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1. Introduction

Considering silicon as the second most abundant element
on earth and the considerable number of organosilicon
compounds used in our daily life, organosilicon chemistry is
of significant importance for the development of more
sustainable and greener chemistry. In general, organosilicon
compounds are characterized by their stable and inert
carbon–silicon bonds.[1–3] In particular, organosilanes, organo-
silyl halides, and the corresponding ethers are readily
available and offer straightforward possibilities for versatile
functionalizations. Compared to their ordinary pure carbon
analogues, organosilicons have complementary physical prop-
erties, which make them attractive for a variety of industrial
applications. Hence, organosilicon compounds are widely
found in adhesives and coatings and used as oils, rubbers, and
resins.[4]

Among the different methods
available for the creation of C@Si
bonds, catalytic hydrosilylations allow
the straightforward addition of silanes
(Si@H) to multiple bonds, for example,
olefins and alkynes.[5–15] These reac-
tions are not only used on the labo-
ratory scale, but have been also imple-
mented in the chemical industry for
the production of functional organo-
silicon compounds. In fact, they have
been proven to be one of the most
efficient reactions in the silicone in-
dustry. Theoretically, hydrosilylations
are 100% atomic economic without
generating other products or wastes.

Performing hydrosilylations with functionalized silanes (Fig-
ure 1a) offers direct prospects to modify the properties of
polymers or inorganic materials. For example, poly(dimeth-
ylsiloxane), an important kind of silicone rubber, can be
functionalized by crosslinking with another vinyl silicon
reagent (Figure 1b).[16] Moreover, organosilicon compounds
offer versatile properties as bonding or bridging agents in the
preparation of composites from organic polymers and in-
organic materials, for example, glass, minerals, and metal
oxides.[17] Thus, apart from their importance for applications
in the silicone industry, hydrosilyations are increasingly
attractive for basic material sciences.[9, 18–25]

Since the first hydrosilylation reaction appeared in the
academic literature in 1947, platinum-based catalysts domi-
nated this area.[26] Originally, the introduction of SpeierQs
catalyst (H2PtCl6) was a major breakthrough. Later on,
Karstedt made an important contribution to this area by
developing a platinum(0) complex containing vinyl-siloxane
ligands.[27] Today, this lipophilic complex represents an
efficient benchmark catalyst in industrial hydrosilylation
processes. Despite the efficiency of this system, obviously
there are certain disadvantages of homogeneous Pt-based
catalysts in some applications. For example, platinum com-
plexes can be easily trapped in the product and it is difficult to
recover them due to the viscous properties of the resulting

Hydrosilylation reactions, which allow the addition of Si@H to C=C/
C/C bonds, are typically catalyzed by homogeneous noble metal
catalysts (Pt, Rh, Ir, and Ru). Although excellent activity and selec-
tivity can be obtained, the price, purification, and metal residues of
these precious catalysts are problems in the silicone industry. Thus,
a strong interest in more sustainable catalysts and for more economic
processes exists. In this respect, recently disclosed hydrosilylations
using catalysts based on earth-abundant transition metals, for example,
Fe, Co, Ni, and Mn, and heterogeneous catalysts (supported nano-
particles and single-atom sites) are noteworthy. This minireview
describes the recent advances in this field.

Figure 1. a) Selected functionalized silanes and silicone polymers;
b) utilization of silane reagent: path (I): interfacial bonding by a silane
coupling agent; path (II): crosslinking reaction between vinyl-contain-
ing silane and silicone polymers.
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products.[28–32] Notably, it was estimated that consumption of
platinum accounts for up to 30 % of the cost of silicones.[33]

Hence, from an industrial point of view, the high price of
platinum strongly motivates researchers to develop recyclable
and less expensive catalysts to reduce the precious metal
consumption.

The development and importance of hydrosilylation
reactions has been discussed intensively in the scientific
literature, and a number of comprehensive reviews, articles,
and books were published mainly before 2015.[3, 4, 34] Since
then, a variety of robust homogeneous catalysts with well-
defined ligands have been developed.[35] More recently, also
heterogeneous catalysts evolved for this process.[36] Interest-
ingly, heterogeneous single-atom catalysts (SACs), which are
considered to combine the advantages of molecular-defined
and heterogeneous catalysis, were disclosed and displayed
comparable activities and selectivities to their homogeneous
counterparts.[37]

This minireview covers the most important catalyst
developments from the past five years (Figure 2). To make
it easy for the reader, it is organized according to catalyst
developments into two sections: a) the use homogeneous
non-noble metal complexes specifically Co, Fe, and Ni
derivatives; b) the usage of recyclable heterogeneous cata-
lysts focusing on supported noble/non-noble nanoparticles
(NP) and single-atom catalysts. Finally, we will give indica-
tions for future progress in this field.

2. The Development of Homogeneous Non-noble
Metal Catalysts

The replacement of traditional platinum-based catalysts
in alkene hydrosilylations by more sustainable and economic
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Figure 2. Number of publications using the term “hydrosilylation”
from 2000 to May of 2020 according to the ISI Web of Science.
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metals is a long-standing goal of the silicone industry.[31,38–41]

Following this goal, several molecularly defined catalysts
based on earth-abundant metals (Fe, Co, Ni, et. al.) have been
developed in the past decade.[5–7,9, 13, 42–46] Moreover, the
regioselectivity can be controlled by modification of ligands
leading to anti-Markovnikov or Markovnikov selective prod-
ucts. The resulting silane products are widely used as silicon
fluids and silicon curing agents. Furthermore, the anti-
Markovnikov silanes are also important moieties for life
science applications.[47–49]

2.1. Catalysts with Monodentate Ligands

In 2017, Deng et al. reported cobalt N-heterocyclic
carbene (NHC)-catalyzed anti-Markovnikov hydrosilylations
of aliphatic alkenes with tertiary silanes (Scheme 1).[50]

Specifically, they developed a cobalt(II) amide/NHC catalyst
system, which facilitated the selective hydrosilylation of
monosubstituted aliphatic alkenes with HSi(OEt)3 to linear
products in moderate to very high yields (42–98%). However,
when highly reactive Ph3SiH was used with 1-octene, a lower
yield of only 28 % was observed. According to mechanistic
studies Co-silyl intermediates are involved in the catalytic
cycle with cobalt(I) species proposed as the active intermedi-
ates.

One year later, the same group disclosed that related CoI-
NHC complexes such as [(IAd)(PPh3)-CoCl] and [(IM-
es)2CoCl] displayed distinct performance in catalyzing the
reaction of diverse alkenes with Ph2SiH2 (Scheme 2).[51]

Interestingly, [(IAd)(PPh3)CoCl] proved to be efficient in
catalyzing anti-Markovnikov hydrosilylation of Ph2SiH2 with
both alkyl- and aryl-substituted alkenes, while [(IMes)2CoCl]

promoted Markovnikov hydrosilylation of Ph2SiH2 with aryl-
substituted alkenes. The authors explain the changed catalytic
performance by the different steric nature of the carbene
ligands IAd vs. IMes.

Here, mechanistic studies suggested that cobalt(I) silyl
species are the key active species for the hydrosilylation
process. On the basis of their results, a preliminary mechanism
of this transformation was proposed (Scheme 3): Initial
reaction of cobalt(I)-NHC chloride with Ph2SiH2 gives
a cobalt(I) hydride intermediate, which interacts with Ph2SiH2

to form the corresponding cobalt(I) silyl intermediate and H2.
Subsequent reaction of the cobalt(I) silyl intermediate with
an alkene via migratory insertion forms a cobalt alkyl
complex that further reacts with Ph2SiH2 to give the desired
hydrosilylation products and regenerates the active cobalt(I)
silyl species for the next catalytic cycle.

In 2016, Petit and colleagues described the HCo(PMe3)4-
catalyzed highly regio- and stereoselective hydrosilylation of
internal alkynes (Scheme 4).[52] The reaction was applied to
a variety of hydrosilanes and symmetrical as well as unsym-
metrical alkynes, giving in many cases a single hydrosilylation
isomer in varying yields (19–96 %). The authors suggested
that the regio- and stereocontrol of the reaction is predom-
inantly governed by steric features of the substrates.

According to mechanistic studies, dihydridocobalt species
are most likely involved in this catalytic process (Scheme 5).
Oxidative addition of the silane to a CoI hydride center forms

Scheme 1. Hydrosilylation of aliphatic alkenes with tertiary silanes
using a cobalt-NHC catalyst.[50]

Scheme 2. Catalytic behavior of cobalt(I)-NHC complexes in the hydro-
silylation of alkenes with diphenylsilane.[51]

Scheme 3. Proposed catalytic cycle for the Co-NHC-catalyzed hydro-
silylation.[51]

Scheme 4. HCo(PMe3)4-catalyzed highly regio- and stereoselective hy-
drosilylation of internal alkynes.[52]
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the dihydridocobalt(III) intermediate, which undergoes al-
kyne insertion into one of the Co@H bonds after coordination
of the alkyne. Direct reductive elimination releases the
vinylsilane as the major product with the observed regiose-
lectivity and regenerates the catalytically active
hydridocobalt(I) species.

2.2. Catalysts with Bidentate Ligands

In 2017, Wang et al. developed a regiodivergent cobalt-
catalyzed hydrosilylation of alkenes by careful choice of
ligands and hydrosilane substrates (Scheme 6).[53] More
specifically, a Co(acac)2/Xantphos catalyst system showed
excellent activity for Markovnikov hydrosilylation of styrene
derivatives with PhSiH3, whereas the Co(acac)2/dppf catalyst
system facilitated the anti-Markovnikov hydrosilylation of
styrene derivatives with Ph2SiH2. In contrast, utilizing ali-
phatic alkenes with PhSiH3, in the presence of Co(acac)2/
mesPDI as the catalyst, produced branched organosilanes in
high yields (50 %–98%) with high to excellent regioselectiv-
ities (b/l ratio: 91:9 to > 99:1), while the corresponding linear
products were obtained with Co(acac)2 and Xantphos.
Deuterium-labeling studies support the classic Chalk–Harrod
mechanism with a Co–H intermediate resulting from oxida-
tive addition of the silane to the metal center for the cobalt/

bisphosphine system. Interestingly, a modified mechanistic
proposal with Co–Si intermediates has been suggested for the
cobalt/pyridine-2,6-diimine system.

Furthermore, b-diketiminate-based catalysts, such as the
dimeric b-diketiminate manganese hydride (Mn-1) and the
dimeric b-diketiminatomagnesium hydride (Mg-1) in Fig-
ure 3, were also developed for anti-Markovnikov alkene
hydrosilylation.[54,55] Using Mn-1 as catalyst, aliphatic alkenes
underwent anti-Markovnikov hydrosilylation to afford (E)-b-
vinylsilanes with 37–99% conversion, while the hydrosilyla-
tion of styrenes afforded a-vinylsilanes with 19–99% con-
version through Markovnikov hydrosilylation.

In 2018, Zhu et al. described selective hydrosilylations of
alkenes with Fe-based catalysts in the presence of 1,10-
phenanthroline ligands (Scheme 7).[56] In particular, the
combination of FeCl2 with 2,9-diaryl-1,10-phenanthroline
ligands exhibited good reactivity and selectivity for hydro-
silylation of both styrenes and aliphatic alkenes.

As shown in Scheme 7, Fe-1 and Fe-2 showed very high
Markovnikov selectivity (+ 98%) in the hydrosilylation of
terminal styrenes, 1-substituted, and 1,1-disubstituted buta-
1,3-dienes and led to the corresponding products in high
yields (88–95 %). However, in the presence of Fe-3, anti-
Markovnikov products were obtained in the hydrosilylation
of 1-alkyl ethylene derivatives in 72–98% yields. Kinetic
isotope effect experiments and density functional theory
(DFT) calculations suggest direct Si migration as the rate-
determining step. Unfortunately, these iron catalyst systems
seem to be limited to hydrosilylations with PhSiH3 and
required Grignard reagents (EtMgBr) for catalyst activation.

Scheme 5. Proposed mechanism for HCo(PMe3)4-catalyzed highly re-
gio- and stereoselective hydrosilylation of internal alkynes.[52]

Scheme 6. Ligand- and silane-dependent cobalt-catalyzed regiodiver-
gent hydrosilylation of vinylarenes and aliphatic alkenes.[53] acac = ace-
tylacetonate.

Figure 3. The structures of dimeric b-diketiminate manganese and
magnesium hydride.[54, 55]

Scheme 7. Iron-catalyzed hydrosilylation of alkenes with phenyl-
silane.[56]
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Compared to the hydrosilylations of simple alkenes with
primary or secondary silanes (vide supra), hydrosilylation of
alkenes or vinylsilanes with tertiary alkoxy- or siloxyhydro-
silanes for silicone synthesis are considered more challenging
from an industrial perspective. The resulting silicones repre-
sent industrially relevant fluids and curing materials. How-
ever, competitive hydrogenation of alkenes and alkynes can
easily occur during the hydrosilylation process when the
ligands are changed slightly. In this respect the work of Chirik
and co-workers is notable. Here a nickel(II) bis(carboxylate)
catalyst was used, which displayed high activity in the
hydrosilylation of alkenes with a variety of industrially
relevant tertiary alkoxy- and siloxy-substituted silanes. Under
optimal conditions, selective anti-Markovnikov hydrosilyla-
tion of aliphatic alkenes with commercially relevant silanes
and siloxanes was achieved in a practical manner
(Scheme 8).[57]

In 2017, Lee and co-workers synthesized more than 25
cobalt-(aminomethyl)pyridine complexes and explored their
catalytic performance for anti-Markovnikov hydrosilylations
(Scheme 9).[58] With Co-3 as the optimal catalyst system,
various alkoxy(vinyl)silanes including mono-, di-, and
triethoxy(vinyl)silanes and their corresponding methoxy de-
rivatives reacted with alkoxy- or siloxyhydrosilanes to afford
the desired anti-Markovnikov products in 70–99% yield with
> 98% anti-Markovnikov selectivity.

Shortly thereafter, Ge and co-workers developed the
highly selective cobalt-catalyzed stereoconvergent Markov-
nikov 1,2-hydrosilylation of conjugated dienes (Scheme
10a).[59] In the presence of 1 mol% of Co(acac)2 and xantphos
at room temperature, a wide range of conjugated trans-dienes
encompassed aryl-substituted, alkyl-substituted, and multi-

ple-substituted dienes reacted smoothly with PhSiH3 and
Ph2SiH2 affording the corresponding (E)-allylsilanes in 64–
92% yield with excellent regioselectivities (b/l> 99:1). Fur-
thermore, asymmetric Markovnikov 1,2-hydrosilylation of
(E)-1-aryl-1,3-dienes with PhSiH3 in the presence of Co-
(acac)2/(R)-difluorphos proceeded smoothly to afford the
desired products in 61–80% yield with good enantioselectiv-
ities (88:12–90:10 e.r.) (Scheme 10b). Mechanistic studies
revealed that this stereoconvergence resulted from a s–p–
s isomerization of an allylcobalt species generated by the 1,4-
hydrometalation of (Z)-dienes. A Chalk–Harrod mechanism
involving the 2,1-insertion of the terminal double bond of the
diene into the Co@H bond was proposed.

More recently, the Huang group developed a quinoline-
oxazoline-based cobalt complex for the asymmetric 1,2-
Markovnikov hydrosilylation of conjugated dienes with
primary silanes (Scheme 11).[60] The tBu-substituted analogue
(QuinOxtBu)CoCl2 (Co-4) was identified as an effective
catalyst for the highly regio- and enantioselective 1,2-
Markovnikov hydrosilylation of various conjugate dienes
bearing aryl/alkyl substituents with PhSiH3, furnishing chiral
allyl silanes in high yields with high regioselectivity (up to
> 99:1) and enantioselectivity (up to 96% ee) in the presence
of NaBEt3H. Ph2SiH2 was less reactive than Ph2SiH3, while
tertiary silanes (Et3SiH and (EtO)2MeSiH) are unreactive. A
modified Chalk–Harrod mechanism involving the 1,2-inser-
tion of the terminal double bond of the diene into the Co@Si
bond is assumed.

Apart from olefins and dienes, the hydrosilylation of
alkynes has been investigated with non-noble metal com-

Scheme 8. Alkene hydrosilylation with a-diimine nickel catalysts. 2-
EH =2-ethylhexanoate.[57]

Scheme 9. Cobalt-catalyzed anti-Markovnikov hydrosilylation of alkoxy-
or siloxy(vinyl)silanes with alkoxy- or siloxyhydrosilanes.[58] TMS = tri-
methylsilyl.

Scheme 10. Markovnikov 1,2-hydrosilylation of conjugated dienes:
a) regioselective stereoconvergent and b) asymmetric variant.[59]

Scheme 11. The asymmetric 1,2-Markovnikov hydrosilylation of conju-
gated dienes with primary silanes using pyridine/quinoline-oxazoline
chiral CoII dichloride complexes.[60]
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plexes bearing bidentate ligands.[61] In this context, Ge et al.
reported a Co-catalyzed anti-Markovnikov hydrosilylation of
terminal alkynes with both primary and secondary hydro-
silanes PhR’SiH2 (Scheme 12).[62] With Co(acac)2 and dpe-
phos or xantphos as ligands, a broad range of alkynes
containing either aromatic or aliphatic substituents under-
went this hydrosilylation reaction smoothly at room temper-
ature to afford (E)-vinylsilanes in 59–91 % yield with high
regioselectivity ((E)-b :a 89:11 to 99:1).

Complementary to that work, Jin and co-workers devel-
oped an efficient cobalt-catalyzed Markovnikov-selective
hydrosilylation of alkynes using bidentate CImPy ligands
such as L1 in 2019 (Scheme 13).[63] The hydrosilylation of
aromatic and aliphatic alkynes with primary and secondary
silanes proceeded well to form the corresponding products in
36–98% yield with moderate to high regioselectivities (a/b
63:37 to 99:1). The comparably high catalytic activity enabled
by the CImPy ligand is ascribed to the high stereoelectronic
tunability and rigid environment, which suppresses the
deactivation of the catalyst.

Recently, Zhu and co-workers described also an Fe-
catalyzed dihydrosilylation of aliphatic terminal alkynes and
primary silanes for the synthesis of geminal bis(silanes)
(Scheme 14).[64] Reactions of PhSiH3 and n-C12H25SiH3 with
a range of aliphatic terminal alkynes generated the corre-

sponding geminal bis(silanes) as the sole hydrosilylation
products in 85–95 % yield. This method allowed the efficient
synthesis of previously unreported geminal bis(silanes) with
secondary silyl groups. Mechanistic studies demonstrated that
the reaction proceeds via two iron-catalyzed hydrosilylation
reactions, the first generating b-(E)-vinylsilanes and the
second producing geminal bis(silanes).

Based on their work on alkyne hydrosilylation, Ge and co-
workers also disclosed a highly regio- and stereoselective
hydrosilylation of allenes by employing a bench-stable
catalyst system consisting of Co(acac)2 and binap or xantphos
ligands (Scheme 15).[65] Allyl- or vinylsilanes can be easily

prepared by selective hydrosilylation of allenes with hydro-
silanes in the presence of transition metal catalysts. The major
difficulty in these reactions is to control the regio- and
stereoselectivity preventing the formation of different vinyl-
and allylsilane products. Here, a variety of mono- and
disubstituted terminal allenes reacted with primary and
secondary hydrosilanes to produce the desired disubstituted
(Z)-allylsilanes in high yields (57–95 %) with excellent
stereoselectivity (Z :E = 99:1). Unfortunately, hydrosilylation
of allenes did not occur when tertiary hydrosilanes were used.
The regio- and stereocontrol of the reaction is explained by
the steric repulsion between the substituent on the allyl group
and the ligand of the cobalt catalyst.

Another elegant example of asymmetric hydrosilylation
was presented by Buchwald and co-workers in 2017. They
demonstrated an enantioselective Cu–H catalyzed Markov-
nikov hydrosilylation of vinylarenes and associated vinyl
heterocycles with Ph2SiH2 (Scheme 16).[66] These reactions
gave bench-stable silanes and chiral alcohol derivatives in 61–
89% yield with good to excellent enantioselectivity (70–98%
ee).

Scheme 12. The anti-Markovnikov hydrosilylation of terminal alkynes
using Co(acac)2 and bisphosphine ligands.[62]

Scheme 13. Cobalt-catalyzed Markovnikov-selective hydrosilylation of
alkynes using bidentate CImPy ligands such as L1.[63]

Scheme 14. Iron-catalyzed dihydrosilylation of alkynes for the synthesis
of geminal bis(silanes).[64]

Scheme 15. Cobalt-catalyzed (Z)-selective allene hydrosilylation.[65]

Scheme 16. Copper hydride-catalyzed asymmetric Markovnikov hydro-
silylation of vinylarenes and vinyl heterocycles.[66]
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2.3. Catalysts with Pincer Ligands

In the past two decades, catalysts with so-called pincer
ligands have been extensively exploited for all kind of
catalytic reactions, including hydrosilylations. In general, the
corresponding complexes contain tridentate ligands, which
bind to the metal center with three adjacent coplanar sites in
a meridional configuration. Often pincer ligands have a cen-
tral, s-donating moiety that contains two side donor groups,
typically either amino- or phosphinomethyl groups in ortho-
position. Advantages of pincer complexes are their high
thermal stability and well-defined reactivity with remaining
coordination sites. In this section, recent studies on hydro-
silylation using pincer catalysts will be discussed.

As an early example of alkene hydrosilylations, Chirik
and co-workers used a nickel complex bearing a bis-
(amino)amide NNN-pincer ligand. Their work was inspired
by a related iron pincer catalyst, which, however, tolerated no
carbonyl groups in the reaction.[67] Hydrosilylation of 1-
octene with Ph2SiH2 using 0.025 mol% of Ni-1 achieved
a 98% conversion in only 3 minutes, thus resulting in an
impressive TOF of 83000 h@1. Ni-1 was capable of efficiently
converting differently substituted alkenes and cyclic alkenes
with up to 94% yield. Interestingly, selective hydrosilylations
of alkenes containing ketones and aldehydes groups were
successfully conducted with yields from 71–74%
(Scheme 17). In these reactions Ni hydride species are
assumed to be potential intermediates.[6]

In general, low-valent Fe pincer complexes are known to
be more unstable and difficult than iron(II/III) complexes.
With this in mind, Thomas and co-workers prepared a series
of FeII NNN-pincer complexes bearing Cl, Br, and OTf as
counterions. Activation of such higher valent complexes was
possible using tertiary amines at room temperature. Thus, in
the presence of (iPr)2NEt the Fe-pincer catalyst bearing OTf
exhibited the best activity for the hydrosilylation of 1-octene
with PhSiH3, achieving 95 % yield for the anti-Markovnikov
product. This behavior explained by the fact that the ion/
counterion bond strength of Fe-halides is stronger than that of
Fe-OTf. With exception of nitro and nitrile groups, a broad
scope of substituents was tolerated in the presence of this
catalyst system, including carbonyl groups.[69]

An interesting one-pot cascade-like approach for alkane
dehydrogenation/isomerization/hydrosilylation yielding ter-
minal silanes was developed using a dual iridium/iron pincer
catalytic system. Here, initially 1-octane is dehydrogenated in
the presence of 1 mol% iridium catalyst and 1.2 mol% of
NaOtBu at 200 88C. For the isomerization/hydrosilylation

reactions, anti-Markovnikov products were obtained (67%
yield) in the presence of 10 mol% of Fe-NNN pincer catalyst
and 20 mol% of NaHBEt3 (Scheme 18). Control experiments
revealed that the iridium catalyst played no role in the tandem
isomerization/hydrosilylation reaction. Notably, the iron-
catalyzed alkene hydrosilylation occurred with a high reac-
tion rate, thus inhibiting reversible isomerization of the
alkene.[68]

The application of pincer ligands with less hindered imine
groups favored hydrosilylation instead of dehydrogenative
hydrosilylation of olefins.[7] In this context, Chirik and co-
workers developed a Co-NNN pincer catalyst derived from
Co-5 a for hydrosilylations. The catalyst bearing a CH2SiMe3

group showed high activity for 1-octene hydrosilylation with
HSi(OEt)3 at room temperature. Unfortunately, this catalyst
is not bench-stable. Hence, more stable complexes Co-5b and
Co-6 b were prepared as catalysts by ligand modification.
These stable catalysts exhibited excellent activity for hydro-
silylations with alkoxysilanes. As an example, the hydro-
silylation of sensitive allyl glycidyl ether was successfully
conducted in the presence of Co-6b on a 10 g scale with 98%
yield for the trialkoxysilane product, which finds widespread
applications in industry (Scheme 19).[70]

Apart from olefins and alkynes, the hydrosilylation of 1,3-
and 1,4-dienes was studied in the presence of Co-5. Thus, an
anti-Markovnikov hydrosilylation of (E)-1,3-dodecadiene
with phenylsilane occurred selectively. The following activity
trend was observed for substituents on the pincer framework:
2,4,6-tri-Me < 2,6-di-Et < 2,6-di-iPr. With this catalytic sys-
tem, primary and secondary silanes (PhSiH3, PhMeSiH2, and

Scheme 17. Ni-catalyzed hydrosilylation of olefins containing carbonyl
groups.[67] DMA =dimethylacetamide.

Scheme 18. One-pot dehydrogenation, isomerization and hydrosilyla-
tion catalyzed by iridium and iron pincer catalysts.[68]

Scheme 19. Hydrosilylation of allyl glycidyl ether using a Co pincer
catalyst.[70]
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Ph2SiH2) were successfully converted into the desired anti-
Markovnikov products in up to 92% yield, while tertiary
silanes showed no activity for hydrosilylation, but instead led
to hydrogenation of the corresponding dienes.[72]

Recently, manganese complexes including pincer ligands
have become relatively popular in homogeneous catalysis.[73]

Nevertheless, the use of such complexes for hydrosilylations
of alkenes is still quite rare. As an exception several Mn-NNN
pincer complexes (Mn-2 to Mn-4) were used for hydro-
silylation of terminal alkenes. These catalysts displayed
excellent regioselectivity for a broad scope of alkenes and
silanes, yielding the corresponding products up to 95 % with
> 99% regioselectivity in the presence of NaOtBu. Appa-
rently, the increased steric bulk of the ligand is favorable for
this transformation. Hence, Mn-4 led to higher hydrosilyla-
tion yields, which was also proven for the hydrosilylation of 1-
octene with HSi(OEt)3 in a gram-scale reaction
(Scheme 20).[71]

In 2019, a series of quinoline-derived Fe-PNN pincer
complexes (Fe-5 to Fe-7) were prepared, aiming for a bench-
stable, activator- and solvent-free non-noble metal catalyst
system (Scheme 21). In the presence of stoichiometric
amounts of LiCH2SiMe3 and KOPiv, Fe-5 can be transformed
to Fe-6 and Fe-7, which are active catalysts for the hydro-
silylation under base-free conditions. Using 1-octene and
PhSiH3 as starting materials, Fe-6 and Fe-7 displayed ex-
cellent catalytic performance affording TONs of 480 000 and
100 000, respectively. Interestingly, Fe-7 proved to be stable
under air exposure, while Fe-6 immediately decomposed
upon air exposition. It was confirmed that Fe–H species,
which are believed to be the active intermediates in the
catalytic cycle, were produced in the presence of Fe-6 and
PhSiH3.

[74]

While pyridyl-derived NNN and quinoline-derived PNN
pincer complexes favored the formation of the hydrosilylation
products from aliphatic olefins (vide supra),[75,76] Lu and co-
workers demonstrated a Markovnikov (enantio)selective
hydrosilylation of terminal alkenes using different Fe-PNN
pincer catalysts (Fe-8). In their elegant studies, they inves-
tigated a series of pyridine-based ligands with different
oxazoline and imino substituents. An increased steric bulk
of the imino group not only increased the selectivity of the
hydrosilylation, but also improved the regio- and enantiose-
lectivity. Comparing diverse oxazoline moieties, the iPr-
substituted one exhibited better activity than that with Me
and tBu groups. Under optimal conditions, alkenes bearing
bioactive molecules, such as naproxen, ibuprofen, and deslor-
atadine, gave the desired products in a highly enantioselective
manner in 91%, 97% and 88 % yield, respectively. Moreover,
an experiment with 1,5-hexadiene with 2.4 equiv of PhSiH3

provided the disilylated product in 90% yield with 96/4
branched/linear ratio and 97% ee (Scheme 22). With respect
to asymmetric catalysis this development is noteworthy
because it allows highly enantioselective functionalization of
plain aliphatic olefins without any additional coordination
sites.[77]

Compared to most known pincer ligands, phosphinite-
iminopyridine ligands can be easily decomposed due to P@O
bond cleavage.[9] Obviously, related phosphino-iminopyridine
(PNN) ligands are more stable and have been explored with
respect to their steric hindrance (Scheme 23). More specifi-
cally, Fe-9 and Co-7 pincer catalysts were prepared for
regioselective Markovnikov alkene hydrosilylations. Interest-
ingly, in the hydrosilylation of 1-octene with PhSiH3, the
Markovnikov product was mainly obtained using Fe-9, while
the anti-Markovnikov was the major one in the presence of

Scheme 20. Manganese-catalyzed alkene hydrosilylation.[71]

Scheme 21. Iron pincer-catalyzed 1-octene hydrosilylation.[74]

Scheme 22. Iron-catalyzed enantioselective Markovnikov hydrosilylation
of alkenes.[77]

Scheme 23. Cobalt and iron PNN pincer catalysts used in alkene
hydrosilylations.[78]
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Co-7. The different product formation with the use of Co-7
was ascribed to a different silyl migration mechanism involv-
ing a CoI–silyl intermediate. Ligand screening experiments
revealed increased activity with the bulkier ligand for Fe-9,
whereas the less bulky ligand was more active for Co-7.[78]

The pincer catalysts also exhibited high activities in the
selective hydrosilylation of alkynes.[79,80] In 2016, Lu and co-
workers described an improved sequential hydrosilylation/
asymmetric hydrogenation of terminal phenylalkynes to
obtain chiral silanes using chiral Co-NNN pincer catalysts.
After detailed investigations of the steric bulk of substitutents
on the pincer ligand, Co-8 was identified as the optimal
complex, which exhibited excellent catalytic performance for
hydrosilylations of phenylacetylenes with Ph2SiH2 with up to
91% yield and > 99% ee. Mechanistic studies revealed that
cobalt–hydride species are intermediates in this hydrosilyla-
tion reaction.[81] Notably, the hydrosilylations of phenylace-
tylenes proceeded extremely fast. In fact, a reaction with
Ph2SiH2 using 1 mol% of Co-8 was completed in 5 seconds,
which corresponds formally to a TOF of 65 000 h@1 (Scheme
24a). When the hydrosilylation of 4-vinylphenylacetylene was
performed, a chemoselective reaction for the alkyne moiety
was observed, although in lower yield (Scheme 24 b).[81] Later
on, sequential double hydrosilylation of aliphatic alkynes to
yield highly enantioenriched gem-bis(silyl)alkanes was ach-
ieved by the same group. Both experimental results and DFT
calculations were analyzed to understand the reaction mech-
anism. It was shown that the highly enantioselective synthesis
of gem-bis-(silyl)alkanes is a result of the sequential asym-
metric double 1,1-hydrosilylation of aliphatic alkynes in the
presence of CoBr2·Xantphos, and CoBr2·OIP (OIP = oxazo-
line-iminopyridine).[82]

Moreover, asymmetric hydrosilylation of unsymmetric
alkynes with dihydrosilanes producing silicon-stereogenic
vinylhydrosilanes was realized with high regio- and enantio-
selectivity by Co-NNN catalysts. More specifically, Huang
and co-workers reported the Markovnikov hydrosilylation of
terminal alkynes with diphenylsilane in the presence of
pyridine-bis(oxazoline) Co catalysts. Later on, the same
group described alkyne hydrosilylations with prochiral dihy-
drosilanes in the presence of the same kind of cobalt/pyridine-

bis(oxazoline)) complex producing Markovnikov silanes with
up to 99% selectivity.[83,84]

In 2017, a series of cobalt pyridine-2,6-diimine complexes
were prepared and tested for the Z-selective hydrosilylation
of terminal alkynes with PhSiH3. In this work the less
sterically hindered ligands favored the formation of a-vinyl-
silanes, while (Z)-b-vinylsilanes were preferred using mesPDI
and iprPDI. This behavior was attributed to the accessibility of
the respective cobalt center. A broad range of alkynes
including phenylacetylene and aliphatic alkynes were suc-
cessfully converted to the desired products with Z/E ratios
higher than 91:9 (Scheme 25). However, highly reactive nitro
and aldehyde substituents were not tolerated. Moreover,
aliphatic alcohol and carboxylic acid moieties inhibited the
reaction.[85]

3. Recyclable Heterogeneous Catalysts

In classical liquid-phase reactions, heterogeneous cata-
lysts are more easily recycled than homogeneous ones.
Although this advantage is also also holds for many catalytic
hydrosilylations,[31, 86] in a number of (industrial) cases, the
corresponding products are either highly viscous or even
polymers. In such cases, the practical benefit of a heteroge-
neous material is less obvious. Here, instead, the avoidance of
(costly) ligands might be the main driver to search for
heterogeneous catalysts. For this reason, an increasing
number of heterogeneous catalysts have been explored in
recent years. In this section, heterogeneous catalysts based on
supported nanoparticles, including so-called supported single-
atom catalysts, fabricated by different processes and their
applications in hydrosilylation will be emphasized.

3.1. Precious Metal Catalysts
3.1.1. Pt Nanoparticle Catalysts

For a long time, the molecularly defined Karstedt complex
has been regarded as the state-of-the-art catalyst for hydro-
silylation reactions. Thus, also several attempts were made to
immobilize this complex or derivatives on different supports.Scheme 24. Cobalt pincer complex-catalyzed alkyne hydrosilylation.[81]

Scheme 25. Cobalt-catalyzed Z-selective hydrosilylation of terminal al-
kynes.[85]
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For example, a silica-supported Karstedt complex, which
displayed initial high activity, was first prepared in 2003.
However, for this material poor catalytic performance was
observed after several reuses due to its low stability. Since
then, other heterogeneous Pt catalysts have been broadly
investigated.[87] In 2017, a mesostructured silica framework
was used as a support where Pt nanoparticles (NPs) were
embedded into walls of the silica matrix. The resulting
material exhibited excellent catalyst turnover numbers of
TON = 105 for the hydrosilylation of 1-octene with polyme-
thylhydrosiloxane (PMHS). Due to the physical trapping of
the Pt NPs in the silica framework, no Pt leaching was
observed after recycling.[88]

Pt0 NPs were also embedded in a modified silica xerogel
(SiliaCatPt(0)), which is obtained by sol–gel polycondensa-
tion of organosilanes. The resulting catalyst has a uniform
spherical morphology and proved to be highly active and
selective for a broad scope of olefins. However, the activity
deceased sharply to 65% after the fourth cycle, probably
caused by the slight size increase of Pt NPs.[89] To obtain
effective catalyst separation from liquid silicone products,
magnetic silica particles (Fe3O4@SiO2) were used as support.
After the material was modified by addition of ethylenedia-
minetetraacetic acid (EDTA) or diethylenetriaminepenta-
acetic acid (DTPA) and immobilization of Pt, the resulting
catalysts displayed good activity even for the isomerization–
hydrosilylation of internal alkenes.[90]

Recently, a graphene-supported platinum catalyst was
synthesized using electrostatic adsorption techniques with
solventless microwave irradiation. Using this special method,
additional defects or holes in graphene are formed and
simultaneously small Pt nanoparticles are stabilized with an
average diameter of 6.8 nm. The resulting catalyst material
displayed a superior efficiency in the hydrosilylation of
1,1,1,3,5,5,5-heptamethyltrisiloxane (MDM) and 1-octene,
leading to a TON of 9.4 X 106 which was tenfold higher than
that obtained by the parent Karstedt catalyst (0.9 X 106).[36]

3.1.2. Pt Single-Atom Catalysts (Pt SACs)

Although several supported Pt nanoparticles were devel-
oped for catalytic hydrosilylations (vide supra), in some cases
poor recyclability caused by leaching was observed. This was
attributed to the weak binding of Pt particles to the support.
Complementary to materials based on supported nanoparti-
cles, single-atom catalysis provides a new concept to prepare
materials with isolated metal centers, which are stabilized by
neighboring sites of the support. In 2017, a Pt single-atom
catalyst was synthesized by impregnation of platinum salts on
aluminum oxide nanorods. The resulting Pt-SAC was applied
for the selective hydrosilylation of all kinds of terminal olefins
and exhibited excellent activity comparable to the original
Karstedt system (Scheme 26). Interestingly, this Pt-SAC
displayed also high stability, which is explained by the strong
binding of the individual Pt atoms to their neighboring oxygen
atoms.[37] Later on, superparamagnetic Fe3O4–SiO2 core–shell
nanoparticles (NPs) were used as the support in Pt single-
atom catalysts. The material was easily separated from high-
viscosity products by applying a magnetic field (Scheme 27).

Notably, the Pt loading decreased from 1.5 % to 1.26% after
four cycles.[91] Furthermore, a partially charged Pt single-atom
catalyst was fabricated on the surface of anatase TiO2 (Pt1

d+/
TiO2) by an electrostatic-induction ion exchange. DFT
calculations explained the excellent catalytic performance of
this material by the intrinsic nature of partially charged
Pt(d +) atoms on TiO2. The authors also concluded that the
lower oxidation state of Pt is favorable for the desired
transformation compared to platinum in higher oxidation
states (II or IV).[92]

In order to prevent metal agglomeration in SACs, the
metal loading is often (very) low. Recently, an interesting
material was disclosed which contains isolated Pt single atoms
in a dense distribution. It was successfully synthesized by the
NaCO3-assisted one-pot pyrolysis of an EDTA-Pt complex on
N-doped graphene (Pt-ISA/NG in Figure 4). Here, the Pt
centers are coordinated to N species instead of O. The Pt-ISA/
NG exhibited microstructure and morphology features typ-
ical for atomically thin 2D graphene-like analogues, with
a specific surface area of 1892 m2 g@1 and 5.3 wt% Pt loading.
Pt-ISA/NG displayed high selectivity, activity, and stability
for anti-Markovnikov hydrosilylation of different terminal
alkenes with silanes under mild conditions.[93]

In the case of Pt NPs and SACs, the leaching of the metal
is an important aspect, which has to be avoided. Although the
average loss of Pt was calculated to be several ppm in each
round of reaction, the involvement of the leached Pt could not
be excluded because the hydrosilylation easily initiated even

Scheme 26. Pt SACs used for the selective hydrosilylation of various
alkenes.[37]

Scheme 27. Pt-SAC for hydrosilylation.[91]
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by a ppm amounts of Pt. Moreover, the leaching problem
leads to difficulties in mechanistic studies and contamination
in the final silicon products.

3.1.3. Other Precious Metal Catalysts

Apart from platinum, other precious metal catalysts based
on Au, Rh, and Ru have been reported for hydrosilylation
reactions of olefins and related substrates. For example,
highly regioselective alkene hydrosilylation is possible in the
presence of gold nanoparticles on TiO2 or Al2O3. In this case,
ionic gold(I) species at the interface between the nano-
particles and the support were suggested as the active sites.[86]

Recently, RhI complexes were co-immobilized with ter-
tiary amines on the surface of SiO2 (referred to as SiO2/Rh-
NEt2). SiO2/Rh-NEt2 exhibited excellent turnover numbers
for the hydrosilylation of olefins with a wide range of
substrates. The good catalytic performance was ascribed to
the electron donation from amine groups to the Rh complex,
which promotes both the oxidative addition and insertion
steps during the hydrosilylation cycle.[94]

Despite significant progress with heterogeneous catalysts
using supported noble metals, the hydrosilylation of internal
alkenes is still challenging. In this context, Prieto and co-
workers demonstrated an interesting isomerization–hydro-
silylation of internal alkenes. Very recently, they successfully
developed a process involving tandem catalysis by Rh and Ru
single-atom catalysts on CeO2. When these two SACs were
combined in a single reaction, a synergetic effect was
observed and high selectivity was obtained for the hydro-
silylation of different internal alkenes with Et3SiH. DFT
calculations ascribed the observed selectivity to differences in
the binding strength of the alkene substrate where the single
Ru atoms bind more strongly than the Rh counterparts.[95]

3.2. Non-Precious Metal Catalysts
3.2.1. Nickel-Based Heterogeneous Catalysts

In 2016, Hu and co-workers developed the first nickel
nanoparticle catalyst, which is able to catalyze alkene hydro-
silylation with tertiary silanes. In this case, nickel nano-
particles with an average size of 3.5 nm were formed in situ
using a particular nickel alkoxide potassium salt (Ni-
(OtBu)2·xKCl). Interestingly, the resulting Ni nanoparticles
displayed high activity not only in the hydrosilylation of
terminal alkenes with high anti-Markovnikov selectivity, but
also in the tandem isomerization–hydrosilylation of cis and
trans internal alkenes in high yields (Scheme 28). Conse-
quently, this non-precious metal catalyst is able to synthesize
a single terminal alkyl silane from a mixture of different
internal and terminal olefin isomers.[96] Later on, other
isolated Ni nanoparticles stabilized by n-octylsilane were
prepared by decomposition of Ni(COD)2 (COD = cycloocta-
1,5-diene) in toluene under 4 bar of H2. The resulting Ni
colloid (Ni3Si2) consists of very small nanoparticles 1.2 nm in
diameter. However, with this system only moderate conver-
sion (70%) and low selectivity (30%) were achieved for the
model hydrosilylation of triethoxyvinylsilane with triethox-
ysilane.[97]

In 2019, a novel supported nickel catalyst was prepared
whereby isolated nickel centers were anchored on a metal—
organic framework (MOF) carrier. The single metal sites are
considered to be stabilized by the hydroxyl groups from the
MOF forming the active centers. Using this catalyst, the
hydrosilylation of n-octene and diphenylsilane was carried
out on a 150 mmol scale under mild conditions with high
conversion and selectivity.[98] Furthermore, isolated Ni centers
stabilized by heterogeneous ligands have been applied for
hydrosilylation reactions very recently. In this latter case,
a porous organic polymer containing Xantphos (POP-Xant-
phos) moieties was used to stabilize the isolated nickel
centers. The prepared Ni-POP-Xantphos catalyst demon-
strated high regio- and stereoselectivity in the hydrosilylation
of alkynes. The obtained selectivity was considered to be
controlled by the microporous structure of POP-Xantphos.[99]

Figure 4. Characterization of the Pt-ISA/NG catalyst: a) Typical trans-
mission electron microscopy (TEM) image. b) High-resolution TEM
(HRTEM) image. c) Energy-dispersive X-ray (EDX) mapping. d,e) Aber-
ration-corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADFSTEM) image and corresponding
enlarged view. Reproduced with permission.[93] Copyright 2018, Ameri-
can Chemical Society.

Scheme 28. Ni-catalyzed tandem isomerization–hydrosilylation of inter-
nal alkenes.[96]
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3.2.2. Cobalt-Based Heterogeneous Catalysts

Comparable to the Ni-POP-Xantphos catalyst (vide
supra), isolated Co sites were coordinated with a POP-PPh3

ligand (Co-POP-PPh3). The resultant Co-POP-PPh3 material
catalyzed the hydrosilylation of alkynes with PhSiH3 with
high regio- and stereoselectivity. Moreover, the reusability of
Co-POP-PPh3 was tested in a continuous-flow system. Even
after several rounds of recycling only little loss of activity and
selectivity was observed.[100] Recently, also Co/TiO2 was
synthesized where the cobalt ions were doped onto the TiO2

surface. After hydrogen treatment, CoTiO3 species were
formed, which exhibited excellent catalytic performance for
the hydrosilylation of various alkenes under neat conditions.
Importantly, the CoTiO3 species were not leached after
recycling due to the strong interaction between Co and TiO2,
leading to high stability and reusability.[101]

3.2.3. Iron-Based Heterogeneous Catalysts

In 2016, Lin and co-workers reported an iron-based
catalyst for several hydrosilylation reactions of terminal
alkenes using a two-dimensional (2D) metal–organic layer
(MOL) carrier. The synthesized MOL was composed of
[Hf6O4(OH)4(HCO2)6] as secondary building units (SBUs)
and benzene-1,3,5-tribenzoate (BTB) as bridging ligands.
After connecting the MOL with 4’-(4-benzoate)-(2,2’,2’’-
terpyridine)-5,5’’-dicarboxylate (TPY), the resulting MOL-
TPY was used to immobilize iron centers, affording single-site
solid catalysts (Fe-MOL-TPY, Figure 5). A variety of terminal
alkenes were converted to the corresponding alkyl silanes
with PhSiH3 in high yields. Fe-MOL-TPY is free from
diffusional constraints, leading to high activity and reusabil-
ity.[102]

In addition to Fe-SACs, iron oxide nanoparticles (Fe2O3)
were synthesized in a practical way using iron(III) acetyla-
cetonate as the precursor and N,N-dimethylformamide
(DMF) as both the reducing and protecting agent. The
DMF-stabilized Fe2O3 nanoparticles were monodispersed in
the solvent and showed high catalytic activity for the hydro-
silylation of alkenes in the absence of any additives. Fur-
thermore, the colloidal catalyst can be recycled by simple
extraction with a hexane/DMF system for fifth run.[103]

3.2.4. Bimetallic Heterogeneous Catalysts

Bimetallic nanoparticles can exhibit exclusive catalytic
performances, distinct from those of monometallic NPS, due
to their unique electronic states and structures. As an
example, Li and co-workers developed a bimetallic catalyst
by immobilizing Pt1Ni1 nanoparticles on the surface of
nitrogen-doped carbon (NC). The Pt1Ni1/NC-1000 catalyst,
which was obtained by pyrolysis of metal–organic frameworks
at 1000 88C, displayed the highest catalytic performance for the
hydrosilylation benchmark reaction of 1-octene with HSi-
(OEt)3. Characterizations revealed a high graphitization
degree, which should favor a stronger charge transfer between
the NC support and Pt1Ni1, forming more positively charged
Pt centers. These charged Pt species possibly lead to the
higher catalytic activity.[105]

In 2017, Cai and co-workers developed an efficient and
recyclable Pd1Cu2 bimetallic catalyst. The Pd1Cu2 NPs were
supported on SiO2 and exhibited superior activity and
selectivity toward the hydrosilylation of internal and terminal
alkynes. The catalytic performance is improved by the
ultrasmall size (2.8 nm) and the high dispersion of the Pd–
Cu nanoparticles as well as the enrichment of Pd on the
catalyst surface (Figure 6).[104]

Finally, heterogeneous catalysts using bimetallic materials
have been used for hydrosilylations of alkynes. Here, Shishido
and co-workers reported the use of Pd-Au bimetallic NPs at
ambient temperature. After careful screening of supports and

Figure 5. a) Preparation of the MOL catalyst Fe-TPY-MOL. b,c) HRTEM
and FFT images of Fe-TPY-MOL before (b) and after catalysis (c).
Reproduced with permission.[102] Copyright 2016, Wiley-VCH.

Figure 6. Characterization of the Pd1Cu2/SiO2 catalyst: a,b) TEM im-
ages. c) High-resolution TEM (HRTEM) image of the Pd1Cu2/SiO2

catalyst. d) Size distribution of Pd1Cu2 bimetallic nanoparticles.
e) High-angle annular dark field (HAADF) STEM image of Pd1Cu2/
SiO2. f,g) EDS elemental maps for Pd (f) and Cu (g). Reproduced with
permission.[104] Copyright 2017, The Royal Society of Chemistry.
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metal ratios, Pd1Au5/Nb2O5 catalyst was identified as the most
active catalyst for the hydrosilylation of alkynes with com-
plete trans-configured products. High activity was observed
for the catalyst with a relatively low Pd/Au ratio of 1:5, which
is in accord with the isolated single Pd atoms characterized in
Pd1Au5/Nb2O5.

[106]

4. Challenges and Perspectives

The catalytic addition of silanes to olefins and alkynes
(hydrosilylation reaction) continues to attract significant
interest among academic and industrial chemists. In fact, this
methodology remains a key technology for innovations in the
silicone industry. For the advancement of this field, the
development of new and improved catalysts is a prerequisite.
In this respect, the present report discusses briefly actual
developments of nonclassical homogeneous and heteroge-
neous catalysts for hydrosilylation reactions. In addition to
molecularly defined non-noble metal catalysts, also recently
discovered heterogeneous catalysts such as supported noble/
non-noble NPs and single-atom catalysts are discussed.
Considering all these achievements, what are the major
challenges in research on catalytic hydrosilylation reactions in
the coming decade?

Apart from few examples, most of the academic develop-
ments—which are by no means scientifically very interest-
ing—are far from being relevant for industry and real-world
applications. This is because of the model reactions used, the
reaction conditions applied, and the substrates investigated.
We believe there is an enormous innovation potential, if the
gap between academic and industrial research can be bridged
more efficiently.

In the development of new powerful homogeneous
catalysts, the complexity of the ligand part is often under-
estimated, sometimes fully neglected. Obviously, an ideal
catalytic system not only constitutes an available, less toxic
metal center, for example, iron or manganese, but also
inexpensive, stable, and modular ligands. Looking at recently
disclosed ligand scaffolds, a number can be synthesized only
on small scale under special conditions, for example, in
a glovebox. Especially, for non-noble metal catalysts it is still
a challenge to develop practical ligands.

The use of heterogeneous catalysts for hydrosilylation
reactions is a fascinating, growing scientific area. Here, the
detailed understanding of the structural features that control
the regio- and stereoselectivity of a given catalyst is still
missing. Clearly, such knowledge is the basis for any rational
catalyst development. Here, the use of heterogeneous SACs
with a limited and defined number of atomic species, where
the metal centers are spatially isolated from each other, might
give new impetus. Furthermore, the combination of supported
(multi)metallic NPs in the presence or absence of ligands will
offer alternative solutions for directing regio- and stereose-
lectivities of hydrosilylations.
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