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General Introduction

1. Introduction to gold nanoparticles

Gold has been considered one of the most inert metals due to the fact that it is the only metal with
endothermic chemisorption energy, which prevents it from bonding with oxygen (Figure 1).! This
can be explained by considering the interaction between the oxygen valence states and the metal
d-states, as described in the d-band model.>* In the case of gold, its d-states are at such a low energy
level that the interaction with oxygen 2p-states results in net repulsion. Consequently, it is unlikely

that gold would serve effectively as a catalyst for oxidation reactions.
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Figure 1. The energies for dissociative chemisorption of oxygen on transition metal surfaces, relative

to a molecule in vacuum calculated by density functional theory (DFT). All results are for adsorption
at either a body-centered cubic (210) surface (for Fe, Mo, W) or a face-centered cubic (211) surface

(other metals)>*

For a long time, the catalytic activity of gold was not well understood. However, in the late 1980s,
Haruta made a groundbreaking discovery by identifying that gold particles at the nanometer scale,
known as gold nanoparticles (AuNPs), are highly efficient catalysts. Haruta and co-workers found
that AuNPs were surprisingly active, even at low temperatures, for many kinds of reactions such as
CO oxidation and propylene epoxidation.’® Since then, reports on gold-based catalysts have garnered
significant attention in recent years because they function well under mild conditions in a variety of
organic transformations with good regio- and chemo-selectivity.”® Unlike bulk gold, which is
generally considered inactive, gold in the form of nanometer-sized particles exhibits a high corner-

to-surface ratio (Figure 2).>° Additionally, significant quantization of the conduction band occurs
2



when AuNPs become exceedingly small. These quantum-sized display multiple optical absorption
peaks in their spectra and often have non-face-centered cubic (non-fcc) atomic packing structures,
unlike larger nanocrystals which typically have fcc structures.” Consequently, AuNPs exhibit unique
fluorescent'?, chiral'!, and magnetic properties'? as well as high chemical reactivities.>® Therefore, it

is clear that the catalytic activity is highly dependent on the size of AuNPs.
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Figure 2. Calculated fractions of Au atoms at corners, edges, and crystal faces in uniform
nanoparticles consisting of the top half of a truncated octahedron as a function of the AuNPs

diameter.3®

Catalysts commonly contain very small size of metal particles, typically in the nanometer range,
dispersed onto a solid support to stabilize them.'®> Haruta found that differently supported AuNPs
exhibit different catalytic activity for low-temperature CO oxidation.” Hutchings predicted and
proved that supported gold is the preferred catalyst for synthesizing vinyl chloride monomer through
the acetylene hydrochlorination reaction.'* Since then, solid-supported gold catalysis has garnered
significant attention from both academic and industrial research communities.'>!® It has become
evident that the nature of the support material and the interaction of gold-support interfacial sites are
crucial not only for stabilizing AuNPs but also for influencing the catalytic behavior of supported
AuNPs.!7 Up to the present, a significant part of the research on nanocatalysis has been focused on
AuNPs, owing to their simple and well-known fabrication methods as well as on the intriguing

synergistic effect of support on a variety of reactions. '8



2. Size-dependent catalytic activity

The catalytic activity of AuNPs is influenced by several factors, with particle size being one of the
most crucial.! This is because the surface area of nanoparticles, which is inversely proportional to
their size, plays a key role. For instance, Tsunoyama and colleagues discovered that smaller AuNPs
stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) exhibited significantly higher catalytic activity in
the oxidation of p-hydroxybenzyl alcohol.?’ Jawale et al. investigated the catalytic activity of small
(3 nm) and larger (20 nm) AuNPs supported on carbon nanotubes across a range of chemical
reactions, including silane oxidation, alcohol oxidation, and reductive amination. In all cases, the
reaction rates observed for the smaller AuNPs were at least 5.5 times higher than those for the larger
ones.?!

The nitroaromatic reduction is a common model reaction for determining the catalytic activity of
metal nanoparticles.?> Aromal and coworkers found a full reduction of 4-nitrophenol in the presence

of 20 nm AuNPs after 30 minutes, but the reaction took only 15 min when 15 nm AuNPs were used.”
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Figure 3 The correlation between the rate constants and the Au particle sizes of AuUNPs.?

Although extremely small nanoparticles with dimensions in the nanometer range, or even smaller
down to sub-nanometer size,”* can be synthesized, it has been observed that the catalytic activity of

AuNPs does not always increase proportionally with particle size reduction. For instance, Lin et al.
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found that the highest catalytic activity in the reduction of 4-nitrophenol with Au/Al,O; was not
achieved with the smallest NPs of 1.7 nm, but rather with larger nanoparticles measuring 3.4 nm in
diameter (Figure 3).% This suggests that, for this reaction, the facet atoms (surface) exhibit higher
activity compared to the edge and corner atoms of the particles.?

Corma et al. demonstrated that the geometric and electronic differences between small (< 2 nm)
and large AuNPs significantly influence their activity and selectivity. Their theoretical and
experimental studies showed that small planar particles are highly active in reactions involving Lewis
acid-base interactions to activate C—C multiple bonds in alkenes and alkynes.?’

Since the catalytic activity of different-sized AuNPs is dependent on their size, a robust and reliable

process for size-selective production of AuNPs, especially with a limited size distribution, is required.

3. Size-controlled preparation of gold nanoparticle and Trans-deposition method

The catalytic activity of metal nanoparticles activity is known to be substantially influenced by
their particle sizes.?® As a result, developing a method for size-controlled metal nanoparticles
synthesis is a promising way to fine-tune their catalytic activity. Former research groups have
developed procedures for size-selective preparation of AuNPs using poly(N-vinyl-2-pyrrolidone)
(PVP) as a stabilizing matrix.?® Furthermore, using PVP(K-15) as a transient matrix, size-selectively
synthesized AuNPs can be transported from PVP to other solid supports, such as hydroxyapatite,
while retaining their particle size. Haesuwannakij and coworkers proposed a new method for size-
controlled synthesis of AuNPs on metal oxide supports (hydroxyapatite, HAP).28> This method is
called trans-deposition process (Figure 4). The PVP-stabilized AuNPs with different particle sizes
were used as Au precursors. The AuNPs, protected by the hydrophilic polymer PVP, were successfully
transferred to HAP without a substantial size change. The method facilitated the preparation of
Au:HAP with a wide range of diameters, from 1 to 8 nm It is a practical and reproducible approach

for the size-controlled preparation of metal nanoparticles.?®



Size-controlled Hydroxyapatite

preparation

C (HAP) Py T e
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Figure 4. Size-controlled synthesis of AuNPs on PVP and transfer to hydroxyapatite via trans-

deposition process.?*

4. Supported gold nanoparticles

In the field of supported metal catalysts, support materials were traditionally viewed as inert,
primarily functioning to enhance the stability of small metal particles by anchoring them. In the
beginning, traditional impregnation techniques were used to manufacture AuNPs on supported
substrates utilizing chloroauric acid (HAuCls) as the gold precursor. After the calcination step,
comparatively large AuNPs (i.e., >30 nm) were typically produced, and the resulting catalysts were
eventually inactive.?® Subsequent investigation determined that the inefficiency of impregnation
method was caused by (i) the weak interaction between [AuCls] ion and metal oxide surface in an
acidic (pH ~ 1) environment, (ii) particle growth during the calcination step when the catalyst's
chlorine content is high,*° possibly as a result of a weak bond between the hard base of chloride ion
and soft acid of cationic Au, and (iii) poisoning of the active areas with chlorine.3*3! As a result, many
techniques for producing AuNPs catalysts were created to counteract these negative effects. One of
the primary methods for producing supported AuNPs is deposition-precipitation. This technique was
first successfully employed in the early 1990s by Haruta and colleagues to produce active AuNP
catalysts.323% Preformed TiO, particles are initially combined with HAuCls, followed by the
deposition-precipitation method. Using similar techniques, AuNPs have been deposited on various
oxide supports, including Fe203,** Al,03,% and MgO.% In this thesis, the author also applied this
method to deposit AUNPs on solid support.

After established of deposition-precipitation method, Haruta investigated catalytic activity of
AuNPs on difference solid support and found that differently supported AuNPs exhibit different

catalytic activity for low-temperature CO oxidation.” In 1987, Tauster introduced the concept of
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strong metal-support interaction (SMSI) to explain the unusual H, chemisorption properties observed
in noble metal NPs supported on TiO2.3* Following this, the potential roles of support materials were
investigated at a fundamental level, mostly using model catalysts.>®

Supports can influence catalytic reactions either directly or indirectly through various mechanisms.
The support can significantly affect the electronic structure of nanoparticles, particularly through
charge transfer between the support and the nanoparticles (Figure 5a). This interaction can influence
the stability, shape, and chemical reactivity of the nanoparticles.?” For example, charge transfer in the
metal close to the Au-CeOy interface facilitated CO2 adsorption and activation for CO hydrogenation
to methanol.®® The support can also influence the reactivity of metal nanoparticles (NPs) by altering
their chemical properties. One key mechanism responsible for such chemical modifications is Strong
Metal-Support Interaction (SMSI). For example, metal clusters supported on TiO> may experience
deactivation of NPs at high temperatures in a reducing environment. This deactivation occurs because
the NPs become encapsulated, with their active sites covered by substrate atoms, leading to their
inactivity (Figure 5b).*° Another possible interaction is the combined role of NPs and their support
through the process of spillover. Spillover refers to the migration of an adsorbate molecule or atom
from one surface to another (from substrate to NPs, or vice versa) where it would not adsorb
individually. This migration can be a crucial step in a chemical reaction. For instance, hydrogen and
oxygen spillover have a significant impact on catalytic processes, facilitating reactions by efficiently

transferring reactants between the support and the NPs (Figure 5¢).*

Moreover, support can provide
specific defect sites that anchor and stabilize metal NPs, including metastable particles. Supports also
facilitate electron transfer to or from the metal particles and contribute additional functionalities such
as acidity or basicity to the overall supported metal catalyst. These factors can significantly affect the
catalytic properties of supported metal materials, a phenomenon particularly evident in supported Au-

based nanoparticle catalysts.*! Despite these studies, the role of supports in practical catalysts remains

complex and is not fully understood in many cases.*?




5. Polymer supported gold nanoparticles

Among several types of supported AuNPs, hybrid composites of polymeric supports with metal
nanoparticles have garnered significant attention. This is because they can be easily functionalized
with organic groups such as thiols, phosphines, carboxylic acids, and amines.>*} In addition to the
aforementioned advantages, the ease of preparation in desired shapes and sizes makes polymers a
unique choice for supporting the immobilization of metal nanoparticles in catalytic applications.*¢
Polymer-protected AuNPs, in which AuNPs are dispersed quasi-homogeneously in a liquid such as
poly(N-vinyl-2-pyrrolidone) (PVP), can be used to catalyze various chemical transformations.** As
well as in the case of other solid supports, the polymer matrixes can control the reactivity and
selectivity of the catalytic reaction. In addition, it can also stabilize and regulate the size of the AuNPs.
For example, PVP can enhance catalytic activity in the aerobic oxidation of alcohols by donating

electron density to the gold surface. As a result of that, PVP-supported AuNPs have higher catalytic

activity than AuNPs supported on other protective polymers, such as poly(vinyl alcohol) or

poly(allylamine).*’
B(OH)2  catalyst (2 atom2) O OH
S, +
acetate buffer (pH = 4.57) O
30 °C, air
Au:PVP (9 h) 17% 3%
Au:Chitosan (9 h) 93% 6%

Chitosan

Figure 6. The homocoupling reaction of phenylboronic acids catalyzed by AuNPs.

Other polymer supports have also been explored. For instance, Dhital and co-workers proposed
that AuNPs stabilized by polyhydroxylated biopolymer matrices such as chitosan exhibit significantly
enhanced catalytic activity in the homocoupling reaction of phenylboronic acids compared to AuNPs
supported on PVP (Figure 6). This is because the reaction requires basic conditions for the formation
of tetra-coordinated boronate intermediates, and acidic conditions are necessary to suppress the
formation of peroxyboronate intermediates to prevent phenol formation. The hydroxy groups in

chitosan play a crucial role by directing the boronic acid towards the gold surface and the amine
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groups create a basic environment conducive to forming tetra-coordinated boronate intermediates,
enabling the reaction under aqueous acidic conditions (Figure 7). Thus, polymer not only stabilizes

AuNPs but also regulates their catalytic activity through its functional groups.*°

The functional groups ~Ho_oH O
on the polymer play an /.o Al Ho, OH
important role.

Dragging the boronic acid
into the interior part

Creating the basic environment

Figure 7. Dual roles polyhydroxylated biopolymer matrices

6. Cellulose and Fibrillated-Citric Acid Modified Surface Cellulose (F-CAC)

Bioresource-based functional materials, such as wood and crustacean shells, have garnered
significant attention over the decades due to their contributions to sustainable development and
environmentally friendly science. Among these materials, cellulose stands out as the most common
macromolecule. Cellulose offers several advantages as a metal catalyst support compared to other
heterogeneous supports. These benefits include a higher absorption capacity and a large number of
hydroxyl groups, which provide opportunities for functionalization to various functional groups.*’ In
1982, Turbak and coworkers extracted nano cellulose such as cellulose nanofibrils (CNFs), from
eucalyptus pulp using a high-pressure homogenizer.*® As research progresses, CNFs have
demonstrated high strength, flexibility, high surface area, and tunable surface chemistry, allowing for
controlled interactions with polymers, nanoparticles, small molecules, and biological material.* CNF
has been widely used in recent years owing to pioneering work by Isogai®>® and Yano®! in a wide range
of scientific and industrial sectors, including their use as a solid support for heterogeneous catalyst
systems. One of the first examples of CNFs-supported AuNPs was reported by Kitaoka. The catalyst
exhibited excellent catalytic efficiency, with a turnover frequency up to 840 times higher than that of
conventional polymer-supported AuNPs in the reduction reaction of 4-nitrophenol.’*> Following this,
Zhang and coworkers presented a green, one-pot synthesis of AuNPs on nanocellulose under
hydrothermal conditions. The abundant electron-rich hydroxyl groups on the surface of nanocellulose
played a key role in both the reduction and immobilization of AuNPs. Compared to unsupported

AuNPs and other Au-containing catalysts, the resulting nanohybrid catalyst demonstrated
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significantly higher catalytic activity and stability for the reduction of 4-nitrophenol.>® Recently,
Cordova and colleagues reported on a cellulose-supported AuNPs catalyst by functionalizing
cellulose with mercaptopropyl silane or aminopropyl silane groups to immobilize the AuNPs. This
catalyst effectively promotes the cycloisomerization of alkynoic acids and allenynamides to enol
lactones and dihydropyrroles, respectively, achieving high yields. The cellulose-supported AuNPs
exhibit recyclability, maintaining their efficiency and selectivity over 9 cycles. A significant discovery
is that the AuNPs supported on cellulose serve as highly efficient catalysts for these transformations.>*

The surface of cellulose has been subjected to chemical alterations to improve its physical attributes
and/or provide additional functionality. Thus, research has focused on surface and chemical
modification of cellulose to enhance its physical characteristics and incorporate additional features.
Uyama and coworkers have developed a scalable and straightforward method for producing surface-
fibrillated cellulose by modifying cellulose hydroxyl groups with citric acid (F-CAC). This method
enables easy manipulation of cellulose and allows to produce large quantities of fibrillated cellulose,
approximately 100 g per batch (Figure 8).>> While CNFs and cellulose microfibrils prepared by
physical fibrillation methods using a grinding mill often suffer from fibril agglomeration at high
concentrations, the electrostatic repulsion between citric acid moieties on each cellulose fibril
prevents such agglomeration. This retention of their fibrillated state ensures the stability and
effectiveness of the fibrillated cellulose.>®

F-CAC is particularly intriguing due to its derivation from cellulose which is abundant on Earth
and the method for functionalizing is simply making it very easy to prepare. This material exhibits
high resistance to organic solvents and a large surface area, making it an excellent candidate for solid
support of nanoparticles. The presence of carboxylic groups enables immobilization of metal ions and
provides Brensted acidity. Its dispersibility allows for use as a heterogeneous catalyst, and its intrinsic
chirality offers the potential for stereoselective catalysis. These advantageous properties make F-CAC

a promising solid support material for various catalytic applications.

Os_ _OH
0 OH R = H or citric acid ester
HO RS OR
HO—; OH Citric acid RO—; OR  Defibrillation RO—;
—————— ————
HO OH RO OR RO — OR
HO OH RO OR
- RO—; OR
Cellulose Citric Acid-Modified Surface-Fibrillated

Cellulose (CAC) Cellulose (F-CAC)

Figure 8. Fibrillated-citric acid modified surface cellulose
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7. Introduction to the present work

Previous studies have demonstrated that PVP stabilized AuNPs (Au:PVP) exhibited excellent
catalytic activity toward the oxidation of alcohols.*> AuNPs stabilized by biopolymers, such as chitin
and/or chitosan, show higher catalytic activity toward aerobic homocoupling of phenylboronic acid
than Au:PVP.* In this context, functional groups on chitosan play an important role in regulating and
improving the catalytic activity of AuNPs. In this thesis, the use of F-CAC as a solid support was
researched. Unlike chitosan, F-CAC features acidic functional groups instead of basic ones, which
may lead to novel catalytic properties. In addition, cellulose is abundant on Earth, and its
functionalization is simple. Moreover, it is resistant to organic solvents, which is perceived as a good
property for solid support of nanoparticles. Size-selective Au:PVP was transferred to F-CAC via
trans-deposition method.?®® The thus-prepared Au:F-CAC was successfully applied to the aerobic
oxidation of benzyl alcohol. The Au:F-CAC catalyst was found to be reusable for at least six cycles
without a significant loss of catalytic activity. Additionally, the particle size of Au:F-CAC remained
unchanged even after the sixth cycle, demonstrating the stability of the composite.>’

In this doctoral thesis, the author expanded the unique applications of Au:F-CAC. Previously
studies have demonstrated the use of F-CAC in the oxidation of indanol in basic conditions. However,
citric acid on the cellulose surface can serve as a solid Brensted acid, leading to base consumption
through neutralization with the solid support, necessitating an excess of base. The author aims to
leverage the utility of this catalyst for other reactions that proceed under acidic or neutral conditions
to highlight the merit of the solid Brensted acid functional group on F-CAC, potentially leading to

novel catalytic activities in various organic transformations.

R
, RO
v" Natural abundgnt materllals RO oR v Size-selective preparation
v" Tolerance against organic of AUNPs

solvent RO- OR v High stability of AuNPs
| allows for reuse

Hozcﬁ;} o , ¥ Simple and scalable preparation
HO,! o . .
v" Prevention of cellulose agglomeration

F-CAC %&OM v' Acidic functional group might lead to

new catalytic activity.

Figure 9. Advantages of Au:F-CAC



Chapter 1: Preparation of Au:F-CAC

In chapter 1, the author details the preparation of Au:F-CAC and addresses significant issues with
reproducibility. Although Au:F-CAC was successfully prepared, achieving consistent results proved
challenging, particularly in the reproducibility of the F-CAC preparation process. The efficiency of
transferring AuNPs to F-CAC varied from 90% to 40%. Thus, establishing a reproducible method to
synthesize Au:F-CAC was crucial. The reasons for irreproducibility were narrowed down to 4 main
factors. The first one was the amount of citric acid on the surface of F-CAC. This could be controlled
by the temperature and time to bake the F-CAC. The second factor was the carboxylic group on citric
acid could be in either sodium salt form or acid form. Another factor is surface morphology which
was altered by changing the machine used to fibrillate F-CAC. The fibrillation time was also taken
into consideration. The final factor was the method of transferring AuNPs. The amount of F-CAC,
solvent, and gold was optimized. All these factors were studied and optimized to establish a

reproducible procedure for synthesizing Au:F-CAC.

Chapter 2: Intramolecular hydroamination catalysed by gold nanoparticles deposited on
fibrillated cellulose

In chapter 2, the author describes intramolecular hydroamination, which has been found to yield
good results under slightly acidic conditions. Au:F-CAC was explored for its ability to create an acidic
environment and its reusability. The Au:F-CAC catalyst facilitates the intramolecular cycloamination
of amines with unactivated alkenes under aerobic conditions, yielding pyrrolidine derivatives. A
minimal loading of just 0.2 atom% Au:F-CAC is sufficient for complete conversion. The catalyst's
remarkable sensitivity to the alkene's substitution pattern enables a distinctive chemoselective
cycloamination, yielding novel compounds.

Figure 10. Chemoselective cycloamination by Au:F-CAC
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Chapter 3: Dehydrogenative Oxidation of Hydrosilanes Using Gold Nanoparticle Deposited on
Citric Acid-Modified Fibrillated Cellulose: Unveiling the Role of Molecular Oxygen

In chapter 3, the author discusses the dehydrogenative oxidation of hydrosilanes, a reaction
typically performed in water. The study investigated the possibility of using the catalyst in organic
solvents, capitalizing on the high tolerance of F-CAC towards such solvents. This reaction proceeded
under neutral conditions, with the carboxylic group on F-CAC helping stabilize the AuNPs. The
stability of Au:F-CAC in the reaction provides the possibility for kinetic studies on size dependency
of AuNPs. Au:F-CAC catalysts of varying particle sizes (1.7 nm, 4.9 nm, and 7.7 nm) were
synthesized using the trans-deposition method, a technique previously developed. These catalysts
demonstrated remarkable catalytic activity for producing silanols with high turnover frequencies.
Mechanistic studies, including isotope labeling experiments, kinetics, and spectroscopic analyses,
enabled to elucidate that catalytically active cationic Au sites form on the surface through the

adsorption of molecular oxygen. These findings provide novel insights into the reaction mechanism.

H,0

cationic
Au sites

H, ‘\I/O\H
-

Hydrosilanol

R=H or Citric acid ester
Citric acid-modified cellulose solid support (Au:F-CAC)

Figure 11. Oxidation of hydrosilanes through cationic Au sites on F-CAC

Chapter 4: Dehydrosilylation of Alcohols Using Gold Nanoparticles Deposited on Citric Acid-
modified Fibrillated Cellulose

In chapter 4, the author extended the work from chapter 3 to the dehydrosililation of alcohols, due
to the similarity of reaction mechanism. The catalyst exhibited remarkable catalytic activity under
mild conditions with 0.01-0.05 mol% of Au loading, facilitating the formation of silyl ethers with
excellent yield. The study found that the high catalytic activity of Au:F-CAC can overcome the

limitation of requiring excess alcohol for silly alcohol protection applications. This work presents a
13



significant advancement in the field of dehydrosilylation catalysis, offering a sustainable, efficient,
and environmentally friendly approach for the synthesis of functional silanol-based materials and
alcohol protection applications. The scope of substrates and the utility of the catalyst have been

thoroughly studied.

Au:F-CAC
R =H or citric acid ester

O = primary, secondary substituents

Figure 12. Dehydrosililation of alcohols by Au:F-CAC
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Chapter 1: Preparation of Au:F-CAC

1.1 Introduction

In this chapter, the author attempted to reproduce the preparation of Au:F-CAC. Although Au:F-
CAC had been prepared, the author faced a serious problem with reproducibility. In particular, the
process of preparing F-CAC was found unreproducible. The method to transfer gold nanoparticles
(AuNPs) to F-CAC dropped from 90% to 40%. Thus, establishing a reproducible method to
synthesize Au:F-CAC is crucial. The inability to replicate the catalyst was attributed to four main
factors. First, the amount of citric acid on the surface of F-CAC must be within the range of 0.8—1
mmol/g. This can be controlled by adjusting the baking temperature and time for the F-CAC. The
second factor is that the carboxylic groups on the citric acid must be in the sodium form. Therefore,
after synthesizing F-CAC, the pH should be adjusted to 9 to ensure the conversion of all carboxylic
acid groups to their sodium form, which also affects the surface properties of F-CAC. Another factor
is surface morphology, which can be altered by changing the machine used for fibrillation. The
fibrillation time was also carefully considered. The final factor involves the method of transferring

AuNPs, where the quantities of F-CAC, solvent, and gold were optimized.

1.2 Result and discussion

Figure 1-1. Trans-deposition with previous lot of F-CAC and second lot of F-CAC

The author followed the procedure established by a previous lab member. However, as shown in
Figure 1-1, the color of the supernatant differed, indicating that AuNPs were not fully transferred
onto F-CAC after the trans-deposition method. The gold content in the prepared Au:F-CAC was
further analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The
results revealed that only 40% of AuNPs were transferred from PVP to F-CAC, compared to 90% in

the previous sample. The primary difference between the previous procedure and the current one is
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the use of a different F-CAC. Consequently, the author hypothesized that the main issue was related
to the solid support (F-CAC) and began re-optimizing the preparation method. Three factors were

considered: the amount of citric acid, pH adjustment, and the fibrillation method.

1.2.1. Deposition efficiency effects by amount of citric acid

Table 1-1. Effect of time and temperature toward amount of citric acid

conditions int_roc_lucti_on amount of c!eposition
citric acid (mmol/g) efficiency (%)
110°C, 13 h 0.5 24
110°C, 24 h 1.7 22
120 °C, 13 h 0.7 28
130 °C, 13 h 0.9 29
130°C, 15h 1.5 25
130 °C, 18 h 2.0 14
140 °C, 24 h 2.8 10

The general method for preparing F-CAC begins with dispersing 30 g of cellulose in 300 mL of
distilled water and stirring for 5 minutes at room temperature. Then, 90 g of citric acid (CA) is added
to the dispersion, followed by an additional 5 minutes of stirring. The mixture is incubated in an oven
at various times and temperatures. These different times and temperatures affect the amount of citric
acid incorporated into F-CAC, as shown in Table 1-1. This is considered the primary factor
influencing the percentage deposition of AuNPs on F-CAC. The citric acid content in F-CAC was
determined using a titration experiment with NaOH. The target value of citric acid content is 0.9
mmol/g, based on the citric acid percentage in the previous batch. The loading citric amount of 0.9
mmol/g was also tested for its effect on trans-deposition. Although the best deposition efficiency was
observed within the range of 0.8—1 mmol/g of citric acid, it did not match the efficiency seen in
previous results. Therefore, the citric acid loading was fixed at approximately 0.8—1 mmol/g.

Subsequently, other factors were considered.

1.2.2. Deposition efficiency effects by pH adjustment
The next factor to be optimized was the pH adjustment during the construction of F-CAC. To assess

the impact of pH on the chemical properties of the F-CAC surface, infrared (IR) spectroscopy was
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employed. The results indicated that pH adjustment plays a crucial role. Esterification by citric acid
was confirmed by the appearance of new peaks corresponding to carboxylic acid and ester carbonyl
functionalities around 1730 cm™, along with an increase in the O-H stretching band of carboxylic
acid (2800-2950 cm™). Upon deprotonation with NaOH, the ester carbonyl band formed during
esterification became more distinct. Additionally, a new absorption band was observed at 1590 cm™,
attributed to the sodium carboxylate of the grafted citric acid, as shown in Figure 1-2. The IR
spectrum of F-CAC from the previous batch showed peaks corresponding to F-CAC that had been
deprotonated with NaOH. Therefore, NaOH aqueous solution was added to the CAC dispersion in
water to adjust the pH values to 7, 7.5, and 9, respectively. At pH levels above 7, the carboxylic acid
groups are theoretically deprotonated. The pH was adjusted to 7.8 consistent with the pH used in a
previous batch of F-CAC.

90
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%T
40

20 Y

V coo. = 1593 cm'”

— F-CAC ( target material)

—— F-CAC without adjusting pH

———  F-CAC with adjusting pH Vi
" 1 L
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4000 3000 2000 1000 400
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Figure 1-2. IR spectrums compare F-CAC before, after deprotonated with NaOH and previous lot of
F-CAC

Table 1-2. Effect of time and temperature toward amount of citric acid

pH deposition
(Y0)
None 29
7 38
7.8 39
9 43

Based on previous findings, pH 9 was selected because the rod-shaped structure of cellulose is rarely
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observed under these conditions. The deprotonation of carboxyl groups by NaOH produced stronger
electrostatic repulsion! and promoted the disruption of hydrogen bonding®> which led to the
disintegration of the cellulose during mechanical fibrillation in water. Then each pH sample was used
to conduct trans-deposition method, and it was found that the pH 9 sample showed the highest
efficiency of 43% (Table 1-2).

1.2.3. Deposition efficiency effects by ratio of Au and F-CAC

The fibrillation method was optimized using three different machines. The first machine, the
Starburst Mini (Figure 1-3), is a wet jet milling device that disperses, emulsifies, pulverizes, and
exfoliates particles by colliding them into a ceramic ball under high pressure. F-CAC was fibrillated

using two pressure levels: 130 Pa and 230 Pa.

1. Raw material

2. Pressurize

3. Pulverizing
Dispersing

Ceramic ball

4. Product

Figure 1-3. Picture of a Starburst Mini and its internal mechanism

The sample was passed through the syringe (Figure 1-3, number 1), pressurized in the machine,
and then exited at number 4, completing one cycle. Gel formation was observed in the sample
subjected to low-pressure fibrillation (130 Pa) for 3 cycles and high-pressure fibrillation (230 Pa) for
2 and 3 cycles. As a result, this sample was not used as a solid support. Only samples treated at 130
Pa for 1 or 2 cycles and 230 Pa for 1 cycle were freeze-dried and crushed into powder.

Trans-deposition was also conducted with these samples obtained from the Starburst Mini. F-CAC
subjected to 130 Pa for 1 or 2 cycles, as well as F-CAC subjected to 230 Pa for 1 cycle, successfully
completed the trans-deposition process, achieving deposition efficiencies of 92%, 90%, and 89%
(Tables 1-3), respectively. However, instead of forming a fine powder, the obtained catalyst turned
into a compact mass of F-CAC. Additionally, the gold solution was not fully dispersed on F-CAC.
Some white spots were observed in the compact mass. The reason why the deposition efficiency is

high might come from the fact that mild gel formation was formed and AuNPs were taped into a gel.
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However, these results indicate that this machine is not suitable for constructing F-CAC as a solid

support.
Table 1-3. Trans-deposition efficiency by Starburst Mini
sample %deposition
130 Pa, Icycle 92%
130 Pa, 2cycles 90%
230 Palcycle 89%

[ Low pressure J

[High pressure ]

230 Pa 1 cycle 230 Pa 2 cycles

Figure 1-4. TEM picture of F-CAC fibrillated by Starburst Mini

The other two machines used for fibrillating F-CAC were the experimental blender (MRC 8010G)
and the juice mixer (Vitamix, TNC5200; Entrex Incorporated, Tokyo, Japan). Both machines operate
on similar principles, employing a specialized stainless steel 4-blade mechanism. The key differences
between these two machines are their sample loading capacities and their rpm.

The author started with the experimental blender, loading 20 mL of the sample and fibrillating it at
22,000 rpm. The duration of the fibrillation method was varied to achieve different surface
morphologies, as shown in Figure 1-5. The samples were then freeze-dried and crushed into powder.
Each sample was also applied for deposition, with the results shown in Table 1-4. The deposition
efficiency remained low for all these samples. Consequently, the author proceeded to the next

machine, the juice mixer.
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Table 1-4. Trans-deposition efficiency by Experimental blender

fibrillation time  deposition

(min) (%0)
9 49
12 42
15 48
21 40

g -
SU3500 15.0kV 4 5l SE 60 0pim 500 15, 0KV &0Mmix 1,00k SE 59 SU3500 15
F-CAC with experimental F-CAC with experimental F-CAC with experimental
blender 3 cycles (9 min) blender 4 cycles (12 min) blender 5 cycles (15 min)

Figure 1-5. Picture of experimental blender and TEM picture of F-CAC fibrillated by this machine
Starburst Mini fibrillated by Starburst Mini

Juice mixer machine used for large-scale preparation of F-CAC. The sample loading per time for
this machine is up to 400 mL. Then, the sample was fibrillated at 37,000 rpm. Samples were dried
with a freeze-dry machine and crushed into powder (Figure 1-6). Each sample was also used for
deposition. The result is shown in Table 1-5. The highest deposition efficiency was observed in the
sample that was fibrillated with a Juice mixer for 12.5 minutes. Then, conditions to prepare this F-

CAC are fixed with 0.9% citric acid, pH 9, and fibrillation with a juice mixer for 12.5 minutes.

Table 1-5. Trans-deposition efficiency by Juice mixer

fibrillation time deposition
(min) (o)
0 43
12.5 60
25 58
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Non-Fibrillated (12.5 min) (25 min)

Figure 1-6. Picture of juice mixer blender and TEM picture of F-CAC fibrillated by this machine
Starburst Mini fibrillated by Starburst Mini

1.2.4. Deposition efficiency effects by ration of Au and F-CAC

The amount of F-CAC was carefully considered. The author experimented with increasing the F-
CAC quantity while maintaining a constant gold concentration of 8.5 x 10~ mmol. This adjustment
improved the deposition efficiency of gold in F-CAC to 84%.Although this result did not reach the
previous level of 90%, it represents the best outcome achieved by the author. Additionally, this result

demonstrated good reproducibility.

Table 1-6. Trans-deposition efficiency by increasing weight Ratio of F-CAC

amount of F-CAC  deposition

(mg) (%0)
25 60
30 66
50 72
100 84
150 85
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1.3 Conclusion
The author successfully prepared Au:F-CAC with reproducibility. The inconsistency was narrowed
down to four main factors:

1. The amount of citric acid on the surface of F-CAC should be within the range of 0.8—-1 mmol/g,
controlled by the baking temperature at 130 °C. for 13 hours.

2. The carboxylic groups on citric acid must be in sodium form, necessitating a pH adjustment
to 9 after synthesizing F-CAC, which also affects the surface properties.

3. Surface morphology, which is altered by the fibrillation process, is dependent on the machine
and fibrillation time. The F-CAC was optimized to be fibrillated with a juice mixer for 12.5
minutes.

4. The method of transferring AuNPs, involving the optimization of F-CAC amount, solvent,
and gold. The concentration of gold was optimized to 8.5 x 10~% mmol.

A novel optimization method was established, achieving an 85% deposition efficiency.
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1.4 Experimental detail

1.4.1 Procedure for Preparation of F-CAC (previous method)?

30 g of cellulose was dispersed in 300 mL of distilled water and stirred for 5 minutes at room
temperature. 90 g of CA was added to the dispersion, followed by 5 minutes of further stirring. The
mixture was incubated in an oven for 15 h and the reaction began with the evaporation of water under
high temperature. To investigate the effect of temperature on the esterification between CA and
hydroxyls of cellulose, the mixture was incubated at 110 °C, 120 °C, 130 °C, and 145 °C, separately.
After the reaction, the residual CA was removed by washing thoroughly with water until the pH of
the filtrate was approximately pH 7. After CA was removed, the modified cellulose was washed with
300 mL methanol, and 300 mL acetone, and then dried under vacuum. The introduced carboxylic
acid groups were confirmed by Fourier transform-infrared spectroscopy (FT-IR; Spectrum One,
PerkinElmer Co., Ltd., Japan) and the carboxylic acid group content of the cellulose was evaluated
via conductometric titration (LAQUA F-74, HORIBA, Ltd., Kyoto, Japan).

Citric acid I ) I
90.0 g Time, Temperature
—_— >

5 min

LU

DI water 300 mL / Cellulose 30.0 g

|

DI water Methanol Acetone
500 ~1500 mL 500 mL 300 mL

ﬁ >
DI water g >
1000 mL
6 h stirring
XTI IED
‘ ( pH adjustment ] Wash with water !
L NaOH pH 9 J and centrifugation ﬂ
3 times
10 wt% CAC dispersion Fibrillation method

Figure 1-7. General procedure for preparation F-CAC
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1.4.2 Procedure for Preparation of F-CAC (vary Citric Acid Loading)

To a 500 mL round-bottomed flask were added cellulose (30 g), and distilled water (300 mL). To
the dispersion was added citric acid (90 g), and then the mixture was stirred for 5 min at room
temperature. The mixture was transferred to a heat-resistant dish and incubated in an oven at different
times and temperatures. After cooling to room temperature, the residual citric acid was removed by
washing with water until the pH of the filtrate was approximately pH 7. After that, the modified
cellulose was successively washed with methanol (300 mL), and acetone (300 mL), and then dried
under vacuum to give F-CAC (ca. 0.9 wt% citric acid loading) as a colorless powder. The loading
amount of citric acid was determined by titration using aqueous HCI and NaOH solutions (Figure 1-

7).

1.4.3 Procedure for Preparation of F-CAC (ca. 0.9 wt %Citric Acid Loading), pH of
carboxylic acid deprotonation

To a 500 mL round-bottomed flask were added cellulose (30 g), and distilled water (300 mL). To
the dispersion was added citric acid (90 g), and then the mixture was stirred for 5 min at room
temperature. The mixture was transferred to a heat-resistant dish and incubated in an oven at different
times and temperatures. After cooling to room temperature, the residual citric acid was removed by
washing with water until the pH of the filtrate was approximately pH 7. After that, the modified
cellulose was successively washed with methanol (300 mL), and acetone (300 mL), and then dried
under vacuum to give F-CAC (ca. 0.9 wt% citric acid loading) as a colorless powder. Then the F-
CAC powder (20 g) was dispersed in water 200 mL and was adjusted pH in to 7, 7.8, and 9 with
NaOH (1 mol/L). Then the residual NaOH was removed by washing with water until the pH of the

filtrate was approximately pH 7. The carboxylic acid deprotonation was confirmed by IR

14.4 Procedure for Preparation of F-CAC (ca. 0.9 wt% citric acid loading), changing surface
morphology

To a 500 mL round-bottomed flask were added cellulose (30 g), and distilled water (300 mL). To
the dispersion was added citric acid (90 g), and then the mixture was stirred for 5 min at room
temperature. The mixture was transferred to a heat-resistant dish and incubated in an oven at 130 °C
for 13 h. After cooling to room temperature, the residual citric acid was removed by washing with
water until the pH of the filtrate was approximately pH 7. After that, the modified cellulose was
successively washed with methanol (300 mL), and acetone (300 mL), and then dried under vacuum
to give F-CAC (ca. 0.9 wt% citric acid loading) as a colorless powder. Then the F-CAC powder (20

g) was dispersed in water 200 ml and was adjusted pH to 9 with NaOH (1 mol/L). Then the residual
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NaOH was removed by washing with water until the pH of the filtrate was approximately pH 7. Then
fibrillated using a different machine. The surface morphology of cellulose before and after fibrillation
was compared by SEM observation. The surface morphology of cellulose and F-CAC is shown in
Figures 1-4, 1-5, and 1-6.

F-CAC Ny

0.1 moliL HCI aq. (pH=4) ) \[ &
h- /_\/. /[
EtOH / vy
-8 27 °C, 90 min .
Au:PVP(K-15) Au:F-CAC

1.7 £ 0.3nm

Figure 1-8. General procedure for preparation F-CAC

1.45 General Procedure for Preparation Au:F-CAC ( Previous method) 4

In a reaction tube (¢ = 10 mm) equipped with a magnetic stir bar, Au:PVP(K-15) and F-CAC (25
mg) were mixed in solvent (2 mL), and then pH value was adjusted using an aqueous hydrochloric
acid solution (0.1 mol/L). After stirring at 1300 rpm for 90 min, the solid was separated from the
supernatant by centrifugation at 7500 rpm at room temperature and washed with ethanol (ca. 10 mL)
three times. The remaining powder was dried under vacuum at 45 °C for 12 h to afford Au:F-CAC

as a powder.

1.4.6 General Procedure for Preparation Au:F-CAC ( vary solid support Loading)

Through trans-deposition method. In a reaction tube (¢ = 10 mm) equipped with a magnetic stir
bar, Au:PVP(K-15) and F-CAC (25, 30, 50, 100, and 150 mg) were mixed in solvent (2 mL), and
then pH value was adjusted using an aqueous hydrochloric acid solution (0.1 mol/L). After stirring
at 1300 rpm for 90 min, the solid was separated from the supernatant by centrifugation at 7500 rpm
at room temperature and washed with ethanol (ca. 10 mL) three times. The remaining powder was

dried under vacuum at 45 °C for 12 h to afford Au:F-CAC as a powder.
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Chapter 2: Intramolecular hydroamination catalysed by gold
nanoparticles deposited on fibrillated cellulose

2.1 Introduction

Cyclic amines are important intermediates in the pharmaceutical and chemical industries.! One
effective method for their synthesis is hydroamination. Hydroamination of unactivated olefins, or the
direct addition of an amine's N-H bond to an unactivated carbon-carbon multiple bonds is a widely
used synthetic technique due to its efficiency in providing pathways to nitrogen heterocycles and
complex compounds. Although hydroamination of olefins is thermodynamically feasible under
normal conditions and the reactions are exothermic, there is a high reaction barrier. The reactions are
nearly ergoneutral due to a large negative entropy.? Therefore, a catalyst is required to achieve the
reaction with high yield

Over the past 20 years, several research projects have concentrated on the development of catalysts,
including group IV metals, organolanthanides, alkali metals, and transition metals. Among these,
transition-metal-catalyzed amination of alkenes is a promising catalytic cycle for hydroamination.
Cationic Au(I) complexes, in particular, are notable for their highly carbophilic Lewis acidic nature,
which effectively activates C—C multiple bonds.? This is because of their electron deficient and low
oxophilicity, showing good functional group compatibility, and low air and moisture sensitivity.*
Moreover, it has been reported that the distinct Lewis acid property of Au(I) significantly contributes
to its high catalytic activity toward olefins.

This property allows Au(I) to activate inert olefins via n-bonding, facilitating the nucleophilic
addition of toluenesulfonate to produce the anti-addition product. Density functional theory (DFT)
studies of the hydroamination of alkenes and dienes by Au(l) revealed that the reaction proceeds
through a stepwise mechanism. Additionally, cationic Au(I) complexes have been investigated and
established as efficient catalysts for intra- and intermolecular hydroamination of olefins under mild
conditions, due to their unique Lewis acid character.” Toste et al. combined experimental and
theoretical investigation of intramolecular aminoauration revealed that the anti-addition mechanism
plays a preferential role in the Au(I) complexes-promoted nucleophilic addition to an alkene.>®

In contrast to homogeneous Au(l) complexes, zero-valent AuNP catalysts also exhibit a Lewis
acidic nature under oxygen atmosphere. It is well established that superoxide-like species are formed
during the absorption of oxygen. These species are beneficial for catalytic aerobic oxidation
reactions.® Simultaneously, the surface of the gold near the absorption site becomes positively
charged, leading to Lewis acid property.” Previous research has demonstrated that intermolecular

hydroamination® occurs with Au:PVP [PVP: poly(N-vinyl-2-pyrrolidone)] under aerobic conditions.®
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In this process, terminal and/or internal alkenes are activated at positively charged sites with the
assistance of molecular oxygen, resulting in the production of cyclic amines. These compounds are
prevalent in natural products and pharmaceuticals. The study also investigated alternative stabilizing
supports, particularly polymer-based matrices, known for their superior catalytic activity and ease of
use.

Previous studies in the author group have shown that AuNPs stabilized by biomacromolecules like
chitin and chitosan exhibit superior catalytic activity compared to those stabilized by PVP in certain
cases.® As mentioned in the introduction, AuNPs stabilized by chitin or chitosan have proven
effective for the homocoupling reaction of phenylboronic acids due to the presence of functional
groups such as amine and amide.!! These groups create a localized basic environment near the
reaction site, which prevents unwanted oxidation pathways and enhances the chemoselectivity of the
reaction. This indicates that the functional group on polymer matrix can effectively control the
catalytic activity. Recently, Uyama et al. developed a simple method to create fibrillated cellulose
through chemical modification with citric acid (F-CAC).12 Additionally, The author group devised a
size-selective method to produce AuNPs stabilized on F-CAC (Au:F-CAC), which were used for the
aerobic oxidation of 1-indonol to yield 1-indanone quantitatively.®®* Au:F-CAC were recyclable at
least six times. This shows high stability of AuNPs on F-CAC. Given that the AuNPs-catalyzed
hydroamination reaction occurs under slightly acidic conditions (Figure 2-1), the author considered
F-CAC, which contains carboxylic acid groups, to be a suitable matrix for facilitating this reaction.
Moreover, its excellent tolerance to organic solvents and ability to be reused make the reaction highly
practical. In this context, the author employed Au:F-CAC for the intramolecular hydroamination
reaction and investigated the influence of the F-CAC matrix on the reaction.

A. Previous work

NH,

N N
Au:PVP “d
Ph _ + +
x 2h 509G Ph Ph Ph
PH Ph Ph Ph
94%

N
N
pH 4 buffer/EtOH
2% 4%

B. This work
NH, H i
AUF-CAC | N N Ny
Ph —_— S +
N 2h500C  iPh i Ph Ph
F EtOH i Ph i Ph Ph
P >o9% ! 0% 0%

Figure 2-1. Hydroamination of primary amines
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2.2 Result and discussions

2.2.1 Optimization of reaction conditions
The catalytic activity of Au:F-CAC (particle size of Au: 1.7 + 0.2 nm, 1.7 x 1073 wt%), prepared

by trans-deposition method,!3®!415

was compared with the result obtained using Au:PVP from
previous work (Table 2-1, entry 1). In the presence of 5 mol% of Au:F-CAC, the reaction was
conducted in a buffer/EtOH solution under aerobic conditions, yielding pyrrolidine 2a quantitatively
and without any side products such as 3a or 4a (entry 2). It should be noted that the intermolecular
addition of ammonia did not occur due to its low nucleophilicity. In contrast, the intramolecular
reaction, which is entropically favorable, proceeded much more rapidly. In experiments conducted
without additional formic acid, which acts as a reducing agent, the reaction did not proceed. This

suggests that the citric acid moiety in F-CAC does not serve as a reducing agent (entry 3).

Table 2-1. Hydroamination of primary amines in various condition

H
4/\N/H2\ Au Catalyst (5 atom%) N /N N\
PhPh X buffer (pH = 4.01)' Phph§ Phpj Phph§
50°C,4h
1a 2a 3a 4a
- %yield
entry CataI%St additive solvent tme
(atom%) (h) 12  2a 3a 4a
) 1000 mol% HCO.H pH 4.01
1 AWPVPG) 500 molos NHs  buffer/EtOH - %24
) 1000 mol% HCO.H pH 4.01
2 AUF-CAC() " 500 molos NHs  buffer/EtOH 4 I S
3 AWF-CAC(5) 500 mol% NHs bu?gr;llé(:éH 4 100 - - -

The ratio of formic acid to liquid ammonia was optimized (Table 2-2). The optimal condition for
using Au:F-CAC was found to be a ratio of HCO>H to NHj3 at 1:2 which is the reverse ratio in the
case of using Au:PVP. This difference may be attributed to the presence of citric acid on the surface
of F-CAC. Further studies on the reaction with a reduced amount of catalyst showed that the reaction
proceeded successfully with 2 mol% of Au:F-CAC without any loss in the yield of 2a, although the
reaction time needed to be slightly extended (Table 2-3, entry 1).
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Table 2-2: Optimization of the ratio between HCO;H and NH3

Au:F-CAC (2 mol%)

NH, HCO,H H
71/\ — > g
Phph "N puffer (pH=4)/EtOH (30 mL) Ph
4 h, 50 °C, air Ph
1a (0.1 mmol) 2a
yield (%)*
HCO:H (mol%) | aq. NH3 (mol%)

1a 2a
1000 500 64 32
1000 1500 58 40
1000 2000 48 53
1000 4000 43 50
1000 6000 68 30
2000 4000 42 53
4000 8000 68 34

“Determined by '"H NMR analysis.
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Table 2-3: Optimization of the amount of HCO2NH4

NH; AuNPs N
J/\/\ Additive
Ph x Condition - Phg
Ph 50 °C, air Ph
1a (0.1 mmol) 2a
catalyst . time Yoyield * Leaching
entry (atom%) additive solvent h) I - (%)
. 1000 mol% HCO:H pH 4.01
L AURCACR) o000 moloe NH,  bufferEtoH 0 T 99 45
. 1000 mol% HCO.H
2 AUFCAC@ 000 molvh NI EtOH 4 - 99 25
3 Au:F-CAC (2) 500 mol% HCO,NH, EtOH 4 - 99 0
4 Au:F-CAC (0.5) 500 mol% HCO:NH,4 EtOH 4 - 99 n.d.
5 Au:F-CAC (0.2) 500 mol% HCO2NH,4 EtOH 8 - 99 n.d.
6 Au:F-CAC (0.5) 500 mol% HCO,NH,4 EtOH 2 13 85 n.d.
7 Au:PVP (0.5) 500 mol% HCO,NH, EtOH 2 47 45 n.d.
8 AuU:PVP (0.2) 500 mol% HCO,NH,4 EtOH 8 52 46 n.d.
9 Au:PVP (0.2) 500 mol% HCO,NH, EtOH 24 43 55 n.d.

“Determined by "H NMR analysis.

A Kinetic study on this reaction revealed that the reaction rate was 1.5 x 1072 mmol/h during the

first 2 h; however, decreased to 1.1 x 1072 mmol/h over the subsequent 2 hours (Figure 2-2). A

significant drop in the reaction rate was observed at 8 hours, reducing to 0.4 x 10 mmol/h. This

reduction in reaction rate is likely due to two main factors. Firstly, agglomeration of AuNPs was

observed. The particle size of AuUNPs on F-CAC increased from 1.6 + 0.4 nm to 1.9 £ 0.7 nm within

2 h and further grew to 5.7 £ 1.4 nm after 10 h (Figure 2-3). To investigate the effect of size-

dependent catalytic activity, larger AUNPs were prepared and tested. Freshly prepared catalysts with

8.7 £ 1.0 nm Au:F-CAC were used; however, no reaction occurred, confirming the size dependency

of AuNPs catalytic activity.
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Au:F-CAC (2 mol%)

NH, 1000 mol% HCO,H H
J/\/\ 2000 mol% NHj aq. g
Ph >
"N puffer (pH=4)/EtOH (30 mL) Ph
Ph - Ph
4 h, 50 °C, air
1a (0.1 mmol) 2a

Catalytic activity for Au: F-CAC

%yield L
& s 8 & 8

o
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=]

0 2 4 8 10 12

6
Time (h)

Figure 2-2. kinetic study on reaction of Au:F-CAC in pH 4.01 bufter/EtOH

- :  m—

Figure 2-3. TEM images and their size distribution of Au:F-CAC (a) before the reaction, (b) after

reaction (Table 2-2, entry 1) and (c) after reaction (Table 2-2, entry 2)

The second factor involves the leaching of gold into the solvent. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis conducted with the Au:F-CAC after the reaction.
The results revealed significant gold leaching from F-CAC, resulting in a 45% loss of gold. This
phenomenon of gold leaching has been previously reported to occur particularly with polar solvents
such as water, DMF, and DMSO.!3* To minimize the water content in the solvent, the solvent system
was optimized using 2 mol% of Au:F-CAC. The reaction did not proceed in toluene; however, using
absolute ethanol (EtOH) significantly improved the outcome, reducing gold loss to 25% compared to
the buffer/EtOH system (Table 2-3, entry 2). Ammonium formate was optimized to 500 mol% and
used in place of liquid ammonia and formic acid in EtOH. (Table 2-4). The use of ammonium formate

completely prevented gold leaching while maintaining high catalytic activity (entry 3). The use of an
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excess amount of ammonium formate would also accelerate the cleavage of the Au—C bond, expelling
the cyclized product. Under these reaction conditions, the amount of gold can be reduced to 0.2 mol%
by extending the reaction time to 8 hours. (Table 2-3, entries 4 and 5).

Table 2-4: Optimization of the amount of HCO2NH4
NH, Au:F-CAC (2 mol%)

H
HCO,NH, (x mol%) N
’
Ph A EtOH (30 mL) Ph

Ph 2h, 50 °C, air Ph
1a (0.1 mmol) 2a
yield (%)*
X
1a 2a
1000 7 90
500 8 85
400 20 79
200 55 44

“Determined by '"H NMR analysis.

For comparison, using Au:PVP under the same conditions resulted in a lower yield (45%) after 2
hours, whereas Au:F-CAC achieved a significantly higher yield (85%) (Table 2-3, entries 6 and 7).
The difference in catalytic activity was more pronounced at 0.2 mol% of Au:F-CAC (Table 2-3,
entries 5 and 8), with the reaction using Au:PVP not completing even after 24 hours (Table 2-3, entry
9). These findings highlight the excellent stability of AuNPs under these reaction conditions.
Although reducing the gold amount to 0.2 mol% extended the reaction time by 8 hours, the substrate
scope was limited to 1a. Therefore, the reaction conditions of entry 4 were selected as the optimal
conditions due to the need for additional catalyst in substrates with substituents at the alkene position
(Figure 2-5).

2.2.2 The durability and reusability of Au:F-CAC

To understand the catalytic activity of Au:F-CAC, transmission electron microscopy (TEM) was
conducted to observe AuNPs on F-CAC after the reaction compared with Au:PVP. Similar to
previous study, severe aggregation of Au:PVP was noted under aqueous conditions (Table 2-5, entry
C).% In contrast, the aggregation of AuNPs in Au:F-CAC was partially suppressed (entry A).
Utilizing solid ammonium formate in absolute ethanol further suppressed aggregation in both cases.
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However, the particle size of Au:F-CAC remained significantly smaller than that of Au:PVP (entries
B and D), resulting in the high catalytic activity of the Au:F:CAC catalyst.

Table 2-5. TEM images and particle sizes of Au:F-CAC and Au:PVP after reaction. 2 mol% of
AUNPs was used. ° entry 2 in Table 2-3 ¢ entry 3 in Table 2-3 ¢ Au:PVP(K-30) (1.5 + 0.2 nm) was

used.

catalyst solvent particle size (nm)
A? AuwF-CAC buffer/EtOH 57+1.8
B? Au:F-CAC EtOH 23+0.7
ce Au:PVP buffer/EtOH Aggregate
pe Au:PVP EtOH 32407

Subsequently, the durability of the Au:F-CAC catalyst was investigated through a reusability test
(Figure 2-4). After each reaction cycle, the catalyst was filtered, washed with ethanol, and dried
overnight before reuse. In the second cycle, the hydroamination of 1a yielded nearly quantitative
results after 4 hours. Although there was a noticeable decline in catalytic activity after the third cycle,
2a was still produced in moderate yields (59—-71%). Transmission electron microscopy (TEM)
analysis of the spent catalyst after six cycles revealed slightly aggregated Au:F-CAC (3.2 £ 0.2 nm),
suggesting that the reduced catalytic activity could be attributed to the decreased surface area of the

AuNPs.
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Figure 2-4. Reusability test of Au:F-CAC

2.2.3 The effect of the reaction atmosphere

The reaction was examined using 0.5 mol% Au:F-CAC under various atmospheric conditions.
The yield of 2a remained nearly unchanged in both aerobic and oxygen atmospheres, indicating that
the partial pressure of oxygen does not affect the reaction rate (Table 2-6, entries 1 and 2). This
suggests that the absorption of oxygen atoms is not involved in the rate-determining step. Consistent
with previous theoretical findings using density functional theory (DFT), which identified reductive
elimination as the rate-determining step, these experimental results align well with previous report.*°
As expected, the cyclization did not occur in a nitrogen atmosphere, confirming the essential role of
oxygen in this reaction (entry 3).

Table 2-6. Effect of the reaction atmosphere
NH2 Au:F-CAC (0.5 mol%)

H
HCO,NH, (500 mol%) N
Ph N EtOH Phg

Ph 50 °C, atmosphere Ph

1a 2a

entry atmosphere time (h) recovery of 1a (%)* yield of 2a (%)*

1 Air 1 44 53
2 Oz 1 43 56
3 N2 4 100 0

“Determined by '"H NMR analysis.
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2.2.3 Substrate scope

The reaction was tested with substrates having various substituents and protecting groups (Figure
2-5). A primary amine with a f-methallyl group did not react under the optimized conditions (Table
2-3, entry 5). However, using 0.5 mol% of Au:F-CAC, the cyclization produced pyrrolidine 2b with
an 83% vyield. When the Au:F-CAC catalyst concentration was increased to 1.0 mol%, 2b was
obtained in quantitative yield. Primary amines with crotyl (1c) and prenyl groups (1d) did not react,
even with extended reaction times or higher catalyst amounts, likely due to steric hindrance from the
di- or tri-substituted alkenes. Unlike cationic gold complexes, reaction conditions involving AuNPs
are highly sensitive to steric factors because there are gold species adjacent to the cationic Au site
activated by oxygen. Therefore, these conditions are anticipated to facilitate the selective
hydroamination of terminal alkenes. However, when using benzyl-protected amine (1e), the starting
material decomposed, likely due to the instability of benzylamine under the oxidizing conditions of
AuNPs and molecular oxygen.

1
F‘\ R1
NH Au:F-CAC (x mol%) I R2
R2 HCO,NH, (500 mol%) N R3
3 >
Ph 50 °C, air Ph
R4
1 2
H H H Bn
N N N N
N §_7< . §_7/\ N N g
Ph Ph Ph Ph
2b 2c 2d 2e
x=0.2 0% (24 h) 0% (24 h) 0% (24 h) 0% (24 h)
x=05 83%(4h) 0% (24 h) 0% (24 h) 0% (24 h)
x=1.0 99% (4 h) 0% (24 h) 0% (24 h) 0% (24 h)

Figure 2-5. Scope of alkenes

The author investigated substrates with different substituents at the B-position of the amino group
(Figure 2-6). Given the sensitivity of the reaction conditions to steric hindrance in the alkene moiety,
the chemoselective cyclization of amines with secondary olefins showcase the unique efficiency of
this system. For instance, the cyclization of an amine with both allyl and prenyl groups (1f) resulted
in selective cyclization at the allyl site, producing 2f in 89% yield with complete chemoselectivity (dr

= 1:1). Similarly, an amine with a diallyl group (1g) yielded the desired product 2g (85%) within 4
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hours. The reaction also proceeded smoothly with an amine-bearing homoallyl group (1h), affording

piperazine 2 h in 79% yield.

NH Au:F-CAC (0.5 mol%) H

4:\/‘,2\ HCO,NH, (500 mol%) N
. >
R LTS EtOH R1g—4-7f
50 °C, air R2
1 2
89% (2f, 4 h) 85% (29, 4 h) 79% (2h, 8 h)
(dr=1:1) (dr=1:1)

dr diastereomeric ratio
Figure 2-6. The substrate scope of intramolecular cyclisation of primary amine

Then, this reaction condition was applied to amines with protecting groups, such as
toluenesulfonyl (1j) and benzoyl (1k) groups; however, the cyclization reaction did not occur. After
several attempts, cesium carbonate (Cs2COs) was found to be effective for the intermolecular
cyclization reaction by increasing the nucleophilicity of amides. When sulfonimines 1j were treated
with 0.5 mol% of Au:F-CAC and 300 mol% of Cs2CO3 under an aerobic atmosphere at 50 °C for 30
hours , the Pyrrolidine (2j) was obtained in quantitative yield (Figure 2-7). Although amide (1k)
participated in this reaction, the yield was low (12%). The reaction with benzylamine 1le did not
proceed under these optimized conditions.

||° PG
NH Au:F-CAC (0.5 mol%) |
Cs,CO;3 (300 mol%) N
Ph N EtOH Phg
Ph 50 °C, air Ph
1 2
Ts Bz Bn
N N
Ph Ph Ph

99% (2j,30h)  12% (2k, 24 h) 0% (2e, 24 h)

Figure 2-7. The substrate scope of protected amines
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2.3 Conclusion

Au:F-CAC exhibits exceptional catalytic activity in hydroamination reactions, with the gold
content reduced to 0.2 atom%. The choice of the sacrificial reductant as well as the basicity of the
reaction conditions are important for successfully promoting the formal Lewis acid reaction because
the redox reaction between Oz and the solvent occurs after the main addition reaction. The catalytic
of Au:F-CAC shows higher activity than Au:PVP. This is due to the stabilization of gold on F-CAC.
By focusing on the fact that this catalyst is substantially affected by the substitution pattern of alkene
moiety, unprecedented chemoselective cyclization was achieved. This cyclization, which has been
challenging with conventional cationic Au-catalyzed reactions, enabled the synthesis of novel
compounds, highlighting the unique capabilities of Au:F-CAC.
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2.4 Experimental details

2.4.1 General method for hydroamination reaction with mixture of pH 4 buffer and ethanol

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC, amine (1) (0.10
mmol), additive, and EtOH (10 mL) with pH 4 buffer (20 ml). The mixture was stirred at 50 °C under
an ambient atmosphere. After stirring for a specific time, the catalyst was removed by filtration and
washed with diethyl ether (ca. 5 mL x 3). To the filtrate was added 1,1,2,2-tetrachloroethane (10.2
uL, 0.10 mmol) as an internal standard, and then the mixture was agitated. NMR measurements were
performed to determine the yields.
2.4.2 General method for hydroamination reaction with pure ethanol

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC, amine (1) (0.10
mmol), additive, and EtOH (10 mL). The mixture was stirred at 50 °C under an ambient atmosphere.
After stirring for a specific time, the catalyst was removed by filtration and washed with diethyl ether
(ca. 5 mL x 3). To the filtrate was added 1,1,2,2-tetrachloroethane (10.2 pL, 0.10 mmol) as an internal
standard, and then the mixture was agitated. NMR measurements were performed to determine the

yields.
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2.4.3 Synthetic procedure and compound data

2-Phenylpent-4-enenitrile (1f-1)

CN
Ph)\/\
1f-1 was prepared according to the literature procedure.'’
To a solution of N,N-diisopropylamine (3.1 mL, 22 mmol) in THF (12.5 mL) was added »n-BuLi (8.0
mL, 21 mmol, 2.6 mol/L in n-hexane) at —78 °C. After stirring for 2 h, to this was added benzyl
cyanide (2.1 mL, 18 mmol, 1 equiv) and the mixture was stirred for 3 h at the same temperature. To
this was added 3-bromo-1-propene (1.7 mL, 20 mmol), and the reaction mixture was warmed to room
temperature and stirred for 12 h at the same temperature. To this was added saturated aqueous NH4Cl
solution (50 mL) and the resulting mixture extracted with dichloromethane (50 mL X 3). The
combined organic extract was dried over Na;SOs. After filtration, the filtrate was concentrated under
reduced pressure. The residue was purified by column chromatography (n-hexane/EtOAc = 20:1) to
give 1f-1 (2.6 g, 16.5 mmol, 82%);
Ri=0.45 (n-hexane/EtOAc = 9:1);
"H NMR (CDCl3) § 7.41-7.31 (m, 5H), 5.84-5.75 (m, 1H), 5.21-5.20 (m, 1H), 5.17-5.16 (m, 1H),
3.87(dd, J=17.8, 6.4 Hz, 1H), 2.66-2.62 (m, 2H);
BC NMR (CDCl3) § 135.1 (1C), 132.5 (1C), 128.9 (2C), 128.0 (1C), 127.2 (2C), 120.2 (1C), 119.2
(10), 39.7 (1C), 37.3 (1C);

The chemical shifts were consistent with those reported in the literature.!”

2-Allyl-5-methyl-2-phenylhex-4-enenitrile (1f-2)
CN

Ph X

To a solution of N,N-diisopropylamine (2.9 mL, 21 mmol) in THF (50 mL) was added n-BuLi (8.0
mL, 21 mmol, 2.6 mol/L in n-hexane) at —78 °C. After stirring for 2 h, to this was added 1f-1 (2.75 g,
17.5 mmol, 1 equiv) and the mixture was stirred for 3 h at the same temperature. To this was added
1-chloro-3-methyl-but-2-ene (2.4 mL, 21 mmol, 1.2 equiv), and the reaction mixture was warmed to
room temperature and stirred for 12 h at the same temperature. To this was added saturated aqueous
NH4Cl (50 mL) and the resulting mixture extracted with dichloromethane (50 mL x 3). The combined

organic extract was dried over Na>SOs. After filtration, the filtrate was concentrated under reduced
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pressure. The residue was purified by silica-gel column chromatography (n-hexane/EtOAc = 4:1) to
give 1f-2 (3.09 g, 13.7 mmol, 78%);

TLC Rr=0.67 (n-hexane/EtOAc = 4:1);

"H NMR (CDCl3) & 7.42-7.35 (m, 3H), 7.33-7.27 (m, 2H), 5.71-5.62 (m, 1H), 5.17-5.10 (m, 2H),
5.09-5.03 (m, 1H), 2.75-2.64 (m, 3H), 2.59-2.54 (dd, J = 14.6, 6.9 Hz, 1H), 1.67 (s, 3H), 1.55 (s,
3H);

B3C NMR (CDCl3) &: 138.1 (1C), 136.8 (1C), 131.9 (1C), 128.7 (2C), 127.6 (1C), 126.3 (2C), 122.1
(1C), 119.9 (1C), 117.4 (1C), 48.0 (1C), 43.8 (1C), 38.7 (1C), 25.8 (1C), 18.1 (1C);

IR (diamond, cm™) 3059, 2980, 2913, 2235, 1671, 1642, 1600, 1494, 1451, 1377, 1111;

HRMS (EI) m/z 226.1593 (226.1551 calcd for Ci6HioN, [M+H]").

2-Allyl-5-methyl-2-phenylhex-4-en-1-amine (1f)
NH,

Ph N

To a suspension of lithium aluminum hydride (0.65 g, 17 mmol) in Et;O (30 mL) was slowly added
a solution of 1f-2 (2.9 g, 13 mmol) in Et20 (10 mL) at 0 °C under nitrogen atmosphere. The reaction
mixture was allowed to warm to room temperature and stirred for 12 h at the same temperature. To
the mixture were added Et;O (30 mL), water (1.6 mL), 15% aqueous NaOH solution (1.6 mL), and
water (5.0 mL). The combined organic extract was dried over Na>xSOs. After filtration, the filtrate was
concentrated under reduced pressure. The residue was purified by silica-gel column chromatography
(CH2Clo/MeOH/Et;N = 49/49/2) to give 1f (2.71 g, 11.8 mmol, 90%);

TLC Re=0.75 (CH2Cl./MeOH/Et;N = 49/49/2);

"H NMR (CDCl3) § 7.38-7.29 (m, 4H), 7.24-7.18 (m, 1H), 5.67-5.56 (m, 1H), 5.10-4.93 (m, 3H),
2.91 (s, 2H), 2.53-2.31 (m, 4H), 1.65 (s, 3H), 1.58 (s, 3H);

3C NMR (CDCI3) §: 144.6 (1C), 134.7 (1C), 133.3 (1C), 128.1(2C), 126.7(2C), 125.7 (1C), 119.6
(10), 117.2 (1C), 48.9 (1C), 46.1 (1C), 39.8 (1C), 33.8 (1C), 25.9 (1C), 17.9 (1C);

IR (diamond, cm™); 3058, 2972, 2912, 2855, 1637, 1598, 1494, 1444, 1375, 1033;

HRMS (EI) m/z 229.1829 (229.1830 calcd for CisH23N, [M+H]").
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2-Methyl-4,4-diphenylpyrrolidine (2a)

H
N

T

Ph

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (0.5 mol%), amine (1a)
(23.7 mg, 0.10 mmol), HCO2NH4 (31.5 mg, 500 mol%), and EtOH (10 mL). The mixture was stirred
under air for 3 h at 50 °C. After cooling to room temperature, to the mixture was added saturated
aqueous NaHCOs3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic
extract was dried over Na;SOs. After filtration, the filtrate was concentrated under reduced pressure.
The residue was purified by preparative TLC to give 2a (23.5 mg, 0.99 mmol, 99%);

TLC R¢=0.37 (CH2Cl./MeOH/Et3N = 49/49/2);

"H NMR (CDCI3) § 7.31-7.15 (m, 10H), 3.68 (d, J = 11.4 Hz, 1H), 3.47 (d, J = 11.4 Hz, 1H), 3.38
(ddd, J=8.9, 6.5, 6.4 Hz, 1H), 2.75 (dd, J=12.7, 6.5 Hz, 1H), 2.04 (dd, J =12.7, 8.9 Hz, 1H), 1.66
(s, 1H), 1.21 (d, J = 6.4 Hz, 3H);

3C NMR (CDCl3) § 147.7 (1C), 147.0 (1C), 128.31 (2C), 128.27 (2C) 127.0 (2C), 126.9 (2C), 126.0
(2C), 57.8 (1C), 57.3 (1C), 53.1, (1C), 47.0 (1C), 22.4 (1C);

The chemical shifts were consistent with those reported in the literature.!”

2,2-Dimethyl-4,4-diphenylpyrrolidine (2b)

N
Phpé

Ph

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (1 mol%), amine (2b)
(25.1 mg, 0.10 mmol), HCO2NH4 (31.5 mg, 500 mol%), and EtOH (10 mL). The mixture was stirred
under air for 4 h at 50 °C. After cooling to room temperature, to the mixture was added saturated
aqueous NaHCO3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic
extract was dried over Na;SOq4. After filtration, the filtrate was concentrated under reduced pressure.
The residue was purified by preparative TLC to give 2b (24.8 mg, 0.99 mmol, 99%);

TLC Rr= 0.66 (CH2Cl,/MeOH/EtsN = 70/38/2);

"H NMR (CDCl3) § 7.32-7.24 (m, 8H), 7.18-7.12 (m, 2H), 3.66 (s, 2H), 2.55 (s, 2H), 1.84 (1s), 1.16
(s, 6H);

13C NMR (CDCls) § 147.5 (2C), 128.4 (4C), 126.9 (4C), 125.9 (2C), 59.3 (1C), 58.3 (1C), 57.2 (1C),
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52.0 (1C), 30.7 (20);

The chemical shifts were consistent with those reported in the literature. '

2-Methyl-4-(3-methylbut-2-en-1-yl)-4-phenylpyrrolidine (2f)

H
N

T
Ph

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (0.5 mol%), amine (2f)

(22.9 mg, 0.10 mmol), HCO2NH4 (31.5 mg, 500 mol%), and EtOH (10 mL). The mixture was stirred

under air for 4 h at 50 °C. After cooling to room temperature, to the mixture was added saturated

aqueous NaHCOs3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic

extract was dried over Na;SOs. After filtration, the filtrate was concentrated under reduced pressure.

The residue was purified by preparative TLC to give 2f (20.4 mg, 0.89 mmol, 89%, dr = 1:1) as a

diastereomeric mixture (dr = 1:1);

TLC R¢=0.73 (CH2Cl./MeOH/Et;N = 90/8/2);

"H NMR (CDCls) § 7.32-7.15 (m, 5 H), 4.94-4.83 (m, 1H), 3.50 (ddd, J = 8.9, 6.5, 6.4 Hz, 0.5H),

3.30-3.12 (m, 2.5H), 2.44-2.24 (m, 3H), 1.61 (s, 3H), 1.58-1.49 (m, 1H), 1.44 (s, 1.5H), 1.41 (s,

1.5H), 1.24 (d, J= 6.4 Hz, 1.5H), 1.19 (d, /= 6.4 Hz, 1.5H);

3C NMR (CDCls) § 147.6 (0.5C), 147.3 (0.5C), 133.8 (0.5C), 133.6 (0.5C), 127.9 (0.5C+0.5C),

127.8 (0.5C+0.5C), 126.9 (1C+1C), 125.6 (0.5C+0.5C), 120.6 (0.5C), 120.4 (0.5C), 57.9 (0.5C), 57.1

(0.5C), 54.1 (0.5C), 53.3 (0.5C), 52.63 (0.5C), 52.57 (0.5C), 45.8 (0.5C), 45.2 (0.5C), 40.9 (0.5C),

39.3 (0.5C), 25.8 (0.5C+0.5C), 22.0 (0.5C), 21.9 (0.5C), 17.8 (0.5C), 17.7 (0.5C);

IR (diamond, cm™) 2960, 2922, 2854, 1605, 1496, 1442, 1401, 1222, 1111, 1074, 1029;

HRMS (EI) m/z 229.1822 (229.1830 calcd for Ci6H23N, [M+H]").

4-Allyl-2-methyl-4-phenylpyrrolidine (2g)

H
N

%\ﬁ
Ph
To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (0.5 mol%), amine (2g)

(20.1 mg, 0.10 mmol), HCO2NH4 (31.5 mg, 500 mol%), and EtOH (10 mL). The mixture was stirred

under air for 4 h at 50 °C. After cooling to room temperature, to the mixture was added saturated
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aqueous NaHCOs3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic
extract was dried over Na;SOj4. After filtration, the filtrate was concentrated under reduced pressure.
The residue was purified by preparative TLC to give 2g (17.1 mg, 0.85 mmol, 85%) as a
diastereomeric mixture (dr = 1:1);

TLC Rt = 0.62 (CH2Cl,/MeOH/Et;N = 88/10/2);

'"H NMR (400 MHz, CDCls) § 7.31-7.28 (m, 2H), 7.24-7.17 (m, 3H), 5.50-5.43 (m, 1H), 4.96-4.92
(m, 2H), 3.51-3.40 (m, 0.5H), 3.32-3.12 (m, 2.5H), 2.52-2.34 (m, 2.5H), 2.29 (dd, J=12.4, 6.4 Hz,
0.5H), 1.61 (dd, J=12.4,9.2 Hz, 0.5H), 1.54 (dd, /= 13.3, 8.2 Hz, 0.5H), 1.23 (d, /= 6.4 Hz, 1.5H),
1.17 (d, J=6.0 Hz, 1.5H);

3C NMR (CDCl3) § 147.2 (0.5C), 147.0 (0.5C), 135.1 (0.5C), 134.9 (0.5C), 128.1 (1C), 128.0 (1C),
126.8 (2C), 125.9 (0.5C), 125.8 (0.5C), 117.4 (0.5C), 117.3 (0.5C), 57.9 (0.5C), 57.0 (0.5C), 54.1
(0.5C), 53.1 (0.5C), 52.0 (0.5C+0.5C, two signals overlapped), 47.3 (0.5C), 45.8 (0.5C), 45.6 (0.5C),
45.1 (0.5C), 22.3 (0.5C), 22.1 (0.5C);

The chemical shifts were consistent with those reported in the literature.

2-Methyl-5,5-diphenylpiperidine (2h)

N
Ph//EJ/

Ph

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (0.5 mol%), amine (2h)
(25.1 mg, 0.10 mmol), HCO2NH4 (31.5 mg, 500 mol%), and EtOH (10 mL). The mixture was stirred
under air for 8 h at 50 °C. After cooling to room temperature, to the mixture was added saturated
aqueous NaHCOs3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic
extract was dried over Na;SOq4. After filtration, the filtrate was concentrated under reduced pressure.
The residue was purified by preparative TLC to give 2h (19.8 mg, 0.79 mmol, 79%);

TLC Rr=0.43 (CH2Cl/MeOH/EtsN = 88/10/2);

"H NMR (400 MHz, CDCl3) § 7.41 (d, J=7.32 Hz, 2H), 7.35 (t, J= 7.8 Hz, 2H), 7.24-7.01 (m, 6H),
3.92 (dd, J=13.6, 3.0 Hz, 1H), 3.11 (d, J = 13.6 Hz, 1H), 2.83-2.73 (m, 1H), 2.71 (ddd, J = 13.5,
6.6, 3.4 Hz, 1H), 2.22 (ddd, J=13.5, 13.5, 3.4 Hz, 1H), 1.64 (ddd, J = 13.5, 6.6, 3.4 Hz, 1H), 1.23—
1.08 (m, 1H), 1.01 (d, /= 6.4 Hz, 1H);

3C NMR (CDCls) 6 148.8 (1C), 144.7 (1C), 128.6 (2C), 128.2 (4C), 126.4 (2C), 125.78 (1C), 125.76
(10), 55.7 (1C), 52.3 (1C), 45.2 (1C), 35.4 (1C), 31.4 (1C), 22.5 (1C);

The chemical shifts were consistent with those reported in the literature.?’
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2-Methyl-4,4-diphenyl-1-tosylpyrrolidine (2j)

o T
Ss

o~
N

Ph
Ph

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC (0.5 mol%), amine (2j)
(39.1 mg, 0.10 mmol), Cs2CO3 (97.7 mg, 300 mol%), and EtOH (10 mL). The mixture was stirred
under air for 30 h at 50 °C. After cooling to room temperature, to the mixture was added saturated
aqueous NaHCOs3 (ca. 5 mL), and the mixture was extracted with EtOAc. The combined organic
extract was dried over Na;SOs. After filtration, the filtrate was concentrated under reduced pressure.
The residue was purified by preparative TLC to give 2j (38.6 mg, 0.99 mmol, 99%);

TLC Rt = 0.64 (CH2Cl./MeOH/Et;N = 67/30/3);

"HNMR (CDCl3) § 7.62-7.60 (AA'BB', 2H), 7.33-7.01 (m, 12H), 4.17 (d, J=10.5 Hz, 1H), 3.94 (d,
J=10.5 Hz, 1H), 3.78 (qdd, J=17.3, 6.9, 6.4 Hz, 1H), 2.79 (dd, J = 12.3, 7.3 Hz, 1H), 2.39 (s, 3H),
2.26 (dd, J=12.3, 6.9 Hz, 1H), 1.24 (d, /= 6.4 Hz, 3H);

3C NMR (CDCls) § 145.5 (1C), 144.8 (1C), 142.9 (1C), 135.3 (1C), 129.5 (2C), 128.4 (4C), 127.1
(20), 126.7 (20), 126.44 (2C), 126.41 (1C), 126.2 (1C), 58.4 (1C), 55.4 (1C), 52.2 (1C), 46.0 (1C),
22.1(1C),21.4 (1C);

The chemical shifts were consistent with those reported in the literature.?!
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 1f-1 (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 1f-2(CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 1f (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2a (CDCls)
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IH NMR (400 MHz) and **C NMR (100 MHz) spectra of 2b(CDCls)

H z
N
Ph
Ph
% g 3
'
B Jo

=7 L
I EE EEE
FEARERAACEEAE

1.250
71
64
49

1656

2.551

116

X : parts per Million : Proton

ZT

I

Ph

1

Ph

1.0 2.0 30 40 50 60 7.0 RO 9.0 100 11.0 120 130 140 150 16.0 17.0 18.0 19.0 20.0

23]
E
EEE
Z J L
. ) " \ - "
T T T T T T T T T T T T T T T T T T T T T T T T T
220.0 2100 2000 190.0 180.0 170.0 160.0 1500 140.0 130.0 120.0 110.00 100.0 90.0 R0.0 700 60.0 500 400 300 200 100 0 =100 2000
= gsz 2=3 aY T3 P
i} 3525 =30 =2 s
S EEE CEE sELd g

X : parts per Million : Carbon13

54



'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2f (CDCls)
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'H NMR (400 MHz) and *3C NMR (100 MHz) spectra of 2g (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2h (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2j (CDCls)
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Chapter 3: Dehydrogenative Oxidation of Hydrosilanes Using Gold
Nanoparticle Deposited on Citric Acid-Modified Fibrillated Cellulose:
Unveiling the Role of Molecular Oxygen

3.1 Introduction

Silanols have a wide range of applications. They are excellent building blocks for silicon-based
polymeric materials!, serve as pharmacological functional groups?, and act as coupling reagents’ as
well as protecting groups in organic synthesis.* Traditionally, oxidizing silanes required a
stoichiometric amount of oxidants such as permanganate, osmium tetroxide, peroxide, peracid and
ozone (Figure 3-1A).° These methods inevitably produced a corresponding amount of by-products.
As a result, catalytic dehydrogenative oxidation of hydrosilanes has garnered attention due to its use
of non-toxic reactants, with hydrogen being the sole by-product, rendering these processes clean and

environmentally friendly.

A. Previous work : Oxidation of hydrosilane with stochiometric amount

'?1 Stoichiometric '?1

R,—Si—H _— R,—Si—OH + by-product
||?3 oxidant ||?3

Hydrosilane Silanol

B. Previous work : Heterogenous catalytic system

R a b c R
|'1 [RhIZ/[RU]?/[Pd] N Ry O R,

Rz—Sll—H JR— Rz—Sll—OH + R/slu Sl"R + H,
Rs H,0 Rs Ry Ry’

C. This work

*}1 Au:F-CAC Ry

R,—Si—H R,—Si-OH + H,
R; H20 R;

co v/| Byproduct-Free and Easily Reusable
HD,C’K( yp y
tm J\—i \/ Lowcost and scalable
F-CAC | E High tolerance against organic solvents

Figure 3-1. Oxidation of hydrosilane in various methods
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On the other hand, noble metal catalysts, such as Rh,** Ru,® and Pd,* were proposed to overcome
these drawbacks. These catalytic systems involving water and oxygen have been recently devised.
They offer the advantage of cleanly producing silanols along with hydrogen gas as the only by-
product.” However, the removal of water easily occurs in molecules containing Si-OH groups to
engage in an intermolecular condensation process, resulting in undesired siloxanes (Figure 3-1B).6
The selective formation of silanols can be potentially difficult. Thus, it is crucial to seek processes
that are more environmentally favorable and provide products selectively.

Gold nanoparticles (AuNPs) are renowned catalysts for aerobic oxidation reactions.® Kaneda et
al. initially reported on AuNP-catalyzed oxidation of hydrosilanes under aerobic conditions at 80 °C.
The oxidation of various silanes into silanols in water can be facilitated by hydroxyapatite-supported
gold nanoparticles (AuHAP). This is the first catalytic technique for the selective production of
aliphatic silanols. The AUHAP can function as extremely effective and reusable catalysts.?* %® Then
various solid-supported AuNPs catalysts have been explored, including those stabilized on carbon
nanotubes (CNT)’, cellulose,'® and manganese oxide (MnO.).!! These studies have highlighted the
critical role of solid supports in catalytic activity especially in MnO». The enhanced catalytic activity
of MnO:z-AuNPs can be attributed to the solid support. The interactions between AuNPs and the MnO-
support by charge transfer facilitate oxidative processes, yielding excellent results in the oxidation of
hydrosilanes. Additionally, a high concentration of Au* species and oxygen vacancies on the catalyst
surface creates highly active sites for oxidation reactions. Furthermore, the ultrasmall size of AuNPs
on the MnO: surface exposes high-energy Au facets, increases the surface-to-volume ratio, and
ensures uniform dispersion. The synthesis of MnO:-AuNPs is straightforward, utilizing MnO-
nanowires as physical templates for AuNPs deposition without requiring any prior surface
modification or functionalization. This report underscores the importance of developing novel
supports to enhance catalytic activity.

In aspect of sustainable and environmentally friendly science, cellulose-based materials,
abundant in nature, hold considerable promise. The previous report has devised a straightforward and
scalable approach to produce citric acid-modified cellulose (F-CAC), which can be easily defibrated
into a fluffy nanostructure using a commercially available mixer.'> The fluffy nanostructure and
excellent tolerance to organic solvents make F-CAC well-suited as a heterogeneous catalyst for
reactions conducted in organic solvents. The earlier research showcased the size-selective preparation
of Au:F-CAC catalysts using the trans-deposition method. By using size-selectively prepared Au:PVP
(K-15) (PVP: poly(N-vinyl-2-pyrrolidone)), the Au:F-CAC was able to prepare with particle sizes
ranging from 1.7 to 8.2 nm, enabling the investigation of size effects. These Au:F-CAC catalysts have

shown good catalytic activity in the oxidation of alcohols and the intramolecular cyclization of amines.
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Furthermore, the AuNPs in Au:F-CAC are stable under reaction conditions, likely due to the
introduced coordinative carboxy groups, which facilitate size-selective preparation and recyclability.

In this chapter, the author explored the catalytic activity of Au:F-CAC in the dehydrogenative
oxidation of hydrosilane. Size-selectively prepared Au:F-CAC catalysts underwent kinetic studies,
uncovering size effects that had not been previously explored. Furthermore, labeling experiments and
comprehensive spectroscopic analyses, including near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) and solution-state X-ray absorption spectroscopy (XAS), were conducted
on the model AuNPs catalyst to investigate the influence of molecular oxygen under aerobic

conditions.
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3.2 Result and discussions

3.2.1 Optimization of reaction conditions

The preparation of catalyst Au:F-CAC (particle size of Au: 1.7 + 0.2 nm, 1.7 x 10> wt%) is well
studied and the optimization condition for preparing is already established.'® With the catalyst in hand,
its application to silane oxidation was explored. The triphenylsilanol (1a) was selected as a model
substrate. In the presence of Au:F-CAC (0.5 atom%) and H>O (1000 mol%) in n-hexane, the oxidation
of hydrosilane resulted in a 58% yield of triphenylsilanol (2a) after 15 minutes (Table 3-1, entry 1),
with no detection of hexaphenyldisiloxane (3a). Utilizing polar solvents such as EtOAc and
tetrahydrofuran (THF) slightly increased the yield (entries 2 and 3). Complete conversion of 1a to 2a
was achieved by extending the reaction time to 120 minutes, resulting in a quantitative yield (entry
4). The Au loading could be reduced to 0.01 atom% without compromising the yield of 2a, although
a slight increase in reaction time was necessary (entries 5—7). The reaction did not occur in the absence
of Au:F-CAC (entry 8). Additionally, decreasing the amount of water required a longer reaction time

(entries 6 and 7).

Table 3-1. Optimization of the reaction conditions

Au:F-CAC (X atom%)
Ph__ _H H,0 (Y mol%) Ph___.OH Ph___O.__Ph

Ph” Y > Py * Pl 1 Ph
Ph 27 °C Ph Ph Ph
1a ar 2a 3a
entry a toi(n %) Y (mol%) solvent  time (min) y‘e:f,;)‘;f 2a y‘ezf,;)‘;f 3a
1 0.5 1000 n-hexane 15 58 0
2 0.5 1000 EtOAc 15 62 0
3 0.5 1000 THF 15 64 0
4 0.5 1000 THF 120 99 0
5 0.07 1000 THF 300 99 0
6 0.01 400 THF 300 99 0
7 0.01 200 THF 360 99 0
8 — 200 THF 360 0 0

aDetermined by GC.
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3.2.2 The durability and reusability of Au:F-CAC

Recycling experiments were conducted to evaluate the durability of the Au:F-CAC catalyst.
Figure 3-2a shows the results of experiments using 0.01 atom% of Au:F-CAC in THF, along with
its reusability tests. The spent catalyst was easily recovered by filtration and reused without additional
treatment, maintaining consistently high activity up to the sixth recycling cycle. Transmission
electron microscopy (TEM) images of fresh and reused Au:F-CAC, shown in Figure 3-2b, revealed
slight aggregation of AuNPs after the sixth cycle. However, the mean diameter of Au NPs was 2.5 +
1.0 nm, which is within the error range of the fresh catalyst (1.7 £ 0.8 nm). The sustained catalytic
activity suggests high stability of the catalyst, likely due to the carboxylic acid groups attached to the
cellulose. This notable stability allowed to investigate the size dependency in this reaction (vide infra).
A hot filtration test was conducted to separate the Au:F-CAC from the reaction mixture when the
yield of 2a reached 56% (approximately after 3 hours, Figure 3-3). The filtrate, subjected to identical
conditions without the catalyst, exhibited no increase in the yield of 2a. Inductively coupled plasma
spectroscopy-atomic emission spectroscopy (ICP-AES) analysis of the filtrate confirmed the absence
of Au species (detection limit: 10 ppb). These findings suggest that the reaction occurs in

heterogeneous manner on the surface of AuNPs.*

Au:F-CAC (0.01 atom%)
Ph__..-H H,0 (400 mol%) Ph__..OH

i ~
Ph/ih THF - Ph/?!-:h
27 °C, 5 h, air
1a 2a

a
100 99 % 99 8 99
100 1.7 £ 0.8 nm 25 £ 1.0nm
< 80+ (fresh) 60+ (after 6th run)
& 60- = -
s 3 8 ¥
B 40
=
20 201
0_

! 2 3 4 5 6 0 2 4 6 8 0 2 4 6 8
Recycle Run Particle Size (nm) Particle Size (nm)

Figure 3-2. Catalytic performance of Au:F-CAC catalyst for oxidation of hydrosilane. (a) Recycling
run experiment. (b) TEM images of the fresh and spent catalyst after the sixth run. Mean diameter

and standard deviation are based on the average 300 particles.
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Au:F-CAC (0.01 atom%)
Ph_ _H H,0 (400 mol%) ph\Si'OH

Ph” | > Ph7l
Ph 27 °C Ph
5h, ai
ia ar 2a
100 O 0O J)
o >99
. 80-
= 56 55
& 60 o
©
S - N\
> . .
O  hot filtration
20
e}
00 T T T
0 2 4 6 8

Figure 3-3. Hot filtration experiment

Additionally, other substrates, such as methyldiphenylsilane (1b) and dimethylphenylsilane (1c),
were tested under the same reaction conditions, resulting in the quantitative formation of the
corresponding silanols 2b and 2c¢ (Figure 3-4).

Au:F-CAC (0.01 atom%)

R{__H H,O (400 mol%) R{__OH
2/S|| 2/3
R R

R AL R3

1 2
Ph___OH Ph___OH Ph___OH

Si _Si _Si
Ph” 1 Ph™ | H3C™ |

Ph CH, CH,

99% (2a,4h)  99% (2b,2h)  99% (2c, 2 h)

“Determined by '"H NMR analysis.
Figure 3-4. Substrate scope

3.2.3 Size dependency of Au:F-CAC and kinetic study

Due to the robust durability of the Au:F-CAC catalyst under reaction conditions, the size
dependency was able to investigate. Au:F-CAC catalysts sized at 1.7 £ 0.8 nm, 4.9 £ 0.7 nm, and 7.7
+ 1.4 nm were prepared using the trans-deposition method tailored for F-CAC. Kinetic studies were
conducted using 0.01 atom% catalysts at 27 °C, and in all cases, the oxidation reaction successfully
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yielded 2a. Notably, there was no significant aggregation of AuNPs observed post-reaction, even for
the 4.9 nm and 7.7 nm particles. (Figure 3-4).

100

49+ 0.7 nm
804 (fresh)

6.9 + 1.6nm
(after 6th run)

60+

Count

40+

20+

4 8 12
Particle Size (nm)

2 4 6 8 10 12
Particle Size (nm)

7.7 £ 1.4nm
(fresh)

8.8 £ 1.5nm
(after 3rd run),

4 8 12 16 4 8 12 16
Particle Size (nm) Particle Size (nm)

Figure 3-4. TEM images and size distribution of Au:F-CAC. (a) Au:F-CAC (4.9 nm): fresh (left) and
spent catalyst after sixth run (right). (b) Au:F-CAC (7.7 nm): fresh (left) and spent catalyst after third

run (right).

Figure 3-5 presents time-course plots of the concentration of 1a, showing that the reaction rate
order was 1.7 nm > 4.9 nm > 7.7 nm. An induction period of approximately 2 hours was observed for
Au:F-CAC with a size of 7.7 nm. Despite this, the plots fit linear functions, indicating zeroth-order
kinetics for la. This zeroth-order kinetics suggests that the catalytically active surface of Au was
thoroughly saturated with reactants, attributed to the small amount of Au used ([1a]/[Nsurface Au] >
14,000). Therefore, the zeroth-order kinetic constant (k, mmol L' h™") and turnover frequency (TOF)
based on total loaded Au atoms (TONow1 Au, h™!) were evaluated using the data after the induction

period (Table 3-2) as follows,

k
TOFiotal au = Ca
u

where Cay signifies the initial concentration of Au. The TOFotal au Values of Au:F-CAC of 1.7
nm, 4.9 nm, and 7.7 nm were 3060 h™1, 2160 h%, and 1200 h™1, respectively. In addition, the
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TOF based on the surface Au atoms (TONsurface Au) Was calculated based on the assumption
that AUNPs are spherical with a diameter determined by TEM (dtem) as follows,

-1

Nsurface Au (dTEM)3
TOFsurface au = TOFtotal au * ( Ntotal Au ) = TOFcoral au” (drgm)® — (drgm — 0.576)°

The distance between Au atoms in the particles is assumed to be 0.288 nm from the crystal
structure of Au. The TOFsurface aAu Values of Au:F-CAC of 1.7 nm, 4.9 nm, and 7.7 nm were calculated
to be 4304 h!, 7028 h™!, and 5976 h'!, respectively. These findings indicate that Au:F-CAC with a
size of 4.9 nm exhibited the highest catalytic activity, demonstrating clear size dependency in the
oxidation of hydrosilane (Table 3-2).

0.154

0.10+

0.05+

Concentration of 1a (mmol/L)

0.00

time (h)
Figure 3-5. Plots of the concentration of la after the specific time. The reaction was
performed under air using 0.01 atom% Au:F-CAC and H20 (400 mol%) in THF (3 mL) at
27 °C.

Table 3-2. Kinetic parameters and catalytic activity

drEm k TOPFtotal Au TOFsurface Au
(nm) (mmol L' h™) (h™)“ (h™1?

1.7 0.051 3060 4304
4.9 0.036 2160 7028

7.7 0.020 1200 5976

aBased on the total Au atoms. °Based on the surface Au atoms.
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The catalytic activity of reported AuNP catalysts, including Au:F-CAC was summarised in Table
3-3. Although the catalytic activity based on TON was moderate among these catalysts, Au:F-CAC
does not require expensive materials and complicated synthetic procedures. In fact, F-CAC can be
prepared in a 30 g scale through easy protocols from low-cost and naturally derived starting materials,

rendering Au:F-CAC an easy-to-access nanomaterial.

Table 3-3. Summary of the reported catalytic activity on dehydrogenative oxidation of

dimethylphenylsilane®!®
catalyst A?nll?)il;: ;1 g (t;lilne) solvent TOF (h™) (:ienli:) ref.
Au/AlO(OH) 0.1 30 EtOAc 1960 10 8e?
AuNPore 1 60 Acetone 10700 5 7°
AuCNT 0.001 360 THF-H-0O 9100 5 8a?
Au(ONT) 0.05 150 THF 768 4 16°
Au(o-CNTs) 0.1 40 H>O 1477 3 9a?
AuHAP 0.83 180 H>O 40 4 8b?
MnO:-Au 0.001 10 H>O 590000 10 11a®
Au-SiO; 0.4 1 THF 59400 5 17°
SBA-PIL-Au 0.4 180 H>O 83 3 8c?
AuHAP 0.04 5 Acetone 29711 - 18?
AKPCTg /}Au 0.05 1320 THF-H-20 - 10 19
Au-MPBen 52u 30 THF 1475 4 20°
Aui/mpg-C3Ny 0.004 30 Acetone 50200 10 217
AU/TiO, 0.003 30 H->O - 10 22
Au:F-CAC 0.01 120 THF 7028 5 This work

3Based on the gold loading. ®Based on the surface gold atoms.

3.2.4 Reaction mechanism study

The effect of the reaction atmosphere was investigated using 0.01 atom% of Au:F-CAC at 27 °C,
evaluating the yield of 2a after 2 hours. The yields of 2a were 93% in oxygen, 29% in air, and 6% in
an argon atmosphere (Table 3-4). This result clearly indicates that the oxygen partial pressure
influences the reaction rate, suggesting that the adsorption of molecular oxygen on the surface of
AuNPs and/or such adsorbed Au species is involved in the rate-determining step.
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Table 3-4. Effect of oxygen partial pressure

Au:F-CAC (0.01 atom%)

Ph__ _H H,0 (400 mol%) Ph_ . .OH
Ph" Y Y
Ph THF Ph
27 °C, 2 h, atmosphere
1a 2a

entry atmosphere yield of 2a (%)?

1 0)) 93
2 air 29
3 Ar 6

2Determined by GC

To elucidate the reaction mechanism of hydrosilane oxidation, isotope labeling experiments and
theoretical calculations were conducted. The reaction was conducted using ['*O]H20O under ambient
aerobic conditions to trace the origin of the oxygen atom in silanol. Using the optimized reaction
conditions, the reaction was completed within 4 hours. Fourier transform infrared (FT-IR) absorption
spectroscopy of the synthesized 2a revealed a peak corresponding to the Si—O vibration at 845 cm ™!,
which was red-shifted by 12 cm™ compared to non-labeled 2a (857 cm™) (Figure 3-6). This outcome
confirmed the formation of ['30]2a, indicating that the oxygen atom in 2a originated from H>O rather
than molecular oxygen. Theoretical calculations using density functional theory (DFT) at the B3LYP-
D3BJ/6-31G(d) level in the gas phase assigned the vibration mode, showing the Si—!80 vibration
shifted by 11 cm™' from the Si—°0 vibration, aligning well with the experimental data. Therefore,
molecular oxygen accelerates the reaction by adsorbing onto the surface of AuNPs. Previous studies
have shown that AuNPs-catalyzed intramolecular cyclization of amines and/or alcohols proceeds
under an aerobic atmosphere using AuNPs catalysts such as Au:PVP?* and Au:F-CAC.% Moreover,
theoretical calculations suggest that cationic Au sites, which catalyze intramolecular cyclization, form
by the adsorption of molecular oxygen on the surface.®?° Based on this, the acceleration effect of
oxygen in this reaction is attributed to the efficient formation of cationic Au species. Camargo et al.
reported that the formation of a higher number of cationic Au sites facilitated by Au-support
interactions is critical for achieving high catalytic activity in hydrosilane oxidation, which aligns

closely with the author findings.%*1&2’
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Figure 3-6. Isotope labeling experiment using ['*0O]H,0 and FT-IR spectra of 2a. Au:F-CAC (0.01
atom%), ['30]H0 (400 mol%), and THF (3 mL) were used.

In order to confirm the formation of cationic Au sites, NAP-XPS experiments were conducted
using Au:PVP (K-30, 1.7 nm) as a model catalyst (Figure 3-7). Au 4f NAP-XPS measurements were
performed at an oxygen partial pressure (poxygen) OF 0.1 Torr and under ultrahigh vacuum conditions
(6.8 x 107° Torr) using the same sample. The NAP-XP spectra at the Au 4f core level are shown in
Figure 3-8. Under ultrahigh vacuum conditions, peaks corresponding to Au 4f7;2 and Au 4fs, core
levels were observed at 83.7 eV and 87.4 eV, respectively, indicating a shift towards lower binding
energy compared to bulk Au (84.0 eV for Au 4f7, and 87.7 eV for Au 4fs12).28 This shift suggests the
formation of slightly anionic Au(0) species.

Au 4f5, Au 4f,,,

—acuum i
— 0, | 87.4eV

— 0,H,0

A 83.7 eV

Intensity (a.u.)

92 90 88 86 84 82 80
Binding energy (eV)

Figure 3-7. Au 4f NAP-XPS data of Au:PVP under vacuum (black line), poxygen = 0.1 Torr (bule line),
and poxygen = 0.1 Tort, pwater = 0.1 Torr (red line)
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Figure 3-8. Au Ls-edge XAS data of Au:PVP in H>.O

In addition to the NAP-XPS experiment, Au L3-edge solution state XAS experiments were
conducted to gain further experimental insight into the electronic state of AuNPs. Au:PVP (K-30) was
dissolved in H>O at an Au concentration of 8.0 mmol/L, and the solution was bubbled with N> gas
for 15 minutes. The prepared solution was then packed in a gas barrier bag and subjected to the XAS
experiment using the fluorescence method. However, the XAS spectra remained almost unchanged
before and after bubbling N> gas. This was likely due to the presence of a significant amount of H>O,
which adsorbs onto the Au surface, preventing the gaseous oxygen from influencing the electronic
state of AuNPs (Figure 3-8).

In contrast, under an Oz atmosphere (poxygen = 0.1 Torr), the Au 4f XPS signals shifted to 83.9 eV
and 87.6 eV. The 0.2 eV shift is attributed to the adsorption of molecular oxygen on the surface of
the AuNPs, providing experimental evidence for the formation of cationic Au sites. Additionally,
NAP-XPS experiments were conducted under conditions where both gaseous O and H2O co-existed
(Poxygen = 0.1 Torr, pwater = 0.1 Torr), but no further peak shift was observed. These results suggest
that molecular oxygen significantly influences the electronic state of AuNPs, while the effect of water
is minimal. In summary, the NAP-XPS results clearly demonstrate that molecular oxygen plays a
crucial role in generating active cationic Au sites, explaining the effect of the atmosphere on the
reaction. This finding offers a new perspective on the generally accepted reaction mechanism for the
oxidation of hydrosilane.8
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Figure 3-9. Plots of the concentration of 1a
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Figure 3-10. Plots of the reaction rate against the water concentration

To further clarify the detailed reaction mechanism, a kinetic study was conducted where the

reaction rate was plotted against the concentration of H>O, revealing an increase in reaction rate with

higher H>O concentration. This indicates that H>O participates in the rate-determining step (RDS)

(Figures 3-9 and 3-10). Additionally, the reaction rate was measured using D20 instead of H2O,

revealing a secondary kinetic isotope effect (KIE) with kn/kp = 1.17 (n = 3), suggesting that O—H

bond cleavage occurs as a pre-equilibrium process before the RDS (Figure 3-11).2° This identifies

that processes such as dissociative adsorption of H>O or proton transfer are not part of the mechanism.
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Figure 3-11. Plots of the concentration of 1a using H>O and D,O

According to the experimental data, a proposed reaction mechanism is illustrated in Figure 3-12.
The process begins with the adsorption of oxygen to create cationic Au surface species (labeled as
A). Subsequently, H>O and hydrosilane undergo dissociative adsorption, possibly involving Si—H
and/or O—H bond cleavage, forming intermediates B and/or C, which are in equilibrium. Following
this, Si—O bond formation likely proceeds through an Sn2 type mechanism, similar to that observed
in previous studies of PANP-catalyzed dehydrogenative oxidation of hydrosilane,* resulting in the
formation of silanol and intermediate D. Finally, reductive elimination from D on the Au surface
regenerates species A or B, releasing H> and completing the catalytic cycle. It should be noted that
while the exact role of cationic Au sites formed via O» adsorption remains uncertain, further
theoretical calculations are needed to provide more detailed insights into the reaction mechanism.
Additionally, the actual mechanism in practice is likely more complex than the proposed model due
to the presence of multiple interacting molecules on the catalyst surface under experimental

conditions.
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Figure 3-12. Possible reaction mechanism
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33 Conclusion

In this chapter, the dehydrogenative oxidation of hydrosilane was investigated using size-
selectively prepared Au:F-CAC catalysts. These catalysts displayed remarkable catalytic activity in
terms of turnover frequency (TOF) and exhibited high stability under the reaction conditions,
allowing for the exploration of size-dependency effects. Since the initial discovery of Au
nanoparticle-catalyzed oxidation of hydrosilanes in 2009, the role of oxygen has remained unclear
despite its significant impact on facilitating the reaction. This study, particularly the mechanistic
investigations, highlights a new aspect of oxygen's role: the formation of cationic Au sites through
adsorption. It is well established that under aerobic conditions, AuNPs demonstrate high catalytic
activity in various oxidation reactions. Concurrently, they also exhibit cationic properties, which is
another critical factor in reaction development and mechanistic studies.
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3.4 Experimental details

3.4.1 General method for oxidation of hydrosilane

To a reaction tube equipped with a magnetic stir bar was added Au:F-CAC, hydrosilane (0.50
mmol), water, and solvent (3 mL). The mixture was stirred at 27 °C under an ambient atmosphere.
After stirring for a specific period, the catalyst was removed by filtration and washed with diethyl
ether (ca. 5 mL x 3). The filtrate was concentrated under reduced pressure. To the residue was added
1,1,2,2-tetrachloroethane (52.7 uL, 0.50 mmol) and CDCI3 (ca. 1 mL), and then 'H NMR analysis
was conducted using a portion of this solution. The yields were determined by comparison of an
integrated value of the peak that corresponds to a proton of silanol with that corresponds to two

protons of 1,1,2,2-tetrachloroethane (& 5.98 ppm).

3.4.2 Recycling run experiment

To a reaction tube equipped with a magnetic stir bar was added Au:F-CAC (0.01 atom%), la
(0.50 mmol), water (400 mol%), and THF (3 mL). The mixture was stirred at 27 °C under an ambient
atmosphere. After stirring for 5 h, the catalyst was removed by filtration and washed with diethyl
ether (ca. 5 mL X 3). The spent catalyst was dried at 45 °C under reduced pressure for 12 h, and this

was used for the next recycling run.

3.4.3 General procedure for kinetic study of oxidation of hydrosilanes reaction
To a reaction tube equipped with a magnetic stir bar was added Au:F-CAC, triphenylsilane (1a,

0.50 mmol), water, and solvent. To the mixture was added n-dodecane (57.5 pL, 0.25 mmol) as an
internal standard. The mixture was stirred under an ambient atmosphere. After stirring for a specific
period, an aliquot of the reaction mixture was sampled into GC vial and diluted with ethyl acetate.
After stirring the mixture vigorously, GC analysis was conducted by using an aliquot of the resulting
organic phase. GC conditions for analyses of the oxidation of 1a: Constant linear column flow was
adjusted to 50 cm s™!. The temperature of the injector and the detector were held at 270 °C. The GC
oven temperature program was set as follows: heated from 50 °C to 200 °C at the rate of 12 °C min~
!, and then heated to 270 °C at the rate of 6 °C min™'. Retention times: n-dodecane (10.1 min, internal

standard), triphenylsilane (19.4 min, 1a), triphenylsilanol (21.7 min, 2a).

3.4.4 Near ambient pressure X-ray photoelectron spectroscopy experiment of Au:PVP under
oxygen/water atmosphere

The near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) experiments were
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performed at the BL13B beamline of photon factory (PF) equipped with an APPLE II type
undulator** under the ring-conditions of 2.5 GeV and 450 mA. X-ray beam energy was tuned to be
630 eV by a Monk-Gillieson-type monochromator.>> NAP-XPS data was collected at Au 4f and Si
2p core levels with constant analyzer energy (CAE) mode with the energy step size of 0.05 eV at
room temperature. The binding energy was corrected using the Si 2p3/2 signal of a Si substrate to 99.1
eV. The spectra were normalized to exclude the attenuation caused by the introduced gases.

A silicon substrate (P-type, low conductivity, Si(100) facet, Nilaco Co., SI-500440, ca. 10
mm X ca. 10 mm X 0.5 mm) was cleaned by ultrasound irradiation in ethanol for 15 min and dried
under ambient atmosphere. 6.8 mg of Au:PVP(K-30) was dissolved in ethanol (20 mL) using a
volumetric flask to prepare 3.0 mmol/L Au:PVP(K-30) solution. 0.1 mL of the solution was diluted
with 0.9 mL ethanol to afford 0.3 mmolpyp/L Au:PVP(K-30) solution. 5 pL of the Au:PVP(K-30)
solution (0.3 mmolpyp/L) was applied on a Si substrate. After drying, the sample was attached to a
sample holder. The sample holder was fixed on a sample bank, and then this was connected to a linear
and rotatable manipulator. After the pressure in the load-lock chamber reached less than 1x10~7 Torr,
the sample was transferred to a main chamber. XPS data were collected under the pressure of 6.8 x
10 Torr. Then, oxygen gas was slowly introduced to the main chamber from a gas cylinder
connected through a variable leak valve. After the pressure of the main chamber reached 0.1 Torr,
NAP-XPS experiments were performed under an oxygen atmosphere. H2O was purified by the
freeze-thaw-pumping method and slowly introduced by a variable leak valve to the main chamber.
After the pressure of the main chamber reached 0.2 Torr (poxygen = 0.1 Tort, pwater = 0.1 Torr), NAP-

XPS experiments were performed under the oxygen/water atmosphere.

3.4.5 Solution-state X-ray absorption spectroscopy of Au:PVP in water

Au Ls-edge X-ray absorption spectroscopy (XAS) experiments were performed at the
BL14B2 beamline of SPring-8 using Si(111) double-crystal monochromatised synchrotron radiation
under the ring-conditions of 8.0 GeV and 100 mA. All experiments were carried out using fluorescent
method with quick scan technique (QXAFS) at room temperature, otherwise noted. lonization
chambers were used to measure the intensities of the incident (/o) and transmitted (/1) X-ray. X-ray
fluorescence was monitored using a 19-element Ge solid-state detector (SSD). XAS analysis was
conducted using the Demeter package, a comprehensive system for processing and analyzing XAS
data.’! Background removal and normalization of raw data were performed using the cubic spline
method using Athena software. Eo was defined as photon energy at the absorption edge where uT =
0.5 in the normalized XAS spectrum. Ep values of Au foil were set to 11919 eV for photon energy

calibration. Reference samples (Au foil and Au03) were measured using the transmission method.
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Au:PVP(K-30) was dissolved in H>O to prepare 8.0 mmolau/L solution. The solution was
introduced in a polyethylene bag and subjected to XAS experiment. Then, the solution was bubbled
with N2 gas at the flow rate of 60 mL min™! for 15 min to degas the dissolved oxygen. After sealing,

XAS experiment was again conducted.
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3.4.6 Compound data

Triphenyl silanol (2a)

Ph__ _OH
_Si
Ph™ |
Ph
"H NMR (400 MHz, CDCl3) § 7.65-7.62 (m, 6H), 7.47-7.44 (m, 3H), 7.43-7.37 (m, 6H), 2.46 (s,
1H);
3C NMR (100 MHz, CDCls) § 135.10, 134.97, 130.13, 127.92.

The data are consistent with that reported in the literature.>

Methyldiphenylsilanol (2b).

Ph OH
osi”
Ph™ |
Me
"H NMR (400 MHz, CDCl3) § 7.62-7.01 (m, 4H), 7.44-7.36 (m, 6H), 2.14 (s, 1H), 0.68 (s, 3H);
3C NMR (100 MHz, CDCl3) & 137.02, 133.94, 129.91, 127.92, —1.25.

The data are consistent with that reported in the literature.*?

Dimethylphenylsilan(2c)

Ph_ _OH
_Si
Me” |
Me
"H NMR (400 MHz, CDCl3) & 7.61-7.59 (m, 2H), 7.42—7.37 (m, 3H), 2.27 (s, 1H), 0.41 (s, 6H);
BC NMR (100 MHz, CDCI3) 6 139.08, 133.01, 129.59, 127.86, —0.07.

The data are consistent with that reported in the literature.>?
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2a (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2b (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2¢c (CDCls)
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Chapter 4: Dehydrosilylation of Alcohols Using Gold Nanoparticles
Deposited on Citric Acid-modified Fibrillated Cellulose

4.1 Introduction

The use of silane etherification has become a potent approach in the realm of functional
organosilicon compounds and organic synthesis.! Specifically, the process of silylation for alcohol
protection is widely acknowledged and frequently applied in synthetic chemistry. Traditionally, silyl
ethers are synthesized by reacting chlorosilanes with alcohols in the presence of a stoichiometric
base.? However, this method requires the use of corrosive reagents and inevitably produces organic
salts as byproducts (Figure 4-1A). Consequently, research has focused on alternative methods for
silyl ether synthesis, particularly the dehydrogenative coupling of hydrosilanes. This approach stands
out for its production of H: as the sole byproduct, offering a significant environmental advantage over
traditional methods.*”

Extensive research has been dedicated to metal-catalyzed dehydrosilylation (Figure 4-1B).
Initially, the research has been focused on homogeneous metal catalysts such as using InBrs as a
catalyst under reflux in toluene. This report has demonstrated a highly effective and unprecedented
technique for silylating primary and secondary alcohols, phenols, and oximes using hydrosilanes.
This technique also produced silyl ethers in good yields with bulky hydrosilanes.* Recent attention
has shifted towards heterogeneous catalysts, prized for their reusability.>® For example, the
modification of gold surfaces with a caged, compact trialkylphosphane (SMAP) was used in chip
form for alcohol silylation dehydrogenatively catalyzed by rhodium. Compared to homogeneous Rh
catalysts and the comparable surface catalyst with traditional Ph.P-type coordinating groups, the Rh
catalyst [Au]-SMAP-Rh demonstrated remarkable durability and high efficiency in terms of
reusability.”® However, in many studies, catalytic dehydrosilylation reactions have typically relied on
solvents or excessive alcohol amounts, restricting their utility in alcohol protection strategies for
organic synthesis. A breakthrough in this area was achieved by Cao et al., who introduced a single-
atom cobalt catalyst capable of addressing these limitations.” Their catalyst enabled the effective
protection of 1 equivalent of alcohols using 2—3 equivalents of hydrosilanes. The developed single-
atom cobalt catalyst synthesis of silyl ethers offers advantages over conventional Si-alkoxylation
procedures, including increased cost-effectiveness and simpler scalability. Despite this advancement,
there remains significant interest in developing novel heterogeneous catalysts that further enhance
the efficiency of hydroxy group protection methodologies (Figure 4-1C).

Since the initial discovery of dehydrosilylation using Al:Os-supported gold nanoparticles

(AuNPs), AuNPs have emerged as highly effective catalysts for this reaction, garnering significant
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research attention.>® Subsequent studies have focused on developing various AuNPs catalysts that
demonstrate exceptional efficiency under mild reaction conditions and accommodate a wide range of
substrates.® These catalysts include self-assembled monolayers capped AuNPs,* hydroxyapatite-
supported AuNPs,*® silica-supported AuNPs® and graphene supported single-atom Au(l) catalyst.3d
Despite these advancements, many of these catalysts still require excess alcohol, posing a limitation.
In recent years, several reactions have been developed using an AuNPs supported on citric acid-
modified fibrillated cellulose (Au:F-CAC).° The fibrous structure of F-CAC enhances the surface
area, facilitating efficient deposition of metal nanoparticles and ensuring high stability during
catalytic reactions.®° In the previous chapter, the author has demonstrated the dehydrogenative
oxidation of hydrosilanes under aerobic conditions using Au:F-CAC, revealing that the reaction
occurs at cationic Au sites generated through oxygen adsorption.”® Building on this foundation, it is
hypothesized that Au:F-CAC could also be suitable for the dehydrosilylation of alcohols.

In this chapter, the author aims to apply Au:F-CAC to dehydrogenative coupling under neutral
conditions for two types of applications. In the first part, the catalyst is used to functionalize silane
compounds. In the latter part, the author focuses on achieving silyl protection of alcohols. In this case,
alcohol is a valuable compound that needs to be used in limited quantities. The investigation
demonstrated that Au:F-CAC is an efficient catalyst for dehydrosilylation with 1 equivalent of alcohol,

offering clean and effective silyl protection.

A. O-silylation of alcohols with R;SiCl

R4
R,—Si—Cl

I Base
Rs R4OH

Y
A
"
;U—c_ln—;U
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A
F4
+
[ws)
<
°
(o]
Q.
c
S

Rs Au(l), Pd(Il),Rh(Il) Ri
Rz—?IH r R,—Si-OR; + H>
Ry R,OH Ry

C. Catalytic dehydrogenative coupling of hydrosilanes with alcohols in by heterogeneous catalyst

Au/HAP, Au/TiO,, Pd/HAP,

Rs Ru/HAP, CWHAP Ri
Rz—?iH o Rz—Sli—OR4 + H,
R3 R4OH R3

Figure 4-1. Dehydrosilylation of alcohols in various methods
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4.2 Result and discussions
4.2.1 Optimization of reaction conditions for functionalize the silane

The preparation of catalyst Au:F-CAC (particle size of Au: 1.7 £ 0.2 nm, 1.7 x 1073 wt%) is well
studied and the optimization condition for preparing is established.”® With the catalyst in hand, the
investigation began with optimizing the reaction conditions wusing 1 equivalent of
dimethylphenylsilane (1a) and an excess amount of ethanol. The dehydrogenative coupling of 1a was
initially performed using ethanol as the solvent, in the presence of 0.01 atom% Au:F-CAC at room
temperature under aerobic conditions. This resulted in the conversion of 1la to
ethoxydimethylphenylsilane (2b) with a 99% yield, demonstrating that Au:F-CAC catalyzes
dehydrogenative coupling of hydrosilane (Table 4-1, entry 1). Subsequently, the amount of ethanol
was reduced to 2 equivalents, and the reaction was carried out using various organic solvents.
Screening these solvents revealed that toluene provided the best result, yielding 2a in 71% yield
(entries 2-5). Although reaction temperature showed negligible effects, slightly extending the
reaction time increased the yield to 95% (entries 6 and 7). However, using only 1 equivalent of ethanol

reduced the yield to 63% (entry 8).

Table 4-1. Hydroamination of primary amines in various conditions

Au:F-CAC (0.01 atom%)

Ph . H EtOH (200mol%) _ Ph.__OEt
Me" Me air T M Me
1a 2b
entry solvent time (h) temp. (°C) 1a (%) 2b (%)

14 EtOH 3 27 0 >99
2 n-hexane 3 27 65 30
3 EtOAc 3 27 70 25
4 THF 3 27 60 34
5 toluene 3 27 25 71
6 toluene 3 50 24 73
7 toluene 4 27 0 95
8P toluene 4 27 35 63

3EtOH (1 mL) was used as a solvent. °1200 mol% of EtOH was used.

With the optimized conditions established, the synthesis of silyl ethers was explored using
various combinations of silanes and alcohols (Figure 4-2). The dehydrogenative coupling of 1a with

primary alcohols such as methanol, ethanol, n-propanol, and n-butanol yielded silyl ethers (2a-2d)
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in quantitative yields. In contrast, the coupling of 1a with 2-propanol resulted in the desired silyl ether
2e with only a 50% yield, even with extended reaction time. When diphenylmethylsilane (1b) or
triphenylsilane (1¢) were used, a similar trend was observed, although the catalytic activity of 1¢ was
notably lower with n-butanol and 2-propanol (yielding 2e and 2k, respectively). Additionally, no
reaction occurred when sterically demanding fert--BuOH was used, regardless of extending the

reaction time or increasing the temperature.

ROH (200 mol%)

AuF-CAC (001 atom%) ~ Ph.__OR
1 > l
/ \

toluene Me™  Me
27 °C, air 2

PhMe,SiH (1a) ph_ _oMe Ph___OEt Ph___O"Pr
/SI\ /SI\ /SI\
Me® Me Me" Me Me" Me

2a (>99%,0.5h)  2b (>99%,4h)  2c (>99%, 7 h)

Ph__ _O"Bu Ph__ _OPr Ph__ _OBu
;Si\ ;S'\ ;Si\
Me Me Me Me Me™ Me

2d (>99%,7h)  2e (50%,24h)  2f (0%, 24 h)°

Ph,MeSiH (1b) Ph\Si/OMe Ph\s _OEt Ph\sl,O"Pr
PR’ M P M P~ Me

2g (>99%, 4 h)

Ph___O"Bu
/SI\
Ph Me

2j (>99%, 9 h)

2h (>99%, 4 h)

Ph___OPr
s(
P’ Me

2k (54%, 24 h)

2i (>99%, 9 h)

Ph\s_/O‘Bu

1
e

21 (0%, 24 h)®

\
Me

Ph___OMe
/SI\
Ph
2m (>99%, 4 h)

Ph3SiH (1c)
Ph

Ph___O"Bu
/SI\
Ph Ph

2p (14%, 9 h)

Ph___OEt
/SI\
Ph" Ph
2n (>99%, 4 h)
Ph\Si,o"Pr

P’ “Ph
2q (0%, 24 h)

20 (28%, 24 h)

Ph___O'Bu
/SI\
Ph Ph

2r (0%, 24 h)®

Figure 4-2. Synthesis of silyl ethers from various silanes and alcohols catalyzed by Au:F-CAC*
@Reaction conditions: hydrosilane (0.5 mmol), alcohol (1 mmol), toluene (3.0 mL). The yields were
determined by *H NMR analysis. 50 °C, 24 h.
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4.2.2 The durability and reusability of Au:F-CAC

A reusability test was conducted to evaluate the durability of the Au:F-CAC catalyst. The spent
catalyst was employed in subsequent recycling runs after recovery without additional treatment.
During the first three recycle runs, the dehydrogenative coupling of 1a proceeded quantitatively
(Figure 4-3a). Although a slight decrease in catalytic activity was observed after the third cycle, 2a
was still obtained in 80-86% yield, demonstrating the excellent durability of Au:F-CAC in this
reaction. Transmission electron microscopy (TEM) observation of the fresh and reused catalysts
showed slight aggregation of AuNPs (2.9 + 0.5 nm) after the 6th cycle, which accounts for the slight
loss in yield of 2a (Figure 4-3b).

EtOH (200 mol%)
PhoH  AUF-CAC(0.01atom%)  Ph

e

/I‘ -

Me”  Me 27 °C, 4 h, air Me
1a
a
100 99 99 99
86 85
80 100
3 80
8 60 1.7 £ 0.2nm 60 29 £ 0.5nm
- (fresh) (after 6th run)
<] ~ 60
3 2 ‘g 40
2 404 Q
. © 40 3
20 20 20
L.
0- 0 0 ;
1 2 3 4 5 6 0 2 % o S 0 2 4 6 8
Recycle Run Particle Size(nm) Particle Size(nm)

Figure 4-3. Catalytic performance of Au-F-CAC catalyst for dehydrogenative coupling of
hydrosilanes. (a) Recycling run experiment. (b) TEM images of the fresh and spent catalyst after the

sixth run. Mean diameter and standard deviation are based on the average 300 particles.

In addition, a hot filtration experiment was performed.!! The Au:F-CAC was filtered to separate
the catalyst from the reaction mixture when the yield of 2b reached 70% (approximately after 3 hours,
Figure 4-4). The filtrate was subsequently subjected to the same reaction conditions without the
catalyst, there was no additional increase in the yield of 2a observed. Furthermore, inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) analysis confirmed the absence of gold
species in the filtrate, indicating that the reaction occurred on the gold surface. The sustained catalytic
activity indicates the high stability of this catalyst, likely due to the presence of carboxylic acid groups
attached to cellulose. This study demonstrated that Au:F-CAC is a highly efficient, stable, and
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reusable catalyst for the dehydrosilylation of alcohols, offering a clean and mild process suitable for

industrial and functional silanol-based material applications.

EtOH (200 mol%)
PhogH  AuF-CAC (0.01atom%)  Ph._ OEt

L -

i
Me” W o Me M
€ e 27 °C, 4 h, air € e
1a 2b
1004 ® o *
80
L
= n | | a | ]
S
= 60
o~
3 :
T 404 o
£ hot flitration
20 u
04 =
0 1 2 3 4 5 6
Time (h)

Figure 4-4. Hot filtration experiment

4.2.3 Optimization of reaction conditions for alcohol protection

To apply this reaction to the protection of the hydroxy group, the reaction conditions were
reoptimized using one equivalent of 2-propanol as a substrate. In the presence of 0.01 atom% Au:F-
CAC and 200 mol% of 1a, the dehydrogenative coupling between 2-propanol and 1a proceeded to
give silyl ether 2e in 46% yield (Table 4-2, entry 1). The yield increased to 71% when 400 mol% of
la was used (entry 2). However, further increasing the amount of 1a to 600 mol% did not improve
the yield of the silyl ether (entry 3). With 400 mol% of 1a, the Au loading was then optimized. The
best result was achieved when 0.1 atom% of Au:F-CAC was used, affording 2e in an 89% yield
(entries 4-6). A thorough search of the relevant literature reveals that this is the first example of the
AuNP-catalyzed dehydrogenative silylation of alcohol using a limited amount of hydrosilane.
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Table 4-2. Optimization of reaction conditions

PhMe,SiH (x mol%)

OH Au:F-CAC (y atom%) OSiMe,Ph
toluene
(1 equiv) 27 °C, 24 h, air 2
entry X Y yield (%)
1 200 0.01 46
2 400 0.01 71
3 600 0.01 66
4 400 0.05 86
5 400 0.1 89
6 400 0.2 85

4.2.4 The effect of the reaction atmosphere

The high efficiency of Au:F-CAC in dehydrosilylation can be attributed to the cationic Au sites
created by oxygen adsorption.!2 Zboril et al. demonstrated that cationic Au serves as the catalytically
active species in dehydrogenative silylation using a single-atom Au catalyst.2e Previous studies have
also experimentally confirmed that oxygen adsorption forms cationic Au sites, using near ambient
pressure X-ray photoelectron spectroscopy. The reaction atmosphere was crucial for both this reaction
and dehydrogenative oxidation, as evidenced by the yield of 2b after 1 hour. Yields of 2b were 55%,
17%, and 3% under oxygen, air, and argon atmospheres, respectively, highlighting the significant
role of oxygen in the reaction rate (Table 4-3). It is believed that these cationic Au sites facilitate the

cleavage of O—H and/or Si—H bonds.*
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Table 4-3. Effect of atmosphere

EtOH (200 mol%)
Ph_ _H Au:F-CAC (0.01 atom%) Ph_ . OEt

Me/S "Me toluene Tome I\Me
1a 27 °C, x h, air 2a
atmosphere X yield (%)*
0)) 1 55
air 1 17
Ar 1 3
0)) 4 >99
air 4 >99
Ar 24 45

“Determined by 'H NMR

4.2.5 Substrate scope

The dehydrogenative silylation using various primary and secondary alcohols reactions was
explored (Figure 4-5). Benzyl alcohol (3a) underwent dehydrogenative coupling over 6 hours to
produce the corresponding silyl ether (4a) with an isolated yield of 82%. Benzyl alcohols with
methoxy (3b), fluoro (3c¢), or bromo (3d) substituents on the aromatic ring were successfully
converted to silyl ethers 4b and 4¢, with yields of 78%, and 93% yields, respectively. Under the
reaction conditions, benzyl alcohols with electron-withdrawing groups such as esters (3e) were well
tolerated, producing silyl ethers(4e) in an impressive 90% yield. The reaction also proved compatible
with substrates containing aldehydes (3f) and unprotected amines (3g), resulting in the corresponding
silyl ethers 4f and 4g in 48% and 42% yields, respectively. Notably, despite the moderate yields, there
was a significant recovery of starting materials, with 42% recovery for 3f and 46% for 3g.
Additionally, the reaction was unaffected by the presence of a heteroaromatic ring, such as furan. The
silyl ether 4h was successfully synthesized from 3h with a yield of 73%. An aliphatic alcohol with an
alkene group (3i) reacted smoothly, yielding 4i in 76% without any 1,5-cyclization.

Secondary alcohols were also examined: cyclopentanol (3j) and cyclohexanol (3k) were silylated
to produce 4j and 4k in yields of 75% and 83%, respectively. 2-Butanol (3n) was converted to its
silyl ether (4n) in 76% yield. Additionally, secondary benzyl alcohols such as 1-indanol (31) and
diphenylmethanol (3m) were silylated to give 41 and 4m in yields of 76% and 66%, respectively. To
further demonstrate the synthetic utility of the Au:F-CAC, the dehydrogenative coupling with
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alcohol-containing natural products such as (—) menthol (30) was conducted to yield 40 in 65% with

27% recovery of 30, showcasing synthetic utility of the Au:F-CAC catalyst.

PhMe,SiH (400 mol%)

Au:F-CAC (0.05 atom%) OSiMe,Ph
R,OH - o R
toluene 2 3
3 27 °C, air 4
(1 equiv)

Primary alcohol

©/\05|Me2ph /©/\OS|MezPh /©/\OSiMe2Ph

a (96% (82%)3, 6 h) b (93% (78%)3?, 8 h) 4c (97% (83%)?, 8 h)
MeO,C OHC
d (98% (93%)3?, 8 h) e (98% (90%)?, 8 h) 4f (51% (48%)2(42%)°, 24 h)
0SiMe,Ph / .
OSiMe,Ph
/©/\ o \ 0SiMe,Ph XN 2
49 (49% (42%)3(46%)°, 24 h) (89% (73%)?, 8 h) 4i (98% (76%)?, 6 h)

Secondary alcohol

: LOSiMe,Ph O/OS|Me2Ph %OSiMezPh

4j (95% (75%)3, 8 h) (92% (83%)?, 8 h) 41 (85% (76%)2, 24 h)
\_/
PhYOSiMezPh /YOSiMezPh ~»0SiMe,Ph
Ph
m (75% (66%)2, 8 h) 4n (95% (76%)?, 8 h) 40 (71% (65%)3(27%)P, 24 h)

Figure 4-5. Substrate scope. The reactions were conducted on a 0.5 mmol scale in toluene (3 mL).

The yields were determined by "H NMR analysis. “Isolated yields, Recovery yields.

According to the effect of atmosphere in Table 4-3, a plausible reaction mechanism was shown in
Figure 4-6. The role of oxygen is crucial in the initial where it adsorbs to form cationic Au surface.
It is considered that this cationic Au sites would facilitate the O—H and/or Si—H bonds cleavage,
leading to the formation of intermediates B and C.'* The silyl intermediate is then attacked via an
Sn2-type mechanism by a nucleophile derived from alcohol, generating silyl ethers and intermediate
D. Finally, reductive elimination from D occurs on the Au surface to regenerate A or B with expelling

H> thus completing the catalytic cycle. The possibility of transesterification mechanism was
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investigated using triphenylsilanol as a substrate and no reaction was observed, indicating that this

reaction does not proceed from silanol generated by water remaining in the solvent (Figure 4-7).

Au

~
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elimination
H
RO -/ RO N
Au \ " ‘--Q-} 5—
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Si—0 bond 5 Au o
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Figure 4-6. Possible reaction mechanism
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no reaction (>99% recovery of 1a)

1a

Figure 4-7. Transesterification of triphenylsilanol with methanol
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4.3 Conclusion

The Au:F-CAC catalyst demonstrated high catalytic activity for the dehydrogenative coupling
with alcohols. The comprehensive optimization and evaluation showed the effectiveness of this
catalytic system in introducing silicon functionalities directly into organic molecules under mild
conditions. Notably, Au:F-CAC overcomes the limitations of existing Au-based catalysts by
eliminating the need for excess alcohol, making it both practical and cost-effective for alcohol
protection applications. Reusability tests confirmed the robustness and stability of the Au:F-CAC,
highlighting its potential for industrial-scale use. Additionally, the wide range of substrates, including
various primary and secondary alcohols, emphasizes the versatility and synthetic utility of the
catalytic system.
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4.4 Experimental details
441 General procedure for dehydrosilylation of alcohols

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC, silane (0.50
mmol), alcohol, and solvent. The mixture was stirred under an ambient atmosphere. After stirring for
a specific period, the catalyst was removed by filtration and washed with diethyl ether (ca. 5 mL x3)
The filtrate was concentrated under reduced pressure. To the residue was added 1,1,2,2-
tetrachloroethane (52.7 pL, 0.50 mmol) and CDCls (ca. 1 mL), and then '"H NMR analysis was
conducted using a portion of this solution. The yields were determined by comparison of an integrated
value of the peak that corresponds to a proton of silanol with that corresponds to two protons of

1,1,2,2-tetrachloroethane (8 5.98 ppm).

4.4.2 General procedure for dehydrosilylation of alcohols for alcohol protection

To a reaction tube equipped with a magnetic stir bar were added Au:F-CAC, silane, alcohol (0.5
mmol), and solvent. The mixture was stirred under an ambient atmosphere. After stirring for a specific
period, the catalyst was removed by filtration and washed with diethyl ether (ca. 5 mL x 3). The
filtrate was concentrated under reduced pressure. To the residue was added 1,1,2,2-tetrachloroethane
(52.7 pL, 0.50 mmol) and CDCl; (ca. 1 mL), and then '"H NMR analysis was conducted using a
portion of this solution. The yields were determined by comparison of an integrated value of the peak
that corresponds to a proton of silanol with that corresponds to two protons of 1,1,2,2-
tetrachloroethane (8 5.98 ppm). After 'H NMR analysis, the combined residue was purified by

silica-gel column chromatography or preparative TLC to give silyl ether.

4.4.3 Recycling Run experiment

To a reaction tube equipped with a magnetic stir bar was added Au:F-CAC (0.01 atom%), 1a
(0.50 mmol), ethanol (200 mol%), and toluene (3 mL). The mixture was stirred at 27 °C under an
ambient atmosphere. After stirring for 4 h, the catalyst was removed by filtration and washed with
diethyl ether (ca. 5 mL X 3). The spent catalyst was dried at 45 °C under reduced pressure for 12 h,

and this was used for the next recycling run.

445 Filtration experiment

To a reaction tube equipped with a magnetic stir bar was added Au:F-CAC (0.01 atom%,), 1a (0.50
mmol), ethanol (200 mol%), and toluene (3 mL). The mixture was stirred at 27 °C under an ambient
atmosphere. After stirring for 3 h, the catalyst was removed by filtration. The resulting filtrate was

further treated under the same reaction conditions in the absence of the filtered catalyst for 6 h. Then,
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the filtrate was concentrated under reduced pressure. To the residue was added 1,1,2,2-
tetrachloroethane (52.7 pL, 0.50 mmol) and CDCls (ca. 1 mL), and then '"H NMR analysis was
conducted using a portion of this solution. The yields were determined by comparison of an integrated
value of the peak that corresponds to a proton of silanol with that corresponds to two protons of

1,1,2,2-tetrachloroethane (8 5.98 ppm).
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4.4.6 Compound data

Methoxy(dimethylphenyl)silane (2a)

Ph___OMe
Me” |
Me
Purified by PTLC (n-hexane/EtOAc = 9/1);
"H NMR (CDCl3) 8 7.59-7.57 (m, 2H), 7.40-7.39 (m, 3H), 3.45 (s, 3H), 0.39 (s, 6H);
3C NMR (CDCl3) 6 137.4, 133.4, 129.6, 127.9, 50.7, 2.4,

The data are consistent with that reported in the literature.’

Ethoxy(dimethylphenyl)silane (2b)

Ph_ _OEt

_Si
Me™ |

Me

Purified by PTLC (n-hexane/EtOAc = 9/1);
'"H NMR (CDCl3) § 7.60-7.57 (m, 2H), 7.40-7.38 (m, 3H), 3.67 (q, J= 6.9 Hz, 2H), 1.19 (t, J= 6.9
Hz, 2H), 0.38 (s, 6H);
BC NMR (CDCls) 6 138.1, 133.5, 129.5, 127.8, 58.7, 18.4, —1.7.

The data are consistent with that reported in the literature.’

Propoxy(dimethylphenyl)silane (2¢)

Purified by PTLC (n-hexane/EtOAc = 9/1);

'H NMR (CDCl3) § 7.59-7.57 (m, 2H), 7.40-7.36 (m, 3H), 3.55 (t, J = 6.6 Hz, 2H), 1.59-1.50 (m,
3H), 0.87 (t,J=17.5 Hz, 3H), 0.38 (s, 6H);

BC NMR (CDCl3) § 138.1, 133.5, 129.5, 127.8, 64.8, 25.7, 10.3, -1.8.

The data are consistent with that reported in the literature.'*
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Butoxydimethyl(phenyl)silane (2d)

Purified by PTLC (n-hexane/EtOAc = 9/1);

"H NMR (CDCI3) 6 7.59-7.56 (m, 2H), 7.40-7.37 (m, 3H), 3.59 (t, J = 6.6 Hz, 2H), 1.54-1.49 (m,
2H), 1.33 (qt, J=17.3, 7.8 Hz, 2H), 0.88 (t, /= 7.3 Hz, 3H), 0.37 (s, 6H);

3C NMR (CDCls) 6 138.1, 133.5, 129.5, 127.8, 62.9, 34.7, 18.9, 13.9, —1.8.

The data are consistent with that reported in the literature.’

Isopropoxy(dimethylphenyl)silane(2e)

Purified by PTLC (n-hexane/EtOAc = 9/1);

"H NMR (CDCl3) § 7.61-7.58 (m, 2H), 7.41-7.36 (m, 3H), 3.98 (sept, J = 6.4 Hz, 1H), 1.14 (d, J =
6.4 Hz, 6H), 0.38 (s, 6H);

13C NMR (CDCls) & 138.5, 133.5, 129.4, 127.7, 65.3, 25.7, —1.2.

The data are consistent with that reported in the literature.’

Methoxy(methyldiphenyl)silane (2g)

Ph__ _OMe
_Si
Ph™ |
Me
Purified by PTLC (n-hexane/EtOAc = 9/1);
"H NMR (CDCls) § 7.60-7.58 (m, 4H), 7.42-7.36 (m, 6H), 3.54 (s, 3H), 0.64 (s, 3H);
3C NMR (CDCls) § 135.6, 134.3, 129.9, 127.9, 51.3, -3.6.

The data are consistent with that reported in the literature. !
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Ethoxy(methyldiphenyl)silane (2h)

Ph__  _OEt

_Si
Ph™ |

Me

Purified by PTLC (n-hexane/EtOAc = 1/9);
"H NMR (CDCl3) § 7.61-7.59 (m, 4H), 7.42-7.35 (m, 6H), 3.78 (q, J = 6.8 Hz, 2H), 1.23 (t, J = 6.8
Hz, 3H), 0.65 (s, 3H);
B3C NMR (CDCl3) § 136.2, 134.3, 129.7, 127.8, 59.2, 18.4, -3.0.

The data are consistent with that reported in the literature.!

Propoxy(methyldiphenyl)silane (2i)

Ph__ _O"Pr

_Si
Ph™ |

Me

Purified by PTLC (n-hexane/EtOAc = 1/9);
"H NMR (CDCI3) § 7.61-7.59 (m, 4H), 7.43-7.35 (m, 6H), 3.66 (t, J = 6.6 Hz, 2H), 1.64-1.55 (m,
2H), 0.90 (t, /= 7.3 Hz, 3H), 0.64 (s, 3H);
3C NMR (CDCl3) § 136.3, 134.3,129.7, 127.8, 65.2, 25.8, 10.3, -3.0.

The data are consistent with that reported in the literature. '

Butoxy(methyldiphenyl)silane (2j)

Ph_ _O"Bu

_Si
Ph™ |

Me

Purified by PTLC (n-hexane/EtOAc = 1/9);
"H NMR (CDCI3) § 7.61-7.59 (m, 4H), 7.42-7.35 (m, 6H), 3.71 (t, J = 6.4 Hz, 2H), 1.58-1.53 (m,
2H), 1.37 (qt, J=17.3, 7.8 Hz, 2H), 0.89 (t, /= 7.3 Hz, 3H), 0.64 (s, 3H);
BC NMR (CDCl3) § 136.3, 134.3, 129.7, 127.8, 63.3, 34.7, 19.0, 13.9, -3.0.

The data are consistent with that reported in the literature.’
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Isopropoxy(methyldiphenyl)silane (2k)

Ph\s_,OiPr

|
Ph” |
Me

Purified by PTLC (n-hexane/EtOAc = 9/1);

"H NMR (CDCls) § 7.62-7.59 (m, 4H), 7.40-7.34 (m, 6H), 4.14 (sept, J= 6.0 Hz, 1H), 1.18 (d, J =
6.0 Hz, 6H), 0.66 (s, 3H);

3C NMR (CDCl3) § 136.8, 134.3, 129.6, 127.8, 65.8, 25.7, -2.4.

The data are consistent with that reported in the literature.'®

Methoxy(triphenyl)silane (2m)

Ph__._.OMe
_Si
Ph” |
Ph

Purified by PTLC (n-hexane/EtOAc = 9/1);
"H NMR (CDCls) § 7.65-7.62 (m, 6H), 7.46-7.38 (m, 9H), 3.65 (s, 3H);
3C NMR (CDCl3) § 135.4, 133.9, 130.1, 127.9, 51.9.

The data are consistent with that reported in the literature.'®

Ethoxy(triphenyl)silane (2n)

Ph_ _OEt
Ph” 1
Ph
Purified by PTLC (n-hexane/EtOAc = 9/1);

"H NMR (CDCls) § 7.64-7.62 (m, 6H), 7.44-7.36 (m, 9H), 3.88 (q, J = 6.8 Hz, 2H), 1.24 (t, J= 6.8
Hz, 3H);

3C NMR (CDCl3) § 135.4, 134.4, 129.9, 127.8, 59.7, 18.4.

The data are consistent with that reported in the literature. '
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(Benzyloxy)dimethyl(phenyl)silane (4a)

0SiMe,Ph

Purified by PTLC (n-hexane/EtOAc = 20/1);

'H NMR (CDCls) § 7.62-7.60 (m, 2H), 7.42-7.37 (m, 4H), 7.32-7.29 (m, 3H), 7.26-7.24 (m, 1H),
4.70 (s, 2H), 0.41 (s, 6H);

13C NMR (CDCL) 5 140.7, 137.6, 133.5, 129.7, 128.3, 127.9, 127.1, 126.5, 65.0, —1.7.

The data are consistent with that reported in the literature.’

((4-Methoxybenzyl)oxy)dimethyl(phenyl)silane (4b)
OSiMe,Ph

MeO

Purified by MPLC (n-hexane/EtOAc = 30/1);

"H NMR (CDCI3) § 7.61-7.58 (m, 2H), 7.41-7.36 (m, 3H), 7.22-7.20 (AA'BB’, 2H), 6.86-6.84
(AA'BB’, 2H), 4.62 (s, 2H), 3.80 (s, 3H), 0.39 (s, 6H);

3C NMR (CDCl5) § 158.8, 137.7, 133.6, 132.9, 129.6, 128.2, 127.9, 113.7, 64.7, 55.3, -1.7.

The data are consistent with that reported in the literature.’

(4-Fluorobenzyl)oxy)dimethyl(phenyl)silane (4¢)
OSiMe,Ph

F

Purified by PTLC (n-hexane/EtOAc = 9/1);

"H NMR (CDCl3) § 7.60-7.58 (m, 2H), 7.41-7.38 (m, 3H), 7.27-7.23 (AA'BB'X, 2H), 7.01-6.97
(AA'BB'X, 2H), 4.64 (s, 2H), 0.41 (s, 6H);

BC NMR (CDCl3) § 163.2, 160.8, 137.4, 136.4, 133.5, 129.7, 128.3, 128.2, 127.9, 115.2, 114.9, 64.3,
-1.8.

The data are consistent with that reported in the literature.’
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(4-Bromophenethoxy)dimethyl(phenyl)silane (4d)

Br

Purified by MPLC (n-hexane/EtOAc = 9/1);

93% yield;

"HNMR (CDCl3)$ 7.48 (dd, J = 7.3, 1.4 Hz, 2H), 7.41-7.33 (m, 5H), 7.04-7.01 (AA'BB’, 2H), 3.76
(t, J=6.9 Hz, 2H), 2.76 (t,J = 6.9 Hz, 2H), 0.31 (s, 6H);

3C NMR (CDCl5) 6 138.0, 137.5, 133.4, 131.3, 130.8, 129.6, 127.8, 119.9, 63.8, 38.6, —1.9.

The data are consistent with that reported in the literature.!”

Methyl 4-(((dimethyl(phenyl)silyl)oxy)methyl)benzoate (4¢)

OSiMe,Ph
/O
o
Purified by MPLC (n-hexane/EtOAc = 9/1);
90% yield;

'H NMR (CDCl:) 3 8.00-7.98 (AA'BB', 2H), 7.60 (dd, J = 7.3, 1.8 Hz, 2H), 7.42-7.36 (m, 5H), 4.74
(s, 2H), 3.91 (s, 3H), 0.42 (s, 6H);
13C NMR (CDCl3) § 167.0, 146.1, 137.2, 133.5, 129.8, 129.6, 128.9, 127.9, 126.1, 64.4, 52.0, —1.8.

The data are consistent with that reported in the literature.'®

4-(((Dimethyl(phenyl)silyl)oxy)methyl)benzaldehyde (4f)

OSiMe,Ph
H
o
Purified by MPLC (n-hexane/EtOAc = 9/1);
48% yield;

'H NMR (CDCl3) 8 9.99 (s, 1H), 7.86-7.81 (AA'BB', 2H), 7.60 (dd, J = 7.9, 1.8 Hz, 2H), 7.49-7.43
(AA'BB', 2H), 7.42-7.37 (m, 3H), 4.77 (s, 2H), 0.4 (s, 6H);
13C NMR (CDCl3) 5 192.1, 147.9, 137.1, 135.4, 133.5, 129.9, 129.8, 128.0, 126.6, 64.4, —1.8;

IR (diamond, cm™) 3069, 2957, 2846, 2733, 1696, 1607, 1578, 1427, 1303, 1251, 1206, 1164, 1116,
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1082, 1015, 845, 826, 784, 728, 698, 648, 618, 470;
HRMS (EI") m/z 270.1082 (270.1076 calcd for C16H1302Si, M™).

4-((Dimethyl(phenyl)silyl)oxy)methyl)aniline (4g)

/©/\OSiMe2Ph
H,N

Purified by MPLC (n-hexane/EtOAc = 3/7);

42% yield,;

"HNMR (CDCl3) 8 7.59 (dd, J=7.1, 2.1 Hz, 2H), 7.43-7.34 (m, 3H), 7.11-7.05 (AA'BB’, 2H), 6.67—
6.61 (AA'BB', 2H), 4.57 (s, 2H), 3.63 (s, NHz), 0.38 (s, 6H);

3C NMR (CDCls) § 145.6, 137.8, 133.6, 130.8, 129.6, 128.4, 127.8, 115.0, 65.0, —1.6;

IR (diamond, cm™) 3450, 3359, 3225, 3019, 2954, 2862, 1623, 1517, 1427, 1375, 1252, 1214, 1173,
1116, 1046, 844, 823, 782, 727, 697, 642, 536, 493, 470;

HRMS (EI") m/z 257.1236 (257.1230 calcd for C1sH1oNOSi, M™).

(Furan-2-ylmethoxy)dimethyl(phenyl)silane (4h)

</oj\/OSiMe2Ph

Purified by MPLC (n-hexane/EtOAc = 1/9);

73% yield;

"H NMR (CDCls) & 7.59-7.57 (m, 2H), 7.40-7.36 (m, 4H), 6.30 (dd, J= 3.2, 1.8 Hz, 1H), 6.18 (d, J
=3.2 Hz, 1H), 4.59 (s, 2H), 0.39 (s, 6H);

BC NMR (CDCl3) & 153.6, 142.3, 137.3, 133.6, 129.7, 127.9, 110.2, 107.8, 57.7, —1.8.

The data are consistent with that reported in the literature.’

(But-3-en-1-yloxy)dimethyl(phenyl)silane (4i)

\/\/OSiMezPh

Purified by PTLC (n-hexane/EtOAc = 9/1);
76% yield;
'H NMR (CDCl3) § 7.59-7.57 (m, 2H), 7.40-7.37 (m, 3H), 5.78 (ddt, J = 17.1, 10.3, 6.9 Hz, 1H),

5.08-5.00 (m, 2H), 3.64 (t,J= 6.9 Hz, 2H), 2.29 (ddt, J=13.7, 6.9, 1.4 Hz, 2H), 0.38 (s, 6H);
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3C NMR (CDCl3) § 137.9, 135.2, 133.5, 129.6, 127.8, 116.5, 62.6, 37.1, —1.8.

The data are consistent with that reported in the literature.’

(Cyclopentyloxy)dimethyl(phenyl)silane (4j)

: _OSiMe,Ph

Purified by PTLC (n-hexane/EtOAc = 1/9);

75% yield;

"H NMR (CDCls) § 7.59-7.57 (m, 2H), 7.38-7.36 (m, 3H), 4.22 (tt, J= 5.0, 5.0 Hz, 1H), 1.71-1.67
(m, 4H), 1.56—1.45 (m, 4H), 0.36 (s, 6H);

3C NMR (CDCls) & 138.7, 133.5, 129.4, 127.7, 74.7, 35.5, 23.1, —1.1.

The data are consistent with that reported in the literature.’

(Cyclopentyloxy)dimethyl(phenyl)silane (4k)
OSiMe,Ph

Purified by PTLC (n-hexane/EtOAc = 9/1);

83% yield;

"H NMR (CDCl3) § 7.61-7.58 (m, 2H), 7.39-7.35 (m, 3H), 3.59 (ddd, J = 13.7, 9.6, 4.1 Hz, 1H),
1.78-1.68 (m, 4H), 1.50-1.11 (m, 6H), 0.37 (s, 6H);

BC NMR (CDCl3) & 138.8, 133.5, 129.4, 127.7, 71.4, 35.9, 25.5, 24.3, —1.0.

The data are consistent with that reported in the literature.!”
(Cyclopentyloxy)dimethyl(phenyl)silane (41)

0SiMe,Ph

Purified by PTLC (n-hexane/EtOAc = 9/1);
76% yield;
'H NMR (CDCl3) § 7.67-7.65 (m, 2 H), 7.41-7.39 (m, 3 H), 7.24-7.23 (m, 1H), 7.19-7.18 (m, 3H),

5.25(dd, J= 6.5, 6.5 Hz, 1H), 2.98 (ddd, J = 16.0, 8.7, 3.7 Hz, 1H), 2.72 (ddd, J = 16.0, 7.8, 7.8 Hz,
107



1H), 2.31 (dddd, J = 15.6, 7.8, 6.5, 3.7 Hz, 1H), 1.95 (dddd, J = 15.6, 8.7, 7.8, 6.5 Hz), 0.48 (s, 3H),
0.47 (s, 3H);

3C NMR (CDCls) & 145.1, 142.7, 138.1, 133.6, 129.6, 127.9, 127.8, 126.4, 124.6, 124.2, 36.2, 29.7,
-1.0,-1.1.

The data are consistent with that reported in the literature.!”

(Benzhydryloxy)dimethyl(phenyl)silane (4m)
Ph OSiMe,Ph
Ph

Purified by PTLC (n-hexane/EtOAc = 9/1);

66% yield,;

'"H NMR (CDCl;3) § 7.53-7.51 (m, 2H), 7.40-7.25 (m, 11H), 7.22-7.18 (m, 2H), 5.74 (s, 1H), 0.28 (s,
6H);

3C NMR (CDCl5) 6 144.7, 137.8, 133.7, 129.6, 128.2, 127.8, 127.1, 126.6, —1.0.

The data are consistent with that reported in the literature.!”

(Benzhydryloxy)dimethyl(phenyl)silane (4n)

/\rOSiMezPh

Purified by PTLC (n-hexane/EtOAc = 9/1);

76% yield;

"H NMR (CDCl3) § 7.61-7.58 (m, 2H), 7.39-7.35 (m, 3H), 3.76-3.69 (m, 1H), 1.47-1.40 (m, 2H),
1.10 (d, J=5.9 Hz, 3H), 0.84 (t,J = 7.3 Hz, 3H), 0.38 (s, 6H);

3C NMR (CDCl5) § 138.6, 133.5, 129.4, 127.7,70.4, 32.2,23.2,10.2, -1.0, -1.2.

The data are consistent with that reported in the literature.'*

(((AR,25,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)dimethyl-(phenyl)silane (40)

<

OSiMe,Ph
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Purified by MPLC (n-hexane/EtOAc = 9/1);

65% yield;

"H NMR (CDCl3) § 7.61-7.58 (m, 2H), 7.38-7.34 (m, 3H), 3.42 (ddd, J = 10.3, 10.3, 4.6 Hz, 1H),
2.18 (dddd, J =20.9, 13.9, 7.0, 2.5 Hz, 1H), 1.82 (dddd, J = 12.1, 5.5, 1.8, 1.8 Hz, 1H), 1.65-1.52
(m, 2H), 1.37-1.25 (m, 1H), 1.17 (dddd, J = 11.7, 9.8, 3.0, 3.0 Hz, 1H), 1.02 (ddd, J = 12.1, 12.1,
10.5 Hz, 1H), 0.96—0.75 (m, 2H), 0.88 (d, J = 6.9 Hz, 3H), 0.86 (d, /= 6.9 Hz, 3H), 0.61 (d, /= 6.9
Hz, 3H), 0.394 (s, 3H), 0.386 (s, 3H);

3C NMR (CDCls) § 138.6, 133.5, 129.4, 127.7, 72.8, 50.1, 45.3, 34.5, 31.6, 25.2, 22.8, 22.3, 21.3,
15.7,-0.7,-0.9.

The data are consistent with that reported in the literature. !’
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2a (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2b (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2¢c (CDCls)

=] s
e
I
Ph._ _O"Pr S
Si E | 2
- |
ME I |% 2
Me \ \ ‘
) J ) J
=
i
=4
: |
£ i
2
£
o e T o0 T e T e T e T s Er T R 0
=]
X : parts per Million - Proton :

=]
|
] In
Ph_ O"Pr
=] -
2 Me~ |
Me
=]
v
=1
-
=]
]
=]
ci]
=
z |
= ]
E
.
1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200 10.0 0
Il
L A |
2 288 RERE 2 a = o
X : parts per Million : Carbonl3 -

112



!H NMR (400 MHz) and *3C NMR (100 MHz) spectra of 2d (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2e (CDCls)
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'H NMR (400 MHz) and *3C NMR (100 MHz) spectra of 2g (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2h (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2j (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2k (CDCls)
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'H NMR (400 MHz) and **C NMR (100 MHz) spectra of 2m (CDCls
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 2n (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4a (CDCls)
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!H NMR (400 MHz) and *3C NMR (100 MHz) spectra of 4b (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4c (CDCls)

o9

A

e

0SiMe;Ph

10

30

40

DA AR L B ) LA L B Ay Ly Ly N A LAy LRy LA LA LAy LAY LA LN AN SR LA LA ALY
QTLTITSCTHFTETTTITOTH TSI LTOISCTIFIEITITTIOTI6E080L090S0F0E0T010 0
asumpunge

— 800

— ST

X : parts per Million : Proton

Eo
ie
—F: 7
TEES N
=1
ET -
K WOI./.
F ES
= F
E U.Im
= —
- E
7 ~Fis
o a
P
=
D
Fo
—fg
—4 T —
Eo
E=
Fo
ES
w 2
,,,,,,,, T B B B o e
189 0 ¢ 0T o1 0
(syipumsnoyr)

IsL1-

IHETS

+89°9L
000°LL
9IELL

86T
6FISTL

EI6LTL
181°8T1
897'8T1
ErL6T1
00S7EET
Y9t
I8E°LET

16L7091
STTe9l

X : parts per Million : Carbonl3

124



!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4d (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4e (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4f (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4g (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4h (CDCls)
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1H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4i (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4j (CDCls)
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!H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4k (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 41 (CDCls)
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'H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 4m (CDCls)
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H NMR (400 MHz) and 3C NMR (100 MHz) spectra of 40 (CDCls)
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Concluding remarks

In this doctoral thesis, the author demonstrated the remarkable catalytic capabilities of gold
nanoparticles (AuNPs) supported on citric acid-modified cellulose (F-CAC) in various organic
reactions. The innovative approach of utilizing F-CAC as a support has proven to enhance the stability

and catalytic activity of AuNPs.

In chapter 1, the author successfully prepared Au:F-CAC, although achieving reproducibility
proved challenging. The efficiency of transferring AuNPs from PVP to F-CAC dropped significantly,
highlighting the need for a reproducible synthesis method. Key factors affecting reproducibility were
identified and optimized: the amount of citric acid on F-CAC, the form of the carboxylic group on
citric acid, surface morphology influenced by the fibrillation process, and the method of transferring

AuNPs. Establishing a reproducible procedure for synthesizing Au:F-CAC.

In chapter 2, the author demonstrates the effective use of Au:F-CAC in intramolecular
hydroamination under slightly acidic conditions. The catalyst successfully catalyzed the
cycloamination of amines to unactivated alkenes, yielding pyrrolidine derivatives with only 0.2
atom% Au loading. The high sensitivity of Au:F-CAC to the substitution pattern of alkenes allowed
for unique chemoselective cycloamination, resulting in the formation of new compounds. The study
underscores the catalyst's efficiency, reusability, and practical applicability in hydroamination

reactions.

In chapter 3, the dehydrogenative oxidation of hydrosilanes was explored using Au:F-CAC in
organic solvents, taking advantage of the catalyst's high tolerance to such environments. Various
AuNPs sizes were prepared and studied, with significant catalytic activity observed in producing
silanols with high turnover frequency. Mechanistic studies revealed the formation of catalytically
active cationic Au sites through molecular oxygen adsorption. These findings provide new insights

into the reaction mechanism and demonstrate the catalyst's versatility and stability in organic solvents.

In chapter 4, the author extends the findings from Chapter 3. In this chapter, the author explores
the dehydrosilylation of alcohols using Au:F-CAC. The catalyst exhibited remarkable catalytic
activity under mild conditions with minimal Au loading, efficiently forming silyl ethers with excellent
yields. This study highlights the high catalytic activity of Au:F-CAC, overcoming the limitations of

requiring excess alcohol for silyl alcohol protection applications. The work represents a significant
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advancement in dehydrosilylation catalysis, offering a sustainable, efficient, and environmentally
friendly approach for synthesizing functional silanol-based materials and alcohol protection

applications.

These findings underscore the potential of Au:F-CAC catalysts in promoting green chemistry by
enabling reactions under mild conditions with environmentally friendly aspects. The successful
application of Au:F-CAC to a broad range of substrates further emphasizes their versatility and
practical utility in synthetic organic chemistry. This research has laid a strong foundation for the
ongoing development of AuNPs-based catalysts, demonstrating their potential to revolutionize

catalytic processes with enhanced efficiency, selectivity, and environmental compatibility.
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