reacted with formic acid to create the ketone product through
the release of H,O and CO,. The Cu™ center is thought to

-
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Fig. 8 Bimetallic Ir—-Cu-catalysed Wacker-type Markovnikov oxidation of
water-soluble aromatic olefins to acetophenones and the postulated
reaction mechanism.

increase the reactivity of the Ir'™-alkyl intermediate towards O,

in this acidic medium, demonstrating the cooperative action
mode of this catalytic system, even though all bond-breaking
and bond-forming events take place at the iridium site.

Very recently, Reiser and co-workers developed an intriguing
concept enabling the selective oxidation of terminal olefins to
methyl ketone derivatives by exploiting a copper catalyst that
behaves as both a photooxidant and a photoreductant (Fig. 9).*
The reaction proceeded under light irradiation (365 nm) with
catalytic amounts of CuCl, in the presence of KBr, water, and
trichloroisocyanuric acid (TCCA) in acetone solvent at mild
temperature (50 °C). The reaction mechanism, strongly sup-
ported by a large number of control experiments and isotope
labelling, involves a TCCA-mediated copper-catalysed oxidation
of the olefin starting material to a chlorohydrin intermediate,
followed by a reduction to the ketone product merging key
hydrogen atom transfer (HAT) and spin-center shift (SCS) steps
prior to protodemetallation. While the reductive cycle can occur
in the dark, the oxidative one is light-dependent. In this
reaction design, water (and not O, from air) is the source of
the oxygen atom in the final product. However, the reaction was
only tolerant to aromatic olefins with no examples reported for
aliphatic olefin substrates. This contribution brings some light
to complement previous studies dealing with copper-catalysed
Wacker-type oxidation of very specific olefinic substrates under
acidic conditions that were reported as mere curiosities in the
past with radical-based intermediates being claimed to form at
some stage in the catalytic cycle.*’

This journal is © The Royal Society of Chemistry 2025
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Heterogeneous catalysis: a single-
atom-based approach delivering
Markovnikov selectivity

Heterogeneous catalysts are typically regarded as the ultimate
goal for large-scale production of chemical commodities from
raw materials. This has also been investigated for the Wacker-
type oxidation of olefins using palladium-containing hetero-
geneous catalysts.”' However, only a couple of examples have
demonstrated the possibility of Wacker-type oxidation reaction
of olefins under a pure heterogenous regime in the absence of
palladium. For instance, the groups of Gao and An presented
the very first example of a heterogeneous cobalt-based catalytic

system for Wacker-type oxidation (Fig. 10, framed).** Utilizing a
(o] OH
A + 02 A )J\ + A )\
KCO3 (20 mol%) ) )
IPrOH, 150 °C major minor
st
O (on charcoal)
800
ipro- __COne 02
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Fig. 10 Wacker-type oxidation of olefins with Markovnikov selectivity
with a heterogenous cobalt-based catalyst and the proposed mechanistic
scenario. Ar = aryl.

This journal is © The Royal Society of Chemistry 2025

unique type of single-atom dispersed Co-N/C catalyst with
isopropanol as both the hydrogen donor and the solvent under
an oxygen atmosphere, styrene derivatives were transformed
into acetophenone products mainly with variable formation
of secondary alcohols as side-products. This Markovnikov-
selectivity was explained from a mechanistic point of view with
bond-breaking and bond-forming processes taking place in the
single-atom cobalt ion (Fig. 10) based on an extensive number
of control experiments as well as in situ and operando studies
(electron microscopy, XANES and FT spectroscopy, etc.). First,
Co(m)-superoxide species are generated via electron transfer
from the Co-3d orbitals to the oxygen, where oxygen is chemi-
cally adsorbed onto the single cobalt centres, while 'PrOH is
deprotonated with the assistance of K,CO3, thus forming KHCO;.
Co(m)-hydroperoxide species is then produced from Cof(m)-
superoxide species through proton abstraction by KHCO;, facili-
tated by intermediate Co(w)-bicarbonate superoxide species.
Next, the synergistic addition of styrene to Co(ur)-hydroperoxide
species leads to the formation of Co(ur)-alkylperoxy species, which
subsequently rearranges into the ketone (and alcohol) products.
However, it cannot be ruled out that acetophenones were formed
through the oxidation of the alcohol side-products. Finally, the
catalytic cycle is completed through the continuous oxidation of
the solvent, resulting in the formal removal of one water molecule.
Although no recyclability studies were reported, the reaction
conditions reported (150 °C and 40 bar O,) might be compatible
with an eventual industrial implementation.

The second and last example of heterogeneous palladium-
free Wacker-type oxidation of olefins corresponds to the con-
tribution of Chen and co-workers, who reported a copper-based
single-atom catalyst (Scheme 4).** The catalyst reactivity was
only evaluated for the conversion of 4-vinylanisole into the
corresponding ketone product as a result of the Markovnikov
selectivity observed. The reaction required the presence of
over-stoichiometric amounts of CH;NHOH-HCI as the oxygen
donor at 90 °C under aerobic conditions in dioxane and water.
Mechanistic investigations by isotope labelling revealed an

Chem. Commun., 2025, 61, 8471-8481 | 8479
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Scheme 4 Wacker-type oxidation of olefins with Markovnikov selectivity
(only one example) with a heterogenous copper-based catalyst.

intriguing hydrogen shift key step in a reaction mechanism that
remains rather speculative at this stage. Nevertheless, this
research direction offers a potential pathway to substitute
noble metal catalysts in conventional homogeneous reactions
with SACs. In both cobalt- and copper-based heterogenous
catalysis highlighted here, the use of less reactive aliphatic
olefin substrates has not been discussed so far.**

Conclusion and outlook

In view of the above discussions, it seems coherent to anticipate a
new avenue for the timely development of Wacker-type catalysed
processes avoiding the use of palladium. While PGM catalysts were
abandoned relatively soon, one can speculate that revisiting such
pioneering contributions while considering new catalyst action
modes should provide access to interesting discoveries. On the
other hand, the use of carefully engineered molecular catalysts has
found tremendous attention for achieving full selectivity control in
Markovnikov versus anti-Markovnikov oxidation reactions. For
instance, the epoxidation-isomerization pathway disclosed with
ruthenium- and iron-based porphyrins represents a standard entry
towards aldehyde formation from terminal olefins. On the other
hand, iron-, cobalt- and nickel-based complexes appear to be
excellent catalysts for the formation of methyl ketones via the
HAT pathway under an oxygen atmosphere. In this regard, high
TON and TOF values have been obtained through the fundamental
understanding of the underlying reaction mechanisms in each
case. That being said, controlling the selectivity for internal olefins
remains elusive at this stage. For that, the development of new
biocatalysts or novel concepts exploiting electro- or photo-catalysis
could be envisaged in the future considering the promising results
reported in the last ten years using these approaches in which
novel fundamental steps are nowadays accessible. A common
observation from all the different approaches is the relatively poor
reactivity of aliphatic olefins when compared to the aromatic ones
with the exception of selected examples with ruthenium and iron
catalysts, respectively. The real applicability of the palladium-free
Wacker-type reactions towards industrial processes still remains to
be investigated. In this case, heterogeneous catalysts or other types
of reactor engineering (ie. flow chemistry, mechanochemistry)
could represent an important advancement to completely avoid
the use of palladium as a catalyst in this industrially, important
reaction.
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