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Abstract

Silica-supported metal complex catalysts have been developed and used for organic
transformations. The surface environment around the supported metal complex enhances
the catalysis based on a unique surface effect. The design of the linker ligand structure
induces the formation of a highly reactive, coordinatively unsaturated metal complex on
the silica surface due to the isolated environment. In contrast to the site-isolation effect,
accumulated metal complexes and co-catalysts on the same surface facilitate the
acceleration of the catalytic reaction by concerted catalysis. The immobilization of multi-
active sites also promotes the tandem catalysis and development of complex products
from simple molecules through successive reactions. Surface silanol species originating
from the silica support also participate in the catalysis. The control of the immobilization
density/location of metal complex/co-immobilized functionality/surface silanol is a key
factor for the achievement of site-isolation/concerted catalysis. The direct interaction
between the metal complex and co-immobilized functionality facilitates the formation of
unique reactive species. The confinement effect of the pore structure of the support
enhances the accumulation of active species in mesopores, which boosts the reaction rate,
and slightly changes the ligand conformation, which increases the enantioselectivity. The
direct support electronic effect is also one of the key factors affecting the surface
organometallic chemistry (SOMC) and photooxidation of linker metal complexes. These
acceleration effects were detected in both supported homogeneous catalysis and SOMC.
Not only the local structure of the metal complex and its ligand, but also the surface
environment play the most important roles in enhancing the catalysis. In this review,
representative examples of silica-supported metal complexes whose catalysis is

significantly enhanced by their surface long-range environment are summarized. The



contributions of recent developments of spectroscopic techniques, including DNP-
enhanced solid-state NMR and XAFS, which support the evaluation of such long-range
interactions, are also discussed. The surface design of the silica-supported metal complex

facilitates highly active, selective, and durable catalysis.
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1. Introduction
Homogeneous metal complexes play pivotal roles in the generation of catalytically active
species for the production of important chemical intermediates and pharmaceuticals.
Controlling the ligand structure is one of the most important factors affecting their
catalytic performances including the activity, selectivity, and durability. With respect to
heterogeneous catalysts, numerous studies have been carried out in the field of supported
metal complex catalysts.[1-5] The catalytic performance of supported metal complexes
also depends on the ligand structure. However, there are many other factors affecting the
catalysis of supported metal complexes because of the complex nature of the surface
environment. In other words, the potential to increase the metal complex catalysis on a
support by controlling its surface environment is unlimited. This approach differs from
the enhancement of the catalysis in homogeneous cases, which is mainly based on the
tuning of the ligand structure.

Figure 1 summarizes the interactions of a supported metal complex catalyst, which
potentially enhance its catalytic performance. As defined by Copéret et al., supported

metal complex catalysts can be divided into supported homogeneous catalysts (SHC),



which are based on the grafting of ligands on the support surface with a methylene linker
sharing covalent bonds with the support surface, and surface organometallic chemistry
(SOMC), which refers to the direct attachment of metal sites onto the solid surface with
ancillary ligands. [6-8] Another method for ligand immobilization is noncovalent bonding
such as hydrogen bonding with surface hydroxyl groups and cation—anion interactions.
The concept of ligand immobilization is similar to that of SHC. In all cases, the support
surface affects the catalysis of the immobilized metal complex. In SHC, it is often
considered that immobilization leads to a low performance due to steric hindrance and
the heterogeneous nature of the surface. On the other hand, this unique support effect can
be used to increase the catalytic performance including the reaction rate, regio- and
stereoselectivity, and durability, which is the main target of this review. The surface
effects can be summarized as follows.

(1) Site isolation: As shown in Figure 1, the site-isolation effect of a metal complex is
one of the most widely known phenomena that increases the stability of coordinatively
unsaturated metal sites. Due to immobilization, metal complexes cannot connect with
each other, preventing the dimerization of metal species and coordination of additional
ligands. The formation of a unique metal complex is also possible because of the isolated
environment.

(i) Concerted catalysis: Another positive surface effect is the direct/indirect
interaction with co-immobilized functionalities. Several active species can accumulate on
the catalyst surface. These active species participate in the catalytic reaction, which is
accelerated by the immobilized metal complex through cooperative catalysis: substrate
molecules are concertedly activated by two or more active species. An application of

concerted catalysis is the attachment of oligomers. Attached active species have specific



interactions with each active site in an oligomer (intramolecular) or with another oligomer
(intermolecular). In addition to immobilized active sites, surface functional groups, such
as Si-OH of the SiO» support, may activate polar substrates by hydrogen bonding and/or
electron withdrawal.

(i11) Direct interaction: The covalently bonded functionality can directly activate an
immobilized metal complex. The functionality acts as a simple additional ligand and
enhances the catalysis, or the surface reaction of the functionality with the metal complex
induces the generation of different active complex structures, resulting in a high catalytic
activity and selectivity.

(iv) Confinement effect: Metal complexes immobilized in micro/mesopores often
have different reactivities. The product selectivity, activity, and stereoselectivity
frequently change due to the confined space. The appropriate size of the metal complex,
including its ligand and/or co-catalyst, significantly enhances the reaction rate and
product selectivity.

(v) Direct electronic effect: Directly immobilized metal complex was often affected
by the surface electronic effect. In the case of SOMC, this effect is strong. The appropriate
selection of metal-oxide supports is mandatory for SOMC. Another direct effect is the
photoinduced surface plasmon of metal nanoparticles.

(vi) Tandem catalysis: The immobilization of more than two metal complexes on the
support surface enables a tandem reaction. Successive reactions occur on each metal
complex site, leading to the final product in a single reactor. Site isolation of the two metal
complexes enables the coexistence of reactive and unstable metal complexes in the same
reaction media.

These “positive” surface effects strongly enhance the productivities of both SHC and



SOMC. They can be observed in various types of support materials such as polymers,
MOFs, and metal oxides. However, we restrict our discussion to silica-based support
materials. Silica is one of the most well-known supports for catalytically active metal
complexes. Silica has density-tunable surface hydroxyl groups (Si-OH).[ 1,8] The reaction
between the surface Si-OH and trialkoxysilyl group of the metal ligand (silane-coupling
reaction) is one of the most famous ways of the covalent attachment of a metal complex
(SHC). Surface silanol groups can also be used for the direct attachment of metal
complexes via cation exchange and/or coordination of surface oxygen atoms (SOMC).
Possible types of attachment of the metal complex onto the silica surface are summarized
in Figure 2. Covalent grafting of a ligand is possible through post-immobilization using
the silane-coupling reaction (Figure 2a) and incorporation during the sol-gel preparation
of the silica matrix itself (Figure 2b). lonic interactions, including hydrogen bonding
between carboxylic acid groups or fluorine atoms and surface silanol, are also possible
SHC preparation procedures (Figures 2¢ and d). In SOMC, the surface density of silanol
strongly affects the structure of the metal complex: the pretreatment of support SiO> at
high temperature leads to a low density of Si-OH, resulting in a metal complex with
isolated silanol (Figure 2e). On the other hand, a slightly higher density of Si-OH leads
to the formation of di- or tridentate Si-O-M complexes, as shown in Figure 2f.

The variety of possible silica morphologies, including mesoporous, microporous
(zeolites), layered, and nonporous structures, is another advantage for catalytic support
materials.[9,10] The surface properties of silica are basically inert during catalysis.
However, the surface Si-OH group has a specific reactivity, such as hydrogen bonding
and electron withdrawal, which benefits the catalytic reaction. The incorporation of

additional atoms into the siloxane network (most famously Al) can dramatically change



the surface acidity.

Many review papers have been published in the field of silica-supported metal complex
catalysis, which focus on the immobilization strategy,[12-14] use of special support
structures,[15-18] hybrid materials including organocatalysis [19-22] and metal
nanoparticles,[23] photo-induced promotion effects,[24-25] and catalyst recycling.[26] In
contrast, this review deals with a variety of silica-supported metal complex catalysts that
are enhanced by one or more of the above-mentioned unique surface effects. The
supported catalyst structure, design strategy, and representative superior catalytic
performance are discussed in comparison with those of homogeneous counterparts and/or
simply immobilized catalysts. Several examples have already been summarized in short
reviews with similar concepts in the 2000s.[27,28] Many recent examples are included in
this review because of the high research activity with respect to supported metal complex
catalysis. This review is divided into four sections based on the types of enhanced
catalysis: Isolated Metal Complex for Enhanced Catalysis (Section 2); Concerted Effect
on Surface for Enhanced Catalysis (Section 3), Confinement Effect/Molecular Imprinting
for Enhanced Catalysis (Section 4), and Supported Metal Complexes Designed through

SOMC (Section 5).
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Figure 2. Possible ways of attachment of a metal complex on the silica surface. (a)
Attachment via silane-coupling reaction with surface Si-OH; (b) co-condensation of a
functional group with silica matrix; (c) interaction between an acidic functionality, such
as carboxylic group, with surface Si-O-S1/Si-OH; (d) hydrogen bonding between counter
anion (BF4") and surface Si-OH; direct attachment of metal complex onto silica surface

with (e) relatively low and (f) high Si-OH density.



2. Isolated Metal Complex for Enhanced Catalysis

The supported monomeric Pd complex frequently changes its structure to metallic
particles during the catalytic reaction, especially hydrogenation and cross-coupling
reactions.[29,30] Therefore, an appropriate ligand structure, attachment technique, and
reaction conditions must be selected. In addition, the supported catalyst must be
characterized during and after catalysis. One of the most famous reactions involving Pd
catalysts is hydrogenation. Both Pd complexes and Pd nanoparticles show a high
performance with respect to the hydrogenation of organic compounds using molecular H».
The Pd complex and an appropriate ligand, a molecular palladium catalyst, can be used
for selective hydrogenation. Recently, the hydrodeoxygenation of aromatic alcohols has
received much attention due to the utilization of lignin, a plant biomass containing an
oxygenated polyaromatic structure, as a source of aromatic compounds. DeLucia et al.
reported a silica-supported terpyridine-Pd complex for the hydrodeoxygenation of model
biomass compounds.[31] The terpyridine-Pd complex with a carboxylic group is attached
to the silica surface. The supported Pd complex exhibits a high activity and selectivity
with respect to the hydrogeoxygenation of benzyl alcohol to toluene (Scheme 1). The
toluene selectivity significantly decreases when a precursor complex and silica-supported
premade Pd nanoparticles are used. In such cases, the major products are methyl
cyclohexane and its derivatives due to the promotion of benzene ring hydrogenation by
Pd(0) nanoparticles. In other words, the supported terpyridine-Pd complex was stable and
prevents aggregation. The mercury test also indicates the maintenance of the Pd complex
structure during the reaction. The catalytic activity of the supported Pd catalyst was

measured for at least ten cycles. The presence of the Pd complex and absence of Pd

10



nanoparticles in the recovered catalyst were determined by solid-state nuclear magnetic
resonance (NMR) and X-ray diffraction (XRD) measurement, respectively. The energy
calculation of the model surface structure reveals a strong interaction between the -OH of
the carboxylic acid group and the surface oxygen of the Si-O-H(or Si) group.

It has been reported that metal complexes with N-heterocyclic carbene (NHC) ligands
are useful ligands for catalysis tuning, and a variety of immobilization approaches have
been studied.[32] Conley et al. reported a silica-supported NHC-Pd complex and its
catalysis for the semihydrogenation of alkynes.[33] Molecular level characterization was
also performed using DNP-enhanced solid-state NMR. The structure and catalytic results
of the immobilized NHC-Pd complexes are shown in Scheme 2. Catalyst structures
including NHC, aromatics, and n-allyl groups were fully characterized by DNP-enhanced
1D *C CPMAS NMR and 2D 'H-1*C HETCOR NMR analysis. The immobilized NHC-
Pd has a high catalytic activity and selectivity, with 89% Z-alkene selectivity at 99%
conversion. The homogeneous counterpart has a slightly lower selectivity for the Z-
product. The selectivity is significantly low for Pd nanoparticles, indicating the catalysis
of the NHC-Pd complex on the SiO; surface. The catalyst can be used for the Z-selective
semihydrogenation of other internal and terminal alkynes. There have been many reports
on supported Pd complex catalysts for hydrogenation reactions for which immobilized
ligands with high coordination abilities, such as NHC,[34] triaza donor,[35] and Schiff
base,[36] are used.

Corma et al. reported an Au(I)-heterocyclic carbene (NHC) complex as a
hydrogenation and cross-coupling reaction catalyst.[37] The Au(I)-NHC complex can be
easily immobilized on the silica surface by a simple silane coupling reaction. In the case

of the hydrogenation of diethly citraconate, the supported catalyst has a higher reaction
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rate (TOF) than the homogeneous analogue (Scheme 3). There are several reasons for the
higher performance of the supported catalysts. The site-isolation effect of the supported
catalyst prevents the Au—NHC complex from decomposing during the reaction. The
supported catalyst has a good recyclability with respect to the hydrogenation reaction;
similar reaction rates and product yields were observed after 4th reuse experiment.

Other supported metal complexes with a NHC ligand are summarized in Scheme 4.
Romanenko and co-workers reported NHC-Ir complex on silica surface for
hydrogenation of frans-stilbene. The maximum TON of 8000 was significantly higher
than the corresponding homogeneous catalyst (<1000).[38] A supported Ru-pyncer
catalyst containing a NHC group was also reported for hydrogenation of CO; to formate
with superior performances than a homogeneous Ru analogue.[39] Other silica-supported
Ru-NHCs applied for alkene metathesis reaction: Samantary and co-workers investigated
the effect of rigidness of the linker structure on the metathesis catalysis as well as
interaction between Ru center and silica surface.[40] Other recently reported immobilized
Ir-pyncer complex[41] and Ru-thiolate[42] catalysts were used for CO> hydrogenation
and alkene methathesis, respectively.

For supported Pt complex catalysts, Prignano and Trogler reported silica-supported
bis(trialkylphosphine)platium oxalate in 1987.[43] The alkylphosphine ligand was
immobilized onto a silica surface with a Pt(C204)(SMe»), precursor. The immobilized Pt
catalyst is active with respect to the hydrosilylation of alkenes under UV irradiation
(Scheme 5). Recently, Huo et al. reported a Pt(II) complex with bulky Schiff base
ligands.[44] This catalyst system is also applicable to the hydrosilylation reaction: a
maximum TON of 3623 was obtained from the reaction of I-octene and

trimethoxyhydrosilane.
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Mori et al. reported a [Pt(tpy)CI1]CI (tpy: terpyridine) catalyst for the photooxidation of
alkenes.[45] The Pt complex, [Pt(tpy)CI]CI, can be easily attached to the mesoporous
silica surface with an immobilized aminopropyl group. The photooxidation catalytic
activity (total TON) strongly depends on the loading amount of Pt on the mesoporous
silica support (Scheme 6). This dependency is in agreement with the intensity of the
luminescence emission of the *MLCT of the supported Pt complex under degassing
conditions: the luminescence intensity first increases from 0.2 wt.% to 0.4 wt.% and then
decreases with increasing load (>0.8 wt.%) with increasing *MMLCT band due to the
aggregation of the supported Pt complex. In the presence of O, the catalyst with a load
of 0.4 wt.% may effectively produce active oxygen species by energy- and/or electron-
transfer reactions from the excited state of the Pt complex. The homogeneous Pt complex
has a much lower catalytic activity due to aggregation. The same authors also reported
the hydrogen evolution reaction from an acetate buffer solution and EDTA using a
supported Pt complex catalyst.

Sawamura et al. reported silica-supported cage-type phosphine ligands for a variety of
highly efficient organic transformations catalyzed by transition metals including
palladium.[45-48] A compact phosphine ligand, silicon-constrained monodentate alkyl-
phosphine (SMAP), was immobilized on the silica surface using its isolated form,
suggesting the formation of a highly reactive 1:1 metal/P complex on the surface. The
compact shape of the ligand also enables the reaction of sterically hindered substrates.
The silica-SMAP/Pd system is applicable to the Suzuki—Miyaura cross-coupling reaction
of chloroarenes with bulky groups such as 2,6-dimethylchlorobenzene and 2,6-
diphenylchlorobenzene.[46] Note that the activity of silica-SMAP/Pd is higher than that

of homogeneous systems using XPhos and SPhos in the case of bulky substrates. Silica-
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supported 9-phospha-10-silatriptycenes (silica-TRIP) was also developed as a solid
ligand of Pd for Suzuki—Miyaura coupling.[47] Scheme 7 presents the results of the
Suzuki—Miyaura coupling of chlorotoluene and phenylboronic acid. Silica-TRIP and
silica-SMAP catalysts exhibit a much better performance than their homogeneous
analogues.[47] This reaction rarely occurs with simple PPhs. The same group also
investigated silica-supported tripod and monopod triaylphosphines (silica-3p-TPP and
silica-1p-TPP).[48] The structure and cross-coupling results are shown in Scheme 7.
Silica-3p-TPP is a good ligand compared with silica-1-TPP. The results of the solid-state
NMR analysis reveal the formation of an undesired 1/2 Pd/P complex in Silica-1p-TPP/Pd.
On the other hand, Silica-3p-TPP and the direct attachment of cage-type phosphine
ligands, SMAP and TRIP, on the silica surface selectively yielded isolated 1/1 P/Pd
complexes. Various other silica-supported Pd complexes have been used for cross-
coupling reactions. Please see references [49-62] regarding recent examples of Heck,
Suzuki—Miyaura, Negishi, and Sonogashira reactions.

Sawamura et al. reported the hydrosilylation of bulky ketones using a Rh complex
attached to a silica-supported compact phosphane ligand (SMAP: silicon-constrained
alkylphosphane).[63,64] The supported catalyst was characterized with high-resolution
solid-state NMR. The catalyst showed an excellent catalytic performance with respect to
the hydrosilylation of sterically hindered ketones with hydrosilanes containing bulky
groups such as isopropyl and tertiary butyl substituents (Scheme 8). On the other hand,
homogeneous Rh catalysts with either SMAP structures or other general phosphine
ligands hardly showed a catalytic performance under the same reaction conditions. The
exceptionally spare environment of the supported Rh complex due to both the site-

isolation effect and compact SMAP ligand facilitates the excellent performance with
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respect to the hydrosilylation reaction of tough substrates. Sawamura et al. also reported
C(sp*)-H borylation using a supported triarylphosphine reagent (TRIP).[65,66] As shown
in Scheme 9, the combination of a [Rh(OMe)(cod)]» precursor and silica-TRIP promotes
the C-H borylation of N,N-dimethylacetamide yielding mono- and di-borylated products,
whereas other heterogeneous and homogeneous reaction systems using various ligands,
including Rh-TRIP, did not show a considerable catalytic activity. The methyl group and
internal methylenes, such as N-pivaloylpyrrolidine, can be reacted using the silica-TRIP-
Rh catalyst systems. In addition, the same research group expanded the silica-supported
compact phosphine ligand strategy to various Rh-catalyzed reactions such as the
hydrogenation of hindered ketones [67] and aromatic C-H borylation.[68]

Sawamura et al. reported the conjugate reduction of o,B-unsaturated carbonyl and
carboxyl compounds as an example of a supported Cu catalyst for reduction reactions.[69]
Polymethylhydrosiloxane was used as the reducing agent. The silica-SMAP acted as a
heterogeneous ligand of the Cu acetate precursor, resulting in a high yield of the
corresponding saturated carbonyl compounds. Other phosphine ligands, including
homogeneous Ph-SMAP, were not effective. Regarding supported Cu complex catalysis,
bond-forming reactions, such as aldehyde-alkyne-amine (A®) coupling,[70] the addition
of alkynes to imines,[71] and click chemistry [72,73] have been reported.

The Ir complex has been mainly highlighted as a highly active homogeneous
catalyst for the C-H activation reaction. Smith et al. initially reported Ir-catalyzed C-H
borylation using a homogeneous Ir complex.[74,75] Hartwig—Miyaura C-H borylation is
a widely known C-H activation procedure [76-80] and the combination of the bipyridine
ligand and Ir-hydroxo or —methoxide cyclooctadiene complex yields an efficient catalyst

for the C-H borylation reaction.[ 78] Recently, the heterogenization of the Ir complex has
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been applied to various solid media such as metal-organic-frameworks (MOFs)[81-84]
and covalent organic frameworks (COFs) [85]. A minireview of heterogeneous Ir
catalysts has also been published [86]. Silica is also an effective solid support for Ir
complexes. Sawamura et al. reported silica-supported SMAP as a heteorgenoeus ligand
of the Ir-catalyzed aromatic C-H borylation.[87-89] As shown in Scheme 10, silica-
SMAP-Ir has a high catalytic activity with respect to the C-H borylation of methyl
benzoate with pin2Ba, yielding 89% ortho-borylated product with a high regioselectivity.
The amount of Ir catalyst can be decreased to 0.005 mol% while maintaining the high
product yield, realizing an excellent TON of 20000 for 3 h. Interestingly, the C-H
borylation suddenly stopped when the SMAP ligand was used as a homogeneous Ir
catalyst. Various homogeneous ligands and several Ir/ligand ratios were examined,
however, a catalytic reaction rarely occurred. This comparison indicates that a unique
structure forms on the silica surface with a SMAP ligand: site-isolation phenomena on a
solid surface may play pivotal roles in the construction of highly active and coordinately
unsaturated Ir sites. Sawamura et al. expanded the compact phosphine ligand to Ir-
catalyzed reactions. Silica-supported TRIP is also an efficient heterogeneous ligand for
Ir-catalyzed C(sp®)-H borylation [90] and C-H borylation of quinolones at the C8
position.[91]

Another efficient way to heterogenize the Ir complex is to immobilize the Ir-bipyridine
complex by a silane coupling reaction. Jones et al. reported a mesoporous silica-supported
Ir-bipyridine complex with a methylene linker.[92] The reported catalyst has a good
stability. The initial reaction rate gradually decreased; however, a 94% yield was achieved
at 3rd reuse experiment after a prolonged reaction time. Inagaki et al. demonstrated

periodic mesoporous organosilica (PMO) as a support for the Ir complex.[93-95] The
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PMO containing a bipyridine ligand (Bpy-PMO) acted as an excellent support for the Ir-
cyclooctadiene species. With respect to the borylation reaction of benzene, a high TON
of 728 was achieved with the Bpy-PMO-Ir catalyst. A comparison of the catalytic activity
with other homogeneous and heterogeneous Ir catalysts is shown in Scheme 11. The Bpy-
PMO was determined to be the best support for the borylation of benzene compared with
the silica-supported Ir-bipyridine complex with a methylene linker. Surprisingly, the
performance of Bpy-PMO-Ir was superior to that of its homogenous analogue. The Bpy-
PMO-Ir catalyst showed a good durability and recyclability and the catalyst maintained a
high catalytic activity at least three times. On the other hand, the homogeneous analogue
was completely deactivated after the first run. The isolated Ir sites on the well-defined
Bpy-PMO wall prevented an undesired deactivation and increased its durability. The wide
applicability of the Bpy-PMO-Ir catalyst enhances the borylation of various substituted
benzenes as well as heteroaromatics.[94] Regarding the POM ligand for site-isolation,
Wang and co-workers reported Bpy-PMO-Mn catalyst for efficient CO»
photoreduction.[96]

Supported Ir-bipyridine catalysis is strongly affected by the support environment.
Based on these previous studies of supported Ir catalysis, our group investigated the
effects of the linker length as well as co-immobilized molecules on the C-H borylation
reaction catalyzed by silica-supported Ir-bipyridine.[97] Interestingly, the methylene
linker length strongly affects the catalytic performance: the reaction rate of the C1 linker
(Si02/bpy(C1)/Ir) is more than five times higher than that of the C4 linker. The catalytic
activity of Si0,/bpy(C1)/Ir with respect to the reaction of benzene is comparable to that
of its homogeneous analogue, that is, 4,4’-dimethyl-2,2’-bipyridyl. In addition, the co-

immobilization of tertiary amine onto SiO»/bpy(C1)/Ir significantly increases the
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catalytic performance of aromatic substrates with specific substitution groups such as
benzonitrile (Scheme 12). The results of in situ FTIR analysis of the supported tertiary
amine indicate interactions among benzonitrile—silanol-amine, which may enhance the
adsorption of aromatic substrates and affect the C-H activation catalysis.

Yang and Rioux reported a silica-supported Rh complex for C-S bond
formation.[98,99] The supported Rh complex with a simple diamine linker facilitates the
Z-selective hydrothiolation of terminal alkynes.[99] The supported Rh complex showed
99% selectivity toward the Z product with a good catalytic activity (Scheme 13). The
reaction also proceeded with a homogeneous Rh complex. However, the E-selectivity was
94% without the diamine ligand. With diamine, the Z-selectivity increased in the case of
the homogeneous catalyst. However, both the activity and Z-selectivity of the
heterogeneous catalyst were higher.

An enhanced enantioselectivity was observed in a periodic mesoporous
organosilica (PMO)-supported Rh catalyst used for enantioselective hydrogenation
combined with horse liver alcohol dehydrogenase (HLADH).[100] As shown in Scheme
14, the catalytic cycle of the enantioselective hydrogenation by HLADH is assisted by
the NADH-NAD" cycle catalyzed by a Rh catalyst with formate as a hydrogen donor.
Both the substrate conversion and enantioselectivity of the product (S)-4-phenyl-2-
butanol with a PMO-supported Rh complex (91%, >98% ee) were higher than those of
the homogeneous Rh-bipyridine catalyst (80%, 87% ee). Mesoporous silica (FSM-16)
represents a good support for the enantioselectivity, whereas the use of amorphous silica
did not improve the performance. In the case of a homogeneous catalyst, the Rh catalyst
was adsorbed onto HLADH, resulting in the deactivation of HLADH. In the case of PMO-

supported Rh, the direct interaction between the Rh site and HLADH is prevented, which
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induces the maintenance of the catalytic activity and selectivity. The interaction was also
prevented in the case of FSM-16. However, the catalytic activity decreased because of
the different immobilization methods: the direct immobilization of Rh onto the PMO
surface results in a higher catalytic performance.

Fukaya et al. reported a stable tripodal linker unit for the immobilization of a chiral
ligand during asymmetric hydrogenation (Scheme 15).[101] The hydrogenation of (£)-a-
(acetamido)cinnamic acid occurred in the presence of a Rh precursor and immobilized
chiral ligand and 98% of the corresponding product was yielded, with an ee of 95%. The
low leaching levels of P and Rh atoms induced an excellent recyclability of the catalyst.
Regarding robust and chiral catalysis, Saito and Kobayashi reported a supported chiral
Rh complex via acid-base and electrostatic interactions using silica-supported primary
amine and heteropoly acid.[102]

Various ruthenium complex catalysts have been reported for oxidation, reduction,
hydrogen transfer, and metathesis reactions. Recently, the selective decomposition of
formic acid to CO> and H> has received much attention due to the use of formic acid as a
hydrogen carrier. Gan et al. reported a silica-supported Ru-phosphine catalyst for the
selective decomposition of formic acid to CO2 and H».[103] The supported catalyst was
prepared by the silane coupling reaction of a phosphine ligand with a methylene linker,
followed by complexation with [RuCloy(mTPPTS):l> (mTPPTS=meta-trifulfonated
triphenylphosphine). The catalytic activity of the supported catalyst strongly depended
on the linker length. The highest TOF of 660 h™! was obtained with the C2 linker (Scheme
16). This value is higher than that of the homogeneous Ru complex analogue (480 h™).
After the optimization of the reaction conditions, the TOF value increased to 2780 h™'.

Interestingly, no Ru leaching was observed. The catalyst showed a good durability and
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the TON increased up to 71000 after 18 recycles.

The formation of unsaturated metal complexes can be achieved due to the site-isolation
effect on the silica surface. Tada et al. reported silica-supported unsaturated Ru complex
catalysts for oxidation reactions.[104,105] A well-known monomeric Ru complex was
prepared  from  N-arylsulfonyl-1,2-ethylendiamine and [Ruz(p-cymene)>Cly].
Subsequently, the Ru complex was attached to the silica surface. The supported Ru
complex exhibited a high catalytic activity with respect to the epoxidation of stilbene
using O and isobutylaldehyde (Scheme 17A),[104] whereas the precursor monomeric
Ru complex was much less active under similar reaction conditions (10% conversion,
71% select). The results of spectroscopic analyses, including UV/Vis, NMR, FTIR, and
XAFS, and DFT calculations imply the formation of three-coordinate Ru species during
the reaction.[105] The same supported Ru catalyst was further activated by
photoirradiation under an O, atmosphere.[106] The activated singlet-state Ru complex
showed a good performance with respect to the photooxidation of cyclohexane under O>
with a total TOF of 6.3 h'! (Scheme 17B). Site isolation on the silica surface resulted in
the formation of coordinatively unsaturated Ru complexes with a high reactivity.

Many other supported Ru complexes have been reported as efficient heterogeneous
catalysts for hydrogenation,[107] hydrogen transfer reactions,[108] alkene and alkane
oxidation,[109] and metathesis reactions[110,111].

Che et al. reported a silica-supported Fe complex for oxidative carbon—carbon
bond-forming reactions.[112] The substituted terpyridine ligand was immobilizized on
the SBA-15 surface, followed by complexation using the Fe(ClO4)2 precursor forming
the supported Fe terpyridine complex. The oxidative coupling between indole and

tetrahydroisoquinoline was investigated using TBHP as an oxidant. The reaction with the
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supported Fe complex yielded 80% of the corresponding coupling product, whereas the
selectivity decreased based on the use of a homogeneous Fe-terpyridine complex
analogue (Scheme 18). The catalyst can be widely applied as a substrate for the coupling
of indoles, pyrroles, and alkynes with various amines. The supported terpyridine ligand
can be reused; however, Fe(ClO4); is required for the recycling experiment.

Hikichi et al. reported an SBA-15-supported Fe complex catalyst for the oxidation of
alkenes.[113] An Fe complex with a B-ketiminate ligand is attached to the silica surface
by a silane coupling reaction and the addition of FeCls leads to the formation of the
surface Fe complex (Scheme 19). The prepared catalyst has a good catalytic performance
with respect to the oxidation of cychexene using H>O> as an oxidant. The total TON of
the SBA-15-supported catalyst was 8.3 and 57.1 at room temperature and 80 °C,
respectively. When amorphous silica was used as a support at room temperature, the TON
decreased to 5.2. The uniform surface of SBA-15 enables the efficient formation of a
coordinatively unsaturated Fe complex. A homogeneous catalyst with two ketamine
ligands has a lower catalytic activity at room temperature, indicating the site-isolation
effect of the supported catalyst. Supported Fe catalysts with organoborate ligands have
also been used for the oxidation of cycloalkenes by the same research group.[114,115]
Nakazawa et al. reported supported Co complexes used for alkane oxidation
reactions.[116] A triazolyl-group-containing tetradentate ligand was prepared on a silica
surface and the ligand was treated with a methanol solution of Co(OAc)2-4H>O to obtain
the supported Co complex (Scheme 20). The prepared catalyst was used for the oxidation
of cyclohexane using mCPMA as an oxidant. The catalytic performance of the supported
catalyst was similar to that of the homogeneous Co complex with similar ligands. Other

supported Co, Ni, and Fe complexes have been reported as catalysts for alkane oxidation
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reactions.[117-119]
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Scheme 1. Hydrodeoxygenation of benzyl alcohol using Pd catalysts [31]
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Scheme 2. Semihydrogenation of alkynes using Pd catalysts [33]

Ph—=—"Me — /" e
Heterogeneous
Nf/\N
. -1
Pd\) TOF : 1800 h
o # TON : 1100
89% Z-sel. at 99% conv.
0"Si~o Si0,
% O X
X
Homoegenous

[BnMesNHC]Pd(C3H5)Cl  84% Z-sel. at 95% conv.

Nanoparticle 74% Z-sel. at >90%conv
(20 nm)
Ph—=—""r ~ PH Pr
Heterogeneous TOF : 13200 h™"
TON : 3300

92% Z-sel. at 99% conv.

24



Scheme 3. Silica-supported Au—-NHC complex for hydrogenation [37]
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Scheme 4. Examples of silica-supported metal complex catalysts with a NHC ligand [38-
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Scheme 5. Hydrosilylation of olefins catalyzed by a supported Pt complex [43]
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Scheme 6. Supported Pt complex catalyst for the photooxidation of styrenes (Adapted

from ref. [45] Copyright Wiley-VCH GmbH. Reproduced with permission.)
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Scheme 7. Suzuki—Miyaura cross-coupling of chlorotoluene catalyzed by a Pd complex
[47b]
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Scheme 8. Hydrosilylation of diisopropyl ketone using a silica-SMAP-Rh catalyst [63]
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Scheme 9. Borylation of C(sp3)-H using a Rh complex catalyst [65,66]
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Scheme 10. C-H borylation of methyl benzoate using a silica-SMAP-Ir catalyst [87]
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Scheme 11. C-H  borylation of benzene using Bpy-POM-Ir

heterogeneous/homogeneous Ir-bipyridine catalyst [93]
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Scheme 12. Silica-supported Ir-bipyridine for the C-H borylation of benzene and

substituted benzene [97]
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Scheme 13. Hydrothiolation of phenylacetylene using Rh complex catalysts [99]
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Scheme 14. Asymmetric hydrogenation with the Rh catalyst-HLDAH combined system
[100]
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Scheme 15. Asymmetric hydrogenation catalyzed with the Rh complex with a phosphine
ligand immobilized by a tripodal linker unit [101]
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Scheme 16. Selective decomposition of formate to CO> and H> using a supported Ru

complex [103]
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Scheme 17. Silica-supported Ru complex for (A) alkene epoxidation and (B) alkane

photooxidation [104,106]

o4
O Sl

/ .
HN I

Ru cat. (A) 0 OH
Ph/:\Ph > /\ O Ru cat. (
IBA,O2  py  pp hv (A= 275 nm)
>99% conv., 90% sel. total TOF: 6.3 h""

39



Scheme 18. Oxidative coupling of indole and a tetrahydroisoquinoline using Fe complex

catalysts [112]
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Scheme 19. Oxidation of cyclohexene using supported Fe complex catalysts [113]
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Scheme 20. Oxidation of cyclohexane using supported Co complex catalysts [116]
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3. Concerted Effect on Surface for Enhanced Catalysis

Surface-induced chiral synthesis was reported by Cérdova et al. [120] Both chiral
pyroridine derivatives and diamonopalladium complexes were immobilized on the same
silica surface. Click chemistry was used for amine immobilization to provide the
supported organocatalyst. The prepared catalyst was used for the asymmetric cascade
transformation of unsaturated aldehydes and nucleophilic alkynes (Scheme 21). As
shown in Scheme, the nucleophilic addition to the aldehyde (Michael reaction) occurs via
the iminium activation mechanism, followed by a cyclization reaction promoted by a Pd
site affording carbocycle products. The use of a supported bifunctional catalyst yielded
73% of the corresponding product, with a diastereomer ratio (dr) of 87:13 and enantiomer
ratio (er) of 95:5. The reaction was also applied to the synthesis of spirocyclic oxindoles.
After the optimization of the reaction conditions, the er increased to 97.5:2.5. Without Pd,
cyclization products were not obtained. The cyclization product was also obtained by
using a homogeneous asymmetric organocatalyst precursor and PdCl,. However, the er
slightly decreased (94.5:5.5), indicating the synergistic effect of the bifunctional surface.

The palladium-catalyzed allylation of nucleophiles (Tsuji—Trost reaction) is one of the
most powerful procedures for introducing reactive allyl groups to nucleophilic
compounds. After the initial discovery of the reactivity of n-allylpalladium by Tsuji[121]
and Trost[122], numerous studies have been carried out using homogeneous and
heterogeneous palladium catalysts.[123-126] The Pd-catalyzed Tsuji—Trost reaction is
promoted by base additives, which increase the nucleophilicity of the donor substrates
such as active methylene compounds. This reaction mechanism encouraged us to design
a bifunctional catalyst with both a Pd complex and organic base, such as a tertiary amine,

on the same SiO> surface.[127,128] As shown in Scheme 22, the Tsuji—Trost reaction of
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ethyl acetoacetate and allyl methyl carbonate was examined using supported
diaminopalladium catalysts. The silica-supported diaminopalladium—tertiary amine
catalyst (SiO/diamine/Pd/NEt;) has the highest catalytic activity, leading to a
quantitative yield of the product. The product yield decreases to 26% based on the use of
the supported catalyst containing only the Pd complex (SiO»/diamine/Pd) and the yield
does not improve by the addition of silica-supported tertiary amine (SiO2/NEt2). These
results indicate that both the Pd complex and tertiary amine must be located on the same
silica surface to increase the allylation catalysis. Under the same conditions, the
homogeneous diaminopalladium analogue is almost inactive. The proposed reaction
mechanism includes the cooperative activation of an allylating agent and a nucleophile
by the Pd complex and tertiary amine, respectively.

Studer et al. reported a silica-supported Pd complex—amine system that was prepared
via click chemistry.[129] An azide group was immobilized on the silica surface via a
silane coupling reaction, followed by azide—alkyne coupling using 2-ethynylpyridine
providing a triazole-pyridyl ligand on the silica surface. Various amines were
functionalized on the same silica surface and the complexation of PdCl. with the ligand
led to the formation of bifunctional catalysts (Scheme 23). Immobilization of tertiary
amines, especially the aminoamide group, performs much better, yielding 96% of the
corresponding double allylation product compared with the catalyst only containing the
Pd complex (77% yield of the mono-allylated product). Other functionalities, such as
tertiary and primary amines, also accelerate the allylation reaction, selectively providing
mono-allylated products.

The Pd complex—tertiary amine catalyst was improved by our group by using a

bisphosphine—Pd complex and DABCO as Pd and amine sites (SiO2/PP-Pd/DABCO),
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respectively.[130,131] The catalyst structure and performance are summarized in Scheme
24. Co-immobilization of DABCO enhances the catalytic performance of the Pd complex.
After the optimization of the reaction conditions, various nucleophiles, such as
dicarbonyls and phenols, were applied to generate the corresponding mono- and di-
allylated products with high turnover numbers (TONs). The prepared SiO»/PP-Pd
catalysts were characterized using several spectroscopic techniques including solid-state
NMR and Pd K-edge X-ray absorption fine structure (XAFS). The extended X-ray
absorption fine structure (EXAFS) curve-fitting analysis indicates that the Debye—Waller
factor (DW) is strongly affected by the co-immobilized functionality. After the
immobilization of large molecules, such as DABCO and n-hexyl groups, the DW values
increased.[131,132] This result suggests that the Pd complex conformation is affected by
the co-immobilized functionality, whereas the basic coordination structures are the same.
In other words, the surface functionalities are located in close proximity and can interact
with substrates together and activate them cooperatively. Similar DW value changing was
also observed due to different morphologies of the silica support.[133]

Cooperation between the immobilized Pd complex and support silica surface is
another interesting effect that increases the Pd catalysis. In the field of supported
organocatalysis, it is well known that surface silanol groups can assist in catalytic
reactions.[ 134-138] Gonzalez-Arellano et al. reported that the olefin hydrogenation rate
of a supported Pd—Ni complex was enhanced by surface acidity.[ 139] The hydrogenation
intermediate was stabilized by surface acidity. In the case of allylation, allylic alcohol has
received much attention as an allylating agent due to the formation of water as the sole
byproduct.[140,141] It is well known that hydrogen bonding between allylic alcohol and

protonic additives enhances the allylation using allylic alcohols.[142-146] Therefore, the
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use of a silica-supported Pd complex with surface Si-OH should be effective for the
allylation of nucleophiles using allylic alcohols.[147,148] The reaction results are
summarized in Scheme 25. The use of a mesoporous silica-supported PP—Pd complex
(MS/PP-Pd) enhances the reaction of ethyl acetoacetate with allylic alcohol. After the
removal of the surface Si-OH, the catalytic activity decreases. Under these reaction
conditions, the homogeneous Pd counterpart exhibits a very low activity. The interaction
between allylic alcohol and surface Si-OH was detected by in situ FT-IR and solid-state
NMR. The polar environment of the silica surface with silanol enhances the C-O bond
cleavage of the allylic alcohols.

The use of cationic metal complexes with BF4 anions is an interesting approach with
respect to the immobilization of metal complexes on silica surfaces. Shu et al.
demonstrated the use of a silica-supported cationic Au complex for region- and
enantioselective intramolecular lactonization.[ 149] The hydrogen bonding of the F atom
and surface Si-OH enables the stable immobilization of Ph;PAuBF;, onto the silica SBA-
15 surface. The supported catalyst accelerates the intramolecular lactonization of an
allenoic acid due to the enhancement of protodeauration by Si-OH. The reaction was
completed within 2 min with the supported catalyst, whereas it lasted for 120 min with
homogeneous Ph;PAuBF4 (Scheme 26A). The supported catalyst showed a high
regioselectivity with respect to the cyclization reaction of alkynoic acid and a very high
regioselectivity of the 5-membered cyclic product compared with the homogeneous
catalyst (Scheme 26B). The supported cationic Au catalyst system can be applied to the
enantioselective cyclization of allenoic acid. As shown in Scheme 26C, the supported
catalyst with chiral ligand L* yields a lactonization product with a high enantiomer excess

(95% ee). In the case of the homogeneous counterpart with the same ligand, an
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enantioselectivity was not observed. In the control experiment, the authors examined the
reaction using other supports such as MCM-41 and nonmesoporous silica. An
enantioselectivity was still observed with other silica materials, suggesting the
participation of the surface Si-OH group in the catalytic cycle rather than the confinement
effect. The supported Au catalyst could be reused at least 11 times without any
enantioselectivity loss, whereas the Au amount gradually decreased. Other silica-
supported Au(I) complex catalysts have also been applied using directly attached
phosphine ligands with methylene linkers [150-152].

An interesting example of the cooperative catalysis of a supported Rh complex was
observed during the hydrogenation of aromatic rings. Angelici et al. initially reported a
silica-supported Rh complex—metallic Pd particle bifunctional catalyst system for the
hydrogenation of arenes.[153-159] Representative results are summarized in Table
1.[154] The hydrogenation of the benzene ring of methyl benzoate and phenol rarely
occurred using SiOz-supported Pd particle under 4 atm of H. The SiO»-supported Rh
complex yielded a small amount of the hydrogenation product from methyl benzoate,
whereas it was almost inactive with respect to phenol hydrogenation. Surprisingly, the
silica-supported both Rh complex and metallic Pd provided an excellent yield of both
hydrogenation products in a shorter reaction time than the Rh complex alone. The TON
value of the Rh site was 2900 for the reaction of phenol. In a similar reaction system, a
detailed hydrogenation mechanism was demonstrated by Barbaro et al.[160-162] The
EXAFS and FTIR analyses and control experiments revealed that the Rh complex and Pd
nanoparticles are located in close proximity and directly interact with the activated arene
under hydrogenation conditions.[161] This catalyst system, monomeric Rh complex, and

metallic Pd particles, might be applicable to hydroformylation.[163] The incorporation of
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the two functionalities into one silica sol-gel matrix is also suitable for arene
hydrogenation.[164] As shown in Table 2, the SiO>-supported Rh dimer catalyst with
metallic Pd particles has the highest reaction rate with respect to the hydroformylation of
l-octene.[163] Regarding hydroformylation of alkenes, many supported Rh complexes
with phosphine ligands, such as xantphos, have been used.[165-180]

Vizza et al. reported a supported triphosphine sulfos (-O3S(CsH4)CH2C(CH2PPh,)3) Pd
complex on SiO2 obtained via hydrogen bonding between the silica surface and SO3
group.[181] As mentioned above, this supported Rh complex was used in a bifunctional
system with metallic Pd.[160,161] The catalyst, SiO-sulphos-Rh, shows a good
performance with respect to the hydrogenation of enones, nitriles, and
heteroarenes.[182,183] The enantioselective hydrogenation of alkenes has also been
applied.[184]

The Rh-catalyzed 1,4-addition reaction of phenylboronic acid is one of the most
powerful tools for the construction of B-arylcarbonyl compounds.[185-192] It was also
reported that a silica-supported diamine ligand is effective for heterogeneous Rh complex
catalysts with respect to 1,4-addition reactions with the support of co-immobilized tertiary
amines.[193] The bifunctional catalyst, that is, the SiOz-supported diamonorhodium
complex with tertiary amine (SiO»/diamine/Rh/NEt>), can accelerate the catalysis by
electron donation from the tertiary amine to the boron atom of the phenylboronic acid,
which weakens the Ph-B bond and thus enhances the transformation step. The interaction
between the amine and boron was revealed by solid-state !'B MAS NMR.[193] As shown
in Scheme 27, the TOF of the Rh site strongly depends on the total surface density of the
Rh complex and tertiary amine, indicating that the distance between the Rh complex and

tertiary amine is a critical factor affecting the acceleration. A method using a probe
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molecule that can interact with both the diamine ligand and tertiary amine revealed that
the appropriate surface distance between the Rh complex and tertiary amine should be
shorter than 8 A.[194] The 1,4-addition reaction rate significantly depends on the support
morphology. When mesoporous silica was used as a support for both the Rh complex and
tertiary amine, a maximum TON of 8500 was obtained, with a yield of 82%.[195]
Fernandes et al. demonstrated the control of silica-supported Cu catalysis by surface
molecular engineering using additional functionalities such as N-methylimidazole ligand
(NMI) and 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO).[196,197] In the aerobic
oxidation of benzyl alcohol, NMI and TEMPO act as additional ligands for the Cu-
pyridyltriazol complex and co-catalyst for the hydride elimination from the Cu-alkoxide
intermediate, respectively. As shown in Scheme 28, the trifunctinal catalyst, that is, silica-
supported Cu complex/NMI/TEMPO, has the highest reaction rate (TOF) with respect to
the aerobic oxidation of benzyl alcohol (55.1x1072 min™).[196] A moderate reaction rate
was observed in the case of a supported bifunctional catalyst with an additional
homogeneous component such as silica-supported Cu complex/ TEMPO with
homogeneous NMI (25.4x102 min). The TOF of the bifunctional catalyst without
additional NMI was only 1.3x10 min™'. This result strongly implies the significant
acceleration by the immobilized NMI. A simple homogenous mixture of three
components yielded a much lower efficiency (11.9x10 min™'). This is an interesting and
unique effect of the multifunctionalized catalytic surface. To investigate the detailed
positioning of these three components, that is, Cu, NMI, and TEMPO, oligomers were
immobilized onto silica surfaces with a controlled order by the same group.[198,199] As
shown in Scheme 29, the order of the components strongly affects the catalytic activity:

the position of NMI must be close to that of the Cu complex in the case of the supported
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catalyst. On the other hand, the homogeneous oligomer catalyst exhibits different
phenomena. In addition, the co-immobilization of triethylene glycol methyl ether on the
silica surface with the Cu/NMI/TEMPO oligomer decreases the reaction rate (8.1x1072
min"). These results indicate that intermolecular interactions between neighboring
Cu/NMI/TEMPO oligomer pairs are necessary to increase the reaction rate, suggesting
the presence of intermolecular Cu complex—NMI interactions. The appropriate
orientation of supported TEMPO/NMI/Cu enhances the catalytic activity, whereas the
homogeneous nature induces insignificant differences in the catalytic activity, even under
a different order of functionalities.

The Cu-bis(oxazoline) complex (Cu-BOX) catalyzes the asymmetric reactions of
Lewis acids. Iwasawa et al. reported silica-supported Cu-BOX catalysts for asymmetric
Diels—Alder reactions.[200,201] The homogeneous Cu-BOX-OTfT catalyst promoted the
reaction between cyclopentadiene and 2-acryloyl-2-oxazolidinone, yielding 98%
conversion and an endo product with an ee of 27%. This ee value is higher than that of
Cu-BOX-ClO4 (5% ee). After immobilization of the Cu-BOX catalyst onto the silica
surface, the enantioselectivity decreased to 14% ee. However, the ee value increased to
63% after the co-immobilization of the methacryloxypropyl group on the same silica
surface (Scheme 30). Other functional groups, such as octyl and diamino groups, did not
increase the enantioselectivity. The results of Cu K-edge XAFS, X-ray photoelectron
spectroscopy (XPS), and electron spin resonance (ESR) analyses did not indicate a
significant change in the local coordination structure of the Cu complex after the co-
immobilization of organic groups. Strong interactions between the Cu-BOX and
methacryloxypropyl group were not observed. However, the FTIR analysis indicated that

the methacryloxypropyl group might interact with polar functionalities, such as NH, in
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the BOX ligand. The immobilized organic group occupies the space around the Cu-BOX
and weak interactions may enhance the chirality. Similar examples of surface-enhanced
enantioselectivity by surrounding environment have been reported for other metal
complexes. Details are shown in next Section.

A [Ru(bpy)s]*" complex immobilized on SiO.@Ag has been reported by Mori et al.
as a supported metal complex catalyst based on which localized surface plasmon
resonance can be controlled.[202] Plasmonic Ag nanoparticles coated with Si0; enhanced
the excitation rate and quantum efficiency of the attached Ru-bipyridine complex under
photoirradiation conditions. The SiO: layer was functionalized by a carboxylic acid group
through a silane coupling reaction and [Ru(bpy);]*" was then attached via electrostatic
interactions. The electron transfer from the Ru complex to the molecular oxygen activated
the oxidation reaction of alkenes under visible-light irradiation at room temperature. For
example, the TON of o-methylstyrene oxidation using the SiO>@Ag-supported Ru
complex was two times higher than that of a simple SiO; support (Scheme 31). On the
other hand, the direct attachment of the [Ru(bpy)3]*" complex to the Ag nanoparticle
decreased the catalytic activity due to the quenching of the excited [Ru(bpy)s]**. These
results are in good agreement with the PL emission intensity of the Ru complex. The
plasmon resonance frequency at 400 nm due to Ag nanoparticle is close to the excitation
frequency of [Ru(bpy)s]*".

A tandem reaction using one silica catalyst with more than two incorporated metal
complexes is an effective approach to prepare multi-functionalized organic molecules.
Several review papers have been published including tandem reaction approaches using

multifunctionalized heterogeneous catalysts.[203] Liu et al. reported a shell-type silica

nanosphere, which can be used to immobilize both Pd complexes and chiral Ru
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catalysts.[204] Based on the ship-in-bottle synthesis of the IPr-Pd complex inside the
silica shell followed by the complexation of the Ru precursor onto the pre-immobilized
chiral ligand, a silica nanosphere containing both an IPr-Pd complex and chiral Ru
complex was obtained (Scheme 32). The catalyst is utilized for the tandem Suzuki—
Miyaura coupling—asymmetric hydrogen transfer reaction of chloroacetophenones. The
bifunctional catalyst system led to a high yield of corresponding alcohols with high
enantioselectivities. The reaction also occurred using a homogeneous counterpart.
However, the heterogeneous catalyst has a higher activity and selectivity in several
substrates (Scheme 32). The preparation of the silica support with a three-dimensional
(3D) printing approach was also reported for the tandem reaction using two types of metal
complexes.[205] The Pd and Cu complexes were separately attached to different 3D-
printed silica supports. The two catalyst sets were used for the tandem click reaction-
Sonogashira/Stille/Suzuki—Miyaura coupling. For example, the three substrates, that is,
2-iodobenylbromide, NaN3, and alkynes, were effectively converted to the corresponding

substituted 1,2,3-triazoles (Scheme 33).
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Scheme 21. Silica-supported organocatalyst and Pd complex for enantioselective
cyclization [120]

NC
NC COzMe MeOZC"'
Pd cat. oL Vi
PhMO + Ph 73% yleld
[ ar. 87 : 13
A =0 er9:5

Nu/\ + RMO R* Nu—\ R Nu
\

3 X
5\ H — My Pd — R)\N+/ Pd

D

=0
Pd cat. E’QR

53



Scheme 22. Tsuji—Trost reaction catalyzed by a silica-supported Pd complex—tertiary
amine [127]
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Scheme 23. Tsuji—Trost reaction catalyzed by a silica-supported Pd complex [129]
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Scheme 24. Silica-supported Pd-bisphosphine complex for the Tsuji—Trost reaction [131]
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Scheme 25. Allylation of ethyl acetoacetate using allylic alcohol [147]
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Scheme 26. SBA-15-suported PhsPAuBF3 for lactonization reactions [149]
(A)

OH Au cat.(2 mol) m
\/\/\(g( 5 . P

SBA-15@Ph3PAUBF 4: 99% (2 min)
PhsPAUBF ;: 99% (120 min)

(B)

CO,H
4 Au cat.(2 mol) |
AT o020  Ar 07 07 ar

Ar=tol

SBA-15@Ph3PAUBF ;: 100 : 0
PhsPAUBF ,: 20 : 1

(C)
(0]
OH Au cat. m
(0] (0]

hetero.: SBA-15@L*(AuBF,), 84% yeid, 95%ee
homo.: L*(AuBFy), 90% yeid, 0%ee
O Pheh o
MeO S
Au B

MeO Pl
I°Ph H
Ph 5
“sBAts D

SBA-15@L*(AuBF,),

58



Table 1. Silica-supported Rh complex—metallic Pd catalyst for the hydrogenation of

arenes [ 154]
©/R 4 atm of H, O/R
heptane

70 °C
Conversion/TON of Rh
o) OH
Catalyst
OMe
_ 18%/- 0%/0
Si0,/Pd
(3 h) (18 h)
Q
CNH(CH,)3Si(OC,H
(CH3)3Si(OC3H5)3 0%/0 0%/0
CNH(CH)3Si(OCHs)s (2h) (10h)
o)
) o
HN
NH\\\\ 23%/120 0%/0
o) (4 h) (18 h)
/ —
/\Rﬁ/N 1P
AN
NN 100%/720 100%/2900e!
= (0.5 h) (7 h)

[a] cyclohexanone 58.8%, cyclohexanol 41.2%.
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Table 2. Silica-supported Rh complex-metallic Pd catalyst for the hydrogenation of
arenes [163]

H
Rh catalyst VMO
T T +
CO, H,, 60 °C /\/\/I
H™ ™0
Catalyst Conversion (time)/TOF

cis-Rhz[u-S(CH2)3Si(OCHa)s]2-
[Ph2P(CH2)3Si(OC2Hs)3]2(CO)2

(Homogeneous complex)

Conversion: 44.1% (28 h)
TOF: 0.11 min -

Conversion: 98.2% (21 h)
TOF: 0.49 min -

Conversion: 98.6% (23.5 h)
TOF: 0.88 min !
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Scheme 27. 1,4-addition of phenylboronic acid using a SiO»-supported diaminorhodium-
tertiary amine catalyst [193]
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Scheme 28. Supported Cu-complex with NMI and TEMPO group for the aerobic

oxidation of benzyl alcohol [196]
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Scheme 29. Supported Cu-NMI-TEMPO oligomer and comparison of their reaction rate

with homogeneous oligomers [198]
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Scheme 30. Enantioselective Diels—Alder reaction promoted by a supported Cu complex

with co-immobilized functionalities [201]
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Scheme 31. Ag@SiOz-supported [Ru(bpy)s]*" for photooxidation of a-methylstyrene

[202]

cat. TON

[Ru(bpy)s]**/Ag@SiO, 861

[Ru(bpy)s]**/SiO, 420

Si0, layer [Ru(bpy)s]**/Ag 150

[Ru(bpy)s]**/Ag@SiO,

N X

N~
o /N\FLU/2+ 0 i
e b

o
O-gi gl ZAN HS Ao
X o g e J_}—o
HS
[Ru(

bpy)s]?*/SiO, [Ru(bpy)s]**/Ag

65



Scheme 32. Hollow-shell silica-supported IPr-Pd complex and chiral Ru catalyst for the

tandem Suzuki—Miyaura coupling—asymmetric hydrogen transfer reaction [204]
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Scheme 33. 3D-printed silica-supported Pd and Cu complex for the tandem click
reaction—Sonogashira/Stille/Suzuki—Miyaura coupling [205]
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3. Confinement Effect/Molecular Imprinting for Enhanced Catalysis

The advantage of mesoporous supports is the active site accumulation effect. Li et
al. reported the accumulation of a Co(salen) complex in an SBA-16 cavity.[206] The Co
complex has a much higher activity with respect to the kinetic resolution of epoxide
compared with homogeneous catalysis because of the cooperation of the two Co
complexes in the cavity. The amine—silanol cooperative catalysis in the mesopores is also
enhanced. Jones et al. reported the effect of the pore size on the aldol-type condensation
reaction.[207] Our group also investigated the effect of the pore size on Pd-catalyzed
allylation reactions.[208] Figure 3 indicates that the effect of the pore size depends on
the base additive. Based on the use of K»COs, a frequently used inorganic base, the
catalytic performance could be maintained at pore sizes ranging from 16 to 31 A, whereas
the maximum catalytic performance was observed for DBU at 23 A. In the case of
polymer-supported DBU as an additive, the catalytic activity is much lower for all
catalysts because of the large size of the base compared with the pore size. Kinetic studies
of the allylation using the MS/PP-Pd-DBU system imply that the maximum pre-
exponential factor (4) is reached at a size of 23 A, whereas the activation energy
insignificantly changes (E. = 66.1-73.3 kJ mol™!). These results indicate that the
confinement of an appropriate pore enhances the accumulation of active species, DBU,
and the Pd complex, resulting in a high catalytic performance.

An enhanced enantioselectivity by confinement effect has been reported in Rh
complex-catalyzed reactions. Table 3 shows the enantioselective hydrogenation of a
diketone to the corresponding hydroxylketone catalyzed by the Rh complex located in the
silica mesopores.[209] Both the reaction rate and enantioselectivity of the corresponding

alcohol increased with the decrease in the size of mesopores. In addition, the structure of
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the asymmetric ligand of the Rh complex strongly depends on the catalysis. Note that the
use of homogeneous Rh complexes with the same ligand does not yield a good
performance in terms of both the catalytic activity (turnover frequency: TOF) and
enantioselectivity. In addition to the above-mentioned example, there are many recent
reports [210-222] and reviews [223-231] on approaches for asymmetric catalytic
reactions using mesoporous supports or other heterogeneous media in both metal complex
catalysis and organocatalysis.

A molecularly imprinted approach was tested for the chemoselective Pd-catalyzed
Suzuki—Miyaura cross-coupling reaction. Muratsugu et al. reported a selective coupling
reaction using a silica-supported Pd complex imprinted by SiO>-matrix overlayers.[232]
The prepared imprinted catalyst was characterized by several spectroscopic techniques,
indicating the presence of a Pd complex in the SiO>-matrix overlayer. As shown in
Scheme 34, the template molecule (gray) structure is similar to the cross-coupling
product with the meta-substituted group. The Suzuki—Miyaura coupling results are
summarized in Scheme 34. The performance of the simple supported Pd complex is
similar to that of ortho, meta, and para-propenyl iodobenzene with phenylboronic acid,
whereas the reactivity of ortho-substituted iodobenzene is significantly lower in the case
of the imprinted catalyst. Both meta- and para-substituted iodobenzenes might not be
strongly affected by the cavity structure. The steric hindrance of the template cavity leads
to a unique reactivity, which depends on the similarity of the substrate structure and cavity.
There are various shape-selective approaches for silica-supported metal complex

catalysis using the molecular imprinting technique.[233-244]

69



N\
0O
1000 ¢t DBU
“'\
\
\
z 0._0 '\
@) \
= 0 2K* '
N K,CO;
500 /% —e. %
7 ) < 5
| N polymer-DBU ’
| \/\ N ca. 20 A -
O L L L L L L L L L L L L L L L
10 20 30 40 50 60 70 ©o

Pore Size (A)

Figure 3. (left) Dependency of the TON of allylation on the pore size of the mesoporous
silica support and (right) image of accumulation of DBU into a mesopore with appropriate

pore size [208]

70



Table 3. Effect of the support pore size on the Rh complex-catalyzed enantioselective

hydrogenation [209]
T E
g e
- ;NH ‘"F\CT/F
07N
H, 20 bar H o & W
Q om Rh / MS cat. 50 mg oH ou <|5 c'|> 5
Ph)%f " 40°C s0m ] Ph)*\f( ) AT
, min, MeOH 30 mL ol
O O Mesoporous silica
Rh/MS Cat. Pore size A Conversion (%) TOF (h) ee (%)
38 82.6 542 82
J = 60 67.1 440 65
\ N '
/Rh/
I Y 250 44.6 292 0
H, Homogeneous
62 46 0
(2h)
38 92.8 643 85
TR
\ +/N:’ ] 60 63.0 436 72
—Rh
l AN
:N; 250 60.7 420 65
Homogeneous 46.2 145 53
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Scheme 34. Pd complex catalyst imprinted on SiO2 for the selective cross-coupling
reaction [232]
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4. Supported metal complexes designed through SOMC

The SOMC concept has been applied to a variety of metal complexes, including Pd,
Ni, Rh, and Ru, for organic transformation.[6] The use of both appropriate precursor
metal complexes and pretreated silica supports enables the formation of active species on
surfaces. Apler et al. carried out pioneering work on Pd complexes, which were directly
immobilized onto silica surfaces for hydroamination.[245] As shown in Scheme 35, the
reaction between the surface Si-OH and trans-[PdMe(NOs)(PMes):] leads to a silica-
supported Pd complex and CH4 formation. The supported catalyst has a good performance
with respect to the intramolecular hydroamination of aminoalkynes (Scheme 35). The
reaction of 5-phenyl-4-pentyn-1-amine leads to a quantitative yield of the corresponding
cyclic imine. The reaction rate of the supported Pd catalyst is higher than that of the
precursor metal complex.

Ishitani et al. reported asymmetric 1,4-addition using a silica-supported Ni
catalyst.[246] Nickel-diamine complexes are known to be good enantioselective
homogeneous catalysts for conjugate addition. The Ni-diamine complex can be easily
attached to the silica MCM-41 surface via a simple wetness impregnation method. The
reaction between dimethyl malonate and nitroakene with 1 mol% of the supported Ni-
diamine complex led to a quantitative yield of the corresponding product, with 90% ee
(Scheme 36). The homogeneous catalyst Nil, with the same chiral ligand led to an ee of
90%, whereas the yield decreased to 46%. Supported Ni-diamine can be used on various
substrates. The active site structure was clarified by Ni K-edge XAFS analysis (Scheme
36). This catalyst system is also applicable to the flow reactor: sequential 1,4-addition
and reductive cyclization of dimethyl malonate and a nitroalkene yielded 89% of the

corresponding y-lactam, with 87% ee, suggesting that the catalyst system is truly
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heterogeneous. Regarding another grafted Ni catalysis on a silica surface, a supported
dinuclear Ni species for hydrogenation was also reported.[247]

A Rh-grafted on a silica surface with additional ligands was reported by Marciniec et
al. as a heterogeneous hydrosilylation catalyst.[248-250] A Rh dimer with a
cyclooctadiene (cod) ligand can be easily grafted on the silica surface in monomeric Rh
form with the remaining cod ligand. The catalyst has a high activity and recyclability with
respect to the hydrosilylation of terminal olefins (Scheme 37). The reaction mechanism
was carefully analyzed by solid-state NMR spectroscopy of the reaction intermediates
such as the Si-Rh-H species that formed after oxidative addition. Our research group also
reported a silica-supported Rh complex with a co-immobilized tertiary amine for
hydrosilylation.[251,252] As shown in Scheme 38, the catalytic activity was significantly
improved by the co-immobilization of tertiary amines. After optimizing the reaction
conditions, a TON value of up to 1900000 was achieved. The Rh K-edge XAFS, DNP-
enhanced '’N CP/MAS NMR, and in situ FTIR analyses revealed that the tertiary amine
weakly interacts with the cod ligand on the Rh site and the ligand exchange process is
accelerated.[253] The Rh-grafted silica catalyst for the hydrosilylation of olefins has also
been summarized in several reviews.[254,255] A Ru-grafted silica catalyst was also
reported by Marcienic and co-workers for alkene metathesis reactions.[256]

The SOMC approach has also been applied to the synthesis of silica-supported metal
complexes such as Mo, W, Ta, Zr, Ti, Cr, Nb, group 3 metals, and lanthanides. Recently,
several comprehensive reviews have been published by Copéret et al. [257-259].
Therefore, brief introductions and very recent examples are summarized here.

Scheme 39 summarizes important examples of silica-supported metal complex

catalysts that are based on the SOMC concept. Grafted Mo and W alkylidene complexes
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show excellent performance in alkene metathesis reactions.[260-262] Alkynes and alkane
metathesis reactions have also been reported for other silica-supported Mo, W, Ta, and Re
catalysts.[263-267] The supported Ta imido complex is active with respect to the
heterometathesis reaction.[268] The heterogeneous Ta catalyst promotes the reaction
between N-sulfinylamines and ketones, yielding the corresponding imines. Silica-
supported Ta catalysts have a higher activity than their homogenous counterparts. The
supported Ta catalysts were also active in the hydroamination [269,270] and H-D
exchange reaction.[271] Recently, other titanium imido complexes active in the
heterometathesis reaction have been reported (Scheme 40).[272] The silica-supported Ti
imido complex with the 2,5-dimethylpyrrol ligand has an excellent reaction rate with
respect to the oxo/imido heterometathesis of benzophenone and N-sulfinyl-p-toluidine.
The reaction rate is superior to that reported for highly active Ta, Mo, and V catalysts. A
supported cyclopentadienyl Zr alkyl complex has also been reported as an ethylene
polymerization catalyst (Scheme 39).[273] The complex structure, its cation form, is
strongly affected by the support: the catalytic activity for ethylene polymerization
increases in the order of SiO; < silica-alumina (Si102-A1>03) < AlOs.

Wang et al. reported a silica-supported organolanthanum catalyst for the borylation of
epoxides.[274] A La precursor complex, La{C(SiHMe»)s}, was directly attached to
mesoporous silica nanospheres (MSN; Scheme 41). The silica support was treated at 550
and 700 °C under vacuum, denoted as MSNso9o and MSN7po, respectively. The La
precursor reacts with the surface Si-OH and a part of the La complex reacts with two Si-
OH groups due to the higher Si-OH density of MSNjsgo, resulting in the formation of both
bipodal and monopodal La complexes on the SiO; surface. On the other hand, the catalyst

prepared from MSN7g yields a single La species in the monopodal form. The two
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prepared catalysts were fully characterized by solid-state '*C, 2°Si, and '"H-*Si HETCOR
NMR analyses. The catalyst was employed for the reaction between the epoxide and
HBpin. As shown in Scheme 41, the catalytic activity of the La@MSN7qo catalyst is
higher than that of its La precursor complex or similar. The La@MSNsoo also has a
comparable or slightly lower performance than La@MSN7o0, which depends on the
substrate molecules. The reaction intermediates, surface La-boran complexes and
organoborans that reacted on the silica surface, were investigated using various solid-state
"B MAS NMR techniques.

It has been reported that silica-supported Mn catalysts prepared from Mn complexes
are hydrosilylation, hydroborylation, and transesterification catalysts.[275] As shown in
Scheme 42, the surface Mn sites were prepared from a Mn(N(TMS)2)>(THF) complex
and SiO; treated at 700 °C under vacuum (SiOz-700). The isolated Si-OH induced the
formation of a monomeric Mn complex on the silica surface. The surface complex was
then treated at 400 °C under vacuum, leading to the formation of Mn/Si0O2.400 as an
isolated Mn site on the silica surface without ligands. The formation of Lewis acidic Mn"
sites was confirmed by FTIR, EPR, and XANES analyses. The prepared Mn/SiO2-400 has
a high catalytic performance with respect to the hydroborylation and hydrosilylation of
aldehydes and ketones. Conventional MnO did not show any catalytic activity for this
reaction. The isolated Mn site on SiO2 can be used for the hydroborylation of secondary
alcohols with bulky substitution groups such as tertiary butyl groups. A different Mn
precursor of Mny[OSi(O7Bu)3]4 was used to prepare the silica-supported catalyst. The
catalyst was slightly less active for transesterification than Mn/Si02.400 because of the
hydrophobicity attributed to the remaining TMS group of Mn/SiOz-400. Similar concept

was applied to preparation of a site-isolated Co catalyst for C-H activation.[276]
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A surface organohafunium complex was developed for ethylene homo- and 1-octene
copolymerization.[277] The complex structure is illustrated in Scheme 43. Sulfonated
aluminum and sulfonated zirconium were selected as support materials. Sulfonated
aluminum showed better performance with respect to both homo- and copolymerization.
The supported Hf complex with two methyl groups showed a higher activity for
polymerization, whereas a superior 1-octene incorporation ratio was observed for the
complex with the naphthyl group. The surface electronic effect induces different
immobilization structures, supporting the group 4 metal complex via SOMC. In the case
of electron-deficient supports, such as sulfonate aluminum, Hf"-support™ interactions
were generated, resulting in a high polymerization reaction performance. The appropriate
selection of support is mandatory for active and selective metal complex-catalyzed

reactions.[278]
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Scheme 35. Intermolecular hydroamination of alkyne using a Pd complex [245]
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Scheme 36. Asymmetric 1,4-addition using a supported Ni-diamine catalyst and its local

structure [246]
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Scheme 37. Hydrosilylation of terminal olefin ¢

complex [248-250]

atalyzed with a silica-grafted Rh-cod
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Scheme 38. Enhanced hydrosilylation catalysis by the co-immobilization of tertiary
amine with a grafted Rh complex [251]
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Scheme 39. Examples of silica-supported metal complex catalysts synthesized via SOMC
[260,261,268,273]
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Scheme 40. Silica-supported Ti imido complex for oxo/imido heterometathesis [272]

YN Si0,-700 py’fi\/'\‘ %
1l
TN ? by
Y .Si
_ py o a ~0

| Cl) l TilSiO,

Ns O . N_ _Ph
/© SOy TR Y+ so,
Ph
Ph
TOF: 385 h™!
t1/2:5min

83



Scheme 41. Structure of the surface Lanthanum complex on MSN and its catalysis for

the borylation of epoxide [274]
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Scheme 42. Preparation of a surface Mn site on SiO> and its catalysis for hydroborylation
and hydrosilylation [275]
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Scheme 43. Metal sulfonate-supported organohafnium catalyst for homo- and

copolymerization [277]
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5. Summary and Outlook

Silica-supported metal complex hybrid catalysts with precisely controlled active site
environments effectively enhance the catalytic performance including the activity,
selectivity, and durability. In this review, we provided representative examples of silica-
supported metal complexes with enhanced catalysis. Among the acceleration effects, “the
site isolation” of active metal complexes on heterogeneous surfaces enables the creation
of a novel metal complex structure on the silica surface. For example, silica-supported
cage-type phosphane ligands act as efficient supports for isolated Pd, Rh, and Ir metal
complexes [47,63,65,87]. The supported Fe complex structure is affected by the support
morphology: the use of amorphous silica induces the coordination of two attached ligands
around one Fe center, whereas an active 1/1 = Fe/ligand complex formed on the SBA-15
support surface.[113] Due to the site-isolation effect, coordinatively unsaturated surface
metal complexes have a much higher performance than their homogeneous counterparts.

Cooperative catalysis between two different functionalities is one of the most powerful
tools to enhance the catalytic performance. The Tsuji—Trost reaction is accelerated by
bifunctional surfaces with both Pd complexes and tertiary amines. In such cases, the
substrate molecules are activated synergistically.[127] The immobilization of oligomers
i1s an effective procedure for enhancing the cooperativity of metal complexes and
functionalities. The supported Cu complex-TEMPO-NMI oligomer system induces a high
catalytic activity for the aerobic oxidation of alcohols.[ 198] Weak interactions of surface
species also affect the catalytic activity: hydrosilylation catalyzed by the grafted Rh
complex is accelerated by co-immobilized amine; the maximum TON is 1900000.[251]
In addition to the organic functionality, surface silanol/metal nanoparticles also act as co-

catalysts in the supported metal complex reaction.[148,153]
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The confinement effect is an advantage of supported catalysis. A chiral Rh complex
attached to the inside of mesoporous silica induces an increase in both the reaction rate
and enantioselectivity.[209] In the case of the Pd complex-based additive system, the
results of kinetic analysis reveal that the accumulation of active species in pores with an
appropriate size enhances the contact frequency of the active species and substrate,
leading to a high reaction rate.[208] Another important function of mesopores is the
prevention of active sites from undesired interactions. The one-pot asymmetric reaction
system using a PMO-supported Rh complex and enzyme leads to high product yield and
enantioselectivity due to the prevention of the interaction with each other.[100] Related
to the confinement effect, the molecular imprinting approach has further advantages
because an on-demand void space can be designed to enhance the catalysis. A molecular
imprinting approach using a silica matrix was developed for metal complex
catalysis.[232]

Novel immobilization techniques have also been developed and utilized for supported
metal complex catalysts. Regarding covalent bonding on a silica surface, tripodal
immobilization of the silane-coupling reagent leads to lower levels of both metal and
phosphine ligand leaching.[101] Ligands with carboxylic acid/sulfonic acid groups could
flexibly and strongly interact with the silica surface, especially with the surface silanol
group.[31,161] Such a catalyst system exhibits a good stability and durability. Ionic
interactions between Si-OH and BF4 anions associated with cationic metal complexes
are also frequently utilized.[149] The direct attachment of metal sites onto silica surfaces
has also received much attention in SOMC. In the case of SOMC, the ligand attached to
the metal site as well as the surface properties, such as electron-deficient phenomena,

affect the catalytic activity.
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Surface density of both active species and silanol group is essential to create the surface
enhanced catalysis. Mori and co-workers reported an appropriate loading of a Pt complex
for phoooxidation reaction.[45] The photoluminescence analysis of MLCT and MMLCT
transitions could be used as an indicator of the surface dispersion of catalytically active
species itself. Increasing the surface density facilitates specific interactions between the
metal complex and co-immobilized organic functionality. For example, the surface
density of the immobilized Rh complex and tertiary amine affects the catalytic activity
(TOF) of Rh with respect to the 1,4-addition reaction of phenylboronic acid.[193] Careful
selection of preheating conditions of a silica support is one of the critical factors to
determine the active site structure, especially in the case of SOMC. For example, the
structure and catalytic activity of surface La sites could be controlled by the density of
silanol, resulting a uniform active species.[274] Regarding a novel grafting technique,
Choi and co-workers recently reported the use of bidentate disilicate framework for the
selective production of a specific surface Pt complex.[279] The catalytic performance
often significantly increased by the site-isolation/cooperative catalysis design, however,
unfortunately, especially in the case of bifucntional catalytic surface, it is not easy to
control the distance between two different functionalities precisely. The use of a weak
interaction in the precursor solution including both of active species is one of the potential
solutions to control their cooperativity.[251]

To understand the enhancement of catalysis by the surface environment, precise
spectroscopic analyses of the local structure around active metal centers and long-range
interactions between a metal complex and surface/other functionality are mandatory. The
DNP-enhanced solid-state NMR spectroscopy [280-282] was conducted for the

immobilized NHC-Pd complex.[33] The 'H-'*C HETCOR NMR with long contact times
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facilitates the detection of long-range correlation between allyl/mesityl carbon and
surface TMS sites, indicating the close location of the Pd metal center and silica surface.
The X-ray reflectivity measurements of a supported Rh complex on a model SiO> crystal
surface also indicated a similar lying structure of the complex with the methylene
linker.[194] The XAFS analysis also provided information on the interaction between the
metal complex and co-immobilized molecules. The Pd K-edge EXAFS analysis of the
silica-supported Pd complex indicated that the DW factor increases with increasing
bulkiness of the co-immobilized molecules, suggesting the close proximity of the co-
immobilized functionality.[ 131] However, quantitative parameters with respect to long-
range information about the activity/selectivity enhancing the interactions among the
metal complex, silica surface, pore size, and co-immobilized molecules remain
unexplored. Spectroscopic techniques for long-range analysis must be further developed.

Reaction sequences on multi-active sites, including metal complexes, are also
advantageous for tandem catalysis. Several reaction systems exhibit a better performance
than a homogeneous mixture of the two counterparts.[204] In addition to tandem
reactions, two or more active species should cooperate in a single reaction in such cases.
The mixing of two catalytically active sites and the precise control of these positions
should facilitate consecutive synergistic catalysis. Based on the above-mentioned
approaches to enhance the catalysis, novel design concepts for supported catalysts, such
as the use of two types of metal complexes for synergistic activation, will be established
along with molecular-level characterization, resulting in highly efficient and challenging

molecular transformations.

Acknowledgements

90



A part of this study was supported by the JSPS Grant-in-Aid for Scientific Research on
Innovative Areas (Grant no. JP20H04804) and Transformative Research Areas (Grant no.
JP21H05099). The Noguchi Institute, and Tokuyama Science Foundation. This work was
also supported by a PRESTO Grant (No. JPMJPR17SA) awarded by the Japan Science

and Technology Agency (JST).

References

[1] Tailored Metal Catalysis (Ed.: Y. Iwasawa), D. Reidel Publishing Company, Dordrecht,
1986.

[2] McMorn, P.; Hutchings, G. J. Heterogeneous Enantioselective Catalysts: Strategies
for the Immobilisation of Homogeneous Catalysts. Chem. Soc. Rev. 2004, 33 (2), 108—
122.

[3] Corma, A.; Garcia, H. Silica-Bound Homogenous Catalysts as Recoverable and
Reusable Catalysts in Organic Synthesis. Adv. Synth. Catal. 2006, 348 (12—-13), 1391-
1412.

[4] Tada, M.; lwasawa, Y. Advanced Design of Catalytically Active Reaction Space at
Surfaces for Selective Catalysis. Coord. Chem. Rev. 2007, 251 (21-24), 2702-2716.

[5] Bridging Heterogeneous and Homogeneous Catalysis (Eds.: C. Li, Y. Liu), Wiley,
Weinheim, 2014.

[6] Copéret, C.; Comas-Vives, A.; Conley, M. P.; Estes, D. P.; Fedorov, A.; Mougel, V.;
Nagae, H.; Nunez-Zarur, F.; Zhizhko, P. A. Surface Organometallic and Coordination
Chemistry toward Single-Site Heterogeneous Catalysts: Strategies, Methods, Structures,
and Activities. Chem. Rev. 2016, 116 (2), 323-421.

[7] Copéret, C.; Basset, J. M. Strategies to Immobilize Well-Defined Olefin Metathesis
Catalysts: Supported Homogeneous Catalysis vs. Surface Organometallic Chemistry. Adv.
Synth. Catal. 2007, 349 (1-2), 78-92.

[8] Copéret, C.; Chabanas, M.; Saint-Arroman, R. P.; Basset, J.-M. Homogeneous and
Heterogeneous Catalysis: Bridging the Gap through Surface Organometallic Chemistry
Angew. Chem. Int. Ed. 2003, 42(2), 156-181.

[9] Csicsery, S. M. Shape-Selective Catalysis in Zeolites. Zeolites 1984, 4 (2), 116—126.
[10] (a) Tanev, P. T.; Pinnavaia, T. J. A Neutral Templating Route to Mesoporous
Molecular Sieves. Science 1995, 267 (5199), 865-867; (b) Zhao, D.; Feng, J.; Huo, Q.;
Melosh, N.; Fredrickson, G. H.; Chmelka, B. F.; Stucky, G. D. Triblock Copolymer

91



Syntheses of Mesoporous Silica with Periodic 50 to 300 Angstrom Pores. Science 1998,
279 (5350), 548-552; (c) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.;
Beck, J. S. Ordered Mesoporous Molecular Sieves Synthesized by a Liquid-Crystal
Template Mechanism. Nature 1992, 359, 710-712; (d) Beck, J. S.; Vartuli, J. C.; Roth, W.
J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. D.; Chu, C. T.-W.; Olson, D. H.;
Sheppard, E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. A New Family of
Mesoporous Molecular Sieves Prepared with Liquid Crystal Templates. J. Am. Chem. Soc.
1992, 114 (27), 10834-10843.

[12] Conley, M. P.; Copéret, C.; Thieuleux, C. Mesostructured Hybrid Organic-Silica
Materials: Ideal Supports for Well-Defined Heterogeneous Organometallic Catalysts.
ACS Catal. 2014, 4 (5), 1458—-1469.

[13] Fernandes, A. E.; Jonas, A. M. Design and Engineering of Multifunctional Silica-
Supported Cooperative Catalysts. Catal. Today 2019, 334, 173—186.

[14] Copéret, C.; Allouche, F.; Chan, K. W.; Conley, M. P.; Delley, M. F.; Fedorov, A.;
Moroz, I. B.; Mougel, V.; Pucino, M.; Searles, K.; Yamamoto, K.; Zhizhko, P. A. Bridging
the Gap between Industrial and Well-Defined Supported Catalysts. Angew. Chem. Int. Ed.
2018, 57 (22), 6398—-6440.

[15] Park, S. S.; Moorthy, M. S.; Ha, C. S. Periodic Mesoporous Organosilicas for
Advanced Applications. NPG Asia Mater. 2014, 6 (4), 1-21; Taguchi, A.; Schiith, F.
Ordered Mesoporous Materials in Catalysis. Micropor. Mesopor. Mater. 2005, 77 (1), 1—
45.

[16] Li, C. Chiral Synthesis on Catalysts Immobilized in Microporous and Mesoporous
Materials. Catal. Rev. 2004, 46 (3—4), 419-492; Yang, Q.; Han, D.; Yang, H.; Li, C.
Asymmetric Catalysis with Metal Complexes in Nanoreactors. Chem. Asian J. 2008, 3
(8-9), 1214-1229.

[17] Song, C. E.; Kim, D. H.; Choi, D. S. Chiral Organometallic Catalysts in Confined
Nanospaces: Significantly Enhanced Enantioselectivity and Stability. Eur. J. Inorg. Chem.
2006, 2927-2935.

[18] Thomas, J. M.; Raja, R.; Lewis, D. W. Single-Site Heterogeneous Catalysts. Angew.
Chem. Int. Ed. 2005, 44 (40), 6456—6482.

[19] Lee, J.-K.; Kung, M. C.; Kung, H. H. Cooperative Catalysis: A New Development
in Heterogeneous Catalysis. Top. Catal. 2008, 49 (3—4), 136-144.

[20] (a) Shylesh, S.; Thiel, W. R. Bifunctional Acid-Base Cooperativity in Heterogeneous
Catalytic Reactions: Advances in Silica Supported Organic Functional Groups.
ChemCatChem 2011, 3 (2), 278-287; (b) Margelefsky, E. L.; Zeidan, R. K.; Davis, M. E.
Cooperative Catalysis by Silica-Supported Organic Functional Groups. Chem. Soc. Rev.

92



2008, 37 (6), 1118-1126; (c) Tada, M.; Motokura, K.; Iwasawa, Y. Conceptual Integration
of Homogeneous and Heterogeneous Catalyses. Top. Catal. 2008, 48 (1-4), 32-40; (d)
Motokura, K.; Tada, M.; Iwasawa, Y. Acid-Base Bifunctional Catalytic Surfaces for
Nucleophilic Addition Reactions. Chem. Asian J. 2008, 3 (8-9), 1230-1236; (e)
Motokura, K. Development of Multiactive Site Catalysts for Surface Concerted Catalysis
Aimed at One-Pot Synthesis. Bull. Chem. Soc. Jpn. 2017, 90 (2) 137-147; (f) Motokura,
K. Synergistic Catalysis by Multifunctionalized Solid Surfaces for Nucleophilic Addition
Reactions. J. Jpn. Petrol. Inst. 2014, 57 (3), 95-108.

[21] Yu, C.; He, J. Synergic Catalytic Effects in Confined Spaces. Chem. Commun. 2012,
48 (41), 4933-4940.

[22] Diaz, U.; Brunel, D.; Corma, A. Catalysis Using Multifunctional Organosiliceous
Hybrid Materials. Chem. Soc. Rev. 2013, 42 (9), 4083—4097.

[23] (a) Verma, P.; Kuwahara, Y.; Mori, K.; Raja, R.; Yamashita, H. Functionalized
Mesoporous SBA-15 Silica: Recent Trends and Catalytic Applications. Nanoscale 2020,
12, 11333-11363; (b) Motokura, K. Multifunctional Solid Surfaces for Enhanced
Catalysis. ChemCatChem 2014, 6 (11), 3067-3068.

[24] Yamashita, H.; Mori, K.; Kuwahara, Y.; Kamegawa, T.; Wen, M.; Verma, P.; Che, M.
Single-Site and Nano-Confined Photocatalysts Designed in Porous Materials for
Environmental Uses and Solar Fuels. Chem. Soc. Rev. 2018, 47 (22), 8072—8096.

[25] Mori, K.; Yamashita, H. Metal Complexes Supported on Solid Matrices for Visible-
Light-Driven Molecular Transformations. Chem. Eur. J. 2016, 22 (32), 11122-11137.
[26] Molnar, A.; Papp, A. Catalyst Recycling—A Survey of Recent Progress and Current
Status. Coord. Chem. Rev. 2017, 349, 1-65.

[27] Tada, M.; Iwasawa, Y. Advanced Chemical Design with Supported Metal Complexes
for Selective Catalysis. Chem. Commun. 2006, 2833-2844.

[28] Notestein, J. M.; Katz, A. Enhancing Heterogeneous Catalysis through Cooperative
Hybrid Organic-Inorganic Interfaces. Chem. Eur. J. 2006, 12 (15), 3954-3965.

[29] Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. On the Nature of the Active Species
in Palladium Catalyzed Mizoroki-Heck and Suzuki-Miyaura Couplings - Homogeneous
or Heterogeneous Catalysis, a Critical Review. Adv. Synth. Catal. 2006, 348 (6), 609—-679.
[30] Hiibner, S.; De Vries, J. G.; Farina, V. Why Does Industry Not Use Immobilized
Transition Metal Complexes as Catalysts? Adv. Synth. Catal. 2016, 358 (1), 3-25.

[31] Delucia, N. A.; Jystad, A.; Laan, K. Vander; Tengco, J. M. M.; Caricato, M.;
Vannucci, A. K. Silica Supported Molecular Palladium Catalyst for Selective
Hydrodeoxygenation of Aromatic Compounds under Mild Conditions. ACS Catal. 2019,
9 (10), 9060-9071.

93



[32] Zhong, R.; Lindhorst, A. C.; Groche, F. J.; Kiihn, F. E. Immobilization of N-
Heterocyclic Carbene Compounds: A Synthetic Perspective. Chem. Rev. 2017, 117 (3),
1970-2058.

[33] Conley, M. P.; Drost, R. M.; Baffert, M.; Gajan, D.; Elsevier, C.; Franks, W. T.;
Oschkinat, H.; Veyre, L.; Zagdoun, A.; Rossini, A.; Lelli, M.; Lesage, A.; Casano, G.;
Quari, O.; Tordo, P.; Emsley, L.; Copéret, C.; Thieuleux, C. A Well-Defined Pd Hybrid
Material for the Z-Selective Semihydrogenation of Alkynes Characterized at the
Molecular Level by DNP SENS. Chem. Eur. J. 2013, 19 (37), 12234-12238.

[34] Liu, G.; Hou, M.; Wu, T.; Jiang, T.; Fan, H.; Yang, G.; Han, B. Pd(Il) Immobilized
on Mesoporous Silica by N-Heterocyclic Carbene lonic Liquids and Catalysis for
Hydrogenation. Phys. Chem. Chem. Phys. 2011, 13 (6), 2062—2068.

[35] Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. From Homogeneous to
Heterogeneous Catalysis: Supported Pd(Il) Metal Complexes with Chiral Triaza Donor
Ligands: Comparative Catalytic Study with Rh(l) and Ir(l) Complexes for Hydrogenation
Reactions. Catal. Today 2005, 107-108, 362—370.

[36] Gonzéalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Improved Palladium
and Nickel Catalysts Heterogenised on Oxidic Supports (Silica, MCM-41, ITQ-2, ITQ-
6). Adv. Synth. Catal. 2004, 346 (11), 1316-1328.

[37] Corma, A.; Gutiérrez-Puebla, E.; Iglesias, M.; Monge, A.; Pérez-Ferreras, S.;
Sanchez, F. New Heterogenized Gold(I)-Heterocyclic Carbene Complexes as Reusable
Catalysts in Hydrogenation and Cross-Coupling Reactions. Adv. Synth. Catal. 2006, 348
(14), 1899-1907.

[38] Romanenko, I.; Gajan, D.; Sayah, R.; Crozet, D.; Jeanneau, E.; Lucas, C.; Leroux,
L.; Veyre, L.; Lesage, A.; Emsley, L.; Lacdte, E.; Thieuleux, C. Iridium(I)/N-Heterocyclic
Carbene Hybrid Materials: Surface Stabilization of Low-Valent Iridium Species for High
Catalytic Hydrogenation Performance. Angew. Chem. Int. Ed. 2015, 54 (44), 12937-
12941.

[39] Lo, H. K.; Copéret, C. CO> Hydrogenation to Formate with Immobilized Ru-
Catalysts Based on Hybrid Organo-Silica Mesostructured Materials. ChemCatChem 2019,
11 (1),430-434.

[40] Samantaray, M. K.; Alauzun, J.; Gajan, D.; Kavitake, S. Mehdi. A.; Veyre, L.; Lelli.
M.; Lesage, A.;Emsley, L.; Copéret, C.; Thieuleux, C. Evidence for Metal-Surface
Interactions and Their Role in Stabilizing Well-Defined Immobilized Ru—NHC Alkene
Metathesis Catalysts. J. Am. Chem. Soc. 2013, 135 (8), 3193-3199.

[41] Lo, H. K.; Thiel, I.; Copéret, C. Efficient CO, Hydrogenation to Formate with
Immobilized Ir-Catalysts Based on Mesoporous Silica Beads. Chem. Eur. J. 2019, 25 (40),

94



9443-9446.

[42] Renom-Carrasco, M.; Mania, P.; Sayah, R.; Veyre, L.; Occhipinti, G.; Jensen, V. R.;
Thieuleux, C. Silica-Supported Z-Selective Ru Olefin Metathesis Catalysts. Mol. Catal.
2020, 483, 110743.

[43] Prignano, A. L.; Trogler, W. C. Silica-Supported Bis(trialkylphosphine)platinum
Oxalates: Photogenerated Catalysts for Hydrosilation of Olefins. J. Am. Chem. Soc. 1987,
109 (12), 3586-3595.

[44] Huo, Y.; Hu, J.; Lin, S.; Ju, X.; Wei, Y.; Huang, Z.; Hu, Y.; Tu, Y. Platinum(II)
Complexes Bearing Bulky Schiff Base Ligands Anchored onto Mesoporous SBA-15
Supports as Efficient Catalysts for Hydrosilylation. Appl. Organomet. Chem. 2019, 33 (6),
1-10.

[45] Mori, K.; Watanabe, K.; Terai, Y.; Fujiwara, Y.; Yamashita, H. Hybrid Mesoporous-

Silica Materials Functionalized by Pt!

Complexes: Correlation between the Spatial
Distribution of the Active Center, Photoluminescence Emission, and Photocatalytic
Activity. Chem. Eur. J. 2012, 18 (36), 11371-11378.

[46] Kawamorita, S.; Ohmiya, H.; Iwai, T.; Sawamura, M. Palladium-Catalyzed
Borylation of Sterically Demanding Aryl Halides with a Silica-Supported Compact
Phosphane Ligand. Angew. Chem. Int. Ed. 2011, 50 (36), 8363-8366.

[47] (a) Iwai, T.; Harada, T.; Tanaka, R.; Sawamura, M. Silica-Supported Tripod
Triarylphosphines: Application to Palladium-Catalyzed Borylation of Chloroarenes.
Chem. Lett. 2014, 43 (5), 584-586; (b) Iwai, T.; Konishi, S.; Miyazaki, T.; Kawamorita,
S.; Yokokawa, N.; Ohmiya, H.; Sawamura, M. Silica-Supported Triptycene-Type
Phosphine. Synthesis, Characterization, and Application to Pd-Catalyzed Suzuki-
Miyaura Cross-Coupling of Chloroarenes. ACS Catal. 2015, 5 (12), 7254-7264.

[48] Iwai, T.; Tanaka, R.; Harada, T.; Sawamura, M. Tripod Immobilization of
Triphenylphosphane on a Silica-Gel Surface to Enable Selective Mono-Ligation to
Palladium: Application to Suzuki-Miyaura Cross-Coupling Reactions with Chloroarenes.
Chem. Eur. J. 2014, 20 (4), 1057-1065.

[49] Begum, T.; Mondal, M.; Borpuzari, M. P.; Kar, R.; Kalita, G.; Gogoi, P. K.; Bora,
U. An Immobilized Symmetrical Bis-(NHC) Palladium Complex as a Highly Efficient
and Recyclable Suzuki-Miyaura Catalyst in Aerobic Aqueous Media. Dalton Trans. 2017,
46 (2), 539-546.

[50] Pandarus, V.; Desplantier-Giscard, D.; Gingras, G.; Béland, F.; Ciriminna, R.;
Pagliaro, M. Greening the Valsartan Synthesis: Scale-up of Key Suzuki-Miyaura
Coupling over Silia Cat DPP-Pd. Org. Process Res. Dev. 2013, 17 (12), 1492-1497.

[51] Sarkar, S. M.; Rahman, M. L.; Yusoff, M. M. Highly Active Thiol-Functionalized

95



SBA-15 Supported Palladium Catalyst for Sonogashira and Suzuki-Miyaura Cross-
Coupling Reactions. RSC Adv. 2015, 5 (2), 1295-1300.

[52] Marquard, A. N.; Slaymaker, L. E.; Hamers, R. J.; Goldsmith, R. H. Investigation of
Activity, Stability, and Degradation Mechanism of Surface-Supported Pd-PEPPSI [55]
Complexes for Suzuki-Miyaura Coupling. Mol. Catal. 2017, 429, 10-17.

[53] Pandarus, V.; Gingras, G.; Béland, F.; Ciriminna, R.; Pagliaro, M. Process
Intensification of the Suzuki-Miyaura Reaction over Sol-Gel Entrapped Catalyst Silia Cat
DPP-Pd under Conditions of Continuous Flow. Org. Process Res. Dev. 2014, 18 (11),
1550-1555.

[54] Sarkar, S. M.; Rahman, M. L.; Yusoff, M. M. Pyridinyl Functionalized MCM-48
Supported Highly Active Heterogeneous Palladium Catalyst for Cross-Coupling
Reactions. RSC Adv. 2015, 5 (25), 19630-19637.

[55] Khajehzadeh, M.; Moghadam, M. A New Poly(N-Heterocyclic Carbene Pd
Complex) Immobilized on Nano Silica: An Efficient and Reusable Catalyst for Suzuki—
Miyaura, Sonogashira and Heck—Mizoroki C—C Coupling Reactions. J. Organomet.
Chem. 2018, 863, 6069

[56] Corral, J.; Mora, M.; Jiménez-Sanchidrian, C.; Ruiz, J. R. Synthesis and
Characterization of Pd(Il) Complexes of 2- and 3-Thiophenecarbaldehyde Immobilized
on Silica Obtained from Sepiolite. Appl. Organomet. Chem. 2013, 27 (9), 542-545.

[57] Sharma, R. K.; Pandey, A.; Gulati, S. Silica-Supported Palladium Complex: An
Efficient, Highly Selective and Reusable Organic-Inorganic Hybrid Catalyst for the
Synthesis of E-Stilbenes. Appl. Catal. A Gen. 2012, 431-432, 33-41.

[58] Sarkar, S. M.; Rahman, M. L.; Yusoff, M. M. Heck, Suzuki and Sonogashira Cross-
Coupling Reactions Using Ppm Level of SBA-16 Supported Pd-Complex. New J. Chem.
2015, 39 (5), 3564-3570.

[59] Borja, G.; Monge-Marcet, A.; Pleixats, R.; Parella, T.; Cattoén, X.; Wong Chi Man,
M. Recyclable Hybrid Silica-Based Catalysts Derived from Pd-NHC Complexes for
Suzuki, Heck and Sonogashira Reactions. European J. Org. Chem. 2012, No. 19, 3625—
3635.

[60] () Lee, D. H.; Jung, J. Y.; Jin, M. J. Highly Active and Recyclable Silica Gel-
Supported Palladium Catalyst for Mild Cross-Coupling Reactions of Unactivated
Heteroaryl Chlorides. Green Chem. 2010, 12 (11), 2024-2029. (b) Dickschat, A. T.;
Surmiak, S.; Studer, A. Pd Immobilized in Mesoporous Silica Particles as Recyclable
Catalysts for Suzuki-Miyaura Coupling: Cooperative Effects Exerted by Co-Immobilized
Amine Functionalities. Synlett 2013, 24 (12), 1523-1528.

[61] Price, G. A.; Bogdan, A. R.; Aguirre, A. L.; lwai, T.; Djuric, S. W.; Organ, M. G.

96



Continuous Flow Negishi Cross-Couplings Employing Silica-Supported: Pd-PEPPSI -
IPr Precatalyst. Catal. Sci. Technol. 2016, 6 (13), 4733-4742.

[62] Wang, P.; Liu, H.; Liu, M.; Li, R.; Ma, J. Immobilized Pd Complexes over HMMS
as Catalysts for Heck Cross-Coupling and Selective Hydrogenation Reactions. New J.
Chem. 2014, 38 (3), 1138-1143.

[63] Hamasaka, G.; Ochida, A.; Hara, K.; Sawamura, M. Monocoordinating, Compact
Phosphane Immobilized on Silica Surface: Application to Rhodium-Catalyzed
Hydrosilylation of Hindered Ketones. Angew. Chem. Int. Ed. 2007, 46 (28), 5381-5383.
[64] Hamasaka, G.; Kawamorita, S.; Ochida, A.; Akiyama, R.; Hara, K.; Fukuoka, A.;
Asakura, K.; Chun, W. J.; Ohmiya, H.; Sawamura, M. Synthesis of Silica-Supported
Compact Phosphines and Their Application to Rhodium-Catalyzed Hydrosilylation of
Hindered Ketones with Triorganosilanes. Organometallics 2008, 27 (24), 6495-6506.
[65] Kawamorita, S.; Miyazaki, T.; Iwai, T.; Ohmiya, H.; Sawamura, M. Rh-Catalyzed
Borylation of N-Adjacent C(sp’)-H Bonds with a Silica-Supported Triarylphosphine
Ligand. J. Am. Chem. Soc. 2012, 134 (31), 12924-12927.

[66] Iwai, T.; Murakami, R.; Harada, T.; Kawamorita, S.; Sawamura, M. Silica-Supported
Tripod Triarylphosphane: Application to Transition Metal-Catalyzed C(Sp?)-H
Borylations. Adv. Synth. Catal. 2014, 356 (7), 1563—1570.

[67] Kawamorita, S.; Hamasaka, G.; Ohmiya, H.; Hara, K.; Fukuoka, A.; Sawamura, M.
Hydrogenation of Hindered Ketones Catalyzed by a Silica-Supported Compact
Phosphine-Rh System. Org. Lett. 2008, 10 (20), 4697-4700.

[68] Kawamorita, S.; Miyazaki, T.; Ohmiya, H.; Iwai, T.; Sawamura, M. Rh-Catalyzed
Ortho-Selective C-H Borylation of N-Functionalized Arenes with Silica-Supported
Bridgehead Monophosphine Ligands. J. Am. Chem. Soc. 2011, 133(48), 19310-19313.
[69] Kawamorita, S.; Yamazaki, K.; Ohmiya, H.; Iwai, T.; Sawamura, M. Conjugate
Reduction of a,B-Unsaturated Carbonyl and Carboxyl Compounds with
Poly(methylhydrosiloxane) Catalyzed by a Silica-Supported Compact Phosphane-
Copper Complex. Adv. Synth. Catal. 2012, 354 (18), 3440-3444.

[70] Wang, M.; Li, P.; Wang, L. Silica-Immobilized NHC-Cul Complex: An Efficient and
Reusable Catalyst for A3-Coupling (Aldehyde-Alkyne-Amine) under Solventless
Reaction Conditions. Eur. J. Org. Chem. 2008, 13, 2255-2261.

[71] Zeng, T.; Yang, L.; Hudson, R.; Song, G.; Moores, A. R.; Li, C. J. Fe3Oq4
Nanoparticle-Supported Copper(I) Pybox Catalyst: Magnetically Recoverable Catalyst
for Enantioselective Direct-Addition of Terminal Alkynes to Imines. Org. Lett. 2011, 13
(3), 442-445.

[72] Megia-Fernandez, A.; Ortega-Mufioz, M.; Lopez-Jaramillo, J.; Hernandez-Mateo,

97



F.; Santoyo-Gonzalez, F. Non-Magnetic and Magnetic Supported Copper(I) Chelating
Adsorbents as Efficient Heterogeneous Catalysts and Copper Scavengers for Click
Chemistry. Adv. Synth. Catal. 2010, 352 (18), 3306-3320.

[73] Sharghi, H.; Shiri, P.; Aberi, M. Five-Membered N-Heterocycles Synthesis
Catalyzed by Nano-Silica Supported Copper(Il)-2-Imino-1,2-Diphenylethan-1-ol
Complex. Catal. Lett. 2017, 147 (11), 2844-2862.

[74] Iverson, C. N.; Smith, M. R. Stoichiometric and Catalytic B-C Bond Formation from
Unactivated Hydrocarbons and Boranes. J. Am. Chem. Soc. 1999, 121 (33), 7696-7697.
[75] Cho, J.-Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E.; Smith, M. R. Remarkably
Selective Iridium Catalysts for the Elaboration of Aromatic C-H Bonds. Science 2002,
295 (5553), 305-308.

[76] Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; Hartwig, J. F. Mild
Iridium-Catalyzed Borylation of Arenes. High Turnover Numbers, Room Temperature
Reactions, and Isolation of a Potential Intermediate. J. Am. Chem. Soc. 2002, 124 (3),
390-391.

[77] Boller, T. M.; Murphy, J. M.; Hapke, M.; Ishiyama, T.; Miyaura, N.; Hartwig, J. F.
Mechanism of the Mild Functionalization of Arenes by Diboron Reagents Catalyzed by
Iridium Complexes. Intermediacy and Chemistry of Bipyridine-Ligated Iridium Trisboryl
Complexes. J. Am. Chem. Soc. 2005, 127 (41), 14263—-14278.

[78] Ishiyama, T.; Takagi, J.; Hartwig, J. F.; Miyaura, N. A Stoichiometric Aromatic C-H
Borylation Catalyzed by Iridium(I)/2,2’-Bipyridine Complexes at Room Temperature.
Angew. Chem. Int. Ed. 2002, 41, 3056-3058.

[79] Oeschger, R. J.; Larsen, M. A.; Bismuto, A.; Hartwig, J. F. Origin of the Difference
in Reactivity between Ir Catalysts for the Borylation of C-H Bonds. J. Am. Chem. Soc.
2019, 741 (41), 16479-16485.

[80] Larsen, M. A.; Hartwig, J. F. Iridium-Catalyzed C-H Borylation of Heteroarenes:
Scope, Regioselectivity, Application to Late-Stage Functionalization, and Mechanism. J.
Am. Chem. Soc. 2014, 136 (11), 4287-4299.

[81] Sawano, T.; Lin, Z.; Boures, D.; An, B.; Wang, C.; Lin, W. Metal-Organic
Frameworks Stabilize Mono(phosphine)-Metal Complexes for Broad-Scope Catalytic
Reactions. J. Am. Chem. Soc. 2016, 138 (31), 9783-9786.

[82] Manna, K.; Zhang, T.; Lin, W. Postsynthetic Metalation of Bipyridyl-Containing
Metal-Organic Frameworks for Highly Efficient Catalytic Organic Transformations. J.
Am. Chem. Soc. 2014, 136 (18), 6566—6569.

[83] Gonzalez, M. L; Bloch, E. D.; Mason, J. A.; Teat, S. J.; Long, J. R. Single-Crystal-
to-Single-Crystal Metalation of a Metal-Organic Framework: A Route toward

98



Structurally Well-Defined Catalysts. Inorg. Chem. 2015, 54 (6), 2995-3005.

[84] Manna, K.; Zhang, T.; Greene, F. X.; Lin, W. Bipyridine- and Phenanthroline-Based
Metal-Organic Frameworks for Highly Efficient and Tandem Catalytic Organic
Transformations via Directed C-H Activation. J. Am. Chem. Soc. 2015, 137 (7), 2665—
2673.

[85] Tahir, N.; Muniz-Miranda, F.; Everaert, J.; Tack, P.; Heugebaert, T.; Leus, K.; Vincze,
L.; Stevens, C. V.; Speybroeck, V. V.; Voort, P. V. D. Immobilization of Ir(I) Complex on
Covalent Triazine Frameworks for C—H Borylation Reactions: A Combined Experimental
and Computational Study. J. Catal. 2019, 371, 135-143.

[86] Maeda, K.; Motokura, K. Recent Advances in Heterogeneous Ir Complex Catalysts
for Aromatic C—H Borylation. Synthesis, 2021, 53 (18), 3227-3234.

[87] Kawamorita, S.; Ohmiya, H.; Hara, K.; Fukuoka, A.; Sawamura, M. Directed Ortho
Borylation of Functionalized Arenes Catalyzed by a Silica-Supported Compact
Phosphine-Iridium System. J. Am. Chem. Soc. 2009, 131 (14), 5058-5059.

[88] Yamazaki, K.; Kawamorita, S.; Ohmiya, H.; Sawamura, M. Directed Ortho
Borylation of Phenol Derivatives Catalyzed by a Silica-Supported Iridium Complex. Org.
Lett. 2010, 12 (18), 3978-398]1.

[89] Kawamorita, S.; Ohmiya, H.; Sawamura, M. Ester-Directed Regioselective
Borylation of Heteroarenes Catalyzed by a Silica-Supported Iridium Complex. J. Org.
Chem. 2010, 75 (11), 3855-3858.

[90] Kawamorita, S.; Murakami, R.; Iwai, T.; Sawamura, M. Synthesis of Primary and
Secondary Alkylboronates through Site-Selective C(sp®)-H Activation with Silica-
Supported Monophosphine-Ir Catalysts. J. Am. Chem. Soc. 2013, 135 (8), 2947-2950.
[91] Konishi, S.; Kawamorita, S.; Iwai, T.; Steel, P. G.; Marder, T. B.; Sawamura, M. Site-
Selective C-H Borylation of Quinolines at the C8 Position Catalyzed by a Silica-
Supported Phosphane-Iridium System. Chem. Asian J. 2014, 9 (2), 434-438.

[92] Wu, F.; Feng, Y.; Jones, C. W. Recyclable Silica-Supported Iridium Bipyridine
Catalyst for Aromatic C-H Borylation. ACS Catal. 2014, 4 (5), 1365-1375.

[93] Waki, M.; Maegawa, Y.; Hara, K.; Goto, Y.; Shirai, S.; Yamada, Y.; Mizoshita, N;
Tani, T.; Chun, W. J.; Muratsugu, S.; Tada, M.; Fukuoka, A.; Inagaki, S. A Solid Chelating
Ligand: Periodic Mesoporous Organosilica Containing 2,2'-Bipyridine within the Pore
Walls. J. Am. Chem. Soc. 2014, 136 (10), 4003—4011.

[94] Maegawa, Y.; Inagaki, S. Iridium-Bipyridine Periodic Mesoporous Organosilica
Catalyzed Direct C-H Borylation Using a Pinacolborane. Dalton Trans. 2015, 44 (29),
13007-13016.

[95] Griining, W. B.; Siddiqi, G.; Safonova, O. V.; Copéret, C. Bipyridine Periodic

99



Mesoporous Organosilica: A Solid Ligand for the Iridium-Catalyzed Borylation of C-H
Bonds. Adv. Synth. Catal. 2014, 356 (4), 673—679.

[96] Wang, X.; Thiel, 1.; Fedorov, A.; Copéret, C.; Mougel, V.; Fontecave, M. Site-
Isolated Manganese Carbonyl on Bipyridine-Functionalities of Periodic Mesoporous
Organosilicas: Efficient CO; Photoreduction and Detection of Key Reaction
Intermediates. Chem. Sci. 2017, 8 (12), 8204-8213.

[97] Maeda, K.; Uemura, Y.; Chun, W.-J.; Satter, S. S.; Nakajima, K.; Manaka, Y.;
Motokura, K. Controllable Factors of Supported Ir Complex Catalysis for Aromatic C—H
Borylation. ACS Catal. 2020, 10 (24), 14552—14559.

[98] Yang, Y.; Chang, J. W.; Rioux, R. M. Structural Elucidation of Supported Rh
Complexes Derived from RhCI(PPh3); Immobilized on Surface-Functionalized SBA-15
and Their Catalytic Performance for C-Heteroatom (S, O) Bond Formation. J. Catal. 2018,
365, 43-54.

[99] Yang, Y.; Rioux, R. M. Highly Regio- and Stereoselective Hydrothiolation of
Acetylenes with Thiols Catalyzed by a Well-Defined Supported Rh Complex. Chem.
Commun. 2011, 47 (23), 6557—6559.

[100] Himiyama, T.; Waki, M.; Maegawa, Y.; Inagaki, S. Cooperative Catalysis of an
Alcohol Dehydrogenase and Rhodium-Modified Periodic Mesoporous Organosilica.
Angew. Chem. Int. Ed. 2019, 58 (27), 9150-9154.

[101] Fukaya, N.; Onozawa, S.; Ueda, M.; Miyaji, T.; Takagi, Y.; Sakakura, T.; Yasuda,
H. Application of Tripodal Linker Units to Immobilized Rhodium Complex Catalysts for
Asymmetric Hydrogenation. Chem. Lett. 2011, 40 (2), 212-214.

[102] Saito, Y.; Kobayashi, S. Development of Robust Heterogeneous Chiral Rhodium
Catalysts Utilizing Acid—Base and Electrostatic Interactions for Efficient Continuous-
Flow Asymmetric Hydrogenations. J. Am. Chem. Soc. 2020, 142 (39), 16546-16551.
[103] Gan, W.; Dyson, P. J.; Laurenczy, G. Heterogeneous Silica-Supported Ruthenium
Phosphine Catalysts for Selective Formic Acid Decomposition. ChemCatChem 2013, 5
(10), 3124-3130.

[104] Tada, M.; Coquet, R.; Yoshida, J.; Kinoshita, M.; Iwasawa, Y. Selective Formation
of a Coordinatively Unsaturated Metal Complex at a Surface: A SiO2-Immobilized,
Three-Coordinate Ruthenium Catalyst for Alkene Epoxidation. Angew. Chem. Int. Ed.
2007, 46 (38), 7220-7223.

[105] (a) Tada, M.; Muratsugu, S.; Kinoshita, M.; Sasaki, T.; Iwasawa, Y. Alternative
Selective Oxidation Pathways for Aldehyde Oxidation and Alkene Epoxidation on a SiO»-
Supported Ru-Monomer Complex Catalyst. J. Am. Chem. Soc. 2010, 132 (2), 713-724;
(b) Coquet, R.; Tada, M.; Iwasawa, Y. Energy-Gaining Formation And Catalytic Behavior

100



Of Active Structures In A SiO»-Supported Unsaturated Ru Complex Catalyst for Alkene
Epoxidation by DFT Calculations. Phys. Chem. Chem. Phys. 2007, 9 (45), 6040—6046.
[106] Tada, M.; Akatsuka, Y.; Yang, Y.; Sasaki, T.; Kinoshita, M.; Motokura, K.; Iwasawa,
Y. Photoinduced Reversible Structural Transformation and Selective Oxidation Catalysis
of Unsaturated Ruthenium Complexes Supported on SiOz. Angew. Chem. Int. Ed. 2008,
47 (48), 9252-9255.

[107] Bianchini, C.; Santo, V. D.; Meli, A.; Moneti, S.; Moreno, M.; Oberhauser, W.;
Psaro, R.; Sordelli, L.; Vizza, F. A Comparison between Silica-Immobilized
Ruthenium(Il) Single Sites and Silica-Supported Ruthenium Nanoparticles in the
Catalytic Hydrogenation of Model Hetero- and Polyaromatics Contained in Raw Oil
Materials. J. Catal. 2003, 213 (1), 47-62.

[108] Liu, P.-N.; Gu, P.-M.; Deng, J.-G.; Tu, Y.-Q.; Ma, Y.-P. Efficient Heterogeneous
Asymmetric Transfer Hydrogenation Catalyzed by Recyclable Silica-Supported
Ruthenium Complexes. Eur. J. Org. Chem. 2005, (15), 3221-3227.

[109] Cheung, W.-H.; Yu, W.-Y.; Yip, W.-P,; Zhu, N.-Y.; Che, C.-M. A Silica Gel-
Supported Ruthenium Complex of 1,4,7-Trimethyl-1,4,7-Triazacyclononane as
Recyclable Catalyst for Chemoselective Oxidation of Alcohols and Alkenes by tert-Butyl
Hydroperoxide. J. Org. Chem. 2002, 67 (22), 7716-7723.

[110] Allen, D. P.; Wingerden, M. M. V.; Grubbs, R. H. Well-Defined Silica-Supported
Olefin Metathesis Catalysts. Org. Lett. 2009, 11 (6), 1261-1264.

[111] Krause, J. O.; Lubbad, S.; Nuyken, O.; Buchmeiser, M. R. Monolith- and Silica-
Supported Carboxylate-Based Grubbs-Herrmann-Type Metathesis Catalysts. Adv. Synth.
Catal. 2003, 345 (8), 996-1004.

[112] Liu, P; Zhou, C. Y.; Xiang, S.; Che, C.-M. Highly Efficient Oxidative Carbon-
Carbon Coupling with SBA-15-Support Iron Terpyridine Catalyst. Chem. Commun. 2010,
46 (16),2739-2741.

[113] Akashi, T.; Nakazawa, J.; Hikichi, S. Iron Complex Immobilized Catalyst Based on
B-Ketiminate Ligand: Alkene Oxygenation Activity Depending on the Morphology of
Silica Support and the Structures of Base Additives. J. Mol. Catal. A Chem. 2013, 371,
42-47.

[114] Tsuruta, T.; Yamazaki, T.; Watanabe, K.; Chiba, Y.; Yoshida, A.; Naito, S.;
Nakazawa, J.; Hikichi, S. Mimicking the Active Sites of Non-Heme Iron Oxygenases on
the Solid Supports of Catalysts: Formation of Immobilized Iron Complexes with
Imidazolyl and Carboxylate Ligands. Chem. Lett. 2015, 44 (2), 144—146.

[115] Hikichi, S.; Kaneko, M.; Miyoshi, Y.; Mizuno, N.; Fujita, K.; Akita, M. Design,
Synthesis, and Catalysis of Bio-Inspired Immobilized Metallocomplex Catalyst. Zop.

101



Catal. 2009, 52 (6-7), 845-851.

[116] Nakazawa, J.; Yata, A.; Hori, T.; Stack, T. D. P.; Naruta, Y.; Hikichi, S. Catalytic
Alkane Oxidation by Homogeneous and Silica-Supported Cobalt(I) Complex Catalysts
with a Triazoly Group-Containing Tetradentate Ligand. Chem. Lett. 2013, 42 (10), 1197—
1199.

[117] Nakazawa, J.; Hori, T.; Stack, T. D. P.; Hikichi, S. Alkane Oxidation by an
Immobilized Nickel Complex Catalyst: Structural and Reactivity Differences Induced by
Surface-Ligand Density on Mesoporous Silica. Chem. Asian J. 2013, 8 (6), 1191-1199.
[118] Nakamizu, A.; Kasai, T.; Nakazawa, J.; Hikichi, S. Immobilization of a Boron
Center-Functionalized Scorpionate Ligand on Mesoporous Silica Supports for
Heterogeneous Tp-Based Catalysts. ACS Omega 2017, 2 (3), 1025-1030.

[119] Nakazawa, J.; Doi, Y.; Hikichi, S. Alkane Oxidation Reactivity of Homogeneous
and Heterogeneous Metal Complex Catalysts with Mesoporous Silica-Immobilized (2-
Pyridylmethyl)amine Type Ligands. Mol. Catal. 2017, 443, 14-24.

[120] Deiana, L.; Ghisu, L.; Afewerki, S.; Verho, O.; Johnston, E. V.; Hedin, N.; Bacsik,
Z.; Cordova, A. Enantioselective Heterogeneous Synergistic Catalysis for Asymmetric
Cascade Transformations. Adv. Synth. Catal. 2014, 356 (11-12), 2485-2492.

[121] (a) Tsuji, J.; Takahashi, H.; Morikawa, M. Organic Syntheses by Means of Noble
Metal Compounds XVII. Reaction of m-Allylpalladium Chloride with Nucleophiles.
Tetrahedron Lett. 1965, 6 (49), 4387— 4388; (b) Tsuji, J. Organic Syntheses by Means of
Noble Metal Compounds. Nippon kagaku zassi 1967, 88 (7), 687-706.

[122] Trost, B. M.; Fullerton, T. J. New Synthetic Reactions. Allylic Alkylation. J. Am.
Chem. Soc. 1973, 95, 292-294.

[123] Trost, B. M.; Van Vranken, D. L. Asymmetric Transition Metal-Catalyzed Allylic
Alkylations. Chem. Rev. 1996, 96 (1), 395-422.

[124] Trost, B. M.; Crawley, M. L. Asymmetric Transition-Metal-Catalyzed Allylic
Alkylations: Applications in Total Synthesis. Chem. Rev. 2003, 103 (8), 2921-2943.
[125] Lu, Z.; Ma, S. Metal-Catalyzed Enantioselective Allylation in Asymmetric
Synthesis. Angew. Chem. Int. Ed. 2008, 47 (2), 258-297.

[126] Ding, S.; Motokura, K. Heterogeneous Supported Palladium Catalysts for Liquid-
Phase Allylation of Nucleophiles. ChemPlusChem 2020, 85 (11), 2428-2437.

[127] Noda, H.; Motokura, K.; Miyaji, A.; Baba, T. Heterogeneous Synergistic Catalysis
by a Palladium Complex and an Amine on a Silica Surface for Acceleration of the Tsuji-
Trost Reaction. Angew. Chem. Int. Ed. 2012, 51 (32), 8017-8020.

[128] Noda, H.; Motokura, K.; Miyaji, A.; Baba, T. Efficient Allylation of Nucleophiles

Catalyzed by a Bifunctional Heterogeneous Palladium Complex-Tertiary Amine System.

102



Adv. Synth. Catal. 2013, 355 (5), 973-980.

[129] Dickschat, A. T.; Behrends, F.; Surmiak, S.; Weil}, M.; Eckert, H.; Studer, A.
Bifunctional Mesoporous Silica Nanoparticles as Cooperative Catalysts for the Tsuji—
Trost Reaction — Tuning the Reactivity of Silica Nanoparticles. Chem. Commun. 2013,
49 (22), 2195-2197.

[130] Motokura, K.; Saitoh, K.; Noda, H.; Uemura, Y.; Chun, W. J.; Miyaji, A.;
Yamaguchi, S.; Baba, T. Co-Immobilization of a Palladium-Bisphosphine Complex and
Strong Organic Base on a Silica Surface for Heterogeneous Synergistic Catalysis.
ChemCatChem 2016, § (2), 331-335.

[131] Motokura, K.; Saitoh, K.; Noda, H.; Chun, W. J.; Miyaji, A.; Yamaguchi, S.; Baba,
T. A Pd-Bisphosphine Complex and Organic Functionalities Immobilized on the Same
Si0O2 Surface: Detailed Characterization and Its Use as an Efficient Catalyst for Allylation.
Catal. Sci. Technol. 2016, 6 (14), 5380-5388.

[132] Motokura, K.; Uemura, Y.; Chun, W. J. Variable-Temperature XAFS Analysis of
Si02-Supported Pd—Bisphosphine Complexes With/Without Co-Immobilized Organic
Functionality. Top. Catal. 2018, 61 (14), 1408—-1413.

[133] Motokura, K.; Fukuda, T.; Uemura, Y.; Matsumura, D.; Ikeda, M.; Nambo, M.;
Chun, W. J. Effects of Mesopore Internal Surfaces on the Structure of Immobilized Pd-
Bisphosphine Complexes Analyzed by Variable-Temperature XAFS and Their Catalytic
Performances. Catalysts 2018, 8 (3).

[134] Kubota, Y.; Goto, K.; Miyata, S.; Goto, Y.; Fukushima, Y.; Sugi, Y. Enhanced Effect
of Mesoporous Silica on Base-Catalyzed Aldol Reaction. Chem. Lett. 2003, 32 (3), 234—
235.

[135] (a) Takahashi, T.; Watahiki, T.; Kitazume, S.; Yasuda, H.; Sakakura, T. Synergistic
Hybrid Catalyst for Cyclic Carbonate Synthesis: Remarkable Acceleration Caused by
Immobilization of Homogeneous Catalyst on Silica. Chem. Commun. 2006, No. 15,
1664-1666; (b) Motokura, K.; Itagaki, S.; Iwasawa, Y.; Miyaji, A.; Baba, T. Silica-
Supported Aminopyridinium Halides for Catalytic Transformations of Epoxides to Cyclic
Carbonates under Atmospheric Pressure of Carbon Dioxide. Green Chem. 2009, 11 (11),
1876—-1880.

[136] (a) Motokura, K.; Tada, M.; Iwasawa, Y. Layered Materials with Coexisting Acidic
and Basic Sites for Catalytic One-Pot Reaction Sequences. J. Am. Chem. Soc. 2009, 131
(23), 7944-7945; (b) Motokura, K.; Tanaka, S.; Tada, M.; Iwasawa, Y. Bifunctional
Heterogeneous Catalysis of Silica-Alumina-Supported Tertiary Amines with Controlled
Acid-Base Interactions for Efficient 1,4-Addition Reactions. Chem. Eur. J. 2009, 15 (41),
10871-10879; (c) Motokura, K.; Tomita, M.; Tada, M.; Iwasawa, Y. Acid-Base

103



Bifunctional Catalysis of Silica-Alumina-Supported Organic Amines for Carbon-Carbon
Bond-Forming Reactions. Chem. Eur. J. 2008, 14 (13),4017-4027 (e) Motokura, K.; Tada,
M.; Iwasawa, Y. Cooperative Catalysis of Primary and Tertiary Amines on Oxide Support
Surface for One-Pot C-C Bond Forming Reactions. Angew. Chem. Int. Ed. 2008, 47 (48),
9230-9235; (f) Motokura, K.; Tada, M.; Iwasawa, Y. Heterogeneous Organic Base-
Catalyzed Reactions Enhanced by Acid Supports. J. Am. Chem. Soc. 2007, 129 (31),
9540-9541.

[137] Lauwaert, J.; De Canck, E.; Esquivel, D.; Thybaut, J. W.; Van Der Voort, P.; Marin,
G. B. Silanol-Assisted Aldol Condensation on Aminated Silica: Understanding the
Arrangement of Functional Groups. ChemCatChem 2014, 6 (1), 255-264.

[138] Kim, K. C.; Moschetta, E. G.; Jones, C. W.; Jang, S. S. Molecular Dynamics
Simulations of Aldol Condensation Catalyzed by Alkylamine-Functionalized Crystalline
Silica Surfaces. J. Am. Chem. Soc. 2016, 138 (24), 7664—7672.

[139] Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.; Sanchez, F. Improved Palladium
and Nickel Catalysts Heterogenised on Oxidic Supports (Silica, MCM-41, ITQ-2, ITQ-
6). Adv. Synth. Catal. 2004, 346 (11), 1316-1328.

[140] Butt, N. A.; Zhang, W. Transition Metal-Catalyzed Allylic Substitution Reactions
with Unactivated Allylic Substrates. Chem. Soc. Rev. 2015, 44 (22), 7929-7967.

[141] Sundararaju, B.; Achard, M.; Bruneau, C. Transition Metal Catalyzed Nucleophilic
Allylic Substitution: Activation of Allylic Alcohols via n-Allylic Species. Chem. Soc. Rev.
2012, 41 (12), 4467-4483.

[142] Ozawa, F.; Okamoto, H.; Kawagishi, S.; Yamamoto, S.; Minami, T.; Yoshifuji, M.
(m-Allyl)Palladium Complexes Bearing Diphosphinidenecyclobutene Ligands (DPCB):
Highly Active Catalysts for Direct Conversion of Allylic Alcohols. J. Am. Chem. Soc.
2002, 724 (37), 10968—-10969.

[143] Kinoshita, H.; Shinokubo, H.; Oshima, K. Water Enables Direct Use of Allyl
Alcohol for Tsuji-Trost Reaction without Activators. Org. Lett. 2004, 6 (22), 4085—4088.
[144] Banerjee, D.; Junge, K.; Beller, M. Cooperative Catalysis by Palladium and a Chiral
Phosphoric Acid: Enantioselective Amination of Racemic Allylic Alcohols. Angew. Chem.
Int. Ed. 2014, 53 (48), 13049-13053.

[145] Gumrukcu, Y.; Debruin, B.; Reek, J. N. H. Hydrogen-Bond-Assisted Activation of
Allylic Alcohols for Palladium-Catalyzed Coupling Reactions. ChemSusChem 2014, 7
(3), 890-896.

[146] Huo, X.; Yang, G.; Liu, D.; Liu, Y.; Gridnev, L. D.; Zhang, W. Palladium-Catalyzed
Allylic Alkylation of Simple Ketones with Allylic Alcohols and Its Mechanistic Study.
Angew. Chem. Int. Ed. 2014, 53 (26), 6776—6780.

104



[147] Motokura, K.; Ikeda, M.; Nambo, M.; Chun, W. J.; Nakajima, K.; Tanaka, S.
Concerted Catalysis in Tight Spaces: Palladium-Catalyzed Allylation Reactions
Accelerated by Accumulated Active Sites in Mesoporous Silica. ChemCatChem 2017, 9
(15), 2924-2929.

[148] Motokura, K.; Ikeda, M.; Kim, M.; Nakajima, K.; Kawashima, S.; Nambo, M.;
Chun, W. J.; Tanaka, S. Silica Support-Enhanced Pd-Catalyzed Allylation Using Allylic
Alcohols. ChemCatChem 2018, 10 (20), 4536-4544.

[149] Shu, X. Z.; Nguyen, S. C.; He, Y.; Oba, F.; Zhang, Q.; Canlas, C.; Somorjai, G. A.;
Alivisatos, A. P.; Toste, F. D. Silica-Supported Cationic Gold(I) Complexes as
Heterogeneous Catalysts for Regio- and Enantioselective Lactonization Reactions. J. Am.
Chem. Soc. 2015, 137 (22), 7083—-7086.

[150] Hu, W.; Huang, B.; Niu, B.; Cai, M. Recyclable Heterogeneous Gold(I)-Catalyzed
Oxidation of Internal Acylalkynes: Practical Access to Vicinal Tricarbonyls. Tetrahedron
Lett. 2021, 68, 152953.

[151] Yan, D.; Wang, N.; Xue, T.; Wu, H.; Zhang, J.; Wu, P. SBA-15 Supported Chiral
Phosphine-Gold(I) Complex: Highly Efficient and Recyclable Catalyst for Asymmetric
Cycloaddition Reactions. ChemCatChem 2020, 12 (16), 4067—4072.

[152] Li, Y.; Maser, L.; Alig, L.; Ke, Z.; Langer, R. From Carbones to Carbenes and Ylides
in the Coordination Sphere of Iridium. Daltn. Trans. 2021, 50 (3), 954-959.

[153] Gao, H.; Angelici, R. J. Combination Catalysts Consisting of a Homogeneous
Catalyst Tethered to a Silica-Supported Palladium Heterogeneous Catalyst: Arene
Hydrogenation. J. Am. Chem. Soc. 1997, 119 (29), 6937-6938.

[154] Yang, H.; Gao, H.; Angelici, R. J. Hydrogenation of Arenes under Mild Conditions
Using Rhodium Pyridylphosphine and Bipyridyl Complexes Tethered to a Silica-
Supported Palladium Heterogeneous Catalyst. Organometallics 2000, 19, 622—629.
[155] Yang, H.; Gao, H.; Angelici, R. J. Hydrodefluorination of Fluorobenzene and 1,2-
Difluorobenzene under Mild Conditions over Rhodium Pyridylphosphine and Bipyridyl
Complexes Tethered on a Silica-Supported Palladium Catalyst. Organometallics 1999,
18 (12),2285-2287.

[156] Gao, H.; Angelici, R. J. Rhodium-Phosphine Complex Catalysts Tethered on Silica-
Supported Heterogeneous Metal Catalysts: Arene Hydrogenation under Atmospheric
Pressure. J. Mol. Catal. A Chem. 1999, 149 (1-2), 63-74.

[157] Stanger, K. J.; Tang, Y.; Anderegg, J.; Angelici, R. J. Arene Hydrogenation Using
Supported Rhodium Metal Catalysts Prepared from [Rh(COD)H]s, [Rh(COD):]'BFy4,
and [Rh(COD)CIl]> Adsorbed on SiO» and Pd-Si0,. J. Mol. Catal. A Chem. 2003, 202 (1-
2), 147-161.

105



[158] Stanger, K. J.; Wiench, J. W.; Pruski, M.; Angelici, R. J. 3'P NMR and IR
Characterization of Enantioselective Olefin and Arene Hydrogenation Catalysts
Containing a Rhodium-Chiral Phosphine Complex Tethered on Silica. J. Mol. Catal. A
Chem. 2003, 195 (1-2), 63-82.

[159] Perera, M. A. D. N.; Angelici, R. J. Rhodium Amine Complexes Tethered on Silica-
Supported Gold-Palladium Bimetal Catalysts. Arene Hydrogenation. J. Mol. Catal. A
Chem. 1999, 149 (1-2), 99—-111.

[160] Bianchini, C.; Dal Santo, V.; Meli, A.; Moneti, S.; Moreno, M.; Oberhauser, W.;
Psaro, R.; Sordelli, L.; Vizza, F. Hydrogenation of Arenes over Catalysts That Combine
a Metal Phase and a Grafted Metal Complex: Role of the Single-Site Catalyst. Angew.
Chem. Int. Ed. 2003, 42 (23), 2636-2639.

[161] Barbaro, P.; Bianchini, C.; Santo, V. D.; Meli, A.; Moneti, S.; Psaro, R.; Scaftfidi,
A.; Sordelli, L.; Vizza, F. Hydrogenation of Arenes over Silica-Supported Catalysts That
Combine a Grafted Rhodium Complex and Palladium Nanoparticles: Evidence for
Substrate Activation on Rhsingle-Site-Pdmetat Moieties. J. Am. Chem. Soc. 2006, 128 (21),
7065-7076.

[162] Barbaro, P.; Bianchini, C.; Dal Santo, V.; Meli, A.; Moneti, S.; Pirovano, C.; Psaro,
R.; Sordelli, L.; Vizza, F. Benzene Hydrogenation by Silica-Supported Catalysts Made of
Palladium Nanoparticles and Electrostatically Immobilized Rhodium Single Sites.
Organometallics 2008, 27 (12), 2809-2824.

[163] Gao, H.; Angelici, R. J. Combined Homogeneous and Heterogeneous Catalysts.
Rhodium Carbonyl Thiolate Complexes Tethered on Silica-Supported Metal
Heterogeneous Catalysts: Olefin Hydroformylation and Arene Hydrogenation. J. Mol.
Catal. A Chem. 1999, 145 (1-2), 83-94.

[164] Abu-Reziq, R.; Avnir, D.; Miloslavski, I.; Schumann, H.; Blum, J. Entrapment of
Metallic Palladium and a Rhodium(I) Complex in a Silica Sol-Gel Matrix: Formation of
a Highly Active Recyclable Arene Hydrogenation Catalyst. J. Mol. Catal. A Chem. 2002,
185 (1-2), 179-185.

[165] Sandee, A. J.; Reek, J. N. H.; Kamer, P. C. J.; Van Leeuwen, P. W. N. M. A Silica-
Supported, Switchable, and Recyclable Hydroformylation - Hydrogenation Catalyst. J.
Am. Chem. Soc. 2001, 123 (35), 8468-8476.

[166] Sandee, A. J.; van der Veen, L. A.; Reek, J. N. H.; Kamer, P. C. J.; Lutz, M; Spek,
A. L.; van Leeuwen, P. W. N. M. A Robust, Environmentally Benign Catalyst for Highly
Selective Hydroformylation. Angew. Chem. Int. Ed. 1999, 38 (21), 3231-3235.

[167] Li, P.; Kawi, S. SBA-15-Based Polyamidoamine Dendrimer Tethered Wilkinson’s
Rhodium Complex for Hydroformylation of Styrene. J. Catal. 2008, 257 (1), 23-31.

106



[168] Standfest-Hauser, C. M.; Lummerstorfer, T.; Schmid, R.; Hoffmann, H.; Kirchner,
K.; Puchberger, M.; Trzeciak, A. M.; Mieczynska, E.; Tylus, W.; Ziotkowski, J. J.
Rhodium Phosphine Complexes Immobilized on Silica as Active Catalysts for 1-Hexene
Hydroformylation and Arene Hydrogenation. J. Mol. Catal. A Chem. 2004, 210 (1-2),
179-187.

[169] Riisager, A.; Eriksena, K. M.; Hjortkjer, J.; Fehrmann, R. Propene
Hydroformylation by Supported Aqueous-Phase Rh-NORBOS Catalysts. J. Mol. Catal.
A Chem. 2003, 193 (1-2), 259-272.

[170] Riisager, A.; Eriksen, K. M.; Wasserscheid, P.; Fehrmann, R. Propene and 1-Octene
Hydroformylation with Silica-Supported, Ionic Liquid-Phase (SILP) Rh-Phosphine
Catalysts in Continuous Fixed-Bed Mode. Catal. Lett. 2003, 90 (3—4), 149—-153.

[171] Hong, L.; Ruckenstein, E. Liquid Polymer Catalyst Immobilized on Polymer-
Coated Silica: Application to Hydroformylation. J. Chem. Soc. Chem. Commun. 1993, 2
(19), 1486-1487.

[172] Schonweiz, A.; Debuschewitz, J.; Walter, S.; Woélfel, R.; Hahn, H.; Dyballa, K. M.;
Franke, R.; Haumann, M.; Wasserscheid, P. Ligand-Modified Rhodium Catalysts on
Porous Silica in the Continuous Gas-Phase Hydroformylation of Short-Chain Alkenes-
Catalytic Reaction in Liquid-Supported Aldol Products. ChemCatChem 2013, 5 (10),
2955-2963.

[173] Li, Z.; Peng, Q.; Yuan, Y. Aqueous Phosphine-Rh Complexes Supported on Non-
Porous Fumed-Silica Nanoparticles for Higher Olefin Hydroformylation. Appl. Catal. A
Gen. 2003, 239 (1-2), 79-86.

[174] Zhou, W.; He, D. A Facile Method for Promoting Activities of Ordered Mesoporous
Silica-Anchored Rh—P Complex Catalysts in 1-Octene Hydroformylation. Green Chem.
2009, /1 (8), 1146—-1154.

[175] Zhou, W.; He, D. Lengthening Alkyl Spacers to Increase SBA-15-Anchored Rh-P
Complex Activities in 1-Octene Hydroformylation. Chem. Commun. 2008, No. 44, 5839—
5841.

[176] Fierro, J. L. G.; Merchan, M. D.; Rojas, S.; Terreros, P. 1-Heptene
Hydroformylation over Phosphinated Silica-Anchored Rhodium Thiolate Complexes. J.
Mol. Catal. A Chem. 2001, 166 (2), 255-264.

[177] Sudheesh, N.; Sharma, S. K.; Shukla, R. S.; Jasra, R. V. HRh(CO)(PPhs)3
Encapsulated Mesopores of Hexagonal Mesoporous Silica (HMS) Acting as Nanophase
Reactors for Effective Catalytic Hydroformylation of Olefins. J. Mol. Catal. A Chem.
2008, 296 (1-2), 61-70.

[178] Nejat, R.; Mahjoub, A. Magnetically Water-Dispersible and Recoverable Rhodium

107



Organometallic Catalyst Derived from Wilkinson’s Catalyst for Promoting Organic
Reactions. Appl. Organomet. Chem. 2017, 31 (7), 1-8.

[179] Gorbunov, D.; Safronova, D.; Kardasheva, Y.; Maximov, A.; Rosenberg, E.;
Karakhanov, E. New Heterogeneous Rh-Containing Catalysts Immobilized on a Hybrid
Organic-Inorganic Surface for Hydroformylation of Unsaturated Compounds. ACS Appl.
Mater. Interfaces 2018, 10 (31), 26566-26575.

[180] Yang, Y.; Lin, H.; Deng, C.; She, J.; Yuan, Y. MCM-41 Supported Water-Soluble
TPPTS-Rh Complex in Ionic Liquids: A New Robust Catalyst for Olefin
Hydroformylation. Chem. Lett. 2005, 34 (2), 220-221.

[181] Bianchini, C.; Burnaby, D. G.; Evans, J.; Frediani, P.; Meli, A.; Oberhauser, W.;
Psaro, R.; Sordelli, L.; Vizza, F. Preparation, Characterization, and Performance of
Tripodal Polyphosphine Rhodium Catalysts Immobilized on Silica via Hydrogen
Bonding. J. Am. Chem. Soc. 1999, 121 (25), 5961-5971.

[182] Bianchini, C.; Santo, V. D.; Meli, A.; Oberhauser, W.; Psaro, R.; Vizza, F.
Analogous Homogeneous and Aqueous-Biphase Catalytic Systems in the Hydrogenation
of Benzylideneacetone and Benzonitrile. Organometallics 2000, 19 (13), 2433-2444.
[183] Bianchini, C.; Dal Santo, V.; Meli, A.; Moneti, S.; Moreno, M.; Oberhauser, W.;
Psaro, R.; Sordelli, L.; Vizza, F. A Comparison between Silica-Immobilized
Ruthenium(Il) Single Sites and Silica-Supported Ruthenium Nanoparticles in the
Catalytic Hydrogenation of Model Hetero- and Polyaromatics Contained in Raw Oil
Materials. J. Catal. 2003, 213 (1), 47-62.

[184] Bianchini, C.; Barbaro, P.; Dal Santo, V.; Gobetto, R.; Meli, A.; Oberhauser, W.;
Psaro, R.; Vizza, F. Immobilization of Optically Active Rhodium-Diphosphine
Complexes on Porous Silica via Hydrogen Bonding. Adv. Synth. Catal. 2001, 343 (1),
41-45.

[185] Sakai, M.; Hayashi, H.; Miyaura, N. Rhodium-Catalyzed Conjugate Addition of
Aryl- or 1-Alkenylboronic Acids to Enones. Organometallics 1997, 16 (20), 4229-4231.
[186] Takaya, Y.; Ogasawara, M.; Hayashi, T.; Sakai, M.; Miyaura, N. Rhodium-
Catalyzed Asymmetric 1,4-Addition of Aryl- and Alkenylboronic Acids to Enones. J. Am.
Chem. Soc. 1998, 120 (22), 5579-5580.

[187] Miyamura, H.; Nishino, K.; Yasukawa, T.; Kobayashi, S. Rhodium-Catalyzed
Asymmetric 1,4-Addition Reactions of Aryl Boronic Acids with Nitroalkenes: Reaction
Mechanism and Development of Homogeneous and Heterogeneous Catalysts. Chem. Sci.
2017, 8 (12), 8362—-8372.

[188] Shen, G.; Osako, T.; Nagaosa, M.; Uozumi, Y. Aqueous Asymmetric 1,4-Addition
of Arylboronic Acids to Enones Catalyzed by an Amphiphilic Resin-Supported Chiral

108



Diene Rhodium Complex under Batch and Continuous-Flow Conditions. J. Org. Chem.
2018, 83 (14), 7380-7387.

[189] Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara, M. Catalytic Cycle of
Rhodium-Catalyzed Asymmetric 1,4-Addition of Organoboronic Acids. Arylrhodium,
Oxa-m-allylrhodium, and Hydroxorhodium Intermediates. J. Am. Chem. Soc. 2002, 124
(18), 5052-5058.

[190] Uozumi, Y.; Nakazono, M. Amphiphilic Resin-Supported Rhodium-Phosphine
Catalysts for C-C Bond Forming Reactions in Water. Adv. Synth. Catal. 2002, 344 (3—4),
247-2717.

[191] Motokura, K.; Hashimoto, N.; Hara, T.; Mitsudome, T.; Mizugaki, T.; Jitsukawa,
K.; Kaneda, K. Rhodium-Grafted Hydrotalcite Catalyst for Heterogeneous 1,4-Addition
Reaction of Organoboron Reagents to Electron Deficient Olefins. Green Chem. 2011, 13
(9), 2416-2422.

[192] Yasukawa, T.; Saito, Y.; Miyamura, H.; Kobayashi, S. Chiral Nanoparticles/Lewis
Acids as Cooperative Catalysts for Asymmetric 1,4-Addition of Arylboronic Acids to a,f3-
Unsaturated Amides. Angew. Chem. Int. Ed. 2016, 55 (28), 8058-8061.

[193] Noda, H.; Motokura, K.; Chun, W. J.; Miyaji, A.; Yamaguchi, S.; Baba, T.
Heterogeneous Double-Activation Catalysis: Rh Complex and Tertiary Amine on the
Same Solid Surface for the 1,4-Addition Reaction of Aryl- And Alkylboronic Acids. Catal.
Sci. Technol. 2015, 5, 2714-2727.

[194] Noda, H.; Motokura, K.; Wakabayashi, Y.; Sasaki, K.; Tajiri, H.; Miyaji, A.;
Yamaguchi, S.; Baba, T. Direct Estimation of the Surface Location of Immobilized
Functional Groups for Concerted Catalysis Using a Probe Molecule. Chem. Eur. J. 2016,
22 (15), 5113-5117.

[195] Motokura, K.; Hashiguchi, K.; Maeda, K.; Nambo, M.; Manaka, Y.; Chun, W.-J.
Rh-Catalyzed 1,4-Addition Reactions of Arylboronic Acids Accelerated by Co-
Immobilized Tertiary Amine in Silica Mesopores. Mol. Catal. 2019, 472, 1-9.

[196] Fernandes, A. E.; Riant, O.; Jensen, K. F.; Jonas, A. M. Molecular Engineering of
Trifunctional Supported Catalysts for the Aerobic Oxidation of Alcohols. Angew. Chem.
Int. Ed. 2016, 55 (37), 11044—-11048.

[197] Fernandes, A. E.; Riant, O.; Jonas, A. M.; Jensen, K. F. One “Click” to Controlled
Bifunctional Supported Catalysts for the Cu/TEMPO-Catalyzed Aerobic Oxidation of
Alcohols. RSC Adv. 2016, 6 (43), 36602—-36605.

[198] Chandra, P.; Jonas, A. M.; Fernandes, A. E. Sequence and Surface Confinement
Direct Cooperativity in Catalytic Precision Oligomers. J. Am. Chem. Soc. 2018, 140 (15),
5179-5184.

109



[199] Chandra, P.; Jonas, A. M.; Fernandes, A. E. Spatial Coordination of Cooperativity
in Silica-Supported Cw/TEMPO/Imidazole Catalytic Triad. ACS Catal. 2018, 8 (7), 6006—
6011.

[200] Tada, M.; Tanaka, S.; Iwasawa, Y. Enantioselective Diels-Alder Reaction Promoted
by Achiral Functionalization of a SiO>-Supported Cu-BOX [Bis(oxazoline)] Catalyst.
Chem. Lett. 2005, 34 (10), 1362—-1363.

[201] Tanaka, S.; Tada, M.; Iwasawa, Y. Enantioselectivity Promotion by Achiral Surface
Functionalization on SiO>-Supported Cu-Bis(Oxazoline) Catalysts for Asymmetric Diels-
Alder Reactions. J. Catal. 2007, 245 (1), 173—183.

[202] Mori, K.; Kawashima, M.; Che, M.; Yamashita, H. Enhancement of the
Photoinduced Oxidation Activity of a Ruthenium(Il) Complex Anchored on Silica-
Coated Silver Nanoparticles by Localized Surface Plasmon Resonance. Angew. Chem. Int.
Ed. 2010, 49 (46), 8598-8601

[203] (a) Kaneda, K.; Mizugaki, T. Design of High-Performance Heterogeneous Catalysts
Using Hydrotalcite for Selective Organic Transformations. Green Chem. 2019, 21 (6),
1361— 1389; (b) Climent, M. J.; Corma, A.; Iborra, S. Heterogeneous Catalysts for the
One-Pot Synthesis of Chemicals and Fine Chemicals. Chem. Rev. 2011, 111 (2), 1072-
1133; (c) Kaneda, K.: Ebitani, K.; Mizugaki, T.; Mori, K. Design of High-Performance
Heterogeneous Metal Catalysts for Green and Sustainable Chemistry. Bull. Chem. Soc.
Jpn. 2006, 79 (7), 981-1016; (d) Nishimura, S.; Takagaki, A.; Ebitani, K. Characterization,
Synthesis and Catalysis of Hydrotalcite-Related Materials for Highly Efficient Materials
Transformations. Green Chem. 2013, 15 (8), 2026-2042; (e) Jin, R.; Zheng, D.; Liu, R.;
Liu, G. Silica-Supported Molecular Catalysts for Tandem Reactions. ChemCatChem
2018, 70 (8), 1739-1752.

[204] Shu, X.; Jin, R.; Zhao, Z.; Cheng, T.; Liu, G. An Integrated Immobilization Strategy
Manipulates Dual Active Centers to Boost Enantioselective Tandem Reactions. Chem.
Commun. 2018, 54 (94), 13244-13247.

[205] Diaz-Marta, A. S.; Tubio, C. R.; Carbajales, C.; Fernandez, C.; Escalante, L.; Sotelo,
E.; Guitian, F.; Barrio, V. L.; Gil, A.; Coelho, A. Three-Dimensional Printing in Catalysis:
Combining 3D Heterogeneous Copper and Palladium Catalysts for Multicatalytic
Multicomponent Reactions. ACS Catal. 2018, § (1), 392—-404.

[206] Yang, H. Q.; Zhang, L.; Zhong, L.; Yang, Q. H.; Li, C. Enhanced Cooperative
Activation Effect in the Hydrolytic Kinetic Resolution of Epoxides on [Co(Salen)]
Catalysts Confined in Nanocages. Angew. Chem. Int. Ed. 2007, 46 (36), 6861-6865.
[207] Brunelli, N. A.; Jones, C. W. Tuning Acid-Base Cooperativity to Create Next
Generation Silica-Supported Organocatalysts. J. Catal. 2013, 308, 60—72.

110



[208] Motokura, K.; Kawashima, S.; Nambo, M.; Manaka, Y.; Chun, W. J. Accumulation
of Active Species in Silica Mesopore: Effect of the Pore Size and Free Base Additives on
Pd-Catalyzed Allylation Using Allylic Alcohol. ChemCatChem 2020, 12 (10),2783-2791.
[209] Raja, R.; Thomas, J. M.; Jones, M. D.; Johnson, B. F. G.; Vaughan, D. E. W.
Constraining Asymmetric Organometallic Catalysts Within Mesoporous Supports Boosts
Their Enantioselectivity. J. Am. Chem. Soc. 2003, 125 (49), 14982-14983.

[210] Fernandes, C. I.; Saraiva, M. S.; Nunes, T. G.; Vaz, P. D.; Nunes, C. D. Highly
Enantioselective Olefin Epoxidation Controlled by Helical Confined Environments. J.
Catal. 2014, 309, 21-32.

[211] Cheng, T.; Long, J.; Liang, X.; Liu, R.; Liu, G. Exploiting Mesoporous Silica
Matrixes for Aqueous Asymmetric Transfer Hydrogenation: Morphology and Surface
Chemistry Dominate Catalytic Performance. Mater. Res. Bull. 2014, 53, 1-6.

[212] Zhang, H.; Li, C. Asymmetric Epoxidation of 6-Cyano-2,2-Dimethylchromene on
Mn(Salen) Catalyst Immobilized in Mesoporous Materials. Tetrahedron 2006, 62 (28),
6640-6649.

[213] Huang, J.; Yuan, L.; Cai, J. Constraining Asymmetric Organometallic Catalysts
within Mesoporous Supports Znps—Brppas Boosts Their Enantioselectivity. J. Mol. Catal.
A Chem. 2016, 416, 147-153.

[214] Jiang, D.; Gao, J.; Yang, J.; Su, W.; Yang, Q.; Li, C. Mesoporous Ethane-Silicas
Functionalized with Trans-(1R,2R)-Diaminocyclohexane: Relation between Structure
and Catalytic Properties in Asymmetric Transfer Hydrogenation. Microporous
Mesoporous Mater. 2007, 105 (1-2), 204-210.

[215] Sz6ll6si, G.; Gombkotd, D.; Mogyords, A. Z.; Fulop, F. Surface-lImproved
Asymmetric Michael Addition Catalyzed by Amino Acids Adsorbed on Laponite. Adv.
Synth. Catal. 2018, 360 (10), 1992-2004.

[216] Zhang, H.; Jin, R.; Yao, H.; Tang, S.; Zhuang, J.; Liu, G.; Li, H. Core-Shell
Structured Mesoporous Silica: A New Immobilized Strategy for Rhodium Catalyzed
Asymmetric Transfer Hydrogenation. Chem. Commun. 2012, 48 (63), 7874-7876.

[217] Brown, L. J.; Brown, R. C. D.; Raja, R. Heterogenisation of Ketone Catalysts within
Mesoporous Supports for Asymmetric Epoxidation. RSC Adv. 2013, 3 (3), 843-850.
[218] Newland, S. H.; Xuereb, D. J.; Gianotti, E.; Marchese, L.; Rios, R.; Raja, R. Highly
Effective Design Strategy for the Heterogenisation of Chemo- and Enantioselective
Organocatalysts. Catal. Sci. Technol. 2015, 5 (2), 660—665.

[219] Kawasaki, T.; Araki, Y.; Hatase, K.; Suzuki, K.; Matsumoto, A.; Yokoi, T.; Kubota,
Y.; Tatsumi, T.; Soai, K. Helical Mesoporous Silica as an Inorganic Heterogeneous Chiral

111



Trigger for Asymmetric Autocatalysis with Amplification of Enantiomeric Excess. Chem.
Commun. 2015, 51 (42), 8742-8744.

[220] Xia, D.; Cheng, T.; Xiao, W.; Liu, K.; Wang, Z.; Liu, G.; Li, H.; Wang, W.
Imidazolium-Based Organic-Inorganic Hybrid Silica as a Functional Platform
Dramatically Boosts Chiral Organometallics Performance in Asymmetric Catalysis.
ChemCatChem 2013, 5 (7), 1784-1789.

[221] Liu, K.; Jin, R.; Cheng, T.; Xu, X.; Gao, F.; Liu, G.; Li, H. Functionalized Periodic
Mesoporous Organosilica: A Highly Enantioselective Catalyst for the Michael Addition
of 1,3-Dicarbonyl Compounds to Nitroalkenes. Chem. Eur. J. 2012, 18 (48), 15546—
15553.

[222] Zhao, L.; Li, Y.; Yu, P.; Han, X.; He, J. Exploration of Dependence of Organo-
Catalyzed Enantioselective Michael Addition on the Pore Size of Mesoporous Host. ACS
Catal. 2012, 2 (6), 1118-1126.

[223] Xuereb, D. J.; Dzierzak, J.; Raja, R. From Zeozymes to Bio-Inspired Heterogeneous
Solids: Evolution of Design Strategies for Sustainable Catalysis. Catal. Today 2012, 198
(1), 19-34.

[224] Aprile, C., Garcia, H. and Pescarmona, P.P. (2011). Synthesis and Characterization
of Supported Chiral Catalysts. In Catalytic Methods in Asymmetric Synthesis (eds M.
Gruttadauria and F. Giacalone).

[225] Heitbaum, M.; Glorius, F.; Escher, I. Asymmetric Heterogeneous Catalysis. Angew.
Chem. Int. Ed. 2006, 45 (29), 4732-4762.

[226] Thomas, J. M.; Raja, R. Exploiting Nanospace for Asymmetric Catalysis:
Confinement of Immobilized, Single-Site Chiral Catalysts Enhances Enantioselectivity.
Acc. Chem. Res. 2008, 41 (6), 708-720.

[227] Goettmann, F.; Sanchez, C. How Does Confinement Affect the Catalytic Activity
of Mesoporous Materials? J. Mater. Chem. 2007, 17 (1), 24-30.

Li, C.; Zhang, H.; Jiang, D.; Yang, Q. Chiral Catalysis in Nanopores of Mesoporous
Materials. Chem. Commun. 2007, No. 6, 547-558.

[228] Harris, K. D. M.; Thomas, J. M. Selected Thoughts on Chiral Crystals, Chiral
Surfaces, and Asymmetric Heterogeneous Catalysis. ChemCatChem 2009, 1 (2), 223-
231.

[229] Fraile, J. M.; Garcia, J. I.; Mayoral, J. A. Noncovalent Immobilization of
Enantioselective Catalysts. Chem. Rev. 2009, 109 (2), 360—417.

[230] Bartok, M. Unexpected Inversions in Asymmetric Reactions: Reactions with Chiral
Metal Complexes, Chiral Organocatalysts, and Heterogeneous Chiral Catalysts. Chem.
Rev. 2010, 110 (3), 1663-1705.

112



[231] Shylesh, S.; Jia, M.; Thiel, W. R. Recent Progress in the Heterogenization of
Complexes for Single-Site Epoxidation Catalysis. Eur. J. Inorg. Chem. 2010, No. 28,
4395-4410.

[232] Muratsugu, S.; Maity, N.; Baba, H.; Tasaki, M.; Tada, M. Preparation and Catalytic
Performance of a Molecularly Imprinted Pd Complex Catalyst for Suzuki Cross-Coupling
Reactions. Dalton Trans. 2017, 46 (10), 3125-3134.

[233] Suzuki, A.; Tada, M.; Sasaki, T.; Shido, T.; Iwasawa, Y. Design of Catalytic Sites at
Oxide Surfaces by Metal-Complex Attaching and Molecular Imprinting Techniques. J.
Mol. Catal. A Chem. 2002, 182—183, 125-136.

[234] Tada, M.; Iwasawa, Y. Approaches to Design of Active Structures by Attaching and
Molecular Imprinting of Metal Complexes on Oxide Surfaces. J. Mol. Catal. A Chem.
2003, 204-205, 27-53.

[235] Tada, M.; Sasaki, T.; Iwasawa, Y. Performance and Kinetic Behavior of a New SiO»-
Attached Molecular-Imprinting Rh-Dimer Catalyst in Size- and Shape-Selective
Hydrogenation of Alkenes. J. Catal. 2002, 211 (2), 496-510.

[236] Tada, M.; Sasaki, T.; Iwasawa, Y. Novel SiO;-Attached Molecular-Imprinting Rh-
Monomer Catalysts for Shape-Selective Hydrogenation of Alkenes; Preparation,
Characterization and Performance. Phys. Chem. Chem. Phys. 2002, 4 (18), 4561-4574.
[237] Tada, M.; Sasaki, T.; Shido, T.; Iwasawa, Y. Design, Characterization and
Performance of a Molecular Imprinting Rh-Dimer Hydrogenation Catalyst on a SiO:
Surface. Phys. Chem. Chem. Phys. 2002, 4 (23), 5899-59009.

[238] Tada, M.; Sasaki, T.; Iwasawa, Y. Design of a Novel Molecular-Imprinted Rh-
Amine Complex on SiO; and Its Shape-Selective Catalysis for o-Methylstyrene
Hydrogenation. J. Phys. Chem. B 2004, 108 (9), 2918-2930.

[239] Han, Y.; Huynh, H. V. Pyrazolin-4-Ylidenes: A New Class of Intriguing Ligands.
Dalton Trans. 2011, 40 (10), 2141-2147.

[240] Yang, Y.; Weng, Z.; Muratsugu, S.; Ishiguro, N.; Ohkoshi, S. I.; Tada, M.
Preparation and Catalytic Performances of a Molecularly Imprinted Ru-Complex Catalyst
with an NH> Binding Site on a SiO; Surface. Chem. Eur. J. 2012, 18 (4), 1142—-1153.
[241] Weng, Z.; Muratsugu, S.; Ishiguro, N.; Ohkoshi, S. Tada, M. Preparation of Surface
Molecularly Imprinted Ru-Complex Catalysts for Asymmetric Transfer Hydrogenation
in Water Media. Dalton Trans. 2011, 40 (10), 2338-2347.

[242] Muratsugu, S.; Baba, H.; Tanimoto, T.; Sawaguchi, K.; Ikemoto, S.; Tasaki, M.;
Terao, Y.; Tada, M. Chemoselective Epoxidation of Cholesterol Derivatives on A Surface-
Designed Molecularly Imprinted Ru-Porphyrin Catalyst. Chem. Commun. 2018, 54 (40),
5114-5117.

113



[243] Muratsugu, S.; Tada, M. Molecularly Imprinted Ru Complex Catalysts Integrated
on Oxide Surfaces. Acc. Chem. Res. 2013, 46 (2), 300-311.

[244] Muratsugu, S.; Shirai, S.; Tada, M. Recent Progress in Molecularly Imprinted
Approach for Catalysis. Tetrahedron Lett. 2020, 61 (11), 151603.

[245] Richmond, M. K.; Scott, S. L.; Alper, H. Preparation of New Catalysts by the
Immobilization of Palladium(Il) Species onto Silica: An Investigation of Their Catalytic
Activity for the Cyclization of Aminoalkynes. J. Am. Chem. Soc. 2001, 123 (43), 10521
10525.

[246] Ishitani, H.; Kanai, K.; Yoo, W.-J.; Yoshida, T.; Kobayashi, S. A Nickel-
Diamine/Mesoporous Silica Composite as a Heterogeneous Chiral Catalyst for
Asymmetric 1,4-Addition Reactions. Angew. Chem. Int. Ed. 2019, 58 (38), 13313-13317.
[247] Czerny, F.; Searles, K.; Sot, P.; Teichert, J. F.; Menezes, P. W.; Copéret, C.; Driess,
M. Well-Defined, Silica-Supported Homobimetallic Nickel Hydride Hydrogenation
Catalyst. Inorg. Chem. 2021, 60 (8), 5483-5487.

[248] Marciniec, B.; Szubert, K.; Potrzebowski, M. J.; Kownacki, I.; Leszczak, K.
Synthesis, Characterization, and Catalytic Activity of a Well-Defined Rhodium Siloxide
Complex Immobilized on Silica. Angew. Chem. Int. Ed. 2008, 47 (3), 541-544.

[249] Marciniec, B; Szubert, K.; Potrzebowski, M. J.; Kownacki, I.; Maciejewski, H.
Catalysis of Hydrosilylation by Well-Defined Surface Rhodium Siloxide Phosphine
Complexes. ChemCatChem 2009, 1, 304-310.

[250] Szubert, K.; Marciniec, B.; Dutkiewicz, M.; Potrzebowski, M. J.; Maciejewski, H.
Functionalization of Spherosilicates via Hydrosilylation Catalyzed by Well-Defined
Rhodium Siloxide Complexes Immobilized on Silica. J. Mol. Catal. A Chem. 2014, 391
(1), 150-157.

[251] Motokura, K.; Maeda, K.; Chun, W. J. SiO2-Supported Rh Catalyst for Efficient
Hydrosilylation of Olefins Improved by Simultaneously Immobilized Tertiary Amines.
ACS Catal. 2017, 7 (7), 4637-4641.

[252] Usui, K.; Miyashita, K.; Maeda, K.; Manaka, Y.; Chun, W.-].; Inazu, K.; Motokura,
K. Multifunctional Catalytic Surface Design for Concerted Acceleration of One-Pot
Hydrosilylation-CO; Cycloaddition. Org. Lett. 2019, 21 (23), 9372-9376.

[253] Maeda, K.; Uemura, Y.; Kim, M.; Nakajima, K.; Tanaka, S.; Chun, W.-J.; Motokura,
K. Influence of a Co-Immobilized Tertiary Amine on the Structure and Reactivity of a Rh
Complex: Accelerating Effect on Heterogeneous Hydrosilylation. J. Phys. Chem. C 2019,
123 (23), 14556—-14563.

[254] Marciniec, B. Hydrosilylation A Comprehensive Review on Recent Advances, Vol
1; Springer Netherlands, 2009.

114



[255] Maeda, K.; Motokura, K. Recent Advances on Heterogeneous Metal Catalysts for
Hydrosilylation of Olefins. J. Jpn. Petrol. Inst. 2020, 63 (1), 1-9.

[256] Marciniec, B.; Rogalski, S.; Potrzebowski, M. J.; Pietraszuk, C. Ruthenium
Carbene Siloxide Complexes Immobilized on Silica: Synthesis and Catalytic Activity in
Olefin Metathesis. ChemCatChem 2011, 3 (5), 904-910.

[257] Copéret, C.; Berkson, Z. J.; Chan, K. W.; de Jesus Silva, J.; Gordon, C. P.; Pucino,
M.; Zhizhko, P. A. Olefin Metathesis: What Have We Learned about Homogeneous and
Heterogeneous Catalysts from Surface Organometallic Chemistry? Chem. Sci. 2021, 12
(9), 3092-3115.

[258] Copéret, C. Single-Sites and Nanoparticles at Tailored Interfaces Prepared via
Surface Organometallic Chemistry from Thermolytic Molecular Precursors. Acc. Chem.
Res. 2019, 52 (6), 1697—-1708.

[259] Docherty, S. R.; Rochlitz, L.; Payard, P. A.; Copéret, C. Heterogeneous Alkane
Dehydrogenation Catalysts Investigated via a Surface Organometallic Chemistry
Approach. Chem. Soc. Rev. 2021, 50 (9), 5806—5822.

[260] Pucino, M.; Zhai, F.; Gordon, C. P.; Mance, D.; Hoveyda, A. H.; Schrock, R. R.;
Copéret, C. Silica-Supported Molybdenum Oxo Alkylidenes: Bridging the Gap between
Internal and Terminal Olefin Metathesis. Angew. Chem. Int. Ed. 2019, 58 (34), 11816—
11819.

[261] Pucino, M.; Mougel, V.; Schowner, R.; Fedorov, A.; Buchmeiser, M. R.; Copéret,
C. Cationic Silica-Supported N-Heterocyclic Carbene Tungsten Oxo Alkylidene Sites:
Highly Active and Stable Catalysts for Olefin Metathesis. Angew. Chem. Int. Ed., 2016,
55(13),4300-4302.

[262] Pucino, M.; Liao, W. C.; Chan, K. W.; Lam, E.; Schowner, R.; Zhizhko, P. A.;
Buchmeiser, M. R.; Copéret, C. Metal-Surface Interactions and Surface Heterogeneity in
‘Well-Defined’  Silica-Supported Alkene Metathesis Catalysts: Evidences and
Consequences. Helv. Chim. Acta 2020, 103 (6), €2000072.

[263] Vidal, V.; Théolier, A.; Thivolle-Cazat, J.; Basset, J.-M.; Corker, J. Synthesis,
Characterization, and Reactivity, in the C-H Bond Activation of Cycloalkanes, of a Silica-
Supported Tantalum(III) Monohydride Complex: (=SiO),Ta"-H. J. Am. Chem. Soc. 1996,
118 (19), 4595-4602.

[264] Copéret, C.; Maury, O.; Thivolle-Cazat, J.; Basset, J.-M. c-Bond Metathesis of
Alkanes on a Silica-Supported Tantalum(v) Alkyl Alkylidene Complex: First Evidence
for Alkane Cross-Metathesis. Angew. Chem. Int. Ed. 2001, 40 (12), 2331-2334.

[265] Roux, E. L.; Chabanas, M.; Baudouin, A.; Mallmann, A.; Copéret, C.; Quadrelli, E.
A.; Thivolle-Cazat, J.; Basset, J.-M.; Lukens, W.; Lesage, A.; Emsley, L.; Sunley, G. J.

115



Detailed Structural Investigation of the Grafting of [Ta(=CH¢Bu)(CH2/Bu);] and
[Cp*TaMes] on Silica Partially Dehydroxylated at 700 °C and the Activity of the Grafted
Complexes toward Alkane Metathesis. J. Am. Chem. Soc. 2004, 126 (41), 13391-13399.
[266] Basset, J.-M.; Copéret, C.; Lefort, L.; Maunders, B. M.; Maury, O.; Roux, E. L.;
Saggio, G.; Soignier, S.; Soulivong, D.; Sunley, G. J.; Taoufik, M.; Thivolle-Cazat, J.
Primary Products and Mechanistic Considerations in Alkane Metathesis. J. Am. Chem.
Soc. 2005, 127 (24), 8604—-8605.

[267] Estes, D. P.; Gordon, C. P.; Fedorov, A.; Liao, W. C.; Ehrhorn, H.; Bittner, C.; Zier,
M. L.; Bockfeld, D.; Chan, K. W.; Eisenstein, O.; Raynaud, C.; Tamm, M.; Copéret, C.
Molecular and Silica-Supported Molybdenum Alkyne Metathesis Catalysts: Influence of
Electronics and Dynamics on Activity Revealed by Kinetics, Solid-State NMR, and
Chemical Shift Analysis. J. Am. Chem. Soc. 2017, 139 (48), 17597—-17607.

[268] Zhizhko, P. A.; Zhizhin, A. A.; Belyakova, O. A.; Zubavichus, Y. V.; Kolyagin, Y.
G.; Zarubin, D. N.; Ustynyuk, N. A. Oxo/Imido Heterometathesis Reactions Catalyzed
by a Silica-Supported Tantalum Imido Complex. Organometallics 2013, 32 (13), 3611-
3617.

[269] Aljuhani, M. A.; Zhang, Z.; Barman, S.; Eter, M. E.; Failvene, L.; Ould-Chikh, S.;
Guan, E.; Abou-Hamad, E.; Emwas, A. H.; Pelletier, J. D. A.; Gates, B. C.; Cavallo, L.;
Basset, J.-M. Mechanistic Study of Hydroamination of Alkyne through Tantalum-Based
Silica-Supported Surface Species. ACS Catal. 2019, 9 (9), 8719-8725.

[270] Hamzaoui, B.; Pelletier, J. D. A.; Abou-Hamad, E.; Chen, Y.; Eter, M. E.; Chermak,
E.; Cavallo, L.; Basset, J.-M. Solid-State NMR and DFT Studies on the Formation of
Well-Defined Silica-Supported Tantallaaziridines: From Synthesis to Catalytic
Application. Chem. Eur. J. 2016, 22 (9), 3000-3008.

[271] Lassalle, S.; Jabbour, R.; Schiltz, P.; Berruyer, P.; Todorova, T. K.; Veyre, L.; Gajan,
D.; Lesage, A.; Thieuleux, C.; Camp, C. Metal-Metal Synergy in Well-Defined Surface
Tantalum-Iridium Heterobimetallic Catalysts for H/D Exchange Reactions. J. Am. Chem.
Soc. 2019, 141 (49), 19321-19335.

[272] Zhizhko, P. A.; Pichugov, A. V.; Bushkov, N. S.; Allouche, F.; Zhizhin, A. A;
Zarubin, D. N.; Ustynyuk, N. A. Catalytic Oxo/Imido Heterometathesis by a Well-
Defined Silica-Supported Titanium Imido Complex. Angew. Chem. Int. Ed. 2018, 57 (34),
10879-10882.

[273] Jezequel, M.; Dufaud, V.; Ruiz-Garcia, M. J.; Carrillo-Hermosilla, F.; Neugebauer,
U.; Niccolai, G. P.; Lefebvre, F.; Bayard, F.; Corker, J.; Fiddy, S.; Evans, J.; Broyer, J.-P.;
Malinge, J.; Basset, J.-M. Supported Metallocene Catalysts by Surface Organometallic

Chemistry. Synthesis, Characterization, and Reactivity in Ethylene Polymerization of

116



Oxide-Supported Mono- and Biscyclopentadienyl Zirconium Alkyl Complexes:
Establishment of Structure/Reactivity Relationships. J. Am. Chem. Soc. 2001, 123 (15),
3520-3540.

[274] Wang, Z.; Patnaik, S.; Eedugurala, N.; Manzano, J. S.; Slowing, L. I.; Kobayashi,
T.; Sadow, A. D.; Pruski, M. Silica-Supported Organolanthanum Catalysts for C-O Bond
Cleavage in Epoxides. J. Am. Chem. Soc. 2020, 142 (6), 2935-2947.

[275] Ghaffari, B.; Mendes-Burak, J.; Chan, K. W.; Copéret, C. Silica-Supported Mn'!
Sites as Efficient Catalysts for Carbonyl Hydroboration, Hydrosilylation, and
Transesterification. Chem. Eur. J. 2019, 25 (61), 13869-13873.

[276] Estes, D. P.; Siddiqi, G.; Allouche, F.; Kovtunov, K. V.; Safonova, O. V.; Trigub, A.
L.; Koptyug, 1. V.; Copéret, C. C-H Activation on Co,O Sites: Isolated Surface Sites
versus Molecular Analogs. J. Am. Chem. Soc. 2016, 138 (45), 14987-14997.

[277] Zhang, J.; Mason, A. H.; Motta, A.; Cesar, L. G.; Kratish, Y.; Lohr, T. L.; Miller, J.
T.; Gao, Y.; Marks, T. J. Surface vs Homogeneous Organo-Hafnium Catalyst lon-Pairing
and Ligand Effects on Ethylene Homo- and Copolymerizations. ACS Catal. 2021, 11 (6),
3239-3250.

[278] (a) Witzke, R. J.; Chapovetsky, A.; Conley, M. P.; Kaphan, D. M.; Delferro, M.
Nontraditional Catalyst Supports in Surface Organometallic Chemistry. ACS Catal. 2020,
10 (20), 11822-11840; (b) Szeto, K. C.; Jones, Z. R.; Merle, N.; Rios, C.; Gallo, A.;
Quemener, F. L.; Delevoye, L.; Gauvin, R. M.; Scott, S. L.; Taoufik, M. A Strong Support
Effect in Selective Propane Dehydrogenation Catalyzed by Ga(i-Bu)s Grafted onto -
Alumina and Silica. ACS. Catal. 2018, 8 (8), 7566-7577.

[279] Ishizaka, Y.; Arai, N.; Matsumoto, K.; Nagashima, H.; Takeuchi, K.; Fukaya, N.;
Yasuda, H.; Sato, K.; Choi, J.-C. Bidentate Disilicate Framework for Bis-Grafted Surface
Species. Chem. Eur. J. 2021, 27 (47), 12069-12077.

[280] Kobayashi, T.; Pruski, M. Spatial Distribution of Silica-Bound Catalytic Organic
Functional Groups Can Now Be Revealed by Conventional and DNP-Enhanced Solid-
State NMR Methods. ACS Catal. 2019, 9 (8), 7238-7249.

[281] Copéret, C.; Lia, W.-C.; Gordon, C. P.; Ong, T-C. Active Sites in Supported Single-
Site Catalysts: An NMR Perspective. J. Am. Chem. Soc. 2017, 139 (31), 10588-10596.
[282] Rossini, A. J.; Zagdoun, A.; Lelli, M.; Lesage, A.; Copéret, C.; Emsley, L. Dynamic
Nuclear Polarization Surface Enhanced NMR Spectroscopy. Acc. Chem. Res. 2013, 46
(9), 1942-1951.

117



TOC

Enhanced Catalysis by Silica Surface

Concerted Effect Site Isolation

Confinement

Effect ; .
’ Oligomer Immobilization ‘
Tandem ’ Direct Interaction ‘
Catalysis
SOMC
L\ rd
M H
PN Y
O N 9)
o, |
] Electronic Effect \ SIO;

118



