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Abstract

This thesis deals with the studies on the design of metal nanoparticle catalysts for highly
efficient hydrogenation and dehydrogenation. The present thesis consists of six chapters.

In chapter I, the author reviews the current state of the art in design of metal nanoparticle
catalysts for the selective molecular transformations under liquid-phase conditions. Methodologies
for the design of metal nanoparticles are categorizes into four types, that is, 1) electronic interaction
with their support materials, 2) concerted effect with their support materials, 3) control of their
morphology, 4) addition of other metals to form bimetal catalysts and the related works are
highlighted.

Chapter Il describes the novel design concept and precise fabrication of Pd-core/Ag-shell
nanocomposite catalyst for selective semihydrogenation of alkynes to alkenes under ambient
conditions. The unique catalysis of the core-shell catalyst derives from the cooperative action
between core-Pd and shell-Ag. The inner Pd nanoparticles can act as the hydrogen supplier to the
outer Ag layer, assisting the selective semihydrogenation of alkynes on the Ag surface.

The author demonstrates in Chapter 111 the first success of a green one-step synthesis of
small core-shell nanoparticles under organic-free and pH-neutral condition. This newly developed
method provides CeO,-covered Au and Ag nanoparticles through the simple and clean procedure.
Moreover, the synthesized CeO,-covered Au catalyst promoted chemoselective hydrogenation of
unsaturated aldehydes, epoxides and alkynes while retaining C=C bonds.

Chapter 1V represents unique catalysis of hydroxyapatite-supported Au nanoparticles for
dehydrogenative coupling of hydrosilanes and amines or amides. A wide range of silylamines and
silylamides can be obtained in good to excellent yields, demonstrating the first example of an

efficient heterogeneous catalyst for the synthesis of silylamides. Furthermore, Au/HAP shows the



highest activity for this coupling reaction among the reported catalysts.

Chapters V and VI are described the development of the Au/HAP-O, catalytic system for
the highly efficient dehydrogenative coupling of hydrosilanes with water. Various silanes including
less reactive bulky hydrosilanes could be converted to the corresponding silanols with low catalyst
loading. In the Au/HAP-O, catalytic system, O, acts as a highly effective gas-ligand for Au
nanoparticles, achieving excellent turnover number and turnover frequency, both of which are much
greater than those of previously reported catalysts. The author attains further improvement of
catalytic activity for this reaction by the synthesis of uniformly small size of Au nanoparticles. The
resulting highly active catalytic system is applicable to an environmental-friendly H,-production

from the aqueous oxidation of inexpensive hydroilanes as hydrogen storage materials.
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Preface

This dissertation is a collection of the author’s studies which were carried out from 2012 to
2017 under the supervision of Professor Koichiro Jitsukawa and Specially-appointed Professor
Kiyotomi Kaneda at the Division of Chemical Engineering Department of Materials Engineering
Science, Graduate School of Engineering Science, Osaka University.

In this thesis, the rational synthesis of metal nanoparticle catalysts enables the efficient
hydrogenation and dehydrogenation reactions. The precisely morphology-controlled metal
nanoparticles play a key role to exhibit unprecedentedly unique catalysis in these reactions.

Development of highly efficient heterogeneous catalytic systems is of great importance in
the modern society, which can reduce environmental impacts of chemical industry. Even today,
many organic reactions are still carried out using stoichiometric reagents and it is highly required to
replace the conventional hazardous processes with environmental-friendly ones. Therefore, the
author aimed for the design and the precise synthesis of high-performance metal nanoparticle
catalysts for efficient and environmental-friendly fine chemical synthesis.

The author hopes that the present study on metal nanoparticle catalysts for fine chemical
synthesis contributes to the development of clean and novel catalytic process on the basis of Green

Sustainable Chemistry.
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Chapter I.

General Introduction



1. Preliminary

Chemistry plays a key role to maintain and improve our quality of life in almost all aspects
of modern society. It offers us a variety of benefits and provides us necessaries and conveniences
such as synthetic fibers, medicines, electronics and many other products, while it could be cause of
environmental problems. In fact, several tonnes of hazardous waste have been released to the air,
water and land by chemical industry every day [1]. The pollution of soil, water and atmosphere can
be caused by them and these environmental problems possess the risk for human health hazards.

In order to prevent and solve the above mentioned environmental problems, environmental
conservation had become more important factors in the various industrial fields in the early 1960s.
Furthermore, to clarify the guidance for the construction of environmental-friendly chemical industry,
Anastas and Williamson articulated the twelve principles of Green Chemistry in 1998 [2]. In these
principles, the following sentences are denoted: “Catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.”, “Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final products.” and “Energy requirements
should be recognized for their environmental and economic impacts and should be minimized.
Synthetic method should be conducted at ambient temperature and pressure.” In other words, the
development of environmental-friendly catalytic systems which promote selective transformation
efficiently under mild reaction conditions is highly required in the modern chemical industry.

For the purpose of the construction of chemical processes adapted to the concept of Green
Chemistry, various heterogeneous and homogeneous catalytic systems have been developed.
Generally, homogeneous catalysts show high chemo-, region- and enantioselectivity as compared to
conventional heterogeneous catalysts. Furthermore, their catalysis is easily optimized by the
modification of ligands and metal centers. However, due to the difficulty in catalyst separation from

the resulting mixture, complicated preparation methods and low cost-efficiency, many homogeneous



catalysts have not been commercialized [3]. In fact, heterogeneous catalysts are used in the 90% of
all chemical processes [4], mainly for bulk chemical synthesis. For the industrial uses, heterogeneous
catalysts have many advantages such as easy handling, high reusability and thermal stability, and
applicability to the flow reactors.

To apply heterogeneous catalysts to the fine chemical synthesis which require high chemo-,
region- and enantioselectivity, supported metal nanoparticle catalysts offer great potential. In
addition to the advantages of conventional heterogeneous catalysts, metal nanoparticle catalysts
could show tailor-made catalysis through the modification of their chemical and physical properties
such as diameters, shapes, composition, morphology and selection of suitable supports. Therefore,
precise syntheses and novel design of metal nanoparticle catalysts are critical theme and make a

great contribution to build up green chemical industry and sustainable society.



2. Background
2-1. Metal Nanoparticle Catalysts for Effective Syntheses of Fine Chemicals

In the field of organic transformations, metal nanoparticles have appeared since the early
19th century [5]. They were adventitiously generated in ostensibly homogeneous catalytic reactions
and overlooked due to the lack of analytical techniques although they were actually active species.
Along with the advance of heterogeneity test techniques [6-7], it was clear that the truly active
species were metal nanoparticles in the various organic transformations such as hydrosilylation [7],
C-C coupling [8] and hydrogenation [9]. Since these facts were disclosed, metal nanoparticles
attracted enormous attention as the promising catalytic materials. However, these conventional metal
nanoparticles prepared without the rational designs suffer from structural polydispersity, causing low
activity and selectivity for the desired products.

Recent advance of nanotechnology and characterization techniques allow for more precise
and rational synthesis of metal nanoparticles [10] and have expanded catalytic possibilities of them.
Optimization of catalytic properties through modification of their size, shape, chemical composition,
electronic state and interaction with support materials realized tailor-made catalysis for the selective
synthesis of various fine chemicals. From the standpoint of Green Chemistry, high selective catalysts
have great advantages such as usage of lower amount of raw materials, avoidance of subsequent
separation steps and minimizing of the potentially polluting byproducts. In the following, the studies
on metal nanoparticle catalysts for efficient fine chemical syntheses are reviewed. Modification
strategies for supported metal nanoparticle catalysts are categorized into the following 4 types: 1)
electronic interaction with their support materials, 2) concerted effect with their support materials, 3)
control of their morphology, 4) addition of other metals to form bimetal catalysts.

2-2. Electronic Interaction between Metal Nanoparticles and Support Materials

Conventionally, catalytic supports had been regarded as inert materials and the role of



them had been thought only to stabilize and disperse active metal nanoparticles. Now that the
sophisticated characterization methods to detect charge transfer between nanoparticles and supports
were developed, support materials attract great attention as electron modulators [11-14]. Chemical
bonding and the associated charge transfer at the interface between metal nanoparticles and their
supports play a key role to optimize the electronic and chemical properties of metal active species

for fine chemical synthesis (Figure 1-1).

(a) charge transfer from metals to supports (b) charge transfer from supports to metals

to form positively charged species to form negatively charged species
.- ¥ 5+ ; -
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Figure 1-1. Electronic interaction between metal nanoparticles

Corma et al. developed zirconium oxide- or cerium oxide-supported cationic Au
nanoparticle catalysts (Au/ZrO, or Au/CeQ,) for various organic transformations [15-20]. In the
developed catalysts, Au-O (lattice oxygen of metal oxides) bonds were formed and the charge
transfer from Au nanoparticles to lattice oxygen atoms occurred at the interface of them. This charge
transfer from Au nanoparticles to lattice oxygen atoms provided positively charged Au active species
(as depicted in Figure 1-1, a) [21]. The presence of positively charged Au species was confirmed by
using X-ray Photoelectron Spectroscopy (XPS) of Au 4f;, and Fourier Transformation Infrared
Spectroscopy (FT-IR) study using CO as probe molecules [16, 17], which revealed that three-type

Au species, that is, Au', Au"' and Au® existed in the developed catalysts. Interestingly, Au/ZrO, and

Au/CeO, showed high activity for three-component coupling of aldehydes, amines and alkynes to

form propargylamines as is the case for homogeneous cationic Au™ complexes, whereas zero-valent

Au species formed in Au/C and Au/SiO, did not show any activity (Scheme 1-1). To clarify the



active Au species, they investigated the correlation between the ratio of Au' and Au"' (Au*/Au’, Au™:
total amount of Au) and activity by changing Au*/Au’ through reduction of the catalysts with H,
(Scheme 1-1). These results showed the direct correlation between Au'"/Au" and catalytic activity
and no correlation for the concentration of Au' or Au’, indicating that main active species for the

coupling reactions are Au " existed on Au nanoparticle surface. It is considered that this coupling

reaction proceeded via the formation of Au-acetylide intermediates. They mentioned that only Au""

could efficiently form the Au-acetylide intermediate and Au® and Au' could hardly activate alkynes

to form the intermediates.

()
CHO H 4 - plausible intermediate -
©/ 4 O + Au catalyst T
H,0, 100 °C O ?
I,

Catalyst Au/AUT  AU/AUT  Yield
Au/CeO, 0.37 0.29 99% -
Au/ZrO, 0 0.25 93% \Qx&
Au/C - - n.d. \‘A’u,‘\.‘
AU/SIO, - - n.d. i S i
Au/CeO, (reduced at 300 °C)  0.37 0 16% Support
Au/ZrO, (reduced at 300 °C) 0 0 13%

Scheme 1-1. Three-component coupling catalyzed by Au catalysts

Somorjai et al. regarded metal oxide supports as electronic modulators and demonstrated
that metal oxides could change the electronic and catalytic properties of metal nanoparticle catalysts
[22-24]. They reported that CeO,/Pt/SiO, bifunctional catalysts for ethylene hydroformylation to
propanal using methanol and ethylene as reactants. In this reaction, initially, decomposition of
methanol to CO and H, proceeded at the interface between Pt and CeO,. Subsequently,
hydroformylation reaction from the resulting CO, H, and ethylene to propanal occurred at Pt-SiO,
interface of CeO,/Pt/SiO, (Scheme 1-2, a), whereas unmodified Pt/SiO, did not promote

hydroformylation of ethylene but hydrogenated CO to methanol (Scheme 1-2, b). These sharply



contrasting results of CeO,/Pt/SiO, with Pt/SiO, were owing to the difference in the electron states
of Pt nanoparticles. Modification of Pt/SiO, with CeO, generated positively charged Pt nanoparticles
through Pt-O-Ce bond formation and related charge transfer from Pt to lattice oxygen atoms (as
depicted in Figure 1-1, a). This positively charged Pt atoms inhibit both strong CO adsorption on Pt
surface and hydrogenation of CO to methanol. In other words, the addition of CeO, to Pt/SiO,
promoted neither over-activation nor hydrogenation of CO on Pt surface, thus achieving selective

hydroformylation to aldehydes.

(a) Catalysis of CeO,/Pt/SiO, (b) Catalysis of unmodified Pt/SiO,
— active interface for active for undesired CO hydrogenation
MeOH decomposition
MeOH : J— active interface for CO+H,+
CO + H2 + X ’n e hydroformylation MeOH + Pt
A oHO &Z Si0, j sio,

Scheme 1-2. Pt-catalyzed tandem reaction for aldehyde synthesis

In order to maximize the beneficial electronic interaction between active species and metal
oxides, Qin et al. designed core-Fe,Oz/shell-Pt nanoparticle catalyst for selective reductive coupling
of nitro compounds and furfural to imine derivatives [25]. This reductive coupling is two step
reaction; hydrogenation of nitro group to amine and sequential coupling of the resulting amines and
aldehyde group of furfural to yield the corresponding imine (Scheme 1-3, a). In this catalytic system,
highly selective synthesis with suppression of overhydrogenation of the desired imines was attained
through efficient creation of interface sites between Pt and Fe**-OH. XPS study revealed that
Fe**-OH species showed high electron-donating properties and induced charge transfer from Fe
oxides to Pt nanoparticles (as depicted in Figure 1-1, b), yielding negatively charged Pt surfaces. It is

reported that negatively charged Pt surface favors the adsorption of the electron-deficient functional



group than that of electron-rich group [26]. Analogously, during the this coupling reaction,
negatively charged Pt surface selectively adsorbed the electron-deficient functional group (nitro
group) and preferentially hydrogenated them, whereas this Pt sites disfavored the adsorption of
electron-rich group (imine group) and suppressed undesired hydrogenation of imines to amines
(Scheme 1-3, b). Namely, electron donating properties of Fe**-OH species improved activity and

selectivity of Pt nanoparticles through the modification of adsorption behavior of Pt surface.

(a) Elementary reactions of reductive coupling
O
NO NH
©/ 2 pt cat. ©/ 2 Q/ [\ NGFN
Ha

(b) Catalytic performance of the developed Pt catalysts
A\
N

©/ N02+ Q/ Pt catalysts ©/
313 K, H, (0.5 MPa)

Pt-Fe;O3/CNTs Conv. 87% Sel. 89%
Pt/CNTs Conv. 77% Sel. 9%

Scheme 1-3. Reductive coupling of nitrobenzene and furfural to imine

In addition to inorganic materials such as metal oxides, heteroatom-doped carbon supports
are effective as electron modulators for metal nanoparticle catalysts [27-30]. Su et al. synthesized
small Pt nanoparticles supported on pristine, oxygen functionalized, and nitrogen-doped carbon
nanotubes which were denoted by Pt/CNTs, Pt/oCNTs and Pt/NCNTSs respectively, and investigated
their catalytic activity for nitroarene-hydrogenation and electronic interaction between Pt and
heteroatoms [27]. In these catalysts, Pt nanoparticles were anchored to CNT surface through the
formation of Pt-heteroatom bonds. This bond-formation induced the charge transfer from
heteroatoms to Pt nanoparticles (as depicted in Figure 1-1-b), generating negatively charged Pt

species. As aforementioned in Qin's work, negatively charged Pt nanoparticles showed high activity



for hydrogenation of electron-deficient nitro groups. Consequently, Pt/NCNTs showed superior
activity than those of Pt/CNTs and Pt/oCNTs due to the strong electron-donating properties of
nitrogen atoms (Scheme 1-4). Furthermore, Pt/NCNTs exhibited high chemoselectivity toward nitro
groups in the hydrogenation of various halonitroarenes to haloanilines without dehalgenation
(Scheme 1-5). The electron-rich Pt nanoparticles selectively adsorbed the electron-deficient nitro

groups and chemoselectively hydrogenated them whereas electron-rich halogen groups were intact.

©/ NO, Pt catalyst ©/ NH;
H, (5 atm), 40 °C

Catalyst Yield
Pt/NCNTs 98%
Pt/oCNTs 76%

Pt/CNTs 37%

commercial Pt/C 28%

Scheme 1-4. Nitrobenzene hydrogenation over Pt-based catalysts

NH,
- [T
p’d\‘\c’N I
NO, _
/Q/ Yield 100%
| Pf/oCNTS
oo
|

Yield 89% Yield 11%

Scheme 1-5. Selective hydrogenation of Halonitrobenzene over Pt-based catalysts

As shown in above mentioned works, the electronic interaction between metal
nanoparticles and their supports affect the adsorption properties of metal nanoparticles and their

catalysis dramatically.



2-3. Concerted Effect of Metal Nanoparticles and Catalytic Supports

Toward design more efficient catalytic systems, support materials are expected to act not
only as stabilizers for metal nanoparticles but also as co-catalysts in the catalytic cycles. Namely,
metal nanoparticles and its supports individually activate different substrates (Figure 1-2, a) or they
cooperatively activate one substrate at their interface (Figure 1-2, b). These concerted actions of
metal nanoparticles with supports would realize the unique catalysis, effectively promoting chemical
transformations under mild conditions. Thus, suitable choice of functional materials such as metal
oxides, metal-organic frameworks and zeolites for catalytic supports can expand the catalytic
potential of metal nanoparticles for various fine chemical syntheses.

(a) Bifunctional catalysis

(a-1) Activation of different substrates

r - A
Ex) \QQ'}
A + B =——p ‘“‘?}a[ B — ¢
\ Support :
(a-2) Promotion of different steps (Tandem reaction)

Ex) A B

“metal$ B—C
W—
Q Support |
(b) Cooperative activation of reactants
X A
A+ B _b‘\\\n%,.?\’c — C
W—
Q Support |

Figure 1-2. Concerted Effect of Metal Nanoparticles and Supports

Ex)

Reducible oxides such as titania, ceria and zirconia are widely used as catalytic supports
due to their thermal stability and redox properties [31-34]. Especially, in the hydrogenation reaction
for electron-rich functional groups, in-situ generated oxygen vacancy sites act as the effective Lewis
acid catalysts and realize selective hydrogenation under mild conditions [35-40]. Hardacre et al.

reported the selective hydrogenation of various carboxylic acids to the corresponding alcohols using

10



titania-supported Pt catalysts (Scheme 1-6) [35]. During the reaction, oxygen vacancy of titania was
created by the reduction with hydrogen spillover from Pt nanoparticles. The resulting oxygen
vacancy showed Lewis acidity and activated carbonyl oxygen of carboxylic acids. This interaction
weakened C=0 bonds of carboxylic acids and assisted Pt-promoted hydrogenation and cleavage of
carbon-oxygen bonds. Thus, the cooperative actions of C=0 bond activation by oxygen vacancy of
titania and H, activation by Pt nanoparticles realized efficient hydrogenation of carboxylic acids

under relative mild conditions.

OH F’t/TlO2 OH
[ R/\g/ 06K H,eMPa, RT

HH

;I!;;t,i splllover \‘%
I—l TiO,

R~ OH Tio, A~ OH
o
HH

hydrogenatlon

T|O2

Scheme 1-6. Hydrogenation of carboxylic acid using Pt/TiO,

Kaneda et al. demonstrated a series of the concerted catalysis of Au and Ag nanoparticles
with solid base materials [41-46]. Hydrotalcite (HT, MgsAl,(OH)1sCO3 nH,0)-supported Au and Ag
nanoparticle catalysts exhibited highly selective catalysis for alcohol oxidation [41-43] and
chemoselective hydrogenation of various functional groups [44-46]. The reason for high activity of
the developed Au and Ag catalysts for alcohol oxidation is explained by the cooperative activation of
alcohols at the interface between metal nanoparticles and HT (Scheme 1-7). Initially, abstraction of
proton from alcohols occurred at the basic sites of HT and the resulting metal-alcoholate species
underwent p-hydride elimination to effectively yield the corresponding carbonyl products.

Furthermore, they revealed that the cooperative work between Au nanoparticles and the basic sites of

11



HT could be applied to the activation of H,, realizing highly chemoselective hydrogenation reactions.
Namely, H, molecule was activated at the interface between Au nanoparticle and basic site of HT,
resulting in the formation of polar hydrogen species H** and H® through heterolytic cleavage of H,
(Scheme 1-8). These generated polar hydrogen species promoted deoxygenation of epoxides to
alkenes and hydrogenolysis of allylic carbonates to terminal alkenes without undesired
hydrogenation of non-polar C=C bonds. The generation of polar hydrogen species was confirmed by
IR studies and control experiments using 2-propanol or CO/H,0 instead of H, which are well-known

to generate polar hydrogen species.

R1
e

proton i
R1YR2 abstraction ;\% H f-elimination R1\n/R2
> “meta : — »
OH W7 o
NI .

BS: Base site

Scheme 1-7. Alcohol oxidation using HT-supported Au or Ag nanoparticles

Cooperative activation of H,

o oM
QR& e
0 W —5s
RIL Rz - R A ~gy
epoxide \ deoxygenation /
R1 \/\/OYO\ hydrogenolysis \
o} R17>

allylic carbonate

Scheme 1-8. Selective reduction via heterolytic cleavage of H, at the

interface of Au nanoparticles and HT

To expand chemoselective catalysis of HT-supported metal nanoparticles for

hydrogenations, they next tried hydrogenation of 3-nitrostyrene using Ag/HT. However, Ag/HT

12



caused reductions of both polar nitro group and non-polar C=C bond and they claimed that this
non-selective reduction was due to the formation of non-polar hydrogen species through the
homolytic cleavage of H, on the Ag bare surface (Scheme 1-9, a-(1)). To inhibit the creation of
non-polar hydrogen species, they designed CeO,-covered Ag nanoparticle catalyst, where Ag
nanoparticles were covered with CeO; (solid base). In this core-shell nanoparticles, the interface area
between Ag and CeO,, which efficiently produces polar hydrogen, was maximized, whereas bare Ag
surface area, which caused unselective hydrogenations, was minimized (Scheme-1-9, a-(2)) [47].
The Ag@CeO, core-shell catalyst exhibited the perfect chemoselectivity for hydrogenations of
unsaturated nitro compounds to the corresponding unsaturated amines (Scheme 1-9, b) and also
showed high chemoselectivity for deoxygenation of epoxides to alkenes using H,. Interestingly,
when the reaction time was prolonged after the full conversion of substrates, the resulting products
were not over-hydrogenated to saturated compounds. Kaneda et al. also synthesized CeO,-covered
Au nanoparticle catalyst (Au@CeO,) and demonstrated chemoselective semihydrogenation of

alkynes to the corresponding alkenes with excellent selectivity (> 99%) (Scheme 1-9, ¢).

(a) Origin of chemoselective catalysis of core-shell catalysts

(1) Supported catalyst: Ag/HT (2) Core-shell catalyst: Ag@CeO,
Formation of both polar and non-polar Selective formation of polar hydrogen species
hydrogen species on supported catalysts on core-shell catalysts
Homolytic cleavage H H*
on bare metal surface *Maximizing interface areas
HH %\ *Minimizing bare surface areas
b Heterolytic cleavage < A’g core
CAghe M H' at the interface sites LRy ‘
i” > H ">~ CeO, shell
aT BS BS: Base site Selecti\{e formation of I-!* and H- ‘
promoting chemoselective reductions
(b) Selective reduction catalyzed by Ag@CeO, (c) Selective semihydrogenation catalyzed by Au@CeO,
o R1._~
R1 )
\[)\R2 Ag@CeO, R1——_R2 Au@CeO, /~\
_ NO, Hz p NH; T % rt,H(3MPa) R1 R2
/\©/ A©/ Sel. > 99%

Sel. > 99%

Scheme 1-9. Selective reduction catalyzed by CeO,-covered core-shell nanoparticles
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One-pot reactions offer many practical advantages such as avoidance of isolation
procedures of each reaction steps and the related by-production of chemical wastes. Supported
nanoparticles could act as multifunctional catalysts for various cascade reactions in a one-pot
process [51-57]. Tang et al. designed core-shell Pd nanoparticle within metal organic frameworks
(MOFs) as multifunctional catalysts for one-pot synthesis of 2-(4-aminobenzylidene)malonitrate
[55], known as a key intermediate in the synthesis of dyes and antihypertensive drugs. In the first
step of this reaction, Knoevenagel condensation of 4-nitrobenzaldehyde and malonitrate into
2-(4-nitrobenzylidene)malonitrile was promoted by the amino-functionalized isoreticular MOF-3
(IRMOF-3). Sequentially, hydrogenation of nitro groups of the resulting intermediate underwent
with Pd nanoparticles, yielding 2-(4-aminobenzylidene)malonitrate (Scheme 1-10, a). In this
core-shell catalyst, substrates entered into the pores of IRMOF-3 and then Knoevenagel
condensation was completed before unreacted substrates reached the Pd cores, thus inhibiting
undesired hydrogenation of aldehyde groups (Scheme 1-10, b). In sharp contrast to the core-shell
catalyst, the supported catalyst whose Pd nanoparticles were exposed to catalyst surface promoted
hydrogenation of aldehydes to alcohols, causing low selectivity for

2-(4-aminobenzylidene)malonitrate (Scheme 1-10-c).

(a) Synthesis of C through the tandem reaction

NC_ CN NC._ _CN
i | |
/©) IRMOF-3 Pd
—) —
O,N NC._CN O;N H, H,N

Compound A Compound B Compound C

(b) Core-Shell Catalyst 86% Yield Supported Catalyst: 71% Yield

OH
\ B C / 0N
?}& Undesired product
‘ _ W irvors shal L

Q IRMOF-3 |
Scheme 1-10. Selective synthesis of 2-(4-aminobenzylidene)malonitrile (C)
using PA@IRMOF-3 catalyst
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As these reports indicate, the catalytic supports provide metal nanoparticles with
bifunctional catalysis for the effective chemical transformations.
2-4. Control of Metal Nanoparticle Morphology

It is well known that smaller nanoparticles exhibit higher activity than that of bigger ones
owing to their high surface area and surface roughness [58, 59]. As well as their sizes, shapes and
exposed facets of metal nanoparticles have attracted enormous attention as one of the important
factors affecting their activity and selectivity for target reactions. Recent progress of characterization
techniques and colloidal synthetic approaches using versatile surfactants, reducing agents and metal
precursors allows us to synthesize size-controlled nanoparticles with a variety of shapes such as
sphere, cube, tetrahedron, octahedron, rod, plate and so on (Figure 1-3) [60-64]. Along with the
advances in the synthetic field, morphology-dependent unique catalysts have been developed [65-73].

The fine tunings of their morphology would offer great applicability to fine chemical synthesis.

.&.

dodecahedron cube triangular plate

Figure 1-3. Various shapes of nanoparticles

Baiker et al. prepared several shapes of Pt nanoparticles with similar sizes and investigated
their catalysis for enantioselective hydrogenation of ethyl pyruvate using quinine (QN) as chiral
modifier molecules [67]. Silica-supported cubic, cubooctahedral and octahedral Pt nanoparticles
whose exposed facets are {100}, {100} + {111} and {111}, respectively, exhibited shape-dependent
activity and enantioselectivity related to their exposed facets (Scheme 1-11). From their results, it

was clear that Pt {111} exhibited higher activity and enantioselectivity than that of Pt {100} in

15



hydrogenation of ethyl pyruvate. They claimed that this facet dependency was due to the difference
of adsorption energies of QN on the Pt facets. From the DFT study, QN was more strongly adsorbed
on Pt {100} than on Pt {111}. This strong adsorption reduced durability of QN against
hydrogenation by Pt nanoparticles and UV studies revealed that anchoring moieties of QN,
quinolone ring, were hydrogenated rapidly on Pt {100}, while QN was hardly hydrogenated on Pt
{111}. In other words, the chiral modifier QN deteriorated more rapidly on Pt {100}, causing low
enentioselectivity. Additionally, strong adsorption of QN on Pt surface blocked Pt {100} active sites
and also caused low activity for hydrogenation of ethyl pyruvate.
O OH
)H(O\ Pt/SiO, with QN /'\[(O\
AcOH, H, 1 bar, 18 °C
0] o]

Shape Exposed Facet TOF (h'!) ee. (%)

octahedral {111} 1890 92
cubooctahedral {111} + {100} 1380 83
cube {100} 850 77

Scheme 1-11. Enantioselective hydrogenation of ethyl pyruvate

Huang et al. investigated facet-dependent catalytic activity of Cu,O nanocrystals for
efficient regioselective synthesis of 3,5-substituted isoxazoles [70]. They prepared Cu,O nanocubes,
octahedral and rhombic dodecahedra which are bound by the {100}, {111} and {110} facets,
respectively. The results indicated that Cu,O rhombic dodecahedara clearly showed higher activity
compared with nanocubes and octahedral (Scheme 1-12), demonstrating the selection of suitable
facets is important to develop efficient catalysts. This facet-dependency of catalytic activity was due
to the degree of exposure of surface Cu atoms. On the {100} and {111} planes, Cu atoms are located
below the plane of surface oxygen atoms. On the other hand, the {110} plane is terminated with
copper and oxygen atoms lying on the same planes, so that all the surface Cu atoms are fully

exposed. In other words, the {110} planes dominantly possess coordinatively unsaturated Cu atoms

16



on its surface, whereas Cu sites of the {111} and {100} planes are partially blocked by the oxygen
planes. These exposed Cu sites are active for the formation of Cu-acetylide intermediates and the

effectively promote this coupling reaction.

.OH
I N3
c 4 7 N\ — Cu,0 nanocrystals % O
— Et;N, 50 °C, EtOH
O,N OoN
Catalyst Exposed Facet BET surface area Amountused Time Yield TOF (per surface Cu atoms)
Cu,0 nanocubes {100} 2.84 m?g™’ 1mg 7h 82% 571 h"
Cu,0 octahedra {111} 0.56 m?g™’' 5mg 5h 89% 669 h"
Cu,0 rhombic dodecahedra {110} 1.35 m%g"" 2mg 2h 95% 3338 h™'

Scheme 1-12. Comparison of catalytic potential of different Cu20 nanocrystal for the synthesis

of 3-(4-nitrophenyl)-5-phenylisoxazoles

As above mentioned reports indicate, metal nanoparticles shows different coordination
states dependently on their exposed facets. Thus, precise control of the exposed facet can realize
catalytic activity and selectivity of metal nanoparticles.

2-5. Addition of Other Metals to Form Bimetal Catalysts

Bimetal nanoparticle catalysts can be divided into two types of heterostructured catalysts
and alloy-structured catalysts (Figure 1-4). In the heterostructured catalysts, different metal species
exist individually (not mixedly), and the interface between two metals are formed (Figure 1-4-a).
This interface sites play a key role to exhibit their unique cooperative catalysis. On the other hand,
the alloy catalysts have two metals, which are mixed homogeneously on the atomic level and
covalently banded together (Figure 1-4-b). Alloying with the second metal is a promising approach
for fine tunings of electronic properties of single nanoparticle through the electronic interaction via
the covalent bonds. Furthermore, the second metals can isolate the active metal atoms, generating
geometrically controlled active sites. Based on the above-mentioned advantages, bimetal

nanoparticle catalysts have been developed for various fine chemical syntheses [74-79].
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(a) Heterostructured catalyst (b) Alloy-structured catalyst

M1 and M2 are deposited M1 and M2 are mixed on
without alloying. an atomic-level.

Figure 1-4. Two types of bimetal catalysts

Tsang et al. demonstrated chemoselective hydrogenation of cinnamaldehyde to cinnamyl
alcohol using Co-decorated Pt bimetal catalysts prepared by the polyol process [80]. They claimed
that Co cluster were deposited on Pt nanoparticle surface without alloying. The Co-decorated Pt
catalyst hydrogenated cinnamaldehyde to cinnamyl alcohol selectively, whereas unmodified Pt
catalysts hydrogenated C=C bonds of cinnamaldehyde and cinnamyl alcohol, causing low selectivity
for cinnamyl alcohol (Scheme 1-13). The origin of high chemoselectivity was due to the geometric
and electronic changes of Pt active sites triggered by Co modification. First, they investigated Pt
surface geometric conditions by FT-IR study using CO as a probe molecule. The unmodified Pt
showed three types of CO adsorption peaks of linearly adsorbed CO on a Pt atom (linear-type),
bridging CO on two or more Pt atoms (bridge-type) and multi-CO, in which more than one CO
molecules are bound to a coordinatively unsaturated Pt atom (multi-type). These bridge-type and
multi-type sites indicated the presence of coordinatively unsaturated Pt atoms and this coordinatively
unsaturated site favors m interactions with C=C bonds, promoting undesired hydrogenation of C=C
bonds. On the other hand, Co-modified Pt catalyst showed only linear-type adsorption peak. Namely,
Co-modification effectively blocked low coordination Pt sites and suppressed the undesired
hydrogenation of C=C bonds. Secondly, they focused on the position of linear-type CO adsorption
peaks. The red shift of linear-type CO adsorption peaks was observed along with Co-decoration
(Scheme 1-13), indicating that a charge transfer from Co to Pt occurred. Positively charged Co

clusters would attract the carbonyl groups of substrates while the negatively charged Pt surface
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destabilized adsorption of C=C bonds and inhibited undesired hydrogenation of C=C bonds. The
combination of geometric and electronic modification through the Co decoration realized highly

selective hydrogenation of cinnamaldehyde.

X X0 PtCo/carbon _ X OH
100 °C, 20 bar H,

Catalyst Selectivity (%) Linear peak position of CO (cm™)
4.8 nm Pt 49.1 2060
4.8 nm Pt/Co 99.6 2047

Scheme 1-13. Cinnamylaldehyde hydrogenation using PtCo/carbon catalysts

Selection of suitable two metal components enables alloy nanoparticles to exhibit
unprecedented catalysis. For example, Al,Os-supported Au-Pd alloy nanoparticles catalyzed tandem
oxidation reactions to synthesis N-substituted anilines from non-aromatic compounds, whereas their
mono-metal counterparts hardly promoted these reactions (Scheme 1-14) [81]. To elucidate active
species for this tandem reaction, they performed several control experiments and revealed that
mono-metal counterparts could promote elementary reactions of the tandem oxidation. Namely,
AU/Al,O; oxidized amines to N-alkylimine intermediates and successive aromatization was
promoted by Pd nanoparticles. However, the physical mixture of Au/Al,Osand Pd/Al,O5; showed
much inferior activity to that of Au-Pd/Al,O; alloy catalyst (Scheme 1-14-b). The dramatic
improvement of activity of mono-metal counterparts in the Au-Pd/Al,O; catalyst was due to the
charge transfer from Pd to Au. This charge transfer created negatively charged Au and positively
charged Pd sites, which is frequently observed in the Au-Pd alloy catalysts [82-85]. During the
tandem reaction, negatively charged Au nanoparticles strongly activated molecular oxygen compared
to neutral Au nanoparticles and the resulting peroxo species (Au-O-O™) promoted a series of

oxygenation reactions efficiently.
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(a) Tandem oxidation route to N-substituted anilines

H

NHz  Aupd/ALO, N
open air ! ©/ \O

NH

\Au O/ 2 Pd“

Ol O NO
(b) Catalytic performance

NH-
NH; Au or Pd catalyst
130 °C, open air (1 atm)

v

Catalyst Conversion (%) Yield of Product (%)
Au-Pd/Al,O4 >99 95
AU/AILO4 42 <1
Pd/AI,O4 34 <1
Au/Al,O4 + Pd/AIL,O4 76 3

Scheme 1-14. Tandem oxidation of cyclohexylamine to N-cyclohexylaniline

As stated above, the addition of other metals to form bimetal catalysts can dramatically

improve intrinsic catalysis of metal nanoparticles.
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3. Purpose of this thesis

Today, the action for environmental conservation has brisked up and attracted enormous
attentions all over the world. Especially, in the chemical industry, it is highly required to replace the
conventional hazardous processes with environmental-friendly ones. Based on the concept of Green
Chemistry, chemical processes in the modern society must attain saving energies and costs, disuse of
hazardous reagents and avoidance of large production of chemical wastes. In this context, the
development of efficient catalytic systems enabling simple and clean organic transformations is
highly required.

Among the catalytic materials, the author focused on supported metal nanoparticles. In
addition to the industrial advantages of conventional heterogeneous catalysts such as easy handling,
high reusability and thermal stability, supported metal nanoparticle catalysts could show the
tailor-made activity for fine chemical syntheses through precise control of their morphologies,
chemical compositions, electronic states and suitable selection of their supports as reviewed in
previous section. Therefore, the author believes that supported metal nanoparticles are highly
promising candidates for the ideal catalysts required in the modern chemical industry.

The main purpose of this thesis is to design and synthesis metal nanoparticle catalysts for
effective hydrogenation and dehydrogenation reactions. The precise design of metal nanoparticle
catalysts with elaborate nanostructures brings unprecedented and efficient catalysis. Furthermore, the
novel design strategy and synthetic techniques expand the catalytic potential of metal nanoparticles.
These achievement will allow supported metal nanoparticles to be accepted for selective organic
transformations and contribute to the construction of environmental-benign and sustainable chemical

industry.
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4. Outline of this thesis

The present thesis deals with the studies on the design of supported metal nanoparticle
catalysts for chemoselective hydrogenation of functional groups with retaining C=C bonds and
efficient dehydrogenative coupling reactions of hydrosilanes.

The Chapter 11 are described that the design of core-Pd/shell-Ag nanocomposite catalysts
(Pd@Aq) for selective semihydrogenation of alkynes. The construction of core-shell nanostructure
realized selective semihydrogenation of a wide range of alkynes to the corresponding alkenes under

mild reaction conditions with high Z-selectivity (Scheme 1-15).

o

Low activity
High selectivity

H H
> 99% selectivity

-~ H,

% < Ag Shell

' ¢

. o Pd@Ag High activity
High activity High selectivity

Low selectivity

Scheme 1-15. Selective semihydrogenation of alkynes catalyzed by Pd@Ag
The author mentions the green one-step synthesis of CeO,-covered Au and Ag core-shell

nanoparticle catalysts in Chapter I11. Simply mixing core and shell metal precursors in the presence
of solid base materials in water allowed for the facile fabrication of small CeO,-covered Au and Ag
nanoparticles in one-step. Additionally, the synthesized hydrotalcite-supported CeO,-covered Au
catalyst (Au@CeO,/HT) promoted chemoselective hydrogenation of unsaturated aldehydes,

epoxides and alkynes while retaining C=C bonds (Scheme 1-16).

X '@‘
RM\O b ) R/*\\Q//\OH

\ Au@CeO,/HT / xR’
9w L
RO / H, \ RR/\

R___

Scheme 1-16. Selective reduction reactions catalyzed by Au@CeO,/HT catalyst
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The next chapter represents the efficient dehydrogenative coupling of hydrosilanes with
amines or amides using hydrpxyapatite-supported gold nanoparticle catalyst (Au/HAP). Various
silylamines were selectively obtained from diverse combinations of equimolar amounts of
hydrosilanes (Scheme 1-17). Furthermore, Au/HAP also promoted selective synthesis of silylamides
through the coupling of hydrosilanes with amides, demonstrating the first example of an efficient

heterogeneous catalyst.

1~e.—R3
RlR"NH R /SI~NRIRII
Ri~g-Rs | AuHAP 2 . H
R2/ ~H R\n/NHz R1\S-/R3 2
1
) Ry” “NH \n/R
o

Scheme 1-17. Dehydrogenative coupling of hydrosilanes with amines and

amides catalyzed by Au/HAP

In Chapter V and VI, the author demonstrates O,-enhacement effect on catalytic activity of
Au nanoparticles for aqueous oxidation of hydrosilanes to silanols (Scheme 1-18). In this catalytic
system, O, acted as a non-consumed activator for Au nanoparticles in the oxidation of hydrosilanes,
providing an acceleration effect on 200 times the reaction rate relative to Ar atmosphere.
Additionally, through the size-selective synthesis of Au nanoparticle catalysts, the author attained
further improvement of catalytic activity for the hydrosilane oxidation. Moreover, the author applied
this catalytic system as an environmental-friendly H,-generation system.

R
R1\S./R3 . H,0 __AuMAP R1\Si/ T

Ry H 0, Ry “OH

Scheme 1-18. Oj-boosted hydrosilanes oxidation and associated

hydrogen production catalyzed by Au nanopatrticles

Finally, the author describes overall conclusions of this thesis and the scope for the

extensive application of supported metal nanoparticle catalysts.
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Chapter I1.

Selective Semihydrogenation of Alkynes to Alkenes
Using Pd-Core/Ag-Shell Nanocomposite Catalysts
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1. Introduction

Nano-structured composites with a core (inner material) and shell (outer layer) structure,
so-called core-shell materials, have attracted enormous attention as highly functionalized
nanoarchitectures in diverse areas such as sensors [1-3], quantum dots [4, 5], photonic crystals [6-8]
and catalysts [9-14]. The extensive study on design of core-shell materials stems from their own
intriguing characteristics, including optical, electronic, and chemical properties. In the catalytic
applicability of core-shell nanoparticles, Chenon et al. developed the magnetic and catalytic Co@Pt
nanoparticles for hydrogenation of olefins [12]. The developed nanoparticle catalyst showed high
activity for hydrogenation under ambient conditions and was magnetically separable after the
reactions. This dual functionality was attributed to the combination of high hydrogen activity of Pt
shells and magnetism of Co oxide cores. Wang et al. demonstrated size-selective catalysis for the
alcohol oxidation using mesoporous SiO,-covered Pd core-shell nanoparticles (Pd/SiO,@nSiO,)
[13]. With adjusting pore-sizes of SiO,, in the mixture of benzylalcohol and
3,5-di-t-butylbenzylalcohol,  Pd/SiO,@nSiO, oxidized benzylalcohol to  benzaldehyde
size-selectively whereas bulky 3,5-di-t-butylbenzylalcohol was intact.

The semihydrogenation of alkynes to alkenes is one of the most important and
fundamental reactions in manufacturing processes of bulk and fine chemicals [15, 16]. In this
context, Lindlar catalyst (Pd/CaCO; treated by Pb salts) has been a good first port of call in the
synthesis of diverse alkenes [17]. However, the Lindlar catalyst has serious drawbacks such as high
toxicity of Pb species and the low alkene selectivity when employing terminal alkynes due to the
rapid overhydrogenation of terminal alkenes to alkanes. Therefore, the development of the
alternative Pb-free catalysts using Pd [18-26], Ni [27, 28], Cu [29], Ru [30] and Au [31-34] have
been extensively studied. Ohkuma et al. developed highly active Pd nanoparticles

-tetrabutylammonium  borohydride  (Pd-(C4Hg)sNBH,)  catalyst system  for  selective
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semihydrogenation [20]. Pd-(C4Hg)sNBH, effectively hydrogenated 4-octyne to trans-4-octene
under 8 atm of H,, where the turnover frequency and turnover number reached 2700 min™ and
20000, respectively. However, the substrate-applicability of the developed Pd catalyst was limited to
internal alkenes; the overhydrogenation of terminal alkenes to alkanes occurred at high conversion
level. Alonso et al. demonstrated Ni nanoparticle-catalyzed semihydrogenation of various functional
alkynes including amines, ethers, carboxylic acids, silanes and hydroxyl moieties although requiring
Li additives [28]. The above background of semihydorgneation of alkynes clearly highlights that
more environmentally benign and efficient catalysts applicable to terminal alkynes is highly desired

It is well known that unmodified Pd nanoparticles inherently show high catalytic activity
for hydrogenation of alkynes, but low selectivity for alkenes [20-23, 25]. For example, Sajiki et al.
revealed that boron nitride-supported Pd nanoparticles (unmodified catalyst) hydrogenated alkynes
to alkanes rapidly whereas amine-decorated catalyst exhibited high selectivity for the corresponding
alkenes [23]. In contrast, Ag nanoparticles has extremely low catalytic activity for
semihydrogenation, requiring high temperature or high H, pressure, despite intrinsically showing
high alkene-selectivity due to the rather weak complexation of Ag with alkenes [35-37]. In Ag/SiO,
system reported by Copéret et al. [37], semihydrogenation of 1-hexyne was performed at 200 °C
under 1 atm of H, and the developed catalyst showed 94% selectivity in 20% conversion.

In consideration of beneficial properties of Pd and Ag nanoparticles, it was anticipated that
the construction of a bimetallic core-shell nanocomposite catalyst consisting of Pd nanoparticles in
the core and Ag nanoparticles in the shell (Pd@Ag) would address the trade-off between activity and
selectivity for Pd and Ag nanoparticles in semihydrogenation. This concept of PA@Ag represents the
building of a compatible relationship between Pd, with its high activity, and Ag, with its high
alkene-selectivity, by construction of a core-shell structure. Pd nanoparticles in the core store

hydrogen to form palladium-hydride (PdH) [38-40] through the H,-permeable Ag shell nano-layer
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[41-43]. The inner PdH serves hydrogen to the outer Ag shell, providing the Pb-free and selective
semihydrogenation of alkynes occurring on the Ag surface. Simultaneously, coating the Pd
nanoparticles by a Ag layer results in efficient suppression of the overhydrogenation of alkenes at
the Pd surface. This complementary action of Pd and Ag, in which the advantages of Pd and Ag are
integrated while their disadvantages are remedied in a synergistic manner, allows selective

semihydrogenation under mild reaction conditions (Figure 2-1).

Ri—R; Ri R

Low activity
High selectivity

% : o
", . ¢
Pd@Ag High activity

High activity High selectivity
Low selectivity

Figure 2-1. Design concept of complementary bimetallic core-Pd/shell-Ag

catalyst for selective semihydrogenation of alkynes

This chapter demonstrates the development of core-Pd/shell-Ag nanocomposite catalyst
for selective semihydrogenation of terminal and internal alkynes to the corresponding alkenes with
high Z-selectivity. The rational design and precise fabrication of the nanocomposite catalysts
provided highly selective catalysis for Pb-free semihydrogenation under mild reaction conditions

without any additives.
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2. Experimental section
2-1. General

All organic reagents were purified before use. Pd(acac), was obtained from Sigma-Aldrich.
Ag(NO3) and HAP (Apatite HAP, monoclinic) were purchased from Wako Pure Chemical Co., Ltd.
GC-FID and GC-MS were performed on a Shimadzu GC-2014 instrument equipped with a Unisole
30 T and a GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT capillary column
(30 m x 0.25 mm i.d., 0.25 um), respectively. Inductively coupled plasma measurements were
performed on a Sl Nano Technology SPS7800 instrument. *H and **C nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL JNM-ESC400 spectrometer and the chemical shifts are
reported in ppm from TMS as a reference. Transmission electron microscopy (TEM) observations
were carried out using a FEI Tecnai G2 20ST instrument operated at 200 kV. Scanning transmission
electron microscopy (STEM) images with elemental maps were collected using a FEI Titan Cubed
G2 60-300 instrument operated at 300 kV with a probe size of 30 pm, and equipped with Super-X
energy-dispersive X-ray spectroscopy (EDX) detector. Elemental mapping based on quantification
analysis of EDX spectra was carried out using Esprit. Raman spectra were recorded on a confocal
Raman microscopy (LabRAM HR-800, Horiba, Ltd., Kyoto, Japan).
2-2. Preparation of catalysts
Preparation of Pd seed: Pd(acac), (0.1 mmol) and PVA (0.055 g) were added to ethylene glycol (20
ml) and heated at 150 °C under stirring. After 30 min, the reaction was stopped and acetone (20 mL)
was added. The Pd seeds were collected by centrifugation (4000 rpm x 5 min) and dispersed in
deionized water (10 mL).
Preparation of single Pd nanoparticles loaded on HAP: HAP (1.0 g) was added to the above
aqueous Pd seed colloid solution (30 mL, 0.33 x 10 M) and stirred for 1 h. The resulting slurry was

filtered, washed with deionized water and dried in vacuo, yielding Pd/HAP as gray powder.
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Preparation of Pd@Ag core-shell nanoparticles: The obtained Pd seed aqueous solution (10 mL,
1.0 x 10 M) was added to 10 mL of 0.5 M CTAB solution and heated at 60 °C for 10 min. Then,
L-ascorbic acid (5 equivalent to the Ag amount) and silver nitrate (Ag/Pd = 0.10, 0.15, 0.20, 0.25,
0.50) were added and the reaction mixture was kept at 60 °C for 2 h under stirring. The obtained
Pd@Ag catalysts were labeled as PA@Ag-X where X denotes the ratio of Ag/Pd.

Preparation of HAP-supported Pd@Ag core-shell nanoparticles: HAP (1.0 g) was added to the
prepared Pd@Ag colloid solution and stirred for 1 h. The obtained slurry was filtered, washed with
deionized water and dried in vacuo, yielding Pd@Ag loaded on HAP as gray powder.

Preparation of single Ag nanoparticles loaded on HAP: Single Ag nanoparicles loaded on HAP
were prepared according to our previous report [44]. HAP (2.0 g) was soaked in a 150 mL aqueous
solution of silver nitrate (6.7 x 10 M) and stirred at room temperature for 6 h. The resulting slurry
was filtered, washed, and dried at room temperature in vacuo. Next, the HAP containing Ag was
treated with an aqueous solution of KBH, (5.0 x 102 M) for 1 h at room temperature. Again, the
slurry was filtered, washed, and dried at room temperature in vacuo, giving HAP-supported Ag
nanoparticles.

Preparation of Pd-Ag alloys: Palladium trifluoroacetate (0.10 mmol) and silver nitrate (0.020
mmol) were added to water (20 ml) in the presence of PVP (0.10 g) and then stirred at room
temparature. After 5 min, aqueous solution of KBH,4 (10 mL, 5.0 x 10 M) was added to the mixture
and Pd-Ag colloid solution was obtained. HAP (1.0 g) was added to the prepared Pd-Ag solution and
stirred for 1 h. The obtained slurry was filtered, washed with ethanol and dried in vacuo.

2-3. Reaction procedure

Typical reaction procedure: A typical reaction procedure for semihydrogenation of alkynes using
Pd@Ag-0.20 was as follows. Pd@Ag-0.20 (0.10 g: Pd 0.010 mmol, Ag 0.0020 mmol) was placed in

a reaction vessel connected to a gas bag filled with 1 atm of H,. Next, EtOH (2 mL) and alkynes (0.3
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mmol) were added to the reaction vessel and the mixture was stirred at room temperature. The yields
of the products were determined by GC using naphthalene as an internal standard.
Reuse experiment: After semihydrogenation under the above typical reaction conditions,
Pd@Ag-0.20 loaded on HAP was recovered by simple filtration and washed with EtOH. The used
catalyst was treated again under identical reaction conditions. The yields of the products were
determined by GC using naphthalene as an internal standard.
Hydrogenation of 1 using a continuous plug flow reactor: Pd@Ag-0.20 (0.50 g) and SiO,
(Wakogel C-200: 75-150 um, 0.6 g) as a filler were added to hexane (10 mL) and the mixture was
stirred for 5 min, followed by evaporation to dryness at room temperature. The obtained powder was
packed in a stainless steel column (inner diameter: 5.0 mm, length: 200 mm, volume: 3925 mm®). A
solution of 1 in ethanol (1.10 g: 10 mmol in 100 mL) was introduced to the column (4.2 mL/h),
which was maintained at room temperature, along with a flow of hydrogen gas (60 mL/h).
2-3. CO adsorption FTIR experiments

FT-IR data were collected on a JASCO FT-IR 410 spectrometer equipped with a MCT
detector. Self-supporting pellets were prepared from the sample powders and treated directly in the
IR cell, which allowed for thermal treatments under a controlled atmosphere. The sample was first
pretreated at 300 K under outgassing for 30 min, then exposed to 15 mmHg CO for 30 min. After
evacuation (< 0.1 mmHg) for 5 min, IR spectra were recorded.
2-4. CO adsorption FTIR experiments
Raman spectra (Figure 2-15-A): Metal nanoparticle ethanol suspension (10 uL, M:0.1 umol) were
mixed with 5 mL of ethanol containing phenylacetylene (0.12 mM) at room temperature. The Raman
spectra were recorded from solution phase with 20x objective lens. The collection time was 20 s for

all samples, together with a power of 100 mW for 532 nm excitation laser.
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In situ SERS monitoring of semihydrogenation catalyzed by Pd@Ag-0.20 (Figure 2-15-B):
Pd@Ag-0.20 ethanol suspension (5 mL, Pd: 0.05 mmol, Ag: 0.01 mmol) was placed in a reaction
vessel connected to a gas bag filled with 1 atm of H,. Next, phenylacetylene (0.4 mmol) was added
to the reaction vessel and the mixture was stirred at room temperature. We withdrew 0.2 mL of the
reaction solution every 6 h and 20 uL were used for measurements. The Raman spectra were
recorded from solution phase with 20x objective lens. The collection time was 20 s for all samples,
together with a power of 100 mW for 532 nm excitation laser. The conversions of phenylacetylene
were determined by GC.
2-5. H,-D, exchange reaction

The H»-D, exchange reaction was performed in a closed gas-circulation system equipped
with an online quadrupole mass spectrometer (BELMass-S, BEL Japan, Inc.). The prepared single
Ag/HAP (0.05 g; Ag 5 umol) was placed in a reactor followed by evacuation of the air. A mixture of
H, (0.1 mmol) and D, (0.1 mmol) gases was introduced to the reaction system and the total pressure
adjusted with Ar to 720 Torr. After the H,-D, exchange reaction at room temperature for 20 h, the
gas phase was analyzed by monitoring the signals of m/z = 2, 3, and 4.
2-6. Product identification

The products were characterized by GC, GC-MS, and NMR. Retention times (GC) and
chemical shifts ("H and *C NMR) of the products were in agreement with those of authentic

samples or previously reported values.

1-Octene: CAS registry No. [111-66-0] (Table 2-3, Entry 1)
'H NMR (400 MHz, CDCls): & 5.76-5.86 (m, 1H), 4.90-5.20 (m, 2H), 2.04 (dd, J = 14.8 Hz, J = 6.4
Hz, 2H), 1.21-1.46 (m, 8H), 0.87 (t, J = 8.0 Hz, 3H). **C NMR (100 MHz, CDCl5): & 138.5, 115.4,

114.0, 33.8, 31.7, 28.6, 22.6, 14.0 ppm.
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4-Penten-1-ol: CAS registry No. [821-09-0] (Table 2-3, Entry 3)

'H NMR (400 MHz, CDCls): 8 5.77-5.93 (m, 1H), 4.94-5.13 (m, 2H), 3.59-3.75 (m, 2H), 2.11-2.21
(m, 2H), 1.93 (br s, 1H), 1.66-1.72 (m, 2H). *C NMR (100 MHz, CDCl5): & 138.2, 114.8, 62.3, 31.7,
30.0 ppm.

6-Chloro-1-hexene: CAS registry No. [928-89-2] (Table 2-3, Entry 4)

'H NMR (400 MHz, CDCl,): & 5.73-5.91 (m, 1H), 4.91-5.13 (m, 2H), 3.53 (t, J = 6.4 Hz, 2H), 2.10
(dd, J = 15.6 Hz, J = 7.2 Hz, 2H), 1.58-1.75 (m, 2H), 1.47-1.58 (m, 2H). *C NMR (100 MHz,
CDCly): 6 138.1, 114.9, 44.9, 32.9, 31.9, 26.1 ppm.

5-Hexenoic acid: CAS registry No. [1577-22-6] (Table 2-3, Entry 5)

'H NMR (400 MHz, CDCl,): 8 11.0 (br s, 1H), 5.67-5.86 (m, 1H), 4.93-5.08 (m, 2H), 2.37 (t, J = 9.2
Hz, 2H), 2.03-2.17 (m, 2H), 1.71-1.80 ppm (m, 2H). **C NMR (100 MHz, CDCl,): 5 179.9, 137.5,
115.5, 33.2, 32.9, 23.7 ppm.

5-Hexenenitrile: CAS registry No. [5048-19-1] (Table 2-3, Entry 6)

'H NMR (400 MHz, CDCl5): & 5.69-5.80 (m, 1H), 5.03-5.14 (m, 2H), 2.35 (t, J = 7.2 Hz, 2H), 2.21
(dd, J = 13.2 Hz, J = 7.2 Hz, 2H), 1.76 (m, 2H); **C NMR (100 MHz, CDCls): & 135.9, 119.5, 116.6,
32.3,24.4, 16.3 ppm.

Vinylcyclohexane: CAS registry No. [695-12-5] (Table 2-3, Entry 7)

'H NMR (400 MHz, CDCl5): & 5.69-5.94 (m, 1H), 4.79-5.12 (m, 2H), 1.86-2.09 (m, 1H), 1.45-1.85
(m, 5H), 0.87-1.44 (m, 5H). *C NMR (100 MHz, CDCl5): & 144.8, 111.5, 41.5, 32.5, 26.2, 26.0
ppm.

Allylbenzene: CAS registry No. [300-57-2] (Table 2-3, Entry 8)

'H NMR (400 MHz, CDCls): 8 7.10-7.44 (m, 5H), 5.92-6.03 (m, 1H), 5.04-5.11 (m, 2H), 3.34 ppm
(d, J = 6.8 Hz, 2H). B¢ NMR (100 MHz, CDCl3): 6 140.0, 137.4, 128.5, 128.4, 126.0, 115.7, 40.2

ppm.
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4-Phenyl-1-butene: CAS registry No. [768-56-9] (Table 2-3, Entry 9)

'H NMR (400 MHz, CDCls): & 7.10-7.44 (m, 5H), 5.66-6.03 (m, 1H), 4.84-5.18 (m, 2H), 2.54-2.95
(m, 2H), 2.21-2.50 ppm (m, 2H). **C NMR (100 MHz, CDCl5): & 141.8, 138.1, 128.4, 128.2, 125.8,
114.9, 35.5, 35.4 ppm.

4-Octene: CAS registry No. [7642-15-1] (Table 2-3, Entry 10)

'H NMR (400 MHz, CDCl,): & 5.34-5.38 (m, 2H), 2.01 (dd, J = 13.2 Hz, J = 7.2 Hz, 4H), 1.37 (dd, J
= 14.4 Hz, J = 7.2 Hz, 4H), 0.90 (t, J = 7.6 Hz, 6H). *C NMR (100 MHz, CDCl,): & 130.5, 29.3,
22.9, 13.7 ppm.

3-Hexen-1-ol: CAS registry No. [928-96-1] (Table 2-3, Entry 11)

'H NMR (400 MHz, CDCl,): & 5.53-5.60 (m, 1H), 5.29-5.38 (m, 1H), 3.64 (t, J = 6.4 Hz, 2H), 2.34
(dd, J = 14 Hz, J = 6.8 Hz, 2H), 2.08 (m, 2H), 1.59 (s, 1H), 0.97 (t, J = 10 Hz, 3H). *C NMR (100
MHz, CDCl,): & 134.5, 123.8, 62.3, 30.6, 20.6, 14.1 ppm.

2-Hexen-1-ol: CAS registry No. [928-94-9] (Table 2-3, Entry 12)

'H NMR (400 MHz, CDCls): & 5.50-5.67 (m, 2H), 4.19 (d, J = 6.0 Hz, 2H), 2.06 (dd, J = 14.8 Hz, J
= 7.6 Hz, 2H), 1.57 (br s, 1H), 1.40-1.44 (m, 2H), 0.90 (t, J = 10.4 Hz, 3H). *C NMR (100 MHz,
CDCly): 6 132.8, 128.5, 58.5, 29.4, 22.7, 13.6 ppm.

Ethyl 2-butenoate: CAS registry No. [6776-19-8] (Table 2-3, Entry 13)

'H NMR (400 MHz, CDCls): & 6.90-7.03 (m, 1H), 5.78-5.88 (m, 1H), 4.18 (dd, J = 13.6 Hz, J = 7.2
Hz, 2H), 1.86-1.88 (d, 3H), 1.27 (t, J = 8.4 Hz, 3H).

Diethyl maleate: CAS registry No. [141-05-9] (Table 2-3, Entry 14)

'H NMR (400 MHz, CDCly): & 6.22 (s, 2H), 4.25 (dd, J = 13.2 Hz, J = 6.8 Hz, 4H), 1.31 ppm (t, J =
7.6 Hz, 6H). *C NMR (100 MHz, CDCls): & 165.1, 129.7, 61.3, 13.9 ppm.

N, N-Diethyl-2-nonen-1-amine: CAS registry No. [86112-00-7] (Table 2, Entry 15)

'H NMR (400 MHz, CDCly): § 5.43-5.59 (m, 2H), 3.10 (d, J = 6.4 Hz, 2H), 2.52 (dd, J = 12.0 Hz, J

40



= 6.4 Hz, 4H), 2.06 (t, J = 6.5 Hz, 2H), 1.23-1.40 (m, 8H), 1.04 (t, J = 6.8 Hz, 6H), 0.85-0.92 (m,

3H). ®C NMR (100 MHz, CDCl,): 5 132.4, 126.8, 49.6, 46.7, 31.7, 29.6, 29.0, 27.5, 22.6, 14.0, 11.8

3. Results and Discussion

Representative images of PA@AgQ-0.20 observed by transmission electron microscopy
(TEM) and high-angle annular dark-field STEM (HAADF-STEM) are depicted in Figure 2-2. It can
be seen that the synthesized nanoparticles had a mean diameter of 26.2 £ 5.7 nm (Figure 2-2-a). In
the HAADF-STEM image of Pd@Ag, well-defined lattice fringes were observed (Figure 2-2-b). The
detected lattice fringes had d-spacing attributed to Ag {111} (2.36 A) and Ag {200} (2.04 A). This
fact indicates that crystalline Ag grows on the surface of the Pd seed. The elemental distribution of
Ag on the Pd nanoparticles in Pd@Ag (Figure 2-2-c) was examined by scanning TEM (STEM)
coupled with energy-dispersive X-ray spectroscopy (EDX) (Figures 2-2-d, e, and f). Elemental
mapping of PA@Ag based on quantification analysis of EDX spectra clearly revealed that it
comprised Pd nanoparticles in the core (Figure 2-2-d) and a nano-layer of Ag with a thickness of ca.
1 nm in the shell (Figure 2-2-e). The formation of a thin shell of Ag was also supported by XRD
analysis, as no peak attributed to the formation of Ag nanoparticles or an alloy of Ag and Pd was

observed around 35-50° (Figure 2-3).
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Figure 2-2. Composition and structural analysis of PA@AgQ-0.20. a) TEM image. b) and c¢)

HAADF-STEM images. Elemental mapping images of d) Pd and e) Ag. f) Composite

overlay imaage formed from d) and e).
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Figure 2-3. XRD measurements of PA@Ag-X and single Pd and Ag nanoparticles
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For the purpose of easy handling and ensuring high dispersion of the synthesized
nanoparticles, PdA@Ag was loaded on the supports and the support effect was investigated (Table
2-1). However, PA@Ag on various supports such as hydroxyapatite (HAP), TiO,, hydrotalcite, and
MgO, showed similar activities, indicating that the activity of Pd@Ag does not significantly depend
on the supports. Then, HAP was selected as the support because it exhibited slightly higher

efficiency among the tested supports.

Table 2-1. Support effect®

Pd@Ag/Support
Pd: 3.3 mol%, Ag: 0.66 mol%
Hex ( > 29 ) > Hex XX Hex” ™
1 EtOH (2 mL), H, (balloon), r.t., 2 3
30 min
Entry Support Conv. of 1 [%]° 2 [%]° 3 [%]°
1 HAP 23 23 0
2 TiO, 22 22 0
3 Hydrotalcite 21 21 0
4 MgO 14 14 0

@Reaction conditions: Catalyst (0.10 g, Pd: 3.3 mol%, Ag: 0.66 mol%), 1 (0.3 mmol),
EtOH (2 ml).’Determined by GC using internal standard technique.

The Pd@Ag-X composites were used as catalysts in the batchwise semihydrogenation of
1-octyne (1) at room temperature under atmospheric pressure of H,. In order to compare catalytic
activity, both single Pd nanoparticles (Pd seed for PA@Ag) and Ag nanoparticles loaded on HAP
were prepared. The results are shown in Table 2-2. Pd nanoparticles promoted rapid
overhydrogenation, quantitatively giving the undesired product n-octane (3) (Entry 1). Ag
nanoparticles did not show any catalytic activity under the conditions used (Entry 2). As previously
reported [36], highly alkene-selective catalysis of Ag nanoparticles was confirmed under high

pressure of H, (50 atm), although with extremely low activity (turnover frequency = 0.035 h™)
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(Entry 3). In contrast, the various PA@Ag-X composites showed differing activity and selectivity
toward 2 depending on the value of X. When the Ag/Pd ratio X was increased from 0.10 to 0.20,
alkene-selectivity steadily increased (Entries 4-6), with Pd@Ag-0.20 exhibiting the highest catalytic
activity, affording 2 in quantitative yield (Entry 6). Upon a further increase in the Ag/Pd ratio to 0.50,
complete alkene-selectivity was retained but the activity of the catalyst gradually decreased (Entries
8 and 9). Interestingly, the excellent alkene-selectivity of PA@AgQ-0.20 was maintained even when
the reaction time was prolonged after full conversion of 1 (Figure 2-4). Notably, the C=C bond of 2
remained almost intact up to a H, pressure of 50 atm (Entry 7). This high performance of
Pd@Ag-0.20 arising from the core-shell structure is in sharp contrast with many previous catalysts,
including the Lindlar catalyst [17] (Figure 2-5) and Pd-Ag alloys (Figure 2-6) [45-55], which easily

causes overhydrogenation of terminal alkenes to alkanes.

Table 2-2. Semihydrogenation of 1 using various Pd-Ag catalysts®

Hex—= Catayst > Hox” N Hex” N
1 H, (1 atm), r.t. 2 3
Entry  Catalyst Time [n] Conv. [%]° 2[%]° 3 [%]°
1 Pd nanoparticles 0.5 >99 0 >99
2°  Ag nanoparticles 25 0 - -
39  Ag nanoparticles 20 36 36 0
4 Pd@Ag-0.10 25 >99 23 76
5 Pd@Ag-0.15 25 > 99 80 19
6 Pd@Ag-0.20 25 > 99 >99 0
7°  Pd@Ag-0.20 1.0 > 99 > 99 0
8 Pd@Ag-0.25 25 65 65 0
9 Pd@Ag-0.50 25 22 22 0

@Reaction conditions: Catalyst (0.10 g, Pd: 3.3 mol%, Ag: 0.33 mol%-1.7
mol%), 1 (0.3 mmol), EtOH (2 ml). PDetermined by GC using internal
standard technique. °Ag/HAP (Ag: 0.33 mol%). dAg/HAP (Ag: 50 mol%),
H, (50 atm). ®H, (50 atm).
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Figure 2-4. Time profile of semihydrogenation of 1 using PA@Ag-0.20
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Figure 2-5. Time profile of semihydrogenation of 1 using Lindlar catalyst
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Figure 2-6. Time profile of semihydrogenation of 1 using PdAg/HAP-0.20

The catalytic potential of Pd@Ag-0.20, which exhibited the best performance, was
investigated using various alkynes in a batch reactor (Table 2-3). A wide range of terminal and
internal alkynes containing functional groups such as hydroxyl (Entries 3, 11, 12), halogen (Entry4),
carboxylic acid (Entry 5), cyano (Entry 6), ester (Entries 13 and 14) and amine (Entry 15) groups
were smoothly converted to the corresponding alkenes with >99% selectivity. After the reaction, the
Pd@Ag catalyst loaded onto HAP was easily recovered by filtration, and proved to be reusable,
retaining its high activity and selectivity during five recycling experiments (Table 2-3, Entry 2). No
aggregations of the nanoparticles and significant change of the average diameter were observed in
TEM image (Figure 2-7), demonstrating its high durability. The practical utility of Pd@Ag was also
examined by using a column flow reactor for gram-scale synthesis. When 1 (10 mmol, 1.10 g) in
ethanol (0.10 M) was passed through a Pd@Ag-0.20-packed column reactor at a flow rate of 4.2 mL
h™* along with H, at atmospheric pressure, 2 was successively obtained in over 99% yield (96%

isolated yield; 1.07 g) (Scheme 2-1).
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Figure 2-3. Semihydrogenation of various alkynes using Pd@Ag-0.20%

Pd@Ag-0.2 — \
R—R' d@Ag0.20 S %
H, (1 atm), r. t.
Entry  Alkyne Time [h] Conv. [%]°  Yield [%]° E/Z ratio®

1 Hex—= 25 > 99 > 99 (95) -

2¢ 2.5 >99 >99 -

3 HOO N—=— 10 > 99 > 99 (93) ]

4 O~ 15 > 99 > 99 (91) -

o)
5 A.—= 3.0 >99 > 99 (92 -
HO (92)

6 NC._—= 3.0 > 99 > 99 (93) -

7d <:>_: 14 > 99 > 99 (92) -

8 pp — 3 > 99 > 99 (96) -

9 Ph_——= 3 > 99 > 99 (95) -

10 Pr———~"Pr 4 > 99 > 99 (94) 0/100
11 Et——= 5 > 99 > 99 (94) 0/100

OH
12 Pr——— 5.5 > 99 > 99 (94) 0/100
13 —==—CO,Et 5 > 99 >99 (91) 4/96
14 EtO,C—==—CO,Et 12 > 99 > 99 (92) 16/84
15 Hex——~ 5 >99 > 99 (93) 0/100
NEt,

8Reaction conditions: Pd@Ag-0.20 (0.10 g, Pd: 0.33 mol%, Ag: 0.066 mol%),
alkyne (0.3 mmol), EtOH (2 ml). °Determined by GC using internal standard
technique. Values in parentheses are isolated yields. °5th reuse. “Hexane (2 mL).
€50 °C.

Count

~10 15 20 25 30 35 40~
Particle size / nm

Figure 2-7. TEM image and size-distribution of used Pd@Ag-0.20 on HAP
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H, (1 mL/min)

Hex :—1—& Pd@Ag )—) Hex” X

1 2
1.10g Inner diameter: 5 mm 1.07g
EtOH aq. (0.07 mL/min) Length: 20 mm (Isolated Yield 96%)

Scheme 2-1. Application of PA@Ag to the column flow reactor

To elucidate the reasons for the significant differences in the performance of PA@Ag-X
depending on X, the shell effect of Ag was investigated by CO adsorption FTIR spectroscopy
(Figure 2-8). It is well known that CO is not adsorbed onto the Ag nanoparticle surface but is
strongly adsorbed on Pd nanoparticles [56 and 57]. In fact, when single Ag nanoparticles and Pd
nanoparticles were treated with CO, no CO adsorption peaks were observed for Ag nanoparticles,
while two CO adsorption peaks derived from CO stretching at 1930 cm™ and 2060 cm™ were
observed for Pd nanoparticles. IR spectra of PA@Ag-0.10 and Pd@Ag-0.15 treated with CO showed
two peaks in the same position as for single Pd nanoparticles. On the other hand, it is notable that
Pd@Ag-0.20, PA@Ag-0.25, and Pd@Ag-0.50 showed no CO adsorption peaks, demonstrating that
the Pd nanoparticles were entirely covered by Ag in a core-shell structure. These results showed that
the low alkene-selectivity of Pd@Ag-0.10 and Pd@Ag-0.15 was strongly associated with the
presence of the exposed Pd nanoparticles, causing overhydrogenation. The steadily decreasing
activity of PdA@Ag-X as X increased from 0.20 to 0.50 was explained by the increase in thickness of
the Ag shell, which hinders the supply of hydrogen from the core-Pd nanoparticles to the surface Ag
sites. TEM images of Pd@Ag supported the contention that the thickness of the Ag shell could be
controlled by changing the amount of Ag used. The mean diameters of PA@Ag-X, where X was 0.10,
0.15, 0.20, 0.25, and 0.50, were 25.2 + 4.0, 25.9 £ 4.9, 26.2 + 5.7, 26.6 £ 5.9, and 27.0 + 4.5 (Figure

2-9).
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Figure 2-9. TEM images and size-distributions of (a) Pd core, (b) Pd@Ag-0.10, (c)
Pd@Ag-0.15, (d) Pd@Ag-0.20, (e) PA@Ag-0.25, (f) Pd@Ag-0.50.
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Among noble metals, Ag nanocrystals have uniquely bifunctional properties with not only
the alkene-selective catalysis but also the high activity for surface-enhanced Raman spectroscopy
(SERS), allowing in-situ monitoring of Ag-catalyzed surface reaction [58-61]. Therefore,
Pd@Ag-catalyzed semihydrogenation was investigated using SERS. Figure 2-10-(A) shows SERS
spectra from ethanol suspension of Pd nanoparticles and PA@Ag in the presence of phenylacetylene
(PA) as a Raman probe. No peaks of PA (0.12 mM) without nanoparticles or with Pd nanoparticles
were confirmed (Figure 2-10-A, (a) and (b)). Interestingly, when the colloidal Pd@Ag was dropped
into the ethanol solution of PA, new peaks at 1980 cm™ (C=C stretching mode) and 1590 cm™
(benzene ring mode) appeared, demonstrating the SERS activity of PA@Ag (Figure 2-10-A, (c)).
The shift in the peak at 2111 cm™ for the C=C stretching of free PA to 1980 cm™ is assigned to
surface adsorption of PA on Ag (Figure 2-10-A, (c) vs. (d)), in agreement with previous finding [58].
Moreover, the SERS activity of Pd@Ag enabled the in-situ monitoring of the Pd@Ag-catalyzed
semihydrogenation of PA. After adding PA@Ag to the PA solution under atmospheric H, conditions,
the SERS spectrum was recorded (Figure 2-10-B). The peaks attributed to the PA adsorbed on the
surface of Ag gradually decreased during the semihydrogenation of PA, supporting that the
semihydrogenation undergoes on the surface of Ag shell of PA@Ag where the Pd core serves as a
hydrogen source due to the formation of a PdH species. The formation of the PdH was confirmed by
XRD analysis (Figure 2-11) where the XRD peaks attributed to Pd core of PA@Ag shifted to
low-angle side under H, atmosphere. This lattice expansion indicated that H atom entered into the Pd
lattice and the formation of PdH occurred. Furthermore, the H,-D, exchange experiment using Ag
nanoparticles catalyst revealed the formation of HD (Scheme 2-2). This result supported the
possibility for H,-permeability of Ag shell where Ag nanoparticles cleave H-H bonds and the

resulting H atoms pass through the Ag layer.
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presence of PA: a) 0.12 mM PA, b) 0.12 mM PA with Pd nanoparticles, c) 0.12 mM PA with
Pd@Ag-0.20 and d) reference PA (intensity: 1/500). (B) SERS spectra recorded during the
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4. Conclusion

This chapter demonstrated the design of core-Pd/shell-Ag nanocomposite catalysts
(Pd@Ag) whose components acted in complementary fashion to achieve Pb-free and highly
selective semihydrogenation of alkynes under mild reaction conditions. The Pd@Ag catalyst was
reusable and applicable to use in a column flow reactor. It was found that the core-Pd enhanced the
activity of the shell-Ag by serving as a hydrogen source, while, at the same time, the shell Ag
reduced the intrinsically low alkene-selectivity of Pd by inhibiting contact between Pd and alkenes.
As a whole, the complementary relationship between Pd and Ag derived from the core-shell
arrangement resulted in highly active and selective catalysis in the semihydrogenation of alkynes.
This study reveals that precise synthesis of bimetal nanoparticles with core-shell nanostructures

would realize unprecedentedly selective catalysis for the fine chemical synthesis.
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Chapter II1.

Green One-step Synthesis of Core-Shell Nanoparticle and
Their Catalysis for Chemoselective Hydrogenations
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1. Introduction

The development of novel synthetic techniques of nanomaterials such as metal
nanoparticles [1, 2], zeolites [3, 4], metal organic frameworks [5, 6] and carbon nanotubes [7, 8]
with unique morphology have become an important research area along with advance of analytical
methods on an atomic scale. These newly synthesized nanomaterials are widely applied in the
various fields, for example, electronics [9], medicals [10, 11] and biotechnologies [12]. Among these
nanomaterials, precisely structure-controlled metal nanoparticles, especially core-shell structured
nanoparticles, have gathered attention as promising research targets due to their multi-functionality
and enhanced properties that cannot be obtained from their mono-metal counterparts [13-19]. To
date, various core-shell nanoparticles have been synthesized by using the established techniques
such as the seeded-growth method [20-23], galvanic replacement method [24-27], and
decomposition method [28-30]. Murray et al. prepared Ni@FePt core-shell nanoparticles through the
seeded-growth method [22]. In the presence of preformed Ni cores (4.2 nm), Pt and Fe precursors
were reduced using oleylamine as the stabilizer and reductant, forming 0.8 nm of FePt thinlayer on
Ni cores uniformly. Cheon et al. applied the galvanic replacement method to synthesis Co@M (M =
Au, Pd, Pt and Cu) core-shell nanoparticles [24]. When Co nanoparticles were treated with shell
metal precursors, the redox-transmetalation reactions between Co and shell precursors occurred on
the Co surface and surface Co atoms were replaced by shell metal atoms, yielding core-shell
nanoparticles precisely. These above-mentioned methods are quite useful for the precise synthesis of
the core-shell nanoparticles. However, they are generally complicated, and often require
time-consuming and multiple steps with harmful and expensive reagents such as surfactants,
reductants, and organic solvents, thus resulting in the production of large amounts of waste, the
consumption of the energy and limiting the wide applicability of the core-shell nanoparticles.

Furthermore, the presence of un-removed surfactants often declines their intriguing properties.
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Especially, in the catalytic field, the residue surfactants would decrease the activity of the core-shell
nanoparticles by blocking active metal sites. Therefore, the development of a facile and clean
synthesis of core-shell nanoparticles has been highly desired and still a challenging issue.
Redox-coprecipitation method is attractive and promising for the facile synthesis of
core-shell nanoparticles, where the redox reaction between core and shell metal precursors
spontaneously occurs in the presence of bases, yielding core-shell nanoparticles in one step without
any reductants (Figure 3-1, a) [31-38]. However, the redox-coprecipitation method generally yields
large core-shell nanoparticles (> 100 nm) unsuitable for catalytic applications due to their low
surface area to volume ratio and toxic bases such as NaOH are essentially required. For example,
Kayama et al. synthesized CeO,-covered Ag nanoparticles through the redox-coprecipitation using
ammonia as an additional base [31]. The synthesized nanoparticles had a diameter of ca. 150 nm and
consisted of 28 nm of Ag nanoparticles and 14 nm of CeO, nanoparticles. Zhao et al. demonstrated
the one-step redox synthesis of Au@TiO, and Pt@TiO, [34]. However, the sizes ofthese

nanoparticles also became so large (ca. 200 nm).

a) Redox coprecipitation method (Ref.31-38)  piopjems
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water
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Figure 3-1. Comparison of the synthetic methods of core-shell nanoparticles
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Recently, a new method using the combination of the reverse micelle technique with
redox-coprecipitation was reported to synthesize small core-shell nanoparticles (Figure 3-1, b)
[39-43]. In this strategy, the redox reaction between core and shell metal precursors proceeds in
nanoscale aqueous phase inside the reverse micelles, producing small core-shell nanoparticles with a
mean diameter of less than 10 nm in the core. Tsang et al. revealed that when using
cetyltrimethylammonum bromide (CTAB) as the surfactant, small Pt@CeO, nanoparticles which
possessed ca. 2 nm Pt nanoparticles in the core were obtained [39]. Kaneda et al. synthesized
CeO,-covered 10 nm of Ag [40-42] and 8.6 nm of Au [43] nanoparticles with the reverse micelle
technique. However, the unavoidable use of surfactants, organic solvents, and additional bases is still
costly and environmentally problematic.

Toward a more effective synthesis of core-shell nanoparticles, an alternatively new and
green route for the synthesis of small core-shell nanoparticles without any organic reagents under
neutral conditions is developed. Namely, simply mixing core and shell metal precursors in the
presence of metal oxides with basicity in water enables the one-step fabrication of small core-shell
nanoparticles without the requirement of the reductants, surfactants, organic solvents or additional
toxic bases that are essential in existing methods (Figure 3-1, c). In this method, the basic site on the
metal oxides acts as a nanoscale reaction place to promote the redox reaction between core and shell
precursors, efficiently affording core-shell nanoparticles highly dispersed on the solid surface with
suppressing the agglomeration of the core-shell nanoparticles. The sizes of core-shell nanoparticles
are small and suitable for the catalytic application because the in-situ generated core-shell
nanoparticles are immediately immobilized on the metal oxides without overgrowth of metal
nanoparticles. Furthermore, the metal oxide-supported core-shell nanoparticles can be obtained by
simple filtration and the conventional calcination process for removing the residual surfactants is not

necessity. The obtained metal oxide-supported core-shell nanoparticles are also easily handled as
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heterogeneous catalysts.

This chapter demonstrates the facile one-step synthesis of small CeO,-covered Au and Ag
core-shell nanoparticle catalysts through the redox-coprecipitation method using basic materials.
This is the first success of a green one-step synthesis of small core-shell nanoparticles in water under
organic reagent-free and neutral conditions. Furthermore, the synthesized HT-supported
CeO,-covered Au catalyst (Au@CeO,/HT) promoted chemoselective hydrogenation of unsaturated

aldehydes, epoxides and alkynes while retaining C=C bonds.

2. Experimental section
2-1. General

HAuUCI;xH,O was obtained from Mitsuwa Chemicals. AgNO; and Ce(NOs3); were
purchased from Wako Pure Chemical Co., Ltd. MgO (JRC-MGO-3) was obtained from the Catalysis
Society of Japan as a reference catalyst. Hydrotalcite, silica, and laponite were purchased from
Tomita Pharmaceutical Co., Fuji Silysia and BYK Additives & Instruments, respectively. GC-FID
and GC-MS were performed on a Shimadzu GC-2014 instrument equipped with a Unisole 30T
column and a GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT capillary column
(30 m x 0.25 mm i.d., 0.25 um). Transmission electron microscopy (TEM) images were obtained
using an FEI Tecnai G2 20ST instrument operating at 200 kV. HAADF-STEM observations were
carried out using a JEOL JEM-2800 High Throughput Electron Microscope, which was equipped
with an energy dispersive X-ray spectroscopy (EDS) detector. IR spectra were collected on a JASCO
FT-IR 410 spectrometer equipped with a MCT detector. *H and **C nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL JNM-ESC400 spectrometer, and the chemical shifts are

reported in ppm from TMS as a reference.
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2-2. Preparation of catalysts

Au@CeO,/HT (HT: Tomita Pharmaceutical Co., Ltd. AD 500NS): HT (0.5 g) was soaked in 50
mL of deionized water. To the obtained HT suspension, 50 mL of a mixture of cerium nitrate (0.80
mmol) and chloroauric acid (0.05 mmol) was added dropwise at 15 °C. The resulting mixture was
stirred at 15 °C for 1 h in an air atmosphere. The obtained slurry was filtered, washed with deionized
water, and then dried at room temperature in vacuo.

Au@CeO,/HT prepared in a large scale: HT (100 g) was soaked in 10 L of deionized water.
Under stirring vigorously, 10 L of a mixture of cerium nitrate (160 mmol) and chloroauric acid (10
mmol) was added dropwise (0.1 L/h) to the HT suspension at 15 °C. The obtained slurry was filtered,
washed with deionized water, and then dried at room temperature in vacuo.

Ag@CeOy/HT (HT: Tomita Pharmaceutical Co., Ltd. AD 500NS): HT (0.5 g) was soaked in 50
mL of deionized water. To the obtained HT suspension, 50 mL of a mixture of cerium nitrate (0.40
mmol) and silver nitrate (0.05 mmol) was added dropwise at 45 °C. The resulting mixture was
stirred at 45 °C for 4 h in an air atmosphere. The obtained slurry was filtered, washed with deionized
water, and then dried at room temperature in vacuo.

Au@Ce0O,/MgO (MgO: JRC-MGO-3): MgO (0.5 g) was soaked in 50 mL of deionized water. To
the obtained MgO suspension, 50 mL of a mixture of cerium nitrate (0.80 mmol) and chloroauric
acid (0.05 mmol) was added dropwise at 15 °C. The resulting mixture was stirred at 15 °C for 1 h in
an air atmosphere. The obtained slurry was filtered, washed with deionized water, and then dried at
room temperature in vacuo.

Au@CeO,/Laponite (Laponite: BYK Additives & Instruments Laponite-RD): Laponite (0.5 g)
was soaked in 50 mL of deionized water. To the obtained colorless solution, 50 mL of a mixture of
cerium nitrate (0.80 mmol) and chloroauric acid (0.05 mmol) was added dropwise at 45 °C. The

resulting mixture was stirred at 45 °C for 1 h in an air atmosphere. The obtained catalyst was
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collected by centrifugation, washed with deionized water, and dried at room temperature in vacuo.
Amine-functionalized silica (silica: Fuji Silysia CARIACT Q-3): Silica (4.0 g) was soaked in 10
mL of toluene. To the obtained suspension, 4.0 g of 3-(2-aminoethylamino)propyltrimethoxysilane
was added and the resulting mixture was stirred at 120 °C for 10 h. The obtained slurry was filtered,
washed with EtOH, and then dried at room temperature in vacuo.
Au@CeO,/Amine-functionalized silica: Amine-functionalized silica (0.5 g) was soaked in 50 mL
of deionized water. To the obtained colorless solution, 50 mL of a mixture of cerium nitrate (0.80
mmol) and chloroauric acid (0.05 mmol) was added dropwise at 45 °C. The resulting mixture was
stirred at 45 °C for 1 h in an air atmosphere. The obtained slurry was filtered, washed with deionized
water, and then dried at room temperature in vacuo.
AU/HT or Au/CeO,: HT or CeO, (1.0 g) was soaked in 50 mL of an aqueous solution of HAuCl, (2
mM). After stirring for 2 min, 0.2 mL of aqueous NH3 (10%) was added and the resulting mixture
was stirred at room temperature for 12 h in an air atmosphere. The obtained slurry was filtered,
washed with deionized water, and then dried at room temperature in vacuo. Subsequently, the
obtained yellow powder was added to 50 mL of an aqueous solution of KBH,4 (18 mM) and stirred at
room temperature for 1 h to yield the supported gold nanoparticle catalyst as a purplish red powder.
2-3. Typical reaction procedure

A typical reaction procedure for hydrogenation of 1 to 2 using Au@CeO,/HT is as follows.
Au@CeO,/HT (0.05 g, Au: 0.0042 mmol) was placed in a 50-mL stainless steel autoclave (with a
Teflon inner cylinder) followed by addition of toluene (4 mL) and 1 (0.3 mmol). The reaction
mixture was stirred vigorously at 120 °C under 30 atm of H,. After the reaction, Au@CeO,/HT was
filtered and the yield was determined by GC analysis.
2-4. FT-IR study

Self-supporting pellets were prepared from Au@CeO,/HT powders and treated directly in
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the IR cell. Au@CeO,/HT was evacuated at 423 K for 1 h, and then treated under 50 mmHg of H, or
D, at 393 K. After the treatment, IR spectra were recorded at 300 K.
2-5. Product identification

The products were characterized by GC, GC-MS, and NMR. Retention times (GC) and
chemical shifts ("H and *C NMR) of the products were in agreement with those of authentic

samples or previously reported values.

3. Results and Discussion

First, Au, Ce and hydrotalcite (HT: MgsAl2(CO3)(OH)46-4(H,0)) was chosen as core, shell
precursors and the inorganic base material, respectively for the synthesis of core-shell nanoparticles.
To the aqueous suspension of HT, a mixture of an aqueous solution of cerium nitrate and chloroauric
acid was added dropwise. Interestingly, the color of the suspension became dark gray during the
stirring of the resulting mixture at 15 °C for 1 h in air, indicating that the redox reaction between

Au(lIl) and Ce(lll) to Au(0) and Ce(lV) occurred on HT. The obtained slurry was filtered, washed

Figure 3-2. Composition and structural analysis of Au@CeO,/HT. a) TEM image. b)
HAADF-STEM image. Elemental mapping images of ¢) Au and d) Ce. e) Composite

overlay image formed from c) and d).

64



with deionized water, and then dried at room temperature in vacuo, yielding the HT containing Au
and Ce as gray powder.

The obtained powder was characterized using transmission electron microscopy (TEM).
The TEM image showed that size-ordered nanoparticles with diameters of 10 nm were highly
dispersed on HT (Figure 3-2, a). The nanoparticle consisted of an electron-dense core area and
electron-lucent shell area, revealing the formation of core-shell nanoparticles. A HAADF-STEM
image showed spherical core nanoparticles with a mean diameter of 5 nm and the shell with a
thickness of around 4 nm (Figure 3-2, b). The lattice fringes of the core and shell nanoparticles had
the d-spacing attributed to Au {111} (2.3 A) and CeO, {111} (3.2 A), respectively.
Energy-dispersive X-ray spectroscopy mapping clearly proved that the core-shell nanoparticles were
comprised of Au nanoparticles in the core and CeO, in the shell (Figure 3-2, c-e). To the best of our
knowledge, this is the first success of a green one-step synthesis of small core-shell nanoparticles in
water without the use of surfactants, organic solvents, reductants, or toxic bases. This method is
quite different from those previously reported for the core-shell nanoparticles in the viewpoints of
organic reagents-free and neutral conditions. The CeO,-covered Au nanoparticles immobilized on
HT is denoted as Au@CeO,/HT.

It should be noted that this simple preparation of Au@CeO, was easily scalable; 100 g of
Au@CeO,/HT was successfully synthesized in one-step where the morphology of Au@CeO,on HT
did not significantly change (Figure 3-3, a), demonstrating the utility of this method. The present
method also allowed the use of various metal oxides with basicity in the synthesis of Au@CeO,. For
example, MgO (Figure 3-3, b), synthetic layered silicate (Figure 3-3, c), and amine-functionalized
silica (Figure 3-3, d) were applicable to form Au@CeO, on the surface. In contrast, Au@CeO, was
not formed using non-basic materials such as silica, carbon, and alumina, confirming the necessity of

surface basic sites to promote the redox reaction between Au and Ce. Moreover, this method was
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adapted to the fabrication of core-shell Ag nanoparticles of Ag@CeO,/HT, in which core Ag
nanoparticles with a mean diameter of 15 nm were coated with the shell CeO, to a thickness of 10
nm (Figure 3-3, h).

The dependence of the morphology of Au@CeO,/HT on the preparation temperature was
also investigated (Figure 3-3, e-g). The redox reaction between Au(l11) and Ce(l11) did not proceed at
0 °C. Upon increasing the temperature to 15, 30, and 45 °C, the core-shell structures of Au@CeO,
were observed and the mean diameters of Au nanoparticles in the core increased to 5, 10, and 20 nm,
respectively. The core-shell structure was not formed at 60 °C and bare Au nanoparticles were
observed. These results revealed that the present method allowed the size-controllable synthesis of

core-shell nanoparticles by changing the preparation temperature.

Figure 3-3. TEM images of a) Au@CeO,/HT prepared on a 100 g scale. Au@CeO,
supported on b) MgO, c) synthetic layered silicate (laponite), and d) amine-functionalized
silica. Au@CeO,/HT prepared at e) 15 °C, f) 30 °C, and g) 45 °C. h) Ag@CeO,/HT.
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The catalytic potential of the Au@CeO,/HT was investigated in the chemoselective
reductions of various target functional groups in the presence of C=C bonds using molecular
hydrogen (H). Chemoselective reduction of functional groups with retaining reducible C=C bonds
are widely used for the synthesis of valuable chemical compounds such as pharmaceutical, natural
products and agrichemicals [44-46]. Conventionally, these reductions were performed with
stoichiometric reductants, for example, sodium borohydride, lithium borohydride and lithium
aluminum hydride, where the reductants generated the polar hydrogen species and reduced polar
functional groups selectively while non-polar C=C bonds were intact [47]. However, these
stoichiometric reagents would produce the large amount of hazardous wastes. From the standpoint of
Green Chemistry, catalytic procedures are superior to stoichiometric reagents. In this context,
various catalytic systems using metal-free reductants such as alcohols, formic acid and hydrosilanes
are developed for the chemoselective reduction reactions [48]. Generally, these systems shows high
activity and selectivity for target reactions, but still suffer from byproduction of wastes originated
from reductants, causing low atom efficiency. To realize the greener processes, H, is an ideal
reductant due to the formation of water as the sole byproduct. However, chemoselective reductions
using H, are more difficult compared with the case of other reductants because of easily promoting
undesired hydrogenation of C=C bonds. Therefore, the development of the efficient catalytic
systems for chemoselective hydrogenation with retaining C=C bonds using H, is highly desired and
still challenging issue.

Au nanoparticle catalysts have attracted attention due to their high chemoselectivity for the
hydrogenation of polar functional groups using H, [46, 49-61]. For example, van Leeuwen et al.
revealed that Au nanoparticles ligated by phosphine oxides promoted highly chemoselective
hydrogenation of aldehydes including alkynl, alkenyl, aldehyde, cyano, carboxylic acid, and ether

groups, demonstrating Au nanoparticles intrinsically show high chemoselectivity [54]. However, Au
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catalyst systems still suffer from limited substrate scope [49-50] and the requirement of harmful
additives [55, 56, 58, 61]. Therefore, the chemoselective reductions of various functional groups
catalyzed by Au nanoparticles using H; as a green reductant under additive-free conditions are still
challenging issues.

Interestingly, Au@CeO,/HT prepared at 15 °C showed high chemoselectivity for the
unsaturated aldehyde, citral (1), giving nerol and geraniol (2) in quantitative yield with the C=C
bonds remaining completely intact during the reduction (Table 3-1, Entry 1). Au@CeO,/HT with
larger Au nanoparticles prepared at 30 °C and 45 °C also promoted the selective hydrogenation of 1,
but they were considerably less active than that prepared at 15 °C (Entry 1 vs. 3 and 4), revealing
that small Au nanoparticles that are sub-10 nm in diameter are more effective as a catalyst. In control
experiments, bare Au nanoparticles (without core-shell structure) supported on CeO, and HT were
prepared and tested in the hydrogenation of 1. However, these catalysts hydrogenated the C=C bond
of 1, resulting in low selectivity for 2 (Scheme 3-1). This sharp contrast in the catalytic performance
of Au nanoparticles with or without core-shell structure disclosed that the core-shell structure is the
key for promoting highly selective hydrogenation. Note that Au@CeO,/HT prepared at 15 °C
showed the highest catalytic performance (all catalytic activity, product yield and selectivity)
amongthose of previously reported Au-based catalysts (Table 3-2). Furthermore, Au@CeO,/HT was
able to catalyze versatile chemoselective hydrogenations while retaining C=C bonds under
additive-free conditions, such as the hydrogenation of other unsaturated aldehydes (Entries 5-9),
deoxygenation of epoxides (Entries 10-13), and semihydrogenation of alkynes (Entries 14-18). The
selectivity for the desired products was significantly high (>99%) at high conversion levels in all
these hydrogenations and the perfect regioselectivity for the Z-alkene was obtained in

semihydrogenation of the internal alkyne (Entry 14).
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Table 3-1. Chemoselective hydrogenation using Au@CeO,/HT?

Entry  Substrate Product Time (h) Yield (%)° Sel. (%)°
1 40 >99 >99
OH
2° >99 >99
3¢ 34 >99
4¢  (E/Z = 61/39) (EIZ = 61/39) 4 99
° ©/\/\ ©/\/\OH 25 >99 >99

X o
N
8 /\©/\ /\@/\OH 30 >99 >99
9 O/\ O/\OH 30 97 >99
10 O oh Ph 35 >99 >99
11 0:0 O 30 >99 >99
12 o 35 >99 >99
/Q Hex/\
131 o 10 98 >99
ph N PR
14 u———Bu Bu/_\Bu 40 >09 >99
15 Hex Hex X 35 97 >99
16 Ph——= PR 35 >99 >99
17 NC 30 > >99
cl cl _
18 VAN T 25 >99 >99

8Reaction conditions: Au@CeO4/HT (0.05 g, Au:
mmol), toluene (4 mL), H, (30 atm), 120 °C. PDetermined by GC using an internal
standard technique. “Reuse. YPrepared at 30 °C. ®Prepared at 45 °C. 1100 °C.
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N Au catalyst .
O (Au: 1.67 mol%) OH OH o

toluene, 120 °C, o | | |
H, (30 atm), 1 h

1 2 3 4

Conv. of 1 Yieldof 2  Yield of 3 Yield of 4
AuHT 19% 8% 5% 3%
Au/CeOz 249, 13% 7% 3%

Scheme 3-1. Hydrogenation of 1 using conventional supported Au catalysts

Table 3-2. Reports for hydrogenation of 1 using Au catalysts

Entry Catalyst Conv.[%] Sel.[%] TON Reference
1 Au@CeOy/HT >99 >99 200 This work
2 AuNP-phosphine complex 95 >99 50 55
3 Au/Mg,AIO 56.4 97.5 - 53
4 Au/Fe,03 >99 96.9 - 51
5 Au/meso-CeO, >99 92 100 54
6 Au/Fe(OH), 93 63 - 52

Au@CeO,/HT also worked well for gram-scale reactions (Scheme 3-2). Thus, 20 mmol of
substrates were chemoselectively hydrogenated, giving the desired products in excellent yields. After
the hydrogenation of 1, the solid Au@CeO,/HT catalyst was easily recoverable by simple filtration
and reusable without any loss of its catalytic activity or selectivity (Entry 2). The absence of Au
species in the liquid phase was confirmed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), which indicated no leaching of Au species from Au@CeO,/HT. The TEM
image of the reused Au@CeO,/HT showed that the core-shell structure of Au@CeO, was retained

without the aggregation of Au nanoparticles (Figure 3-4).
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)\/\/Kﬂ%o

3.04 g (20 mmol)

Bu——Bu
2.76 g (20 mmol)

o
ph PP

3.96 g (20 mmol)

MOH

3.02¢g
AU@CeO,HT / (Isolated yield 98%)
. o, —
(Au: 0.5 mol%) Bu/_\Bu
toluene (30 mL), 120 °C, 2699
H, (40 atm), 60 h (Isolated yield 96%)
ph X"
3.61g

(Isolated yield >99%)

Scheme 3-2. Gram-scale reactions using Au@CeQ,/HT

Figure 3-4. TEM image of the used Au@CeO,/HT

Recently, Kaneda et al. reported that CeO,-covered Au and Ag core-shell nanoparticle
catalysts were effective in the chemoselective reductions of various functional groups while
retaining C=C bonds (as was mentioned in Chapter |, Section 2-3) [40-43]. The high
chemoselectivity originated from the cooperative action at the interface between core-Au or Ag and
shell-CeO,, where polar hydrogen species of M-H® and CeO,-H®" effectively formed through the
heterolytic dissociation of H,. These polar hydrogen species would be active for the targeted
functional groups but inactive for the C=C bond, resulting in high chemoselectivity. To confirm the
above idea, IR study was performed. When Au@CeO,/HT was treated with H,, new bands appeared
around 2120 cm™ and 3294 cm™, respectively (Figure 3-5, a). These peak positions were consistent

with those attributed to Au-H> and CeO,-H®" in previous reports [62-65]. The formation of these
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polar hydrogen species was well supported by the treatment of Au@CeO,/HT with D, instead of H,
(Figure 3-5, b). After the treatment of Au@CeO,/HT with D, in place of Hy, no band around 2120
cm™ was observed nor was a new band expected at 1503 cm™ (vAu-H/1.41) found, indicating that
the band at 2120 cm™ shifted and overlapped with a strong peak derived from the ceria framework.
Thus, the new band at 2120 cm™ was due to the Au-H species. The treatment with D, also decreased
the band around 3294 cm™, attributed to the O-H vibration, and a new band appeared around 2531
cm’ corresponding to the O-D vibration, indicating the formation of CeO,-D. Furthermore, the band
attributed to Au-H® gradually disappeared during the treatment with 1 at 120 °C. These results
clearly revealed that active polar hydrogen species were formed in the selective hydrogenation

reactions.

Absorbance (a.u.)

3700 3200 2700 2200 1700 1200
Wavelength (cm)

Figure 3-5. FT-IR spectra of Au@CeO,/HT treated with (a) H, and (b) D,.

4. Conclusion

This chapter demonstrated for the first time a green synthetic route for the core-shell
nanoparticles under organic reagent-free and neutral conditions by using a redox-coprecipitation
technique combined with metal oxides. Simply mixing core and shell precursors with various metal

oxides in water allowed for the fabrication of small CeO,-covered Au and Ag nanoparticles in one
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step without reductants, surfactants, organic solvents or toxic bases. This facile method was also
applicable to the large-scale synthesis of core-shell nanoparticles. Furthermore, the synthesized
Au@CeO,/HT acted as a highly efficient and reusable heterogeneous catalyst for a series of highly
chemoselective hydrogenations of unsaturated aldehydes, alkynes and epoxides where the desired
products were obtained with over 99% selectivities while retaining C=C bonds under additive-free
conditions. Consequently, higher environmental compatibility and more efficient energy saving were

achieved across the entire process, including catalyst preparation, reaction, separation, and reuse.
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Chapter IV.

Dehydrogenative Coupling of Hydrosilanes and Amines or Amides
Catalyzed by Hydroxyapatite-Supported Gold Nanoparticles
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1. Introduction

Silylamines and silylamides are important materials for silylation reagents, ligands and
valuable building blocks of silicone polymers [1-7]. Conventionally, these compounds have been
synthesized through stoichiometric reactions of chlorosilanes with amines or amides, respectively, in
the presence of bases [8, 9]. However, in this stoichiometric method, an excess amount of amines is
required to obtain monosilylamines selectively and basic conditions are indispensable (Scheme 4-1,
a), which restricts the applicability of these transformations. Furthermore, chlorosilanes are unstable
in air moisture and hard-to-handle. In this context, dehydrogenative coupling of hydrosilanes with
amines or amides is an alternative and attractive synthetic method of silylamines or silylamides
(Scheme 4-1, b). The practical advantages of this coupling reaction such as usage of stable substrates,
hydrosilanes, neutral reaction conditions, clean and separable byproduct (H;) and no need to separate

halogen salts enable efficient synthesis of diverse Si-N bond-containing compounds.

(a) Stoichiometric synthesis methods

R,SiCl + RNH, ———— R;SiNHR' + (R;Si),NR’ + HClI salt
Base

Disadvantage +Unstable reagents -By-production of disilazanes

- Stoichiometric production of Cl salts  -Basic conditions

(b) Alternative methods: Dehydrogenative coupling

Catalyst
R.SIH + RNH, ———2> R,SINHR' + H,

Advantage -Stable reagents  -Clean and separable co-product (H,)
-Neutral conditions

Scheme 4-1. Synthesis method of Si-N containing compounds

To date, several catalysts for the coupling reaction of hydrosilanes with amines have been
developed [10-22]. However, these catalysts still have suffered from low activities [11-13, 17-19, 22],

limitations of substrate scopes [11-21] and necessity of excess amounts of hydrosilanes or amines for
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the highly selective coupling. Sadow et al. reported that To“MgMe (To" =
tris(4,4-dimethyl-2-oxazolinyl)phenylborate) catalyst could promote this coupling reaction with the
delicate modulation of the ratio of hydrosilane/amine [18]. However, without the modulation, the
mixture of several products and polysilazanes were obtained. Moreover, this Mg catalyst was not
applicable to the coupling reaction of the bulky hydrosilanes such as benzyldimethylsilane and
triethylsilane. Cui et al. demonstrated homogeneous Yb-catalyzed dehydrogenative coupling of less
bulky hydrosilanes with various amines [20]. In this report, high selectivity was attained by using
bulky amines and less bulky amines caused low selectivity for target compounds because of the
formation of the mixture of mono- and di-aminosilanes. M. Oestreich et al. developed the
Ru-catalyzed efficient catalytic system for the coupling reactions [21]. Although this Ru catalyst
showed relatively high catalytic activity (TON = 100, TOF = 2000 h™), the applicability of this
catalyst was limited only to the coupling of aniline derivates. With regard to the coupling reaction of
hydrosilanes with amides, only one catalytic method has been reported despite the utility of
silylamides [23]. In this report, NiCl, acted as homogeneous catalyst for dehydrogenative coupling
of tertialy hydrosilanes with amides. However, this catalytic system suffered from low acotivity
(TON = 12), unavoidable addition of diethylsulfide and requirement of strictly dehydrated
conditions. Therefore, it is clear that the development of an environmentally benign and highly
efficient catalytic system for the selective coupling of hydrosilanes with amines or amides is still an
important research target.

Hydroxyapatites (HAP, Ca;o(PO,)¢(OH),) are the functional materials which act as
biomaterials [24, 25], adsorbents [26, 27] and ion-exchangers [28]. Due to the high ion-exchange
properties, HAP can immobilize the active metal species into its lattice and are widely used as metal
ion-immobilized catalyst for various organic transformations [29, 30]. Furthermore, HAP shows the

excellent adsorption ability and can stabilize small metal nanoparticles [31-34]. Moreover, HAP
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possesses the high affinity with organic molecules and effectively collects the substrates on its
surface during the heterogeneous catalytic reactions.

This chapter demonstrate a green protocol for the selective coupling of hydrosilanes with
amines or amides using Au nanoparticle catalysts. Hydroxyapatite-supported Au nanoparticles with a
mean diameter of 3.0 nm (Au/HAP) can act as an efficient heterogeneous catalyst for the selective
coupling of various kinds of hydrosilanes with amines or amides. This catalytic system requires only
equimolar amounts of hydrosilanes and amines or amides to achieve high-yielding synthesis of the
desired Si-N bond-containing compounds. Furthermore, the catalytic activity of Au/HAP is
significantly higher than those of the previously reported catalysts. Moreover, the Au/HAP catalyst is
recoverable and reusable while maintaining its high catalytic performance.
2. Experimental Section
2-1. General

All organic reagents were purified before use. HAuCl,-xH,0O was obtained from Mitsuwa
Chemicals Co., Ltd., and SiO, (JRC-SIO-6), Al,O; (JRC-ALO-4) and TiO, (JRC-TIO-4) were
obtained from the Catalysis Society of Japan as reference catalysts. GC-FID and GC-MS were
performed on a Shimadzu GC-2014 instrument equipped with a OV-17 column (3 m) and a
GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT capillary column (30 m x 0.25
mm i.d., 0.25 um), respectively. Inductively coupled plasma measurements were performed on a SlI
Nano Technology SPS7800 instrument. Gas-phase analysis was done with an on-line quadropole
mass spectrometer (BELMass-S, BEL Japan, Inc.). *H and *C nuclear magnetic resonance (NMR)
spectra were recorded on a JEOL JNM-ESC400 spectrometer and the chemical shifts are reported in
ppm from TMS as a reference. Transmission electron microscopy (TEM) micrographs were obtained
with a Hitachi HF-2000 microscope. Au L-edge X-ray absorption spectra were collected in the quick

mode and recorded at room temperature in transmission mode at the facilities installed on the
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BL-01B1 line attached with a Si (311) monochromator at SPring-8, Japan Atomic Energy Research
Institute (JASRI), Harima, Japan. Data analysis was performed using the REX 2000 program, ver.

2.0.4 (Rigaku).
2-2. Preparation of catalysts

AU/HAP: Au/HAP was prepared according to previously reported method [31]. HAP (1.0 g) was
added to 50 mL of aqueous solution of HAuCI, (2 mM). Then, 0.2 mL of agqueous NH3 (10%) was
added and the resulting mixture was stirred at room temperature for 12 h. The obtained slurry was
filtered, washed with deionized water, and then dried at room temperature in vacuo. Subsequently,
the obtained yellow powder was added to 50 mL of an aqueous solution of KBH, (18 mM) and
stirred at room temperature for 1 h to yield Au/HAP as a purplish red powder.

Ag/HAP: Ag/HAP was prepared according to previously reported method [32]. HAP (2.0 g) was
added to 150 mL of aqueous solution of AgNO; (6.7 mM) and stirred at room temperature for 6 h.
The obtained slurry was filtered, washed with deionized water, and then dried at room temperature in
vacuo. Subsequently, the obtained gray powder was added to 100 mL of an aqueous solution of
KBH, (0.1 M) and stirred at room temperature for 1 h to yield Ag/HAP as a purplish red powder.
Cu/HAP: Cu/HAP was prepared according to previously reported method [35]. HAP (1.0 g) was
added to 50 mL of aqueous solution of Cu(SOsCF3), (16 mM), then the pH of the mixture was
adjusted to 8.0 with aqueous NH3 (25%). The resulting mixtures were stirred at room temperature
for 1 h. After stirring, the slurry was filtered, washed with deionized water, and then dried at room
temperature in vacuo. The obtained blue powder was reduced with 1 atm of H, at 180 °C before the
reactions.

Supported other metal nanoparticles: HAP (1.0 g) was added to 50 mL of aqueous solution of
Na,PdCl,, RhCl;, Na,PtCl, and RuClz (2 mM). The mixtures were stirred at room temperature for 6

h, followed by evaporation to dryness. Subsequent treatment with KBH,4 at room temperature for 1 h
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yielded Pd/HAP, Rh/HAP, Pt/HAP and Ru/HAP.
2-3. Characterization of Au/HAP

The amount of Au loading on Au/HAP was estimated to be 1.65 wt% by elemental
analysis. The shape of the Au L,-edge X-ray absorption near-edge structure (XANES) spectrum of
AU/HAP was closely similar to that of Au foil and the absorption edge was assigned to the formation
of Au(0) species. The Fourier transform of the ks-weighted Au L,;-edge extended X-ray absorption
fine structure (EXAFS) of Au/HAP revealed a peak around 2.8 A attributed to Au-Au bonds. The
peak magnitude for Au/HAP was much lower than that for the Au foil, showing the formation of Au
nanoparticles in Au/HAP (Figure 4-1). TEM confirmed that Au nanoparticles with a mean diameter

of 3 nm were highly dispersed on the surface of HAP (Figure 4-2).

Fresh

M\M

Au foil

IFTI

0 1 2 3 4 5 6
Interatomic distance (A)

Curve fitting analysis of Au L-edge EXAFS

Coord. no. (CN) Interatomic dis. (A) Ac (A)?

Au/HAP 10.0 2.85 0.0080
(fresh)
Au/HAP 10.2 2.85 0.0076

(after two times reuse)

Au foil 12 2.88 -

[a] Difference between Debye-Waller factor.

Figure 4-1. Fourier transformed ks-weighted Au L-edge EXAFS for Au catalysts
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Figure 4-2. TEM image of Au/HAP and its size distribution histogram
2-4. Typical reaction procedures
A typical reaction procedure for the dehydrogenative coupling of dimethylphenylsilane (1)
with n-butylamine (2) using the Au/HAP catalyst was as follows. Au/HAP (0.1 g, 0.0083 mmol Au)
was placed in a reaction vessel, followed by the addition of internal standard (naphthalene: 0.5
mmol), THF (3 mL), 1 (1 mmol) and 2 (1 mmol). The reaction mixture was vigorously stirred at
60 °C under Ar atmosphere for 4 h. Au/HAP was filtered and the yield was determined by GC

analysis. The product was isolated by Kugelrohr distillation.
2-5. Large-scale reaction

Large-scale reaction of 1 with 2 was performed in a pressure resistant vessel at 110 °C
under Ar atmosphere for 40 h. After the coupling reaction, Au/HAP was filtered and the yield was

determined by GC analysis. The product was isolated by Kugelrohr distillation.
2-6. Measurement of H,

The amount of H, generated during the reaction was measured by GC-TCD. The
dehydrogenation was carried out under standard reaction conditions in a closed vessel with on-line
GC-TCD. After the reaction, the gas phase was subjected to GC-TCD for qualitative and quantitative
analysis of H,. Once the H, concentration in the headspace was determined, quantity was simply

multiplied by the total flask volume.

85



2-7. Detection of HD

The formation of HD was confirmed with an on-line quadropole mass spectrometer
(BELMass-S, BEL Japan, Inc.). The dehydrogenation was carried out in a closed vessel under
standard reaction conditions. After the reaction, the gas phase was subjected to BELMass-S. The gas

phase was analyzed by monitoring the signal of m/z =2, 3 and 4.
2-8. Product identification

The products were identified by GC, GC-MS, and NMR analyses. Chemical shifts (*H and
3C NMR) of the product were in agreement with previous reports.
N-n-Butyldimethylphenylsilylamine: CAS registry No. [4774-69-0] (Table 2-1)

'H NMR (400 MHz, CDCls): & 7.55-7.60 (m, 2H), 7.38-7.34 (m, 3H), 2.72 (dd, J = 12.0 Hz, J = 6.4
Hz, 2H), 1.23-1.46 (m, 4H), 0.87 (t, J = 4.0 Hz, 3H), 0.64 (br s, 1H), 0.30 ppm (s, 6H); *C NMR
(100 MHz, CDCls): & 133.6, 128.8, 127.7, 127.6, 41.8, 36.9, 19.9, 13.9, -1.4 ppm.
N-t-Butyldimethylphenylsilylamine: CAS registry No. [91308-42-8] (Table 2-2, Entry 2)

'H NMR (400 MHz, CDCl5): 8 7.21-7.31 (m, 2H), 6.96-7.06 (m, 3H), 1.12 (s, 6H), 0.80 (br s, 1H),
0.33 ppm (s, 6H); *C NMR (100 MHz, CDCls): & 141.7, 133.4, 128.6, 127.5, 49.6, 33.8, 1.2 ppm.
N-Allyldimethylphenylsilylamine: (Table 2-2, Entry 3)

'H NMR (400 MHz, CDCl3): & 7.56-7.60 (m, 2H), 7.34-7.37 (m, 3H), 5.83-5.95 (m, 1H), 5.10-5.16
(m, 1H), 4.95-5.00 (m, 1H), 3.36 (dd, J = 3.2 Hz, J = 4.8 Hz, 2H), 0.74 (br s, 1H), 0.31 ppm (s, 6H);
BC NMR (100 MHz, CDClg): 6 140.5, 139.9, 133.6, 129.0, 127.7, 113.0, 44.7, -1.4 ppm. HRMS
(DART) exact mass for (C1;H1gNSi + H) calcd m/z 192.1203, found 192.1205.
N-Dimethylphenylsilylmorpholine: CAS registry No. [863454-94-8] (Table 2-2, Entry 4)

'H NMR (400 MHz, CDCly): & 7.49-7.57 (m, 2H), 7.30-7.39 (m, 3H), 3.54 (t, J = 10.8 Hz, 2H), 2.88

(t, J = 7.2 Hz, 3H), 0.32 ppm (s, 6H); *C NMR (100 MHz, CDCly): & 138.6, 133.7, 129.0, 127.7,
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68.5, 45.8, -2.4 ppm.

N,N-Diethyldimethylphenylsilylamine: CAS registry No. [26210-60-6] (Table 2-2, Entry 5)

'H NMR (400 MHz, CDCly): § 7.51-7.57 (m, 2H), 7.31-7.37 (m, 3H), 2.84 (dd, J = 12.0 Hz, J = 8.4
Hz, 4H), 0.98 (dd, J = 6.8 Hz, J = 6.8 Hz, 6H), 0.30 ppm (s, 6H); *C NMR (100 MHz, CDCly):
6 140.7, 133.8, 128.7, 127.5, 40.2, 15.8, -1.3 ppm.

Dimethylphenylsilylamine: (Table 2-2, Entry 6)

'H NMR (400 MHz, CDCls): § 7.51-7.58 (m, 2H), 7.30-7.37 (m, 3H), 0.29 ppm (s, 6H); *C NMR
(100 MHz, CDCl3): 6 141.2,133.4, 128.9, 127.7,, 1.1 ppm. HRMS (DART) exact mass for
(CgH13NSi + H) calcd m/z 152.0890, found 152.0892.

N-Dimethylphenylsilylaniline: CAS registry No. [13091-06-0] (Table 2-2, Entry 7)

'H NMR (400 MHz, CDCl): 8 7.56-7.67 (m, 2H), 7.30-7.41 (m, 3H), 7.03-7.11 (m, 2H), 6.55-6.73
(m, 3H), 3.62 (br s, 1H), 0.49 ppm (s, 6H); °C NMR (100 MHz, CDCl): & 146.8, 133.5, 129.5,
129.0, 127.9, 117.7, 116.4, -1.8 ppm.

N-Dimethylphenylsilyl-4-bromoaniline: (Table 2-2, Entry 8)

'H NMR (400 MHz, CDCly): & 7.56-7.60 (m, 2H), 7.32-7.39 (m, 3H), 7.10-7.16 (m, 2H), 6.42-6.50
(m, 2H), 3.66 (br s, 1H), 0.47 ppm (s, 6H); *C NMR (100 MHz, CDCly): § 146.0, 137.4, 133.6,
131.9, 129.7, 128.1, 127.9, 110.1, 109.7, -1.4 ppm. HRMS (FAB) exact mass for (C;4H16BrNSi)
calcd m/z 305.0235, found 305.0235.

N-Dimethylphenylsilyl-4-methoxyaniline: (Table 2-2, Entry 9)

'H NMR (400 MHz, CDCly): & 7.54-7.64 (m, 2H), 7.33-7.39 (m, 3H), 6.63-6.75 (m, 2H), 6.51-6.59
(m, 2H), 3.70 (s, 3H), 3.43 (br s, 1H), 0.45 ppm (s, 6H); *C NMR (100 MHz, CDCl5): & 152.1,
140.5, 138.3, 133.6, 129.4, 127.9, 117.2, 114.7, 55.6, -1.3 ppm. HRMS (FAB) exact mass for

(C15H19ONSI) calcd m/fz 257.1236, found 257.1240.
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N-n-Butylmethyldiphenylsilylamine: CAS registry No. [4774-70-3] (Table 2-2, Entry 10)

'H NMR (400 MHz, CDCls): & 7.55-7.61 (m, 4H), 7.30-7.39 (m, 6H), 2.79 (ddd, J = 7.2 Hz, J =
14.8 Hz, 2H), 1.25-1.49 (m, 4H), 0.86 (t, J = 3.6 Hz, 3H), 0.57 ppm (s, 3H); **C NMR (100 MHz,
CDCly): 6 137.9, 134.2, 129.4, 127.7, 42.0, 36.9, 20.6, 14.1, -2.37 ppm.
N-n-Butyltriphenylsilylamine: CAS registry No. [18752-82-4] (Table 2-2, Entry 11)

'H NMR (400 MHz, CDCls): & 7.55-7.65 (m, 6H), 7.31-7.42 (m, 9H) , 2.81 (dd, J = 8.4 Hz, J = 16
Hz, 2H), 1.24-1.47 (m, 4H), 1.17 (br s, 1H), 0.84 ppm (t, J = 10 Hz, 3H); **C NMR (100 MHz,
CDCly): 6 136.0, 135.4, 129.4, 127.7, 42.3, 36.6, 19.9, 13.8 ppm.

N-n-Butyltriethylsilylamine: CAS registry No. [17940-18-0] (Table 2-2, Entry 12)

'H NMR (400 MHz, CDCl,): & 2.72 (dd, J = 4.4 Hz, J = 12.4 Hz, 2H), 1.27-1.41 (m, 4H), 0.94 (dd,
J=8.0Hz, J=16.4 Hz, 12H), 0.52 (dd, J = 8.4 Hz, J = 15.6 Hz, 6H), 0.29 ppm (br s,1H); *C NMR
(100 MHz, CDCly): 6 41.8,37.2,20.0, 14.0, 7.2, 4.7 ppm.

Triethylsilylamine: (Table 2-2, Entry 13)

'H NMR (400 MHz, CDCl5): 6 0.94 (t, J = 9.6 Hz, 9H), 0.55 ppm (dq, J = 8.0 Hz, J = 5.6 Hz, 6H);
3C NMR (100 MHz, CDCl5): & 6.7, 6.4 ppm.

N-n-Butylbenzyldimethylsilylamine: (Table 2-2, Entry 14)

'H NMR (400 MHz, CDCls): 8 7.31-7.37 (m, 2H), 7.14-7.22 (m, 3H), 2.81 (dd, J = 7.2 Hz, J = 14.0
Hz, 2H), 1.37-1.52 (m, 4H), 1.02 (t, J = 6.8 Hz, 3H), 0.51 (br s,1H), 0.14 ppm (s, 6H); *C NMR
(100 MHz, CDCIy): & 140.4, 128.1, 128.0, 123.7, 41.6, 36.9, 27.5, 19.9, 13.9, -2.2 ppm. HRMS
(DART) exact mass for (C13H,3NSi + H) calcd m/z 222.1673, found 222.1676.
N-n-Butyldiphenylsilylamine: CAS registry No. [1334953-36-4] (Table 2-2, Entry 15)

'H NMR (400 MHz, CDCls): & 7.52-7.65 (m, 4H), 7.28-7.43 (m, 6H), 5.31 (s, 1H), 2.83 (dd, J = 7.6
Hz, J = 14.9 Hz, 2H), 1.22-1.49 (m, 4H), 0.74-0.98 ppm (m, 3H); **C NMR (100 MHz, CDCly):

6 134.7,129.7, 127.8, 127.7, 42.7, 36.5, 20.0, 13.9 ppm.
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Diphenylsilylaniline: CAS registry No. [5931-21-5] (Table 2-2, Entry 16)

'H NMR (400 MHz, CDCls): & 7.57-7.69 (m, 4H), 7.29-7.46 (m, 6H), 6.99-7.12 (m, 2H), 6.62-6.76
(m, 3H), 5.60 (d, J = 3.6 Hz, 1H), 3.83 ppm (s, 1H); *C NMR (100 MHz, CDCls): § 146.5, 135.3,
134.5,129.9, 128.8, 127.7, 118.6, 116.4 ppm.

N-n-Butylmethylphenylsilylamine: (Table 2-2, Entry 17)

'H NMR (400 MHz, CDCls): & 7.51-7.64 (m, 2H), 7.31-7.41 (m, 3H), 4.86 (s, 1H), 2.77 (dd, J = 5.2
Hz, J = 11.7 Hz, 2H), 1.24-1.45 (m, 4H), 0.87 (t, J = 7.6 Hz, 3H), 0.68 (br s, 1H), 0.34 ppm (d, J =
2.8 Hz, 3H); *C NMR (100 MHz, CDCl,): & 138.6, 134.7, 130.1, 128.5, 43.1, 37.2, 20.5, 14.5, -2.3
ppm. HRMS (DART) exact mass for (C11H1gNSi + H) calcd m/z 194.1360, found 194.1362.
Methylphenylsilylaniline: CAS registry No. [66535-18-0] (Table 2-2, Entry 18)

'H NMR (400 MHz, CDCl3): & 7.60-7.66 (m, 2H), 7.34-7.43 (m, 3H), 7.07-7.14 (m, 2H), 6.65-6.74
(m, 3H), 5.16 (s, 1H), 3.66 (s, 1H), 0.54 ppm (d, J = 2.4 Hz, 3H); *C NMR (100 MHz, CDCls):
6146.7,135.3,134.0, 130.1, 129.2, 128.1, 118.1, 116.2, -3.4 ppm.

N-n-Butyl(di-t-butylsilyl)amine: (Table 2-2, Entry 19)

'H NMR (400 MHz, CDCl3): § 3.76 (d, J = 5.2 Hz, 1H), 2.83 (ddd, J = 6.8 Hz, J = 13.6 Hz, 2H),
1.29-1.46 (m, 4H), 0.98 (s, 18H), 0.90 (t, J = 7.6 Hz, 3H), 0.27 ppm (br s, 1H); *C NMR (100 MHz,
CDCls,): 6 45.0, 36.9, 28.1, 20.0, 19.9, 14.0 ppm. HRMS (DART) exact mass for (C1oH,9NSi + H)
calcd m/z 216.2142, found 216.2141.

Di-t-butylsilylaniline (Table 2-2, Entry 20)

'H NMR (400 MHz, CDCls): & 7.08-7.15 (m, 2H), 6.67-6.80 (m, 3H), 4.33 (d, J = 5.2 Hz, 1H), 3.28
(brs, 1H), 1.05 (s, 18H); *C NMR (100 MHz, CDCls): & 148.4, 129.0, 117.8, 116.8, 27.9, 20.2 ppm.
HRMS (DART) exact mass for (C14H2sNSi + H) calcd m/z 236.1829, found 236.1830.
N-(Dimethylphenylsilyl)benzamide: CAS registry No. [75732-29-5] (Scheme 2-3)

'H NMR (400 MHz, CDCly): § 7.75-7.83 (m, 2H), 7.65-7.71 (m, 2H), 7.37-7.48 (m, 6H), 5.85 (br s,
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1H), 0.64 ppm (s, 6H); *C NMR (100 MHz, CDCly): § 172.2, 134.9, 133.6, 131.7, 130.0, 128.5,
128.1, 127.4, 127.3, -2.2 ppm.

N-(Dimethylphenylsilyl)-4-fluorobenzamide: (Scheme 2-3)

'H NMR (400 MHz, CDCl3): § 7.76-7.83 (m, 2H), 7.65-7.68 (m, 2H), 7.36-7.47 (m, 3H), 7.02-7.12
(m, 2H), 5.77 (br s, 1H), 0.63 ppm (s, 6H); *C NMR (100 MHz, CDCl,): & 171.0, 163.6, 136.2,
133.6, 130.9, 130.0, 129.6, 128.0, 115.3, -2.2 ppm. HRMS (DART) exact mass for (C1sH1sFNOSi +
H) calcd m/z 274.1058, found 274.1060.

N-(Dimethylphenylsilyl)-cyclohexanecarboxamide: (Scheme 2-3)

'H NMR (400 MHz, CDCly): & 7.45-7.57 (m, 2H), 7.22-7.37 (m, 3H), 5.39 (br s, 1H), 2.09-2.18 (m,
1H), 1.27-1.63 (m, 6H), 1.20-1.30 (m, 4H), 0.31 ppm (s, 6H); *C NMR (100 MHz, CDCls): § 182.2,
133.5, 132.9, 128.0, 127.5, 46.6, 29.8, 25.7, 0.8, -2.2 ppm. HRMS (DART) exact mass for
(C1sH23NOSi + H) calcd m/z 262.1622, found 262.1623.

N-(Dimethylphenylsilyl)-n-valeramide: (Scheme 2-3)

'H NMR (400 MHz, CDCl5): & 7.49-7.60 (m, 2H), 7.23-7.39 (m, 3H), 5.04 (br s, 1H), 2.19 (t, J =
10.8 Hz, 2H), 1.55 (m, 2H), 1.30 (m, 2H), 0.87 (t, J = 10.4 Hz, 3H), 0.56 ppm (s, 6H); *C NMR
(100 MHz, CDCls3): 6 178.9, 133.5, 132.9, 127.9, 127.7, 27.6, 22.3, 13.8, 0.8, -2.2 ppm. HRMS

(DART) exact mass for (C13H2;NOSi + H) calcd m/z 236.1465, found 236.1468.
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3. Results and Discussion

Various HAP-supported metal nanoparticles were synthesized and the catalytic activities
were investigated in the coupling reaction of an equimolar amount of dimethylphenylsilane (1) and
n-butylamine (2) in THF solvent (Table 4-1). Among the tested metal nanoparticles, Au/HAP
exhibited the best activity to afford N-(n-butyl)dimethylphenylsilylamine (3) in > 99% vyield
accompanied by the generation of equimolar amounts of H, (Entry 1). Ag/HAP and Pd/HAP were
also active but the yields of 3 were much lower than that of Au/HAP (Entries 4 and 5). Other metal
nanoparticles such as Cu, Ru, Rh and Pt did not show any activities (Entries 6-9), revealing that Au
nanoparticles had uniquely high catalytic activity. Then, the support effect of different kinds of
inorganic materials to immobilize Au nanoparticles was investigated, and it was revealed that HAP

Table 4-1. Dehydrogenative coupling of 1 with 2 using various catalysts®

PhMe,SiH + n-BuNH, catalyst » PhMe,SiNH(n-Bu)
1 2 THF, Ar, 60 °C, 4 h 3
Entry Catalyst d [nm] Conv. (Yield) [%]°
1 Au/HAP 3.0 99
2° Au/HAP 3.0 99
34 Au/HAP 3.0 99
4 Ag/HAP 5.4 54
5 Pd/HAP 3.2 48
6 Cu/HAP 4.0 0
7 Ru/HAP 24 0
8 Rh/HAP 3.3 0
9 Pt/HAP 4.8 0
10 AU/TIO, 3.6 72
11 Au/Al,O3 3.6 63
12 Au/SiO, 22 29
13 Au/MgO 3.1 15
14 Au/HAP 5.7 83
15 Au/HAP 6.5 33

@Reaction conditions: Catalyst (metal: 0.83 mol%), 1 (1 mmol), 2 (1
mmol), THF (3 mL). PDetermined by GC using an internal standard
technique. °Reuse 1. 9Reuse 2.
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was an effective support compared to other supports such as TiO,, Al,O3, SiO, and MgO (Entries 1
vs. 10-13). This prominent catalytic activity of Au/HAP may be due to the strong adsorption ability
of HAP for hydrosilanes. The highly condensed hydrosilanes on the HAP surface efficiently
interacted with active sites on Au nanoparticles, leading to high catalytic activity of Au/HAP [31].
The size effect of Au nanoparticles was also studied using Au/HAP having different Au particle sizes,
confirming that smaller Au nanoparticles provided higher catalytic activities (Entries 1 vs. 14 and
15).

With the optimized Au/HAP catalyst having a mean diameter of 3.0 nm in hand, the scope
of hydrosilanes and amines was explored in this transformation (Table 4-2). Au/HAP showed broad
applicability for diverse combinations of hydrosilanes with amines in the use of an equimolar
amount of hydrosilanes to amines. 1 was efficiently coupled with aliphatic (Entries 1-6) and
aromatic (Entries 7-9) amines, providing the corresponding silylamines in high yields.
Functionalized amines such as allylamine (Entry 3), morpholine (Entry 4) and bromoaniline (Entry
8) were also applicable. It is said that the use of ammonia in this coupling reaction often causes low
selectivity [36] and low yields [18] of the corresponding mono-silylamines due to the production of
disilazane by-products and poisoning by strong coordination of ammonia to active metal species,
respectively. In contrast, Au/HAP worked well, giving the mono-silylamine in high yields (Entries 6
and 13). The high-yielding coupling reaction of other tertiary hydrosilanes with 2 was also
successful (Entries 10-12 and 14). Although sterically hindered hydrosilanes such as triethylsilane
and benzyldimethylsilane are known to be only slightly reactive [18], these were quantitatively
coupled with 2 to afford the corresponding silylamines (Entries 12 and 14).

Selective synthesis of mono-aminosilanes from hydrosilanes containing multiple Si-H
bonds is a challenging issue because of the easy formation of the undesired silazanes as the

by-products. Notably, the present Au/HAP catalyst system was useful for the synthesis of
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Table 4-2. Dehydrogenative coupling of hydrosilanes with amines using Au/HAP®

Au/HAP (Au: 0.83 mol%)

R4R,R3SiH + R'R"NH » R;R,R;SINR'R" + H,
THF (3 mL), Ar
Entry Hydrosilane Amine Temp. [°C] Time[h] Yield [%]b
1 PhMe,SiH n-BuNH, 60 4 99 (87)
2 t-BuNH, 100 10 96 (88)
3 A~ NH2 60 3 99 (86)
4 O/_\NH 60 8 99 (86)
\__/

5 Et,NH 100 10 92 (83)
6 NH3 100 1 (90)
7 ~NH; R=H 40 1 99 (88)
8 R 4-Br 40 2 97 (82)
9 4-MeO 40 2 99 (88)
10 Ph,MeSiH n-BuNH, 60 16 95 (87)
11°  PhgSiH n-BuNH, 100 20 96 (85)
12 EtsSiH n-BuNH, 100 12 99 (86)
13 NH3 100 20 (86)
14  BnMe,SiH n-BuNH, 60 12 99 (83)
15 Ph,SiH, n-BuNH, 60 2 99 (84)
16 PhNH, 25 0.5 99 (86)
17 PhMeSiH, n-BuNH, 60 2 95 (84)
18 PhNH, 25 1 89 (78)
19 t-Bu,SiH, n-BuNH, 60 0.5 98 (88)
20 PhNH, 25 1 99 (85)
219 Ph,SiH, PhNH, 60 1 99¢

22 PhySiHNHPh PhNH, 60 1 0

@Reaction conditions: Au/HAP (Au: 0.83 mol%), hydrosilane (1 mmol), amine (1
mmol), THF (3 mL), Ar. PDetermined by GC using an internal standard technique;
values in parenthesis are the yield of the isolated products. *Au/HAP (Au: 1.6
mol%), hydrosilane (0.5 mmol), amine (0.5 mmol), THF (2 mL), Ar. %Aniline (2
mmol). ¢Yield of the monoaminosilane.
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mono-aminosilanes from dihydrosilanes. The selective coupling of dihydrosilanes with simple
amines in an equimolar ratio successfully proceeded, giving the desired mono-aminosilanes in
excellent yields (Entries 15-20). This result is in sharp contrast with previous reports where the
delicate modulation of the ratio of silane/amine [13, 18] or use of bulky amines [20] was required to
achieve high selectivity of mono-aminosilanes.

To elucidate the reason of high selectivity toward mono-aminosilanes, the following
control experiments were investigated. 1) Monoamino-hydrosilane was solely produced when using
2 equiv. of amine with hydrosilane (Entry 21). 2) When the monoamino-hydrosilane
diphenylsilylaniline was employed as a  starting material, no reaction occurred and
diphenylsilylaniline was quantitatively recovered (Entry 22). These results clearly demonstrated that
the reason for the high selectivity is due to no reactivity of the monoamino-hydrosilanes under our
reaction conditions.

The possibility of the participation of homogeneous Au species leached from Au/HAP was
also investigated. The coupling processes were abruptly and completely terminated by the removal
of Au/HAP from the reaction mixtures by filtration and no leaching of Au species could be detected
by inductively coupled plasma (ICP) analysis of the filtrate, thus proving that the observed catalysis
of Au/HAP was intrinsically heterogeneous. In addition, Au/HAP showed excellent reusability in the
recycling experiments (Table 4-1, Entries 2 and 3). Furthermore, the image of Au/HAP after the
reuse showed that no aggregation of Au nanoparticles occurred and that the average diameters of the

reused Au nanoparticles were similar to those of the fresh ones (Figure 4-3).
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Counts

0051 15 2 25 3 35 4 45 5 55 6 65 7 715

Particle size [nm]

Figure 4-3. TEM image of Au/HAP after the reuse and its size distribution

The practical applicability of Au/HAP for the gram-scale synthesis of silylamines was also
demonstrated in the coupling of 1 with 2 (Scheme 4-2). The transformation proceeded efficiently,
giving 1.83 g of the silylamine (86% isolated yield), where the turnover number reached 5180. This

value is the best among reported catalysts (Table 4-3).

AUHAP (Au: 0.0167 mol%)
PhMe,SiH + n-BuNH, » PhMe,SiNH(n-Bu) + H
THF (10 mL), Ar, 110 °C, 40 h 1.83 g

GCYield  99%

Isolated Yield 86%

10 mmol 10 mmol

Scheme 4-2. Gram-scale synthesis of silylamine

Table 4-3. Comparison of TON

Catalyst TON Reference

Au/HAP 5180 This work
Pd/C 174 10
[(EtoN)3UIBPh],4 118 15
tethered ruthenium complex 100 21
Ru3(CO)42 100 19
[Cp(PrizP)Ru(NCMe),|'BAF 33 17
Yb(1n2-Ph,CNAr)(hmpa), 33 14
areneCr(CO),(n?-HSiHPh,) 20 12
[(NHC)Yb(SiMe3),] 20 20
ToMMg-NR, 20 18
[M{N(SiMe3)2}21, 20 21
CuCl 15 13
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Next, the catalytic potential of Au/HAP to the selective synthesis of silylamides was
investigated in the coupling of 1 with several amides. The results exemplified in Scheme 4-3
revealed that Au/HAP showed high efficiency in this transformation under additive-free conditions.
Furthermore, the activity of Au/HAP was 13-fold higher than that of the reported homogeneous Ni

catalyst, demonstrating the first example of a highly active heterogeneous catalyst [23].

AU/HAP (Au: 0.5 mol%)

PhMe,SiH+ RCONH, > PhMe,SINHCOR
5 mmol 5mmol THF (15 mL), Ar, 80 °c
NH, NH;
Amide @ F
O (0]
Time (h) 10 5
Isolated Yield (%) 83 84
Amide 2 ok @NHZ
(0] (0]
Time (h) 20 20
Isolated Yield (%) 87 74

Scheme 4-3. Dehydrogenative of 1 with amides using Au/HAP
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To gain insights into the catalytic features of Au/HAP in the coupling of hydrosilanes with

amines, the dependency of reaction rates using 1 and 2 were investigated under Ar atmosphere at

60 °C. The initial rate was proportional to the amount of 1 (Figure 4-4) and independent of the

concentration of 2 (Figure 4-5).

PhMe,SiH + n-BuNH,

1

PhMe,SiH
1
1.0 mmol

Reaction rate (mM/min)

AU/HAP (Au: 0.83 mol%) ,
> PhMe,SiNH(n-Bu) + H,

2 THF (3 mL), Ar, 60 °C

1.0 mmol

0.35

0.3 -
0.25 -
0.2 -
0.15 -
0.1 -
0.05 -

0 0.5 1
1 (mM)

Figure 4-4. Dependency on the concentration of 1

Au/HAP (Au: 0.83 mol%) ,
+ n-BuNH, > PhMe,SiNH(n-Bu) + H,
2 THF (3 mL), Ar, 60 °C

0.25

0.15 -

0.05 -

Reaction rate (mM/min)

0 . .
0 0.2 0.4 0.6
2 (mM)

Figure 4-5. Dependency on the concentration of 2
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Next, a kinetic isotope effect was investigated in the oxidation coupling of 1 with 2. When
using D-labeled 1 (PhMe,SiD), the initial production rate of 3 was slow (kn/kp = 1.5) (Figure 4-6),

suggesting that the rate-determining step is the activation step of the Si-H bond of 1 by Au

nanoparticles.

AU/HAP (Au: 0.83 mol%)
THF (3 mL), Ar, 60 °C

PhMe,SiH (D) + n-BuNH, PhMe,SiNH(n-Bu) + H, (HD)

1.0 mmol 1.0 mmol

10

H y=0.169x
D y=0.1129x

Yield [%]

0 \ : ‘
0 15 30 45

Time [min]

Figure 4-6. Kinetic isotope effect
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In a separate experiment, the scrambling test was performed (Figure 4-7). The peaks
attributed to Si-H bonds of PhMe,SiH and n-BusSiH were observed at 4.38 ppm and 3.74 ppm,
respectively (Figure 4-7, a). In the mixture of PhMe,SiD and n-BusSiH, the peak originated from
PhMe,SiH was not detected (Figure 4-7, b). Interestingly, the treatment of an equimolar mixture of
PhMe,SiD and n-BusSiH in the presence of Au/HAP in THF under Ar at 60 °C provided
HD-scrambled PhMe,SiH and n-BusSiD (Figure 4-7, ¢) whereas no formation of the HD-scrambled
hydrosilanes was confirmed in the absence of Au/HAP (Figure 4-7, d), clearly showing that Si-H
bond cleavage occurred on Au nanoparticles. Furthermore, Kaneda et al. reported that the activation
of the Si—H bond of 1 by Au nanoparticles was also confirmed by a Fourier transform infrared study
[33]. They demonstrated that when 1 adsorbed on the Au nanoparticle surface, the peak attributed to
the Si-H bond of 1 shifted to 2096 cm™ from 2128 cm™. This redshift of the peaks originated in the
Si-H bond vibration indicated that Au nanoparticles could activate the Si-H bond of 1. From these
results, the coupling reaction may occur as follows (Figure 4-8). First, a cleavage of Si-H bond of a
hydrosilane adsorbed on Au/HAP by the Au atom occurs. Next, nucleophilic attack of an amine to
the electrophilic Si atom bound on the Au atom gives the corresponding silylamine together with

generation of H,.
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a) PhMe,SiH + BusSiH
PhMe,SiH BU3S|H

L
J

b) PhMe,SiD + BusSiH

¢) PhMe,SiD + BusSiH in the presence of Au/HAP after stirring for 1 h at 60 °C

d) PhMe,SiD + BusSiH in the presence of HAP after stirring for 1 h at 60 °C

Figure 4-7. NMR spectra of hydrosilane mixtures. (a) PhMe,SiH+Bu;SiH, (b) PhMe,SiD+Bu3SiH,
(c) PhMe,SiD+BuzSiH in the presence of Au/HAP after stirring 1 h at 60 °C, (d)
PhMe,SiD+BusSiH in the presence of HAP after stirring for 1 h at 60 °C.
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R3SiNR'R™ H,

R"R'NH

Figure 4-8. Plausible reaction mechanism

4, Conclusion

It was disclosed that hydroxyapatite-supported Au nanoparticles acted as a highly efficient
catalyst for the selective coupling of hydrosilanes with amines and amides. A wide range of
silylamines and silylamides were obtained in good to excellent yields, in which only an equimolar
ratio of hydrosilanes to amines or amides could be utilized. This catalyst system provided a simple,

efficient and sustainable protocol for the synthesis of various silylamines and silylamides.
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Chapter V.

O,-Enhanced Catalytic Activity of Gold Nanoparticles
in Dehydrogenative Coupling of Hydrosilanes with Water to Silanols
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1. Introduction

Silanols are valuable building blocks for silicon-based polymeric materials [1-4] and
nucleophilic coupling partners in organic synthesis [5-8]. Previously, silanols have been synthesized
by hydrolysis of chlorosilanes with water in the presence of bases [9, 10] or oxidation of
hydrosilanes using stoichiometric oxidants [11-16]. However, the hydrolysis of chlorosilanes would
produce siloxanes (Si-O-Si compound) [9, 10], causing low selectivity for the corresponding silanols,
and stoichiometric reagents would produce a large amount of hazardous chemical wastes [11-16].

Recently, dehydrogenative coupling of hydrosilanes with water, that is, catalytic oxidation
of hydrosilanes to silanols using water as a green oxidant has attracted much attention as a promising
alternative to the traditional synthesis methods (Scheme 5-1). To date, various homogeneous and
heterogeneous catalysts have been reported [17-23]. Mizuno et al. reported that
TBAg[Ag4(y-H,SiW15036),] promoted the reaction and showed high catalytic activity (TOF= 27000,
TON = 15625) [21]. However, the developed Ag catalyst would yield a small amount of undesired
siloxane as the by-product. Park et al. revealed that boehmite-supported Pd nanoparticles acted as
effective heterogeneous catalysts for this reaction [20], whereas this Pd nanoparticle catalyst has
suffered from low chemoselectivity, that is, alkenyl group of substrates were hydrogenated with

in-situ generated H, species during the reaction.

Ri__Re Catalyst Ri_ -Re
/SI\ + HO ————— /SI\ + H,

R3 H Rj OH
Hydrosilane Silanol

Scheme 5-1. Catalytic oxidation of hydrosilanes with water
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K. Kaneda et al. first reported that Au nanoparticles are capable of promoting the aqueous
oxidation of hydrosilanes to silanols [24]. The Au nanoparticle-catalyzed oxidation has since been
explored by other researchers with respect to size and shape of the Au nanoparticles [25-30] and
these developed catalysts show high activities for various hydrosilanes. For example, H. Duan et al.
reported  that  poly(1-(4-vinylbenzyl)-3-methylimidazolium  chloride)-branched  SBA-15
(SBA-PIL)-supported Au catalyst effectively promoted the reaction of various less bulky
hydrosilanes [29]. E. Doris et al. demonstrated that carbon nanotube-supported Au nanoparticles
(AuCNTS) showed relatively high catalytic activity and excellent selectivity (TOF = 12000, TON =
72000) without by-production of siloxanes. However, the developed Au nanoparticle catalyst
systems still suffer from low catalytic performance for bulky hydrosilanes, where poor yields of the
corresponding silanols are often obtained [29] or high loading of Au nanoparticles is required to
achieve high yields [25, 30]. Therefore, the development of Au nanoparticle catalyst systems with
high catalytic activity for bulky hydrosilanes is still a challenging issue.

This chapter presents that molecular oxygen (O,) is found to act not as a stoichiometric
oxidizing reagent but as a non-consumed activator for Au nanoparticles, significantly boosting the
catalytic activity of hydroxyapatite-supported Au nanoparticles in the dehydrogenative coupling of
hydrosilanes with water. Diverse hydrosilanes including bulky hydrosilanes are transformed to the
corresponding silanols in high yields with high efficiencies. Moreover, the developed catalyst is

recoverable and reusable without the loss of its activity and selectivity.

2. Experiment section
2-1. General
All organic reagents were purified before use. HAuCl,-xH,O was obtained from Mitsuwa

Chemicals Co., Ltd., and HAP (Apatite HAP, monoclinic) was purchased from Wako Pure Chemical
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Co., Ltd. GC-FID and GC-MS were performed on a Shimadzu GC-2014 instrument equipped with a
OV-17 column (3 m) and a GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT
capillary column (30 m x 0.25 mm i.d., 0.25 pum), respectively. Gas phase analysis was done with an
on-line quadrupole mass spectrometer (BELMass-S, BEL Japan, Inc.). *H and **C nuclear magnetic
resonance (NMR) spectra were recorded on a JEOL JNM-ESC400 spectrometer and the chemical
shifts are reported in ppm from TMS as a reference. Transmission electron microscopy (TEM)
observations were carried out using a FEI Tecnai G2 20ST instrument operated at 200 kV.
2-2. Preparation of Au catalysts

Au catalysts were prepared according to previously reported method [24]. Support (1.0 g)
was added to 50 mL of aqueous solution of HAUCI, (2 mM). Then, 0.2 mL of aqueous NH; (10%)
was added and the resulting mixture was stirred at room temperature for 12 h. The obtained slurry
was filtered, washed with deionized water, and then dried at room temperature in vacuo.
Subsequently, the obtained yellow powder was added to 50 mL of an aqueous solution of KBH, (18
mM) and stirred at room temperature for 1 h to yield supported Au catalysts.
2-3. Characterization of Au/HAP

TEM confirmed that Au nanoparticles with a mean diameter of 3 nm were highly

dispersed on the surface of HAP (Figure 5-1).

A

d=3.0 nm

Count

005115225 3354455 55665775
Particle size [nm]

Figure 5-1. TEM image of Au/HAP and its size distribution histogram.
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2-4. Typical reaction procedure

A typical reaction procedure for the aqueous oxidation of tri(iso-butyl)silane (1) to
tri(iso-butyl)silanol (2) using Au/HAP was as follows. Au/HAP (0.005 g, Au: 0.0415 mol%) was
placed in a reaction vessel, followed by the addition of acetone (4 mL), water (0.1 mL), and 1 (1
mmol). The reaction mixture was vigorously stirred at 30 °C under O, atmosphere for 7 min.
AU/HAP was filtered and the yield was determined by GC analysis. The product was isolated by
Kugelrohr distillation.

2-5. Measurement of H,

The amount of H, generated during the reaction was measured by GC-TCD. The oxidation
was carried out under standard reaction conditions in a closed vessel with on-line GC-TCD. After
the reaction, the gas phase was subjected to GC-TCD for qualitative and quantitative analysis of H,.
Once the H, concentration in the headspace was determined, the quantity was simply multiplied by
the total flask volume. GC conditions were as follows: GC with thermal conductivity detector
(Shimadzu GC-8A); column: molecular sieves 13X (4.0 m); oven temperature: 40 °C; injection and
detection temperature: 70 °C; carrier gas: Ar (100 kPa); current: 60 mA,; retention time: H, (5.3 min).
2-6. Large-scale reaction

A large-scale reaction was performed under O, bubbling for 7 h. After the reaction,
AU/HAP was filtered and the yield was determined by GC analysis. The product was isolated by
Kugelrohr distillation.

2-7. Dehydrogenative coupling of 1 with water using Au/HAP under controlled introduction
and removal of air

The dehydrogenative coupling reaction was carried out under standard reaction conditions
in a closed vessel with on-line GC-TCD. Initially, Au/HAP was used in the reaction of 1 at 30 °C in

air. After 10 min, the reaction vessel was frozen into liquid nitrogen, then the amount of H,
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generated during the reaction was measured by GC-TCD. Next, the reaction vessel was closed under
vacuum and then Ar was introduced into the reaction vessel. After the reaction mixture was thawed,
the reaction was re-started at 30 °C for 10 min. These handlings were repeated with switching of the
atmosphere to complete the coupling reaction.
2-8. Product identification

The products were characterized by GC, GC-MS, and NMR. Retention times (GC) and
chemical shifts ("H and *C NMR) of the products were in agreement with those of authentic
samples or previously reported values.
Triisobutylsilanol: CAS registry No. [317374-14-4] (Table 5-1)
'H NMR (400 MHz, CDCls): & 1.84 (m, 3H), 1.31 (br s, 1H), 0.98 (d, J = 7.2 Hz, 18H), 0.62 (d, J =
6.8 Hz, 6H). *C NMR (100 MHz, CDCl,): 8 27.4, 26.8, 26.4, 24.3.*
Triisopropylsilanol: CAS registry No. [17877-23-5] (Table 5-2, Entry 4)
'H NMR (400 MHz, CDCly): 8 1.07 (m, 21H). **C NMR (100 MHz, CDCls): § 17.7, 12.3.
Triphenylsilanol: CAS registry No. [791-31-1] (Table5- 2, Entry 5)
'H NMR (400 MHz, CDCly): § 7.58-7.71 (m, 6H), 7.33-7.51 (m, 9H), 2.50 (br s, 1H). °C NMR
(100 MHz, CDCly): 6 134.0, 130.1, 127.9.
t-Butyldiphenylsilanol: CAS registry No. [93547-88-7] (Table 5-2, Entry 6)
'H NMR (400 MHz, CDCl,): & 7.68-7.73 (m, 2H), 7.33-7.43 (m, 3H), 1.06 (s, 9H). *C NMR (100
MHz, CDCl3): 8 135.1, 134.7, 129.6, 127.7, 25.6, 19.0.
t-Butyldimethylsilanol: CAS registry No. [18173-64-3] (Table 5-2, Entry 7)
'H NMR (400 MHz, CDCly): § 0.93 (s, 9H), 0.11 (s, 6H). *C NMR (100 MHz, CDCl5): & 25.6, 18.0,
-3.6.
Dimethylphenylsilanol: CAS registry No. [5272-18-4] (Table 5-2, Entry 8)

'H NMR (400 MHz, CDCl,): & 7.68-7.73 (m, 2H), 7.33-7.43 (m, 3H), 0.26 (s, 6H). *C NMR (100
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MHz, CDCl3): 4 135.1, 134.7, 129.6, 127.7, 19.0, -1.0.

Benzyldimethylsilane: CAS registry No. [56633-16-0] (Table 5-2, Entry 9)

'H NMR (400 MHz, CDCly): § 7.19-7.31 (m, 2H), 7.03-7.11 (m, 3H), 0.14 (s, 6H). *C NMR (100
MHz, CDCl3): 6 139.7, 129.1, 128.8, 124.9, 28.7, 0.0.

Diphenylsilanediol: CAS registry No. [947-42-2] (Table 5-2, Entry 10)

'H NMR (400 MHz, CDCly): & 7.65-7.77 (m, 4H), 7.32-7.46 (m, 6H), 3.32 (s, 2H). **C NMR (100
MHz, CDCls): 5 137.6, 134.0, 129.2, 127.3.

Methylphenylsilanediol: CAS registry No. [3959-13-5] (Table 5-2, Entry 11)

'H NMR (400 MHz, CDCly): & 7.52-7.66 (m, 2H), 7.26-7.40 (m, 3H), 0.28 (s, 3H). *C NMR (100

MHz, CDCls): 6 136.0, 133.6, 130.2, 128.0, -1.7.
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3. Results and Discussion

Toward an efficient heterogeneous Au nanoparticle catalyst system for the aqueous
oxidation of hydrosilanes to silanols, atmospheric effect was investigated. The result is summarized
in Table 5-1. In Ar atmosphere, the oxidation of tri(iso-butyl)silane (1) gave tri(iso-butyl)silanol (2)
with 99% vyield in 8 h together with the generation of equimolar amounts of H, (Table 5-1, Entry 1).
It was notable that the catalytic activity of Au/HAP significantly increased under air atmosphere, and
then the quantitative oxidation of 1 was completed within 10min (Table 5-1, Entry 2). To investigate
the effect of air atmosphere in details, the oxidation was carried out under various atmospheric
conditions such as O,, CO;, N,, and H, (Table 5-1, Entries 3 and 6-8). Among the conditions tested,
O, atmosphere was highly effective to afford 2 in quantitative yield (Table 5-1, Entry 3), while CO,,
N, and H, atmosphere did not influence the catalytic performance of Au/HAP, resulting in yields of
2 similar to that under Ar (Table 5-1, Entries 6-8 vs. 9). When comparing the catalytic activity of

Table 5-1. Agueous oxidation of 1 using Au/HAP under various

BugSiH (1) + H,0 —AUHAP, BugSiOH (2) + Hy
Entry  Atmosphere Time Yield of 2 [%]°
Ar 8h >99
air 10 min >99
0O, 10 min >99
4¢ O, 10 min 0
5¢ 0, 10 min 0
CO, 10 min 13
N, 10 min 11
H, 10 min 11
Ar 10 min 1"
10° 0, 7 min >99
11¢ Ar 7 min 0.5

8Reaction conditions: 1 (1 mmol), Au/HAP (0.05 g, Au: 0.4
mol%), water (10 eqv.), acetone (4 mL), 30 °C.
bDetermined by GC using an internal standard technique.
°The use of HAP instead of Au/HAP. %In the absence of
Au/HAP. *Au/HAP 0.005 g (Au: 0.04 mol%)
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AU/HAP in O, with Ar atmosphere using the same reaction time with lower catalyst loading (0.04
mol%), the impact of O, was more pronounced. A quantitative yield of 2 was obtained in the
presence of O,, whereas Ar atmosphere gave 2 in 0.5% vyield (Table 5-1, Entry 10 vs. 11),
demonstrating an acceleration effect of 200 times the reaction rate by O, relative to Ar atmosphere.
In addition, neither the use of HAP nor the absence of Au/HAP catalyzed the oxidation in O,
atmosphere (Table 5-1, Entries 4 and 5). These results clearly showed the high efficiency of O,,
drastically enhancing the catalytic activity of Au nanoparticles.

Effects of solvents, supports and particle sizes of Au nanoparticles on the catalysis in the
aqueous oxidation of 1 were investigated (Table 5-2). In the acetone solvent, the oxidation of 1
proceeded more smoothly than in other solvents such as acetonitrile, ethyl acetate, THF and water
(Entry 1 vs. 2-5). Among the various supports tested, it was clear that HAP was the best support for
this reaction (Entry 1 vs. 6-9). This prominent catalytic activity of Au/HAP may be due to the strong
adsorption ability of HAP for hydrosilanes as mentioned in Chapter 1V. The size effect of Au

nanoparticles was also studied using Au/HAP having different Au particle sizes, confirming that

Table 5-2. Optimization of reaction conditions®
Bu,SIH (1) + H,0 DUCABYSL g, SioH (2) + H,

Entry Catalyst d[nm]  Solvent  vyield of 2 [%]°

1 Au/HAP 3.0 acetone >99
2 Au/HAP 3.0 acetonitrile 71
3 Au/HAP 3.0 ethyl acetate 67
4 Au/HAP 3.0 THF 38
5 Au/HAP 3.0 water 34
6 Au/TiO, 3.6 acetone 48
7 Au/SiO, 3.6 acetone 41
8 Au/MgO 2.2 acetone 22
9 Au/AlbLO3 3.1 acetone 20
10  Au/HAP 5.7 acetone 52
11 Au/HAP 6.5 acetone 43

8Reaction conditions: 1 (1 mmol), Au catalyst (Au: 0.04
mol%), water (10 eqv.), solvent (4 mL), 30 °C, 10 min.
bDetermined by GC using an internal standard technique.
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smaller Au nanoparticles provided higher catalytic activities (Entry 1 vs. 10, 11).

The high efficiency of O, was also demonstrated in the aqueous oxidation of various
silanes (Table 5-3). Typically, less-reactive bulky silanes were converted to the corresponding
silanols in excellent yields with low catalyst loading (Entries 4-6). Furthermore, the Au/HAP-O,
catalytic system was applicable to the gram-scale synthesis of silanol. For example, 6.97 g of

dimethylphenylsilane was successfully transformed to dimethylphenylsilanol in 99% isolated yield

Table 5-3. Aqueous oxidation of various hydrosilanes using Au/HAP?

. Au/HAP .
R4RoR3SIH + H,LO ——— > R;R,R3SiOH + H,
Entry Substrate Product Time [min] Yield [%]b

1 i-?u i-l?u 7 >99
2¢ i-Bu Sli—H i-Bu Sli—OH 7 >99°
3¢ i-Bu i-Bu 7 >99°

4 i-Pr i-Pr
i-Pr-SIi—H i-Pr-SIi—OH 80 >99

i-Pr i-Pr

5 I|3h IIDh
Ph—Si—H Ph—Si—OH 30 >99

Ph Ph

6 I|3h I';’h
t-Bu-SIi—H t-Bu-SIi—OH 480 >99

Ph Ph

7 I\I/Ie I\I/Ie
t—Bu-SIi—H t—Bu-SIi—OH 5 >99

Me Me

8 Me Me
Ph—Si—H Ph—Si—OH 5 >99

Me Me

9 I\I/Ie I\I/Ie
,—Si—H ,—Si—OH 6 >99

Ph I\I/Ie Ph I\I/Ie

10 I;l (I)H
Ph—SIi—Ph Ph—SIi—Ph 20 >99

H OH

11 'T' ?H
Me-SIi-Ph Me-SIi-Ph 20 >99

H OH

@Reaction conditions: Au/HAP (0.0050 g, Au: 0.04 mol%),
hydrosilane (1 mmol), water (10 eqv.), acetone (4 mL), 30 °C, O,
(1 atm). PIsolated yields. °Reuse 1. “Reuse 2. ®Determined by GC
using an internal standard technique.
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(7.77 g), where the turnover frequency (TOF) and turnover number (TON) reached 175900 and
1230000, respectively (Scheme 5-2). These values are 12 orders of magnitude greater than those in
previously reported homogeneous and heterogeneous catalyst systems; for example,
TBAg[Ag4(y-H,SiW16036),] (TOF= 27000, TON = 15625) [21], Pd/C (20000, 99000) [20],

Pd/AIO(OH) (20000, 99000) [22], and AuCNT nanohybrid (12000, 72000) [26].

Me Me
/ AU/HAP (Au: 0.04 pmol) |
Q—SiH + HyO > Si—OH + H,
| acetone (25 mL), 30 °C, |
Me (2mL) O, (bubbling), 7 h Me TON: 1,230,000
6.97g 7779 TOF: 175,900 h*!

Isolated Yield >99%

Scheme 5-2. Gram-scale oxidation using Au/HAP-O, catalytic system

After the reaction, Au/HAP was separable from the reaction mixture and reusable without
loss of its activity or selectivity (Table 5-3, Entries 2 and 3). Inductively coupled plasma (ICPAES)
analysis showed the absence of Au species in the filtrate, revealing that no leaching occurred during
the reaction. Furthermore, the image of Au/HAP after the reuse showed that no aggregation of Au
nanoparticles occurred and that the average diameters of the reused Au nanoparticles were similar to

those of the fresh ones (Figure 5-2).

d=3.0nm
o=1.0nm

Count

0051152253 354455 55665775

Particle size [nm]

Figure 5-2. TEM image of AuU/HAP after reuse and its size distribution histogram
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To investigate the role of O,, the time courses of the Au/HAP-catalyzed oxidation of 1
with water and generation of H, were monitored by GC-TCD under controlled air or Ar atmosphere
(Figure 5-3). By introducing air, the reaction rate was significantly increased compared to that under
Ar atmosphere. Interestingly, this performance was repeatable during the oxidatoin, responding to
the introduction and removal of air. This repeatable performance of Au/HAP is much different from
Pd/C with surface oxygen adatoms in the oxidation of silanes reported in [20] and [31]; The catalytic
activity of the oxygen-preadsorbed Pd/C catalyst under N, flow was similar to that in the presence of
0,, and zero-order dependency of O, on the reaction rate was shown. Moreover, it is notable that
guantitative analysis of H, and O, revealed that equimolar amounts of H; to 2 were generated during
the aerobic reaction conditions, while O, was not consumed. Furthermore, this repeatability
indicated the reversible action of O, on Au nanoparticles, where molecularly adsorbed O, species on
Au nanoparticles would increase the catalytic activity. Additionally, the use of isotopic H,0O under
air atmosphere gave *°O-labeled 2 in 98% yield with 99% selectivity (Figure 5-4), supporting that
the oxygen atoms incorporated in silanol products were derived not from air (O,) but water. These
phenomena suggest that the O, in air did not act as a stoichiometric oxidizing reagent but played a

key role as a non-consumed activator enhancing the catalytic activity of Au/HAP as like a ligand.

Au/HAP (Au: 0.04 mol% ;
iBugSiH + H,0 ( ®) 5 BuSioH + H,
1 acetone (4 mL), 30 °C

in air or Ar

100

8o | air | Ar | air | Ar | air

60

Yield (%)

40 4 2

20 %

'’

4

o/

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 5-3. Time profile of the yield of 2 generation of H,

under controlled air or Ar atmosphere
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AU/HAP (Au:0.0415 mol%)
acetone (4 mL), O, (1 atm), 30 °C

BusSiH + H,'%0 'BusSi'®OH + H,

Isolated yield 98%
1
09 -
08 -
0.7 -
06 -
05 -
04 -
0.3 -
02 -
0.1 218
0 b L] - |
CBORRBBSEECENAIIRORSIIRNTE

Figure 5-4. ®O-labeling experiment

To understand the catalytic features of the Au/HAP-O, system, kinetic studies on the
aqueous oxidation of dimethylphenylsilane using Au/HAP at 30 °C in air were performed. The
initial production rate of dimethylphenylsilanol was proportional to the amount of

dimethylphenylsilane (Figure 5-5), but independent of the concentration of water (Figure 5-6).

AU/HAP (Au: 0.04 mol%
PhMe,SiH + H,0 WHAP (Au: 0.04 mol™) oy \te,SioH + H
acetone (4 mL), 30 °C, 5 min

x mmol 0.1 mL

0.07

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -

Production rate (mmol/min)

001 - *

0e : : :
0 0.1 0.2 0.3 0.4 0.5

dimethylphenylsilane (mM)

Figure 5-5. Dependency on the concentration of hydrosilanes
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AU/HAP (Au: 0.04 mol%
PhMe,SiH + H,0 ( 0 o PhMe,SiOH + Hz
acetone (4 mL), 30 °C, 5 min

1 mmol XX mL

0.06

0.05 -

0.04 -

0.03 -

002 -

Production rate (mmol/min)

001 -

0

0 01 0.2 03 04
Water (mL)

Figure 5-6. Dependency on the concentration of water

Next, a kinetic isotope effect was investigated in the aqueous oxidation of
dimethylphenylsilane. When using D-labeled dimethylphenylsilane, the initial production rate of
dimethylphenylsilanol was slow (kn/kp = 1.45) (Figure 5-7), suggesting that the rate-determining
step was the activation of the Si-H bond by Au nanoparticles. The activation of the Si-H bond of
hydrosilanes by Au nanoparticles was also confirmed by a Fourier transform infrared study [32].
They demonstrated that the peak attributed to the Si-H bond of 1 was shifted to the lower frequency
side when 1 adsorbed on the Au surface. Furthermore, in the presence of O,, this redshift became
prominent. These results revealed that 1) the Si-H bond of 1 was activated by Au nanoparticles, and

2) O,-adsorbed Au nanoparticles activated 1 more strongly.
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Au/HAP (Au: 0.04 mol%
PhMe,SiH(D) + H,0 WHAP (Au: 0.04 mol%) _ opme,sioH + Hs (HD)
acetone (4 mL), 30 °C, air

1 mmol 0.1 mL
50
40 7 y = 2.5420x >
. R2=0.999
é 30 - ¢ H-silane
=]
o W D-silane
=
20 -
y=1.7571x
10 - R? = 0.9991
0 T
0 5 10 15
Time (min)

Figure 5-7. Kinetic isotope effect

In a separate experiment, the aqueous oxidation of (R)-methyl-a-naphthylphenylsilane (ee
= 80%) using Au/HAP gave (R)-methyl-a-naphthylphenylsilanol (ee = 80%) (Scheme 5-3),
indicating that the configurational inversion of (R)-methyl-a-naphthylphenylsilane occurred at the
silicon center. These results suggested that the reaction may occur through activation of the Si-H
bond by Au nanoparticles, followed by the nucleophilic attack of a water molecule on the Si center
from the backside of the Si on Au nanoparticles, giving the corresponding silanol together with the

generation of H,.

on-i\lp a'i\jp
, Au/HAP _ , +
H\\\\\\-SI + Hzo R > o Me\\\\\“SI\ H2
/ AN acetone, 30 °C, O, (1 atm) P4
Me Ph HO Ph
80% ee 80% ee

Scheme 5-3. Agueous oxidation of an optically active hydrosilane

In consideration of O, reversibly acting on the Au nanoparticles as a non-consumed
activator, adsorbed O, on Au nanoparticles may play an important role in the enhancement of

AU/HAP activity. It is reported that O, adsorbed on Au clusters increases the electron deficiency of
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the clusters through charge transfer from the Au clusters to O, [33]. From these results and previous
report on the interaction between O, and Au, it can be said that O, would increase the electron
deficiency of the Au nanoparticles through charge transfer from Au nanoparticles to O,, enhancing

the activity of Au nanoparticles for Si-H bond activation of hydrosilanes (Figure 5-8).

Figure 5-8. O,-enhanced effect on Au nanopatrticles for the oxidation of hydrosilanes

4. Conclusion

The author succeeded in the development of the Au/HAP-O, catalytic system for the
highly efficient dehydrogenative coupling of hydrosilanes with water. Various silanes including less
reactive bulky silanes could be converted to the corresponding silanols with low catalyst loading.
The Au/HAP-O, catalyst system achieved excellent catalytic activity with a TON of over one
million. In this catalytic system, O, acted not as a stoichiometric reagent but as a highly effective
non-consumed activator for Au nanoparticles. The reversible action of O, on Au nanoparticles led to
unique catalytic activity, spontaneously responding to the introduction and removal of air. This study
reveals that O, is found to be a “gas-ligand” which significantly increases the catalytic activity of Au
nanoparticles. This concept of atmospheric O, considered as a gas-ligand would be applicable to

other metal nanoparticle-catalyzed molecular transformations under liquid-phase conditions.
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Chapter VI.

Effective Hydrogen-Production through
Hydrolytic Oxidation of Hydrosilanes Catalyzed by Gold Nanoparticles
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1. Introduction

Hydrogen (H,) is one of the most promising energy carrier alternatives to fossil fuels.
However, realizing a Hp-powered society is not so easy due mainly to problems related to the storage
and transportation of H,. To transport an adequate amount of H; gas for the utilization as the energy
source, high capacity tank and large quantities of additional energy to pack the high pressure gas are
indispensable. Furthermore, the resulting high-pressure gas tank are difficult to handle and
potentially explosive. In this context, hydrogen storage materials such as metal hydrides and
chemical hydrides attracted great attention for the convenient hydrogen transportation. Metal
hydrides, such as LiAIH4 and AlHs, react violently when they contact water at ambient temperature,
providing the rapid production of large amounts of pure H, [1-3]. However, these reactions are
difficult to control and can result in an explosion. Chemical hydrides, such as ammonia-borane [4-6]
and formic acid [7, 8], are leading candidates for new hydrogen storage materials because of their
hydrogen content and highly efficient catalysts for producing H, from these molecules have been
reported [9-23]. Laurenczy et al. revealed that the combination of RuCl; and water-soluble ligand,
meta-trisulfonated triphenylphosphine, could act as a highly active catalyst for the decomposition of
formic acid to generate H, and CO, under mild conditions [12]. This homogeneous system overcame
catalyst deactivation induced by CO poisoning of metal actives sites through the suppression of CO
by-production. Xu et al. demonstrated Pt nanoparticle catalyst showed higher activity for hydrolysis
of ammonium borane than those of Pd, Ru, Au and Ag catalysts [15]. The Pt catalyst could generate
H, gas even at room temperature along with the hydrolysis of ammonium borane. However, these
catalysts often require anaerobic conditions [11, 12, 14, 15, 22] or heat energy especially in the case
of formic acid decomposition [9, 10, 14]. In addition, these reactions can result in toxic ammonia
salt and CO by-products, and the co-production of CO, gas from formic acid that requires a

separation process using membranes to obtain pure H, gas, which limit their wide utilization for
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producing H,.

The preceding Chapter V revealed that hydroxylapatite-supported Au nanoparticles
(Au/HAP) showed the highest activity for the oxidation of hydrosilanes among the previously
reported catalysts and an equimolar amount of H, to that of silanols was generated during the
oxidations [24]. From these results, the author conceived that the Au/HAP-catalyzed hydrolytic
oxidation of silanes could be applied to an efficient H,-production system at ambient temperature
under aerobic conditions without additional energy input. Especially, polymethylhydrosiloxane
(MesSi(0OSiMeH),0SiMes, PMHS) and tetramethyldisiloxane (Me,SiHOSiHMe,, TMDS) would be
the promising chemical hydrides leading to a cost-effective H,-generation system. It is because they
are by-products of the silicon industry [25, 26], thus, available and cheap. Additionally, the resulting
silanols are useful as additives for silicon rubber [27, 28]. This chapter describes the development of
an efficient controllable Hy-production system using hydrolytic oxidation of organosilanes with
newly developed heterogeneous Au nanoparticle catalysts at ambient temperature under aerobic
conditions. Furthermore, taking advantage of easy separable property of the heterogeneous Au
catalyst, on-demand production of pure H, was attained by addition and removal of Au nanoparticle
catalyst from the reaction mixture. In the case of hydrolytic silane-oxidation, the Au nanoparticle
catalysts exhibited the highest turnover numbers and turnover frequencies of up to 3,333,000 and
T7/sec, respectively. Moreover, the Au nanoparticle catalysts were reusable without loss of activity
as demonstrated during recycling experiments.

2. Experimental section
2-1. General

The HAUCI4xH,O was obtained from Mitsuwa Chemicals Co., Ltd., and HAP (apatite

HAP, monoclinic) was purchased from Wako Pure Chemical Co., Ltd. The GC-FID and GC-MS

were performed on a Shimadzu GC-2014 instrument equipped with a Unisole-30T column and a
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GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT capillary column (30 m x 0.25
mm i.d., 0.25 um. Gas-phase analysis was done with an on-line quadrupole mass spectrometer
(BELMass-S, BEL Japan, Inc.). The *H and “*C nuclear magnetic resonance (NMR) spectra were
recorded on a JEOL JNM-ESC400 spectrometer and the chemical shifts reported in ppm from TMS
as a reference. Transmission electron microscopy (TEM) observations were obtained using an FEI
Tecnai G2 20ST instrument operated at 200 kV.

2-1. Preparation of catalysts

AU/HAP-NC (X wt%): Glutathione (1 mmol) was added to a methanol solution (50 mL) of HAuCl,
(0.25 mmol) and stirred for 30 min at 273 K in air. Next, a methanol solution of KBH, (1.0 mmol)
was added. After stirring 1 h at 273 K, the solid was collected by centrifugation and the precipitate
re-dispersed in water (100 mL). Different amounts of HAP were added to the dispersion, followed
by stirring for 4 h at r.t. The mixture then was filtered, washed with deionized water, and dried in
vacuo. Finally, the obtained solid was calcined at 400 °C in air for 8 h to remove the glutathione
coordinated to Au nanoparticles, giving Au/HAP-NC. The loading amount of Au X wt% is
designated as AU/HAP-NC (X wt%).

AuU/HAP: Supported gold nanoparticles were synthesized as follows [29]. The HAP (1.0 g) was
soaked in 50 mL of an aqueous solution of HAUCI, (2 mM). After stirring for 2 min, 0.2 mL of
aqueous NH3 (10%) was added and the resulting mixture stirred at room temperature for 12 h in an
air atmosphere. The obtained slurry was filtered, washed with deionized water, and then dried at
room temperature in vacuo. Subsequently, the HAP solid containing Au ions was added to 50 mL of
an aqueous solution of KBH, (18 mM) and stirred at room temperature for 1 h to yield Au/HAP as a
purplish red powder.

2-3. Typical reaction procedure

A typical reaction procedure for oxidation of dimethylphenylsilane (1) to

126



dimethylphenylsilanol (2) using Au/HAP-NC (0.5 wt%) was as follows. The Au/HAP-NC (0.5 wt%)
(0.01 g, Au: 0.05 mol%) was placed in a reaction vessel, followed by addition of DME (1 mL),
water (0.2 mL), and 1 (1 mmol). The reaction mixture was stirred vigorously at 30 °C under an air
atmosphere for 8 min. Then, the Au/HAP-NC (0.5 wt%) was filtered and the yield determined by
GC analysis.

2-4. Large scale reaction

A large-scale reaction was performed under O, bubbling for 12 h. After the oxidation
reaction, Au/HAP-NC was filtered and the yield determined by GC analysis. The product was
isolated by Kugelrohr distillation.

2-5. Measurement of H,

The amount of H, generated during the reaction was measured using the water
displacement method. Qualitative analyses of generated gas were performed by GC-TCD. GC
conditions were as follows: thermal conductivity detector (Shimadzu GC-8A); column: molecular
sieves 13X (4.0 m); oven temperature: 40 °C; injection and detection temperature: 70 °C; carrier gas:
Ar (100 kPa); current: 60 mA; retention time: H; (5.3 min).

2-5. Demonstration of on/off-switching of H, production by introduction and removal of
AU/HAP-NC (0.5 wt%)

Demonstration of on/off-switching of H, production by introduction and removal of
AU/HAP-NC (0.5 wt%). Reaction conditions: Au/HAP-NC (0.5 wt%) (1.0 g, Au: 0.025 mmol),
TMDS (4.0 g), DME (20 mL), water (1.5 mL), air atmosphere.

2-6. Utilization of catalytic H2-generation system for portable fuel cell

Utilization of catalytic H,-generation system for portable fuel cell. Module cell AFIFC_M

was obtained from Aquafairy. Reaction conditions: Au/HAP-NC (0.5 wt%) (0.5 g, Au: 0.0125 mmol),

TMDS (4.0 g), DME (20 mL), water (1.5 mL), air atmosphere.
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2-7. Product identification

The products were characterized by GC, GC-MS, and NMR. Retention times (GC) and
chemical shifts (*H and **C NMR) of the products agreed with those of authentic samples or
previously reported values.
Dimethylphenylsilanol: CAS registry No. [5272-18-4] (Table 1)

'H NMR (400 MHz, CDCly): § 7.54-7.62 (m, 2H), 7.32-7.36 (m, 3H), 0.39 ppm (s, 6H).

3. Results and Discussion

As was mentioned in Chapter V, the Au/HAP showed high catalytic activity at ambient
temperature under aerobic conditions, producing pure H, during the reaction [24]. Thus, the author
attempted to improve the catalytic activity of Au/HAP by decreasing the size of Au nanoparticles.
The size-control synthesis of Au nanoparticles on HAP was performed using a modification of a
previously reported method that used glutathione as a capping reagent for the Au nanoparticles
[30-32]. Briefly, glutathione (1.0 mmol) was added to a methanol solution (50 mL) of HAuCl, (0.25
mmol) and stirred for 30 min at 273 K in air. Next, KBH, (1.0 mmol) was added to the solution.
After stirring 1 h at 273K, the solid was collected by centrifugation and the precipitate was
re-dispersed in water. Different amounts of HAP were added to this dispersion, followed by stirring
for 4 h at r.t. The mixture was then filtered, washed with deionized water, and dried in vacuo. Finally,
the solid obtained was calcined at 400 °C in air for 8 h to remove glutathione coordinated to Au
nanoparticles, giving Au/HAP-NC. The loading amount of Au X wt% are designated as Au/HAP-NC
(X wt%).

Representative images of Au/HAP-NC obtained by transmission electron microscopy
(TEM) are depicted in Figure 6-1. Au nanoparticles in Au/HAP-NC (0.5 wt%), Au/HAP-NC (2 wt%),

and Au/HAP-NC (3 wt%) had the mean diameters of 1.9 nm, 2.3 nm, and 3.1 nm, respectively, with
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very narrow size-distributions (Figure 6-1, a-c), whereas Au/HAP prepared by the deposition—
precipitation method showed a relatively broad size distribution (Figure 6-1, d). The lattice fringe
had d-spacing attributed to d-spacing Au {111} (Figure 6-1, e). These results revealed that
glutathione allowed the size-selective synthesis of small Au nanoparticles on HAP and that the size
of Au nanoparticles could be controlled by the Au loading amounts. The absence of glutathione in

Au/HAP-NC was confirmed by elemental analysis.

d=1.9nm d=23nm d=3.1nm d=3.0nm

¢=0.16 nm 6=0.23 nm 6=0.25 nm ¢ =1.00 nm
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Figure 6-1. TEM images and corresponding histograms for a) Au/HAP-NC (0.5 wt%); b) Au/HAP-
NC (2 wt%); c) Au/HAP-NC (3 wt%); d) Au/HAP. e) ADF-STEM image of Au/HAP-NC (0.5 wt%)

With the prepared Au/HAP-NC catalysts in hands, the hydrolytic oxidation of
dimethylphenylsilane (1) as a model substrate was conducted in DME at ambient temperature in air
(Table 6-1). Notably, Au/HAP-NC (0.5 wt%) efficiently promoted the oxidation, affording
dimethylphenylsilanol (2) in 99% yield along with the generation of equimolar amounts of H, after 9
min (Entry 2). The catalytic activity of Au/HAP-NC increased as the size of the Au nanoparticles
decreased (Entries 1, 4, and 5). The catalytic activity of Au/HAP-NC (0.5 wt%) was much greater
than that of previously reported Au/HAP prepared by the deposition—precipitation method (Entry 6).
Neither bulk Au (non-nanosized Au) nor HAP show any activity (Entries 7 and 8), indicating that the

Au nanoparticles were the active species. In addition, Au/HAP-NC (0.5 wt%) worked well at
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scale-up conditions with a lower catalyst loading (0.03 mmol%), giving a turnover number of
3,333,000 and turnover frequency of 77/sec (Scheme 6-1), both of which were much greater than
values previously reported (Table 6-2) [33-43]. Furthermore, Au/HAP-NC (0.5 wt%) was reusable
without any loss of its activity and selectivity (Entry 2 vs. 3). The TEM image of the used
AU/HAP-NC (0.5 wt%) catalyst showed that the average diameter and size distribution of the Au
nanoparticles were similar to those of Au/HAP-NC (0.5 wt%) before use and that no aggregation of
Au nanoparticles occurred (Figure 6-2), proving high durability of Au/HAP-NC (0.5 wt%) against
aggregation.

Table 6-1. Aqueous oxidation of 1 using Au catalysts®

Au catalyst

PhMe,SiH + H,0 PhMe,SiOH + H,

1 air, r.t. 2
Entry Catalyst d[nm] Time [min] Yield [%]®
1  Au/HAP-NC (0.5 wt%) 1.9 5 83
2  Au/HAP-NC (0.5wt%) 1.9 9 >99
3° Au/HAP-NC (0.5 wt%) 1.9 9 >99
4 Au/HAP-NC (2 wt%) 2.3 5 49
5 Au/HAP-NC (3 wt%) 3.1 5 39
6 Au/HAP 3.0 5 33
7  Aubulk - 5 trace
8 HAP - 5 0

@Reaction conditions: 1 (1 mmol), Au catalyst (0.05 mol%),
water (0.2 mL), DME (1 mL). °Determined by GC using internal
standard technique. °Reuse.

Table 6-2. Comparison with previously reported catalysts

Catalyst TON TOF (sec™) Reference (Ref. X)
Au/HAP-NC (0.5 wt%) 3,333,000 77 This work
Au/HAP 1,230,000 49 author's previous work (24, Chapter V)
Pd/Al,O3 20,000 28 J. Park et al. ChemCatChem (38)
Pd/C 20,000 28 K. Shimizu et al. Chem. Eur. J. (37)
AuUCNT nanohybrid 12,000 20 E. Doris et al. Angew. Chem. Int. Ed. (36)
Auz4Agog(PA)34/Carbon - 9 (32)? N. Zheng et al. J. Am. Chem. Soc. (42)
Au/SiO, 250 58 T. Zhang et al. Chem. Commun. (40)
TBAg[Ag4(y-H2SiW416032)0] 27,000 4 N. Mizuno et al. Angew. Chem. Int. Ed. (41)

2Caliculated based on surface metal atoms.
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Au/HAP-NC (0.5 wt%)
(Au: 0.0125 pmol)

PhMe,SiH + H,0 » PhMe,SIOH + H,
DME (26 mL), r.t.,
680g (1.2mL) O, (bubbling), 12 h Yield >99%  TON: 3,333,000
(50 mmol) TOF: 77 &1

Scheme 6-1. Scale-up oxidation of 1 using Au/HAP-NC (0.5 wt%)

- d=19nm
o =0.20 nm

counts

d (nm)

Figure 6-2. TEM image and size-distribution of the used Au/HAP-NC (0.5 wt%)

Next, the catalytic activity of Au/HAP-NC (0.5 wt%) for H,-production through the

hydrolytic oxidation of PMHS and TMDS was investigated (Figure 6-3). Upon addition of
AU/HAP-NC (0.5 wt%) to the DME/water solution of PMHS or TMDS at ambient temperature in air,
H, gas was efficiently generated with initial production rates of 9.8 and 18.9 mL/min, respectively.
When Au/HAP-NC (0.5 wt%) was separated from the reaction mixture by filtration, the H,
generation quickly stopped; re-addition of Au/HAP-NC (0.5 wt%) to the filtrate induced
re-generation of H,. This is the first report of an on/off-switchable H,-production system using the
hydrolytic oxidation of inexpensive organosilanes without the need for any additional energy input.
The catalytic system of the on/off-switching of H,-production was demonstrated in Figure 6-4; the
generation and suppression of the H, bubble in response to the introduction and removal of

Au/HAP-NC (0.5 wt%) could be observed. This on/off-switchable Hp-production system could be
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applied to a portable hydrogen fuel cell. When the catalyst system (hydrogen generation part) was

connected to the power generation part, including a Pt anode, electric power was generated that

could be turned on and off at ambient temperature in air atmosphere (See

http://www.nature.com/articles/srep37682, Supplementary Movie 2).

AU/HAP-NC (0.5 wt%)

Si-H + H,0

air, r.t. > SHOH + H,
*0 TMDS -
50 ——PMHS o

H. amount/mL

0 2 4 6 8 10
Time/min

Figure 6-3. Evolution of H, from TMDS or PMHS using Au/HAP-NC (0.5 wt%). Reaction

conditions: Au/HAP-NC (0.5 wt%) (1.0 g, Au: 0.025 mmol), Si-H (10 mmol), DME (5 mL),
water (0.6 mL), air.

Me Me Me Me
| | Au/HAP-NC | |
Me—Si—O—Si—Me + 2H,0 ——————> Me—Si—O—Si—Me + 2H,
DME, r.t., air
H H OH OH
OFF

—~
[

fIW

ON
y =LV
addition - 54

aunapnc —> o | )

Au/HAP-NC

TMDS solution =—— _
removal

Figure 6-4. On-off switching of H, generation

132



4. Conclusion

This chapter demonstrated the development of highly efficient H,-production system
through a size-controllable synthesis of Au nanoparticles on HAP with very narrow size distribution.
The Au/HAP-NC (0.5 wt%) catalyst with a mean diameter of 1.9 nm exhibited the great catalytic
activity for hydrogen production through the hydrolytic oxidation of hydrosilanes. The high catalytic
activity of Au/HAP-NC (0.5 wt%) was applied to Hy-production from inexpensive PMHS and
TMDS as hydrogen storage materials at ambient temperature in air. The heterogeneous Au/HAP-NC
(0.5 wt%) catalyst could be separated, enabling the on/off-switching of H,-production by the
introduction and removal of the catalyst. This catalytic system for on/off switchable H,-production
from organosilanes can contribute to the development of next-generation green sustainable hydrogen

fuel cells with on-demand H,-production
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General Conclusions

This thesis deals with studies on the design and precise synthesis of supported metal
nanoparticle catalysts for efficient hydrogenation and dehydrogenation reactions. This study
discloses that the construction of core-shell nanocomposites, size-selective synthesis of metal
nanoparticles and selection of suitable catalytic supports made metal nanoparticles possible to

exhibit unprecedentedly unique catalysis for the target reactions.

In Chapter I, recent reports of metal nanoparticle catalysts under liquid-phase conditions
for efficient fine chemical syntheses were reviewed. The four types of modification strategies for
supported metal nanoparticle catalysts, that is, 1) electronic interaction with their support materials,
2) concerted effect with their support materials, 3) control of their morphology, 4) addition of other

metals to form bimetal catalysts were also highlighted.

The author described in Chapter Il the development of core-Pd/shell-Ag nanocomposite
catalyst (Pd@Ag) for selective semihydrogenation of terminal and internal alkynes to the
corresponding alkenes with high Z-selectivity. This unique catalysis of PA@Ag derives from the
cooperative action between core-Pd and shell-Ag. It is well known that Pd catalysts show high
activity for the hydrogenation of alkynes, but promote the overhydrogenation of alkenes to alkanes.
In contrast, Ag catalysts exhibit high alkene-selectivity while hydrogenation ability is very low. In
this PA@Ag catalyst, the inner Pd nanoparticles can act as the hydrogen supplier to the outer Ag
layer, assisting the selective semihydrogenation of alkynes on the Ag surface. At the same time, the
Ag shell can efficiently suppress the exposure of Pd nanoparticles, inhibiting the overhydrogenation

of alkenes to alkanes. This complementary action of Pd and Ag can realize selective
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semihydrogenation of alkynes under mild conditions.

In Chapter 111, the author mentioned the development of a green route for the synthesis of
core-shell nanoparticles in one-step under organic-free and pH-neutral condition. Simply mixing
core and shell metal precursors in the presence of solid bases in water allowed for the facile
fabrication of small CeO,-covered Au and Ag nanoparticles in one-step. This is the first achievement
of one-step syntheses of small core-shell nanoparticles without the use of surfactants, organic
solvents, reductants, or toxic bases. Additionally, the synthesized CeO,-covered Au nanoparticles
acted as a highly efficient and reusable catalyst for chemoselective reduction reactions of epoxides,
unsaturated aldehydes and alkynes while retaining C=C bonds. In this catalytic system, the high
chemoselectivity was obtained from the cooperative action at the interface between core-Au and

shell-CeO..

The next chapter represented the efficient dehydrogenative coupling of hydrosilanes with
amines or amides using hydrpxyapatite-supported Au nanoparticle catalyst (Au/HAP). A wide range
of silylamines and silylamides can be obtained in good to excellent yields, demonstrating the first
example of an efficient heterogeneous catalyst for the synthesis of silylamides. Furthermore, the
AU/HAP showed the practical applicability for the gram-scale synthesis of silylamines, where the
turnover number reached 5180. This value is the best among reported catalysts. Moreover, Au/HAP

was also recoverable by a simple filtration and reusable without any loss of its catalytic efficiency.

In Chapters V and VI, the author demonstrated acceralation effect of molecular oxygenson
the aqueous oxidation of hydrosilanes to silanols catalyzed by Au nanoparticles. In this catalytic

system, O, acted as a non-consumed activator for Au nanoparticles in the oxidation of hydrosilanes,
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providing an acceleration effect of 200 times the reaction rate relative to Ar atmosphere. Furthermore,
the author improved the catalytic activity through size-selective synthesis of Au nanoparticles,
resulting in a turnover number of 3,333,000 and turnover frequency of 77/sec, both of which were
much greater than values previously reported. Moreover, the improved Au catalyst was applied to
the environmental-friendly H,-generation system using inexpensive PMHS and TMDS as hydrogen
storage materials without requiring additional energy. Additionally, taking advantages of easy
separation of Au/HAP catalyst from reaction mixtures, the developed system enabled the

on/off-switching of H,-production by the introduction and removal of the catalyst.

In this thesis, the author described the rational and precise synthesis of metal nanoparticle
catalysts. The developed nanomaterials acted as highly efficient heterogeneous catalysts for the
hydrogenation and dehydrogenation reactions under mild reaction conditions. In addition to the
advantages of conventional heterogeneous catalysts, they showed unique activity and selectivity for
the target reactions. The author hopes that the methodology of the developed catalyst design makes a

great contribution to green organic transformations.

Finally, further extension of unique catalysis based on the cooperative actions of precious

metal nanoparticles and metal oxides for hydrogenation reactions was addressed as follows.

CO; reduction is one of the main themes of environmental conservation actions. In the
field of fine chemical synthesis, the efficient utilization of CO, as a carbon source has attracted much
attentions due to their abundance and cost-effectiveness. In this context, the synthesis of formamide
derivates which are widely used as solvents, antioxidants in the rubber chemistry and intermediates

in the pharmaceutical industry is the promising target. Synthesis of formamides using CO,, that is,
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formylation of amines using H, and CO, proceeds through the hydrogenation of CO,to the formic
acid intermediates and the nucleophilic attack of amines on the intermediates to form formamides.

It is well known that oxygen defect sites of reducible oxides created at the interface
between metal nanoparticles and metal oxides efficiently activate C=0O bond of CO,. Thus, the
combination of metal nanoparticles and reducible oxides could be effective for this reaction.
Additionally, as shown in Chapter I11, Au nanoparticles can promote chemoselective hydrogenations
through the efficient construction of interface sites. Therefore, it can be expected that reducible
oxide-supported Au nanoparticles or Au-core/reducible oxide-shell nanoparticles would promote
selective formylation of amines while retaining reducible functional groups such as alkenes,
aldehydes and nitriles. This selective formylation of amine using CO, is a challenging task due to the
thermodynamic stability of CO,. Therefore, this proposed catalytic system will be a powerful tool

for the efficient utilization of carbon dioxides as C1 reagents.
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