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Abstract

This thesis deals with the development of nanosized copper nitride (CusN) catalysts for
environmentally benign organic reactions. The present thesis consists of five chapters.

In Chapter I, the author encapsulated the fundamental background of metal nitrides and
focused on the application of CusN as potential catalysts to various fields, such as electrocatalysis,
photocatalysis, and organic synthesis. Moreover, the characteristics and preparation methods of CusN
materials were systematically summarized. Finally, recent reports on the catalysis of CusN were
specifically reviewed.

In Chapter 11, the author described that nanocubic CusN (nano-CusN) was prepared and used
as an efficient heterogeneous catalyst for the hydroxylation of aryl halides. The nano-CusN catalyst
exhibited high catalytic activity, comparable to that of homogeneous Cu salts/N ligands catalytic
systems, suggesting that the N atoms in CusN act as functional ligands to promote the catalytic
hydroxylation reaction. Furthermore, this method showed good functional group tolerance to provide
various substituted phenols in excellent yields. After the catalytic reaction, the nano-CusN could also
be separated and reused without significant loss of the original activity. This is the first example of the
heterogeneous Cu-catalyzed hydroxylation of aryl chlorides without additives.

Chapter 111 demonstrates that the CusN nanocube (CusN NC) is an efficient heterogeneous
catalyst for green oxidative functionalization of indoles in an aqueous solvent with O as a sole oxidant
under additive-free conditions. The catalytic activity of CusN NC outperformed other conventional
Cu compounds in the oxidative trimerization and Witkop oxidation of indoles. A wide range of indoles
could be converted to the corresponding products in moderate to good yields. This is the first
application of the CusN in oxidative organic reactions. The high catalytic activity of CusN NC may be

attributed to the essential regularly arranged N-Cu—N structure on CusN NC, which promotes the



conversion of O to active superoxide species.

In Chapter 1V, the efficient synthesis of vinyl boronate esters through the hydroboration of
alkynes was achieved over CusN NC catalyst. Good functional group tolerance was observed to
produce a wide range of vinyl boronate esters in excellent yields. Furthermore, the CusN NC could be
recovered and reused for several times without loss in its catalytic activity. This is the first time that
the hydroboration of alkynes is achieved under mild and additive-free conditions with a heterogeneous
Cu catalyst. The several control experiments and spectroscopic analyses revealed that the Lewis acid-
base sites on CusN NC surface play an essential role in ensuring the distinguished catalytic activity of
CusN NC.

Chapter V describes an efficient method for synthesizing silanes via CusN NC catalyzed-
hydrosilylation of unsaturated compounds under base- and solvent-free, and mild reaction conditions.
In this reaction, various substrates including alkynes, alkenes, allenes, and imines, were converted to
desired products in good yields. Moreover, the dihydrosilylation of alkynes was achieved over CusN
NC catalyst, providing a novel method for gem-(bis)silanes synthesis. This is the first example that

the hydrosilylation of various unsaturated compounds was achieved over a heterogeneous Cu catalyst.

i



Preface

This dissertation is a collection of the author’s studies which were carried out from 2020 to
2023 under the supervision of Professor Tomoo Mizugaki at the Division of Chemical Engineering
Department of Materials Engineering Science, Graduate School of Engineering Science, Osaka
University.

The development of efficient catalysts based on non-precious metals for environmentally
benign organic reactions has attracted high interest. Traditionally, homogeneous metal complexes have
been widely used in organic synthesis. However, they required the additive ligands to tune the
electronic and steric properties of metal species and suffered from the instability and low recyclability.
Keeping the "green and sustainable chemistry" in mind, this is an increasing emphasis on the design
of efficient heterogeneous catalysts for green chemical processes. Therefore, in this thesis, the author
demonstrates that the nanosized CuzN catalysts exhibited excellent catalytic activity in the various
environmentally benign organic reactions, making them a leading candidate to substitute the
conventional metal catalysts.

The author firmly believes that this study will be a landmark attempt to develop novel and
efficient metal nitride catalysts for organic synthesis and provides future researchers with a worthwhile
background to realize efficient, sustainable, and environmentally-benign reaction processes for

valuable chemical productions.
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Chapter I.

General Introduction



1. Preliminary

Chemistry plays an indispensable and important role in human development. It improves
the quality of human life and changes the way of life of human beings. For instance, the discovery of
drugs has extended human lifespan, and the development of pesticides has relieved the pressure on
food demand from population growth. However, with the industrialization of chemistry, the
environmental pollution and resource depletion problems have become the hot issues. Studies have
shown that human diseases are mainly caused by environmental pollutions [1], so that people,
especially, chemists realize the importance of "green and sustainable chemistry". In 1990s, the concept
of "green chemistry™ was firstly proposed [2]: "green chemistry" is an area of chemistry or chemical
engineering focused on the establishment of chemical principles, technologies and methods to reduce
the use of harmful raw materials, catalysts, and solvents, thereby achieving high reaction efficiency
and sustainable development without generating by-products. Therefore, while achieving 100%
atomic utilization, the consumption of energy originating from petroleum and coal should be avoided
in the chemical conversion process.

The development and utilization of novel catalysts is an important mean to achieve “green
chemistry”, because catalysts can reduce the activation energy required for the reaction, thus
increasing the reaction rate. In addition, catalysts play a crucial role in the selectivity of the reaction.
According to statistics, more than 80% of the reactions achieved high reaction rates and yields with
the assistance of catalysts [3]. Generally, catalysts can be simply divided into homogeneous and
heterogeneous catalysts, depending on their solubility in the reaction solvents. Due to high solubility
of homogeneous catalysts in reaction mixture, the active metal sites will efficiently interact with
reactant molecules, providing its outstanding catalytic activities. Moreover, the activity of
homogeneous catalysts will be further enhanced with cooperative ligands, since electron state of metal

species can be precisely modified. However, the inevitable and main drawback of homogeneous



catalysis is that the hardly recoverable of catalysts, leading to the high costs and wastes. On the other
hand, heterogeneous catalysts can be easily separated by centrifugation or flirtation and have been
widely used in chemical industries due to its good reusability. Among them, heterogeneous catalysts
based on cheap, earth-abundant, and low-toxic metals such as Fe, Co, Ni, and Cu have attracted high
attentions [4], whereas conventional non-precious metal-based heterogeneous catalysts exhibited
unsatisfactory catalytic performance and stability compared to precious metal catalysts, thus limiting
their application to chemical conversions. Therefore, the development of novel non-precious metal-
based heterogeneous catalysts with outstanding activity and durability is highly desired.
Metal-non-oxide compounds, such as metal nitrides, metal borides, and metal phosphides,
have modified electronic properties of active metal species and high catalytic performance [5, 6].
Recently, Mitsudome et al. have reported that the metal phosphide nanoalloys (Ni2P, CozP, and Ru2P)
exhibited glorious catalytic performance in hydrogenative reactions [7-9]. The excellent activity of
metal phosphide nanoalloys in organic conversions is attributed to the modified electronic property of
metal sites which is caused by the interaction of metal sites with phosphate atoms. Similarly, metal
nitrides contain the metal with nitrogen atoms, which have attracted increased attention as
photocatalysts and electrocatalysts for energy conversion [10, 11]. Despite of the high catalytic
potential of metal nitrides, the application of metal nitrides in organic synthesis is still rare. Therefore,
investigation of the catalytic potential of metal nitrides for organic transformation not only helps us to
understand the chemical property of metal nitrides but also improve the development of organic

chemistry.



2. Background

Transition metal nitrides (TMNSs) consist of the nitrogen atom with one or several metal
elements. Generally, TMNSs are dominated simultaneously by covalent, ionic, and metallic bonding
[12, 13]. Moreover, the metal species in TMNs possess the deficiency in metal d-band and the higher
density of states (DOS) near metal Fermi level [14]. Based on these properties, the metal nitrides have
been widely used in electron- and photocatalysis for energy conversion [15].

Cu has been considered as one of the most promising non-precious metal catalysts since it
is cheap, earth-abundant, and low toxic [16]. Cu nitride (CusN) has an anti-perovskite lattice structure
(Pm3m), each N atom in the lattice structure of CusN is shared by eight cells, and each Cu atom is
shared by four cells (Figure 1-1) [17]. CusN material exhibits several unique chemical and physical
properties, which are attributed to the interaction of Cu with N. For example, the defect states
generated by metallic and non-metallic vacancies of Cu and N atoms, respectively, lead to the insulated
CusN material [18]. Moreover, due to the anti-bonding states, CusN is a p-type semiconductor with a
strong hybridization of the Cu 3d and N 2p orbitals close to the valence band, causing good tolerance
to defects [19]. Benefits from these properties, CusN as one of the heterogeneous Cu catalysts has

obtained high attention in various fields, especially electron- and photochemistry [20].

(b)

Figure 1-1. Crystal structures of CusN.



2.1. Preparation of CusN

Generally, the activity of metal nanoparticles (NPs) is dependent on their size and
morphology. In this regard, the development of novel synthetic methods for synthesizing CusN with
various sizes and morphologies has attracted high attention in the field of CusN chemistry [21]. There
are two methods for preparing CusN materials, i.e., the chemical and the physical methods. The
chemical method can be further divided into the gas-phase and the solution-phase synthetic methods.

Alternatively, physical routes for CusN mostly concentrate on thin-film growth.

2.1.1. Gas-phase method

The ammonolysis reaction is the most common and practical approach for TMNSs syntheses.
In this method, a solid Cu precursor reacts with gaseous ammonia (NHz), and the reaction can be
controlled by changing parameters for example the temperature, time, or NHs flow rate. In 2007, the
CusN powders were successfully synthesized using anhydrous copper(ll) fluoride (CuF;) and NHz gas
at the temperature from 250 to 325 °C. The scanning electron microscope (SEM) images reveal that
the plate-shaped particles with a side length of 600-800 nm and thickness about 100 nm were formed.
It is worth noting that when the reaction temperature is higher than 350 °C, the mixture of CusN and
metallic Cu is formed [22]. This result demonstrates that the CusN crystal will decompose under high
temperature.

In addition, the supported CusN material can be prepared through gas-phase method. Hu
group has successfully prepared the SiO» supported CusN (CusN/FesN@SiOy) catalyst with copper
acetate (Cu(OAc)2) under NHs3 flowing conditions (Figure 1-2) [23]. This study demonstrated the

possibility for the generation of uniformed CusN material on the functional supports.
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Figure 1-2. Preparation of CusN/FesN@SiO; catalyst under NH3 flowing conditions.

Despite the high efficiency of NHs gas in preparing CusN, the direct use of NHz gas in the
laboratory has high safety risks. Thus, urea has been considered as an alternative, which generates
NHs; by thermal decomposition at an elevated temperature [24]. For instance, cubic CusN with a range
of 50-200 nm was successfully prepared using urea and Cu(OAc); at 300 °C for 2 h (Figure 1-3) [25].

This research provides a safe and convenient method for preparation of CusN.

Ar flowing

NH, —
O | urea i Cu(OAc), C

Calcination at 300 °C

Figure 1-3. Formation of CusN using urea as nitrogen source.

2.1.2. Solution-phase method

Generally, the preferential chemisorption of capping agents on particular facets can lead to
shape-controlled synthesis of nanocrystals with tiny size [26, 27]. Therefore, in solution-phase
synthesis, organic surfactants, such as primary amines and alcohols, were used to control the size,
shape, and phase of CusN. According to the report by Nakamura et al., the CusN NPs (~200 nm in

diameter) were synthesized through the reaction of Cu(OAc): in alcohol solvents under NHs flowing



at 170 °C [28]. The transmission electron microscopy (TEM) images reveal that utilizing different
aliphatic alcohols such as 1-octanol, 1-heptanol, 1-hexanol, and 1-pentanol provides the CusN NPs

with diverse sizes and morphologies (Figure 1-4).

Long-chain alcohols

Cu(OC(O)CH;),'H,0 + NH, » Cu;N nanoparticles
(a) (b) (c) (d) ‘
- 4 . Ty § |

1-octanol 1-heptanol 1-hexanol 1-pentanol

Figure 1-4. TEM images of synthesized CusN in different alcohols.

Similar results were also reported by Chen’s group [29]: cubic CusN nanocrystals with
tunable size were formed in different primary amines. In particular, the CusN nanocube (NC) with an
average 10.8 nm was obtained in oleylamine and octadecene mixture, while a large size of CuzsN NC

(26.0 nm) was formed with hexadecylamine instead of oleylamine as capping agent (Figure 1-5).
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Figure 1-5. TEM images and the corresponding crystal size histograms of CusN nanocrystals formed

in various amine surfactants: (a, d) octadecylamine, (b, e) hexadecylamine, and (c, f) oleylamine.



Besides the aliphatic amines, aromatic amine, i.e., benzylamine, is also a suitable surfactant
for CusN synthesis. In this case, the uniformed sphere-like CusN NPs with 2.2 + 0.5 nm diameter were
successfully formed with benzylamine and Cu(OMe), at 140 °C [30]. The reaction process is presented
in Scheme 1-1: the authors speculated that the NH3 was generated through the condensation of

benzylamine and then reacted with Cu(OMe); to afford CusN material.

-2 MeOH
©/\NH2 + 2Cu(OMe), ————> SNH + 2 cuOMe

-NH X
©/\NH2 + @NH I B ©/\N/\©

N CN
©/\N/\© + 2Cu(OMe), _ 2MeOH _ + 2 CuOMe

NH; + 3 CuOMe — » CuN + 3 MeOH

Scheme 1-1. Proposed pathway for CusN synthesis.

Reaction temperature is another important parameter that affects the nucleation speed of
nanocrystal, thus generating different sizes and morphology of catalysts. For instance, Sun et al. found
that CusN NC with an average length of 25 nm was synthesized through the reducing Cu(NO3).-3H,0
in octadecylamine and oleylamine mixture at 240 °C, whereas 20 and 10 nm CusN NC were formed
at 250 and 260 °C, respectively [31]. When the reaction temperature was 230 °C, the 20 nm sphere-
like CusN NPs were obtained instead of cubic CusN. Overall, the solvothermal method provides a
practical strategy for preparation of various uniformed CusN nanosized materials which have tunable

morphology and size.



2.1.3.  Physical synthetic method

The plasma ignition is also an efficient method for synthesizing the CusN. Perng group
explored that carbon nanotubes (CNTSs) supported CusN was successfully prepared by plasma
enhanced atomic layer deposition (ALD) with copper(ll) hexafluoroacetylacetonate (Cu(hfac),) and

NHs gas at 250 °C (Figure 1-6) [32].

Acid "
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Figure 1-6. Preparation of CusN@CNT through ALD method.



3. Catalytic activity of CusN
3.1. Photocatalysis

Photocatalysis is a redox process, which contains three main steps: (i) the generation of
electron-hole pairs (e7/h*) by photoexcitation, (ii) transportation of the excitons to the semiconductor
surface, and (iii) the utilization of charge for surface oxidation—reduction reactions [33]. The total
efficiency of redox process is affected by the physical properties of the semiconductor photocatalysts,
for example, the electronic structure, surface structure, and band gap [34]. The material that possesses
a wide bandgap is considered as ideal photocatalysts, since it is optimal for absorbing in the entire
range of the solar spectrum [35]. Generally, the combination of N atoms with metal species will
improve the contraction of the d-band of metals in TMNs, thus giving some unique physical properties
of TMNSs. For instance, CusN is a semiconductor with an indirect band gap energy ~1.4 eV and its
optical absorption coefficient value of ~105 cm™. Benefiting from this essential property, the CusN
has good catalytic potential in photocatalysis.

In 2020, Moloto et al. prepared CusN NC with 41 nm and utilized it as photocatalyst in
degradation of methyl orange with 89% efficiency, which is superior to that of Cu,S NPs [36]. Similar
result was also reported by Xiao group. CusN films were prepared by magnetron sputtering method,
which possesses an optical band gap (2.0 eV) and energy gap (2.5 eV), exhibiting outstanding
photocatalytic activity for degrading methyl orange (degradation ratio of 99.5% in 30 min) [37]. The
study demonstrated that the catalytic activity of CusN mainly is attributed to the vacancies in the
crystal and Cu self-doping.

In general, the combination of metal NPs with functional supports leads to enhanced
catalytic activities in photocatalysts, due to unique metal-support interaction [38]. Subodh Kumar De
group prepared the Au-CusN catalysts through the thermal- and light-induced thermal processes

(Figure 1-7), which exhibited better catalytic activity than that of pure CusN NC in the environmental
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purification of organic dyes [39]. This study demonstrated that the high activity of Au-CusN catalysts
originates from the electromagnetic coupling between Au metal and CuszN semiconductor in

nanoheterostructures.

Au Precursor

Cu.N ' Au Precursor
T 9000

Light
Thermal Annealing

Au-Cu;N (10 nm)

Figure 1-7. Growth process of Au-decorated CusN NCs.

Furthermore, CusN can be applied to sustainable H2 generation through photocatalytic water
splitting. In 2020, Huang et al. utilized CusN nanocrystals (15 nm) as a cocatalyst coupled with CdS
for efficient photocatalytic H, evolution with a rate of 4512 mmol g h* [40]. According to the results
of mechanistic studies, the excellent H, evolution activity is benefited from the appropriate d-band
center of CusN for the adsorption and desorption of H species, as well as the promoted charge
separation and interfacial electron transfer in the nanocrystal structure. In summary, these findings

demonstrate the outstanding catalytic activity of CusN in photocatalysis.
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3.2.  Electrocatalysis

In the last decades, TMNs have exhibited inherent merits over other metal materials in the
electrocatalysis due to the covalent bond between N and the metal species in metal nitrides, which
results in metal-like characteristics [41]. Moreover, the electron transfer between N atoms with metal
atoms leads to the electron-donating character of TMNs, thus providing the high electrocatalytic
activity of TMNs [42, 43]. In this context, CusN has been widely used in electrocatalytic processes
such as H. evolution reaction (HER), oxygen evolution reaction (OER), and carbon dioxygen
reduction reaction (CO2RR). For example, Chen et al. prepared CusN NC through a facile solution-
phase process and applied it as cathode catalyst in alkaline fuel cells [29]. In the ORR, the CusN NC
showed outstanding catalytic activity comparable with or even better than that of other non-Pt
materials.

Chen group has also reported that the CusN NC with 30 nm size exhibited high catalytic
activity in the ORR and nitrobenzene reduction [44]. The prepared CusN NC showed magnetic
hysteresis loop and prominent ferromagnetic resonance signals at room temperature. This research
demonstrates that CusN is a promising electrochemical sensor due to the relatively low detection
limitation.

The catalytic activity of CusN in CO2RR was investigated by Sun et al. [30]. The study about
CO2RR using CusN NC with different sizes revealed that the CusN with 25 nm size and cubic
morphology was the most active one in the selective conversion of CO; to CoHa. The DFT calculation
results demonstrate that the Cu(l) species in CusN NC stabilized by N atoms plays an essential role in
the reaction selectivity.

CusN crystal is an ideal host structure because in its cubic lattice, the Cu atoms are
positioned at the middle of the edges and the N atoms are situated at the corners of a cube [45]. As

shown in Figure 1-8 (a), the center of the cubic unit cell is empty so that an additional metal atom

12



such as Pd, Ag, Ni, and Cu can easily occupy the center to form a novel anti-perovskite structure
(CusMN) (Figure 1-8 (b)). With the insertion of another metal atom into CusN crystal, the formed
CusMN has several unique properties [46]. For instance, the Cu—N bond in CusN is covalent bond,
but the CusPdN has metallic behavior. Therefore, the CusMN has been considered as a good candidate

catalyst for electrocatalysis.

(@)

CU3N CU3MN
(M = Pd, Ni, Cu, Ag et al.)

Figure 1-8. Crystal structure of (a) CusN and (b) CusMN.

In 2021, Schaak group developed CusPdN NPs catalyst for the ORR under alkaline
conditions [47]. The prepared CusPdN NPs showed superior catalytic activity to CusN and comparable
catalytic performance to Pd NPs. Moreover, the stability of CusPdN NPs was outperformed the
synthesized Pd nanocrystals during repeated cycling.

The CusPdN NCs were also applied to selective CO2RR by Jia group [48]. The synthesized
CusPdN NCs showed higher electrocatalytic activity for CO; reduction to formic acid than as-prepared
CusN and CusPd NCs catalysts. This study made the conclusion that the distinguished catalytic
performance of the CusPdN NCs is attributed to the modification with N and Pd atoms.

It is generally accepted that functional supports significantly affect the electrocatalytic
performance of catalysts [49]. The ideal functional supports should have a large surface area, good
durability in harsh conditions, and high electronic conductivity. In this context, nitrogen-doped

reduced graphene oxide supported CusN (N-rGO/CusN) has significantly higher activity compared to
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the as-synthesized CusN and reduced graphene oxide supported CusN (rGO/CusN) [50]. The study
revealed that the d10 configuration of Cu(l) weakens the strong adsorption of intermediate, and such
an electronic effect enhances the overall performance of the composite catalyst.

A 3D NC@CoN/CusN/CF electrocatalyst for highly efficient overall water splitting unique
3D configuration was reported by Liang group, the CusN based-catalyst showed outstanding catalytic
activity and stability toward HER and OER in alkaline conditions [51]. In addition,
NC@CoN/CusN/CF served as both the anode and cathode and delivered a current density of 10 mA
cm2 at a quite low cell voltage of 1.62 V. Overall, these results clearly demonstrated that CusN has

high catalytic activity in electrocatalysis.

3.3.  Organic catalysis

Organic synthesis is an essential basis for industries such as pharmaceuticals, biomedicine,
and materials [52]. Cu catalyzed-organic synthesis has been considered as a useful and practical
method for producing various important organic compounds, due to the tunable electronic property of
Cu species and the resulted high catalytic activity [53, 54]. In this regard, CusN has the Cu (+1) species,
which is an active species for organic conversion. In addition, the CusN lattice possesses a regularly
arranged N—Cu—N structure on surface, which may serve as the N ligands assisted Cu complexes.
These properties predicted that CusN is a potential catalyst for organic reactions.

Hur group demonstrated that the click reaction of azides and alkynes was achieved over a
mesoporous  superparamagnetic silica microsphere supported copper nitride nanoparticles
(CusN/FesN@SiO;) (Scheme 1-2). This heterogeneous catalyst exhibited a comparable catalytic

activity to Cu' complexes with good reusability.
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Scheme 1-2. CusN/FesN@SiO; catalyzed click reaction of azides and alkynes.

Recently, Qiao et al. prepared an atomically dispersed Pdi/CusN catalyst and applied to the
cis-to-trans isomerization of alkenes [55]. The experimental results and theoretical calculations
revealed that the H, dissociates heterolytically on Pdi/CusN to H®* and H®, yielding excellent
selectivity for both hydrogen-mediated isomerization and H-D exchange of alkenes.

Encouraged by the outstanding activity of CusN in photocatalysis, Jiang group designed a
novel photocatalyst (Cu/Cu0O/CusN/C3N4) for the oxidative self-coupling of benzylamine with Xe
lamp (420 nm) (Scheme 1-3) [56]. The ternary Cu/Cu,O/CusN heterostructures have been successfully
synthesized on C3sN4 tubes through the hydrothermal synthesis and heat treatment. The high efficiency
of the catalyst originated from their ability to provide large quantities of free oxygen radicals, for

instance, hydroxyl radical (-OH) and superoxide radical (-O%") species under visible-light irradiation.

CU/CUQO/CUgN/C3N4
R” O NH,

11 examples
R/\H/\R Conversion > 72%

DMSO, air, Xe lamp (420 nm) Selectivity > 92%

Scheme 1-3. Oxidative coupling of benzylamines using Cu/Cu,0/CusN/C3N4 photocatalyst.
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4.  Purpose of this thesis

Over the past decades, the development of the green and sustainable chemical process that
can alleviate environmental pollution and excessive resource consumption problems has become one
of the important research targets in chemistry. Catalysts play an irreplaceable role in the chemical
process since it improves the reaction efficiency and decreases energy consumption. Hitherto, many
precious metal catalysts (e.g., Pt and Pd) have been developed and exhibited high performance in
chemical conversions. However, the high cost and low reserve limit their application on an industrial
scale. Hence, developing novel and efficient non-noble metal catalysts are highly desired for the
chemical industry.

It is well known that the homogeneous Cu catalytic systems (e.g., Cu salts/N ligands) have
been widely used in the organic reaction, because the electronic state of active Cu atoms are tunable
through the combination with different N ligands, thus providing high reaction activity and selectivity.
On the other hand, heterogeneous Cu catalysts, for example, Cu NPs have unique chemical and
physical properties due to the size effect, and also exhibit outstanding catalytic performance in organic
synthesis. Thus, CusN nanocrystal possesses both the ligand effect from N atoms and naturally size

effect, which is considered as an ideal heterogeneous catalyst for organic transformations (Figure 1-

Copper complex
e. g. Copper salts + Nitrogen ligands

jN r/j
. MU"IplE active sites

|
Electronic tuning by N ligand + Unique properties by size effect

N atom ‘ ‘, Copper atom
Copper nanocrystal

- Controllable size

+ N—Cu—N interaction

Figure 1-9. Design of high catalytic activity CusN nanocrystal for organic reactions.
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9). Even though the catalytic potential and activity of CusN in photo- and electrocatalysis has been
intensely studied in the last decades, the application of the CusN to liquid-phase organic synthesis is
rarely reported, which is of interest for organic and catalytic chemistry. In this regard, the author gave
heed to discovering the unique catalytic potential of CusN in the environmentally-benign organic
reactions, which will provide many important contributions to environmental remediation. The main
purpose of this thesis is to develop and synthesize efficient CusN catalysts for green organic
transformations. This study points out the important function of the interaction of N atoms with Cu
atoms on the outstanding catalytic activity, thus providing CusN a promising route for the next

generation of applications.
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5. Outline of this thesis

The present thesis deals with the study on the CusN catalysis in the organic synthesis under
environmental-friendly reaction conditions.

In chapter I, the authors prepared the nanocubic CusN (nano-CusN) and used it for the
hydroxylation of various aryl halides under ligand-free conditions (Figure 1-10). In this nano-CusN
catalytic system, various aryl halides were transformed to phenols in good yields. This is the first
example of the heterogeneous Cu-catalyzed hydroxylation of aryl chlorides without additives.
Moreover, the nano-CusN exhibited comparable catalytic activity with homogeneous Cu catalytic
systems (Cu salts/N ligands), demonstrating that the N atoms in nano-CusN may serve as a functional

ligand to accelerate the hydroxylation of aryl halides.

nano-Cu;N

Figure 1-10. Highly efficient hydroxylation of aryl halides to phenols using nano-CusN under ligand-

free conditions.

In Chapter I11, the author demonstrated the green oxidation of indoles catalyzed by CusN
nanocube (CusN NC) (Figure 1-11). With oxygen (O2) as single oxidant, several indolin-3-ones and
2-ketoanilide derivatives were efficiently obtained over CusN NC catalyst. This is the first example of
a non-noble-metal heterogeneous catalyst for improving the Oz-mediated trimerization and Witkop
reaction of indoles under additive-free conditions. The high reaction efficiency is attributed to the

activation of O to superoxide species achieved over the N—Cu—N sites on CuzN NC.
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Figure 1-11. Oxidative trimerization and Witkop reactions of indoles catalyzed by CusN NC.

The next chapter describes the hydroboration of alkynes to vinyl boronate esters by CuzN

NC catalyst (Figure 1-12). This method showed broad substrate scope and good functional group

tolerance. This is the first time that the hydroboration of alkynes is achieved over a heterogeneous Cu

catalyst under mild and additive-free conditions. The spectroscopic analyses and deuterium-labeling

study revealed that cooperative effect of Cu (Lewis acid) and nitrogen atoms (Lewis base) on the CusN

NC surface enables the activation of alcohol, diboron reagents, and alkynes, thus promoting the

hydroboration of alkynes.

= o) o)
R— + i :B..Bi :E
(o) (o)

Figure 1-12. Selective hydroboration of alkynes over CusN NC catalyst.

The final chapter represents a general method for synthesizing diverse silanes through the

hydrosilylation of unsaturated organic compounds catalyzed by CusN NC catalyst (Figure 1-13).

Under the base and solvent-free conditions, a wide variety of substrates, including alkynes, alkenes,

and imines, was converted to the corresponding silanes in good yields, which provides a green and

sustainable strategy for preparation of silanes.
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Figure 1-13. CusN NC catalyzed-hydrosilylation of unsaturated compounds to silanes.

Finally, the author made a general conclusion of the present thesis and the scope for the

further application of the CusN catalyst.
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Chapter I1.

Highly Active Copper Nitride Catalyst
for Hydroxylation of Aryl Halides
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1. Introduction

Phenols as an important class of organic compounds are widely existed in natural
compounds, advanced polymers, and pharmaceuticals [1, 2]. The traditional reaction focusing on Pd
salts/P ligands-catalyzed coupling of aryl halides with metal hydroxides is a useful approach for the
preparation of phenols and attracted high attentions [3—7]. In the last decades, the Cu-based catalytic
system has been developed and considered as an alternative to prepare phenols, due to the comparable
catalytic activity to palladium systems. For example, in 2011, the Taillefer and You groups have
reported the copper iodide (Cul) catalyst for the hydroxylation of aryl iodides using functional nitrogen
ligands [8, 9]. More recently, several efficient homogeneous cuprous oxide (Cu20)/ligands catalytic
systems have also been developed for the hydroxylation of aryl halides [10-12]. Despite the
outstanding catalytic performance of reported homogenous Cu catalytic systems, they have some
drawbacks, for example, the utilization of organic ligands and non-recyclable Cu catalysts. On the
contrary, heterogeneous Cu catalysts (e.g., Cul nanoparticles and supported-copper oxide) showed
outstanding reusability in the absence of additive ligands [13, 14]. In 2011, Han et al. disclosed that
the functional graphitic carbon nitride (g-C3Na4) support can serve as a functional N-ligand for Cu
species and accelerates the hydroxylation of aryl halides [15]. However, these catalytic systems
exhibited low tolerance for bromide substrates. Consequently, the development of heterogeneous Cu
catalyst with outstanding efficiency for the hydroxylation of aryl halides is strongly desired.

Nano-sized metal non-oxide compounds have a wide range of applications in several fields
[16]. Particularly, metal carbides, metal nitrides, and metal phosphides, which exhibited higher activity,
selectivity, and durability in catalysis than those of pure metal NPs [17, 18]. In the last decade, among
the metal non-oxide nanoparticles, copper nitride (CusN), which consist of Cu and N atoms, are widely
used in photo- and electrocatalysis due to its unique electronic structure [19-21]. The corner-shared

Cu-N octahedra in CusN crystal structure are suitable for interaction with organic molecules in organic
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synthesis [22, 23]. Moreover, the formal oxidation state of Cu species in CusN is +1, making CusN
possesses Lewis acidic property. Therefore, unlike the conventional Cu catalysts, CusN is expected to
have high potential in organic synthesis. Inspired by these perspectives, the author paid attention to
the application of CusN in hydroxylation of aryl halides.

Herein, in this chapter, the author reported that nano-CusN was prepared through calcination
method and utilized as an efficient catalyst for the hydroxylation of aryl halides. The nano-CusN
catalyst exhibited high catalytic performance and was comparable to that of conventional Cu catalysts
with N ligands, indicating that the N atoms in CusN may serve as functional ligands to accelerate the
hydroxylation reaction. Notably, this approach showed broad substrate scope and good functional
group tolerance, affording a wide range of phenols. This is the first time that the hydroxylation of aryl

chlorides was achieved over a heterogeneous Cu catalyst under additive-free conditions.
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2. Experimental section
2.1. General

All organic reagents were purchased from FUJIFILM Wako Pure Chemical Corporation,
Sigma-Aldrich, or Tokyo Chemical Industry. Gas chromatography—mass spectrometry (GC-MS) was
performed using a Shimadzu GCMS-QP2010 SE instrument equipped with an Inert Cap WAX-HT
capillary column (30 m x 0.25 mm i.d. film thickness 0.25 pm). *H and *C NMR spectra were
acquired at 400 and 100 MHz, respectively, using a JEOL JNM-ESC400 spectrometer. Chemical shifts
are reported in parts per million (ppm) relative to the signal (0.00 ppm) for internal tetramethylsilane
in CDClI; or (CD3),SO. The *H NMR spectral data are reported using the following standard chemical
shifts: CDCls (7.26 ppm) and (CD3)2SO (2.50 ppm). The ¥C NMR spectral data are reported using
the following standard chemical shifts: CDCls (77.16 ppm) and (CD3).SO (39.52 ppm). NMR
multiplicities are reported using the following abbreviations: s: singlet, d: doublet, t: triplet, q: quartet,
m: multiplet, br: broad, J: coupling constants in hertz. All known compounds described in the paper
were characterized by comparison of their *H and 3C NMR spectra with previously reported data.
Scanning electron microscopy (SEM) images were obtained using a Hitachi SU6600 microscope
operated at 5.0 kV at the Analytical Instrument Facility, Graduate School of Science, Osaka University.
Transmission electron microscopy (TEM) images were obtained using a Hitachi HF-2000 microscope
operated at 200 kV at the Research Center for Ultra-High \oltage Electron Microscopy, Osaka
University. Cu K-edge X-ray absorption spectra (extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near edge structure (XANES)) obtained using a Si (111) monochromator were
recorded at 25 °C at the BLO1B1 and BL14B2 stations, SPring-8, Japan Synchrotron Radiation
Research Institute (JASRI), Harima, Japan (promotion numbers: 2020A1487 and 2020A1640). Data
analysis was performed using Demeter (ver. 0.9.26). After normalization at edge height, the k-

weighted y spectra were extracted. The k?-weighted y spectra in the k range of 3-13 A1 was Fourier-

28



transformed (FT) into the R-space. Curve-fitting analysis was conducted in the R range of 1.0-3.0 A
using the back-scattering amplitude and phase shift functions of Cu-N and Cu—Cu, which were
calculated with the FEFF6 program. Powder X-ray diffraction (PXRD) patterns were acquired using a

Philips XPert-MPD instrument with Cu-Ka radiation.

2.2. Preparation of catalysts

Synthesis of CusN: In a typical synthesis, urea (1.50 g, 25 mmol) and copper (1) acetate
(Cu(OAC)2) (300 mg, 1.5 mmol) were added in two different porcelain boats in a quartz tube. Then,
the materials were heated to 300 °C and maintained at the same temperature for 2 h under N, flow.
After cooling to room temperature, the black solid product (nano-CusN) was collected without further

purification.

Synthesis of copper phosphide: The copper phosphide (CusP) was prepared through the
reported method [24]. In a typical synthesis, aqueous solutions of copper nitrate (50 mL, 0.05 M) and
NaOH (10 mL, 0.25 M) were placed in a flask. The mixture was stirred for 2 h at room temperature.
Then, the obtained precipitates (copper hydroxide, Cu(OH),) were collected via filtration and dried
under vacuum at 60 °C for 6 h. Next, the as-prepared Cu(OH); (0.2 g, 2.0 mmol) and sodium
hypophosphite (NaH2PO2, 1.0 g, 11.4 mmol) were mixed in a porcelain boat, and the mixtures were
calcined at 300 °C for 1 h under N flowing. The obtained black CusP powder was filtered and washed

with deionized (DI) water and ethanol three times and dried at 80 °C for 4 h in vacuo.

2.3. Reaction procedure
The general reaction procedure for the hydroxylation of aryl halides using nano-CusN was

as follows. nano-CusN (5 mg, 11.8 mol%) was placed in a 30 mL pressure tube, followed by addition
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of aryl halides (0.5 mmol), cesium hydroxide (CsOH) (6 eq. of aryl halides), and 2 mL of
dimethylsulfoxide (DMSO)/H,0 (v/v = 1/1) mixture under argon atmosphere. The reaction mixture
was stirred at 100 or 120 °C for 12 or 48 h. After the reaction, the reaction mixture was neutralized
with a few drops of aqueous HCI (6 M HCI). Then, the resulting mixture was extracted using ethyl
acetate for three times. The combined organic layers were collected and dried over anhydrous MgSOs,
filtered, and concentrated under reduced pressure. Finally, the obtained crude product was purified by

flash column chromatography on silica gel (200-300 mesh).

2.4. Product identification

p-methoxyphenol
CAS registry No. [150-76-5], white solid; *H NMR (400 MHz, CDCls): § 6.71-6.69 (m, 4H), 5.62 (s,
1H), 3.67 (s, 3H); 3C NMR (100 MHz, CDCls): § 153.7, 149.7, 116.2, 115.1, 56.0.

p-cresol

CAS registry No. [106-44-5], colorless liquid; *H NMR (400 MHz, CDCls): 6 7.03 (d, J = 8.0 Hz, 2H),
6.73 (d, J = 8.0 Hz, 2H), 4.71 (s, 1 H), 2.27 (s, 3H); *3C NMR (100 MHz, CDCls): & 153.4, 130.2,
130.1, 115.2, 20.6.

m-methoxyphenol

CAS registry No. [150-19-6], colorless liquid; *H NMR (400 MHz, CDCl3): § 7.12 (t, J = 8.0 Hz, 1H),
6.51-6.44 (m, 1H), 6.42-6.42 (m, 2H), 5.41 (s, 1H), 3.76 (s, 3H); 3C NMR (100 MHz, CDCls): &
161.0, 156.8, 130.3, 108.1, 106.6, 101.7, 55.4.

m-cresol

CAS registry No. [108-39-4], colorless liquid; *H NMR (400 MHz, CDCls): § 7.16 (t, J = 7.6 Hz, 1H),
6.81-6.77 (m, 1H), 6.70-6.68 (m, 2H), 5.47 (s, 1H), 2.33 (s, 3H); 3C NMR (100 MHz, CDCls): &
155.4,134.0, 129.6, 121.8, 116.2, 112.5, 21.4.

p-nitrophenol
CAS registry No. [100-02-7], yellow solid; *H NMR (400 MHz, CDCls): & 8.10 (d, J = 8.8 Hz, 2H),

6.86 (d, J = 8.4 Hz, 2H), 6.12 (5, 1H); 3C NMR (100 MHz, CDCl3): § 161.6, 141.8, 126.5, 115.9.
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4-hydroxybenzoic acid

CAS registry No. [99-96-7], white solid; *H NMR (400 MHz, DMSO): & 12.41 (s, 1H), 10.22 (s, 1H),
7.79 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, DMSO): § 167.2, 161.7, 131.6,
121.4,115.2.

1-(4-hydroxyphenyl)ethan-1-one

CAS registry No. [99-93-4], white solid; *H NMR (400 MHz, CDCls): § 7.92 (d, J = 8.8 Hz, 2H), 6.95
(d, J = 8.8 Hz, 2H), 2.59 (s, 3H); *C NMR (100 MHz, CDCls): § 199.1, 161.8, 131.4, 129.5, 115.7,
26.4.

biphenyl-4-ol

CAS registry No. [92-69-3], white solid; 'H NMR (400 MHz, DMSO): § 9.49 (s, 1H), 7.54-7.51 (m,
2H), 7.45-7.43 (m, 2H), 7.38-7.34 (m, 2H), 7.25-7.21 (m, 1H), 6.84-6.81 (m, 2H); 13C NMR (100
MHz, DMSO): 6 157.1, 140.2, 131.9, 128.8, 127.7, 126.3, 125.9, 115.7.

1,2-dihydroxybenzene
CAS registry No. [120-80-9], white solid; *H NMR (400 MHz, DMSO): 6 8.80 (s, 2H), 6.79-6.76 (m,
2H), 6.66-6.63 (m, 2H); 3C NMR (100 MHz, DMSO): § 145.3, 119.3, 115.7.

3,5-dimethylphenol
CAS registry No. [108-68-9], white solid; 'H NMR (400 MHz, CDCls): § 6.50 (s, 1H), 6.38 (s, 2H),
4.79 (s, 1H), 2.18 (s, 6H); 1*C NMR (100 MHz, CDCls): 8 155.5, 139.7, 122.7, 113.2, 21.3.

o-methoxyphenol
CAS registry No. [90-05-1], colorless liquid; *H NMR (400 MHz, CDCls): § 6.97-6.94 (m, 1 H), 6.90—
6.88 (m, 3H), 5.69 (s, 1H), 3.89 (s, 3H); *C NMR (100 MHz, CDCls): 5 146.7, 145.8, 121.6, 120.3,
114.7, 110.9, 56.0.

p-fluorophenol
CAS registry No. [371-41-5], colorless liquid; *H NMR (400 MHz, CDCls): § 6.86-6.82 (m, 2H),
6.70-6.67 (m, 2H), 5.00 (s, 1H); *3C NMR (100 MHz, CDCls): 6 158.7, 156.3, 151.6, 116.4.

p-chlorophenol

CAS registry No. [106-48-9], colorless liquid; *H NMR (400 MHz, CDCls): § 7.11 (d, J = 8.0 Hz, 2H),
6.69 (d, J=8.0 Hz, 2H), 5.08 (s, 1H); *C NMR (100 MHz, CDCls): & 154.2, 129.7, 125.9, 116.8.
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o-chlorophenol

CAS registry No. [95-57-8], colorless liquid; *H NMR (400 MHz, CDCls): 6 7.30 (d, J = 8.0 Hz, 1H),
7.17 (t, J=8.0 Hz, 1H), 7.01 (d, J = 8.0 Hz, 1H), 6.86 (t, J = 8.0 Hz, 1H), 5.57 (s, 1H); 1*C NMR (100
MHz, CDCl»): § 151.5, 129.1, 128.5, 121.5, 120.0, 116.4.

p-bromophenol
CAS registry No. [106-41-2], colorless liquid; *H NMR (400 MHz, CDCls): 6 7.26 (d, J = 8.8 Hz, 2H),
6.65 (d, J = 8.8 Hz, 2H), 4.92 (s, 1H); 3C NMR (100 MHz, CDCls): & 154.8, 132.6, 117.4, 113.1.

phenol

CAS registry No. [108-95-2], colorless liquid; *H NMR (400 MHz, CDCls): § 7.26-7.21 (m, 2H),
6.95-6.91 (m, 1H), 6.84-6.82 (m, 2H), 5.00 (s, 1H); **C NMR (100 MHz, CDCls): & 155.6, 129.8,
121.0, 1155.

naphthalen-1-ol

CAS registry No. [90-15-3], white solid; *H NMR (400 MHz, CDCls): § 8.09-8.07 (m, 1H), 7.72—
7.70 (m, 1H), 7.39-7.38 (m, 2H), 7.34 (d, J = 8.4 Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H), 6.68 (d, J = 8.4
Hz, 1H), 5.32 (s, 1H); 3C NMR (100 MHz, CDCls): 8 151.5, 134.9, 127.8, 126.6, 126.0, 125.4, 124.5,
121.7, 120.8, 108.8.

3-hydroxypyridine

CAS registry No. [109-00-2], white solid; *H NMR (400 MHz, DMSO): § 9.94 (s, 1H), 8.14 (br, 1H),
8.03 (br, 1H), 7.23-7.14 (m, 2H); 3C NMR (100 MHz, DMSO): § 153.7, 140.3, 138.0, 124.2, 122.0.
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3. Results and discussion
3.1. Characterization of nano-CusN

Firstly, the prepared CusN was analyzed by PXRD measurement and the result was shown
in Figure 2-1 (a), which reveals five diffraction peaks corresponding to phase-pure CusN [25]. SEM
and TEM images of nano-CusN validate the cubic morphology with a ranging width from 50 to 200
nm (Figures 2-1 (b) and (c)). The high-resolution TEM (HR-TEM) images showed the lattice fringes
of 0.38 and 0.22 nm, which are attributed to the (100) and (111) planes, respectively, of cubic CusN
(Figure 2-1 (d)). Next, to understand the oxidation state of nano-CusN, X-ray absorption fine structure
(XAFS) analysis was conducted. The XANES spectra of nano-CusN and reference Cu compounds
(e.g., CuO, Cuy0, and Cu foil), reveal that the absorption edge energy of nano-CusN close to that of
Cu20, demonstrates the oxidation state of Cu species in nano-CusN is +1 (Figure 2-1 (e)) [25]. The
EXAFS spectra of nano-CusN in Figure 2-1 (f) indicated there has two main peaks around 1.8 and 2.3
A, which are attributed to those from Cu—N and Cu—Cu scattering [26]. Overall, these observations

clearly confirmed the successful preparation of phase-pure cubic CusN.
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Figure 2-1. (a) PXRD patterns, (b) SEM, (¢) TEM, and (d) HR-TEM images of nano-CusN. (e)

XANES and (f) EXAFS spectra of nano-CusN, CuO, Cuz0, and Cu-foil.
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3.2. Catalytic activity in hydroxylation of 4-iodoanisole (1a)

The catalytic performance of nano-CusN NC was investigated in the hydroxylation of 1a as
the model reaction (Table 2-1). It is worth noting that nano-CusN exhibited high activity, and 1a was
efficiently transformed to 4-methoxyphenol (2a) in 94% yield without any additive ligands (entry 1).
On the contrary, conventional Cu catalysts, e.g., Cu.0, Cul, CuO, and Cu(OAc),, exhibited lower

Table 2-1. Hydroxylation of 1a over various Cu catalysts.?

Catalyst, Ar
Meo—©—| + MOH Meo—©—0H
DMSO/H,0

Y

1a 2a

Entry Catalyst Base T (°C)/Time Yield of 2a® (%)
1 nano-CusN NaOH 120/12 94

2 Cu,0 NaOH 120/12 75

3 Cul NaOH 120/12 63

4 CuO NaOH 120/12 32

5 Cu(OAc), NaOH 120/12 26

6° Cul + Phen NaOH 120/12 98

7° Cu,0 + Phen NaOH 120/12 97

8¢ Cu,O + TEMDA NaOH 120/12 86

9 CusP NaOH 120/12 29

10 nano-CusN NaOH 100/12 67

11 nano-CusN KOH 100/12 46

12¢ nano-CuzN TBAOH 100/12 85

13 nano-CusN CsOH 100/12 99

14 - CsOH 100/12 0

@ Reaction conditions: 1a (0.5 mmol), catalyst (Cu: 11.8 mol%), base (3.0 mmol), and H,O/DMSO
=1:1 (2 mL) under Ar. ® Yields were determined by gas chromatography-mass spectrometry
(GC-MS) using naphthalene (0.2 mmol) as an internal standard. © Phen = 1,10-phenanthroline
(20 mol%). TMEDA = N,N,N'N-tetramethylethylenediamine (20 mol%). ¢ TBAOH =
tetrabutylammonium hydroxide.
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catalytic activity than that of nano-CusN (entries 2-5). To verify the effect of the N atoms in nano-
CusN in this reaction, several control experiments were performed. Firstly, when the additional N-
ligands for example 1,10-phenanthroline (phen) and N,N,N’.N’-tetramethyl-ethylenediamine
(TMEDA) were added with Cul and Cu0, yields of 2a were comparable to that of nano-CusN (entries
6-8). Moreover, CusP, another Cu—non-metal catalyst, was examined, and only 29% vyield of 2a was
obtained (entry 9), demonstrating that the N atoms in nano-CusN plays an essential role in improving
the hydroxylation reaction. Moreover, the effect of base on this reaction was investigated. When the
cesium hydroxide (CsOH) was used instead of sodium hydroxide (NaOH), 2a was produced with a
99% vyield under a milder reaction condition (entry 13 vs. entries 10-12). The reaction could not
proceed under Cu catalyst-free conditions (entry 14). Accordingly, the high catalytic activity of nano-
CusN may attribute to the interaction of N atom with Cu species.

The general applicability for nano-CusN-catalyzed hydroxylation of aryl halides was further
investigated. The results were summarized in Scheme 2-1. Aryl iodides with electron-donating (—
OCH3; and —CHs3) and electron-withdrawing groups (—NOj, —COOH, —COCHjs;, —Ph, and —OH)
exhibited high reactivity, providing the desired phenols in excellent yields (2a—2i). Moreover,
hydroxylation of aryl iodides with bulky substituents proceeded well to generate 2j and 2k in 82% and
62% yields, respectively. 4-Fluoro-1-iodobenzene, 4-chloro-1-iodobenzene, and 4-bromo-1-
iodobenzene were also tolerated and provided good yields and regioselectivities of phenols (21-2n).
lodobenzene and 1-iodonaphthalene were also tolerated and afforded the desired products in 85% and
88% yields (20 and 2p). nano-CusN provided excellent yield of a heteroaromatic iodide (2q). In
Taillefer group’s work, 1,2-diiodophenol and o-iodophenol are not suitable substrates for the
hydroxylation because of the exclusive formation of phenol [29]. Delightfully, nano-CuzN catalytic
system is active for the hydroxylation of 1,2-diiodobenzene to 1,2-benzenediol (2r) as side-product in

50% yield: this is the first report for the 1,2-benzenediol synthesis from 1,2-diharobenzenes using the
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heterogeneous Cu catalysts [27].

7\ nano-Cu;N, Ar
I+ CsOH o
R — DMSO/H,0

1 2
MeO
2a, 93% 2b, 89% 2¢, 87% 2d, 85%
o)
02N—©—0H HOOC@OH >_©—0H 0|-|
2e, 99% 2f, 97% 2g, 94% 2h, 91%
OH OH
X « QL O
OH OMe
2i, 90% 2j, 82% 2k, 62% 21, 85%
OH
m—@-m BrQOH @—OH
2m, 82% 2n, 78% 20, 85% 2p, 88%
OH oH
> X
|/N OH
2q, 84% 2r, 50%

Scheme 2-1. Hydroxylation of aryl iodides using nano-CusN catalyst. Reaction conditions: aryl
halides (0.5 mmol), nano-CusN (Cu: 11.8 mol%), CsOH (3.0 mmol), H,O/DMSO = 1/1 (2 mL), 100 °C,

12 h, Ar. Isolated yields.
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Table 2-2. nano-CusN catalyzed-hydroxylation of aryl bromides and aryl chlorides.

nano-CusN, Ar
@x +  CsOH > @'OH
RA= DMSO/H,0 R\=
1

X =Br, Cl
2
Entry Substrate Product Yield of 2 (%)
1 ozN—Q-Br OZNOOH 82
o} o)
3 MeO—@—Br MeO@OH 21
. O O
Br OH
TN X .
Br OH
6 OZNQCI 02N—©—OH 52
o o

@ Reaction conditions: 1 (0.5 mmol), nano-CuzN (Cu: 11.8 mol%), CsOH (3.0 mmol), and
H,O/DMSO =1 :1 (2 mL), 140 °C, 48 h, under Ar. Isolated yields.

Furthermore, aryl bromides and chlorides were hydroxylated successfully by nano-CusN catalyst to
afford the valuable phenols (Table 2-2). Aryl bromides bearing electron-withdrawing groups (e.g., —
NO; and —COCH?3) were tolerated and provided the desired products in good yields (entries 1 and 2).
4-Bromoanisole and bromobenzene showed low activity to afford only 21% and 16% yields of the
corresponding phenols (entries 3 and 4). 1,2-Dibromobenzene was efficiently transformed to the 1,2-

benzenediol in a moderate yield (entry 5). Notably, in this method, aryl chlorides with electron-
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withdrawing groups (e.g., —-NO; and —COCHzs,) were tolerated, providing phenols in moderate yields
(entries 6 and 7). The gram-scale reaction of 1a (1.34 g, 5.0 mmol) with NaOH (30.0 mmol) was
further carried out: the desired product 2a was obtained in 87% yield (0.54 g) (Scheme 2-2),

illustrating the good applicability of the nano-CusN catalytic system for large-scale reactions.

nano-Cu;N (Cu: 4.7 mol%)
MeO—@—I + NaOH > MeO—@—OH
DMSO/H,0 (v/v=1/1,10 mL)
1a 120 °C, 12 h, Ar 2a

5.0 mmol, 1.34 g 0.54 g, 87% isolated yield
Scheme 2-2. Gram scale experiment of hydroxylation of 1a by nano-CuzN catalyst.

Subsequently, the hot filtration experiment was carried out to check whether the
hydroxylation proceeded heterogeneously (Figure 2-2 (a)). The nano-CusN catalyst was removed
from the reaction mixture at the 40% vyield, and the recovered reaction mixture was further treated
under the same reaction conditions. No additional of 2a was produced, demonstrating that the reaction
occurred on the surface of the nano-CusN catalyst. In addition, the nano-CusN was easily recovered
via centrifugation and ready to be reused without any treatments. Although the desired 2a was formed
in good yields in the second reuse experiment as shown in Figure 2-2 (b), the decreased yield of 2a
was observed after the third reuse experiment. To understand the deactivation of recovered nano-CusN,
several analyses were performed. The SEM image of reused nano-CusN demonstrates the morphology
was not changed after the reaction (Figure 2-3 (a)). The PXRD patterns and XAFS spectra of
recovered nano-CusN reveal that the CusN was gradually converted into Cu2O during the reaction,
which accounts for the deactivation of nano-CusN (Figures 2-3 (b)—(d)). Overall, the nano-CusN

catalyst could be reused for several times and provided satisfied yields of 2a.
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Figure 2-2. (a) Hot filtration experiment of nano-CuszN in hydroxylation of 1a. (b) Reuse experiments
of nano-CuzN in hydroxylation of la. Reaction conditions: 1a (0.5 mmol), nano-CusN (Cu: 11.8
mol%), CsOH (3.0 mmol), H,O/DMSO = 1/1 (2 mL), 100 °C, 12 h, Ar. Yields were determined by

GC-MS using naphthalene (0.2 mmol) as an internal standard.
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Figure 2-3. (a) SEM image, (b) PXRD patterns, (¢) XANES spectra, and (d) XAFXS spectra of reused

nano-CusN catalyst.
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3.3.  Proposed mechanism.

According to the reported Cu catalytic systems for this reaction, the proposed mechanism is
shown in Scheme 2-3. As mentioned in the introduction, CusN crystal structure possesses an open
cubic framework of Cu-N octahedra, which can serve as the Cu(l)/N ligand species during the reaction
[28-33]. In nano-CusN catalytic system, firstly, a Cu(lll) species intermediate is generated through
the oxidative addition of aryl halides to nano-CusN. Next, the hydroxylation of the substrate occurs
through nucleophilic substitution with —OH species, affording a Cu species with the ligated product.
Finally, via the reductive elimination step, the desired phenol is produced and accompanied by the

regeneration of nano-CusN.

-0
— N—Cu — N —

product

e

— N—Cu — N — X—CLII
W, N
HQ
NS Intermediate

CsX

Scheme 2-3. Proposed mechanism for the nano-CusN catalyzed hydroxylation of aryl halides.
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4. Conclusion

This chapter described that a well-defined nano-CusN was prepared and used an efficient
catalyst in the hydroxylation of aryl halides under additive-free conditions. A wide variety of aryl
halides, including aryl iodides, bromides, and chlorides reacted well with CsOH or NaOH, generating
corresponding phenols in moderate to excellent yields. After the reaction, the nano-CusN can be easily
recovered and reused for several times. This study strongly suggests that the N atoms in nano-CusN

act as a functional ligand to promote the hydroxylation of aryl halides.
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Chapter II1.

Green Oxidation of Indoles by

Copper Nitride Catalyst
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1. Introduction

Functionalization of indoles is a convenient and practical method for the preparation of
several nitrogen-containing compounds [1]. Among them, oxidative trimerization of indoles can
directly afford the indolin-3-one derivates, which are found widely in valuable natural products and
pharmaceuticals [2, 3]. Recently, several homogeneous and heterogeneous catalytic systems have been
developed for this oxidation reaction. However, the additive oxidants for example tert-butyl
hydroperoxide (TBHP) [4-6] and oxone [7, 8] were required to complete the reaction in those synthetic
methods, which produce large amounts of wastes. Molecular oxygen (O,) are extensively utilized in
oxidative organic conversions since water is theoretically generated as the single co-product [9]. In
this context, many researchers have recently focused on the development of greener catalytic
trimerization of indoles with O as oxidant. Inada group reported the efficient trimerization of indoles
catalyzed by Co(salen) catalyst with sodium dodecylsulfate as surfactant under Oz bubbling [10]. Liu
et al. reported that the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was used as an accelerator to
achieve the oxidation of indoles with Oy, but benzoic acid was required as co-catalyst [11]. Very
recently, photocatalysts, such as ruthenium and natural chlorophyll, have been applied to the
trimerization of indoles [12, 13]. Although these catalytic systems showed high efficiency, the

requirement of additives and precious metal catalysts leads to large amounts of chemical wastes.
RZ
H Trimerization
CL S ~ e
(" e Uy
o N
H

Scheme 3-1. Trimerization and Witkop oxidation of indoles.

7 “zx

The oxidative cleavage of the C2, C3-double bond of indoles, named as Witkop oxidation,
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is another interesting and uesful oxidative reaction of indoles, which can afford various valuable amide
derivatives [14, 15]. Previous synthetic methods usually used the stoichiometric chemical oxidants,
such as peroxides [16, 17] and ozone [18]. Recently, some catalytic aerobic oxidation systems have
been developed, but they also suffered from the utilization of additive and precious metal catalysts [19,
20]. Hence, from the perspective of practicality and green sustainable chemistry, the development of
non-noble metal based-heterogeneous catalytic system for the oxidation of indoles is highly demanded.

This chapter describes that the copper nitride nanocube (CusN NC) exhibits a high catalytic
performance for the oxidation of indoles to indolin-3-ones and amide derivatives. A wide range of
indoles undergoes this transformation efficiently to generate the desired products in excellent yields.
The CusN NC is the first example of a heterogeneous non-precious metal catalyst for synthesizing

indolin-3-ones and amide derivatives with O, under additive-free conditions.
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2. Experimental section
2.1. General information

All organic reagents were purchased from FUJIFILM Wako Pure Chemical Corporation,
Sigma—Aldrich, or Tokyo Chemical Industry. The commercial CusN was purchased from KOJUNDO
Chemical Lab. Co., Ltd. Gas chromatography-mass spectrometry (GC-MS) was performed using a
GCMS-QP2010 SE instrument equipped with an InertCap WAX-HT capillary column (GL Science,
30 m x 0.25 mm i.d., film thickness 0.25um). *H and *3C nuclear magnetic resonance (NMR) spectra
were acquired at 400 and 100 MHz, respectively, using a JEOL JNM-ESC400 spectrometer. Chemical
shifts are reported in parts per million (ppm) relative to the signal (0.00 ppm) for internal
tetramethylsilane in CDCI; or (CD3)2SO. The *H NMR spectral data are reported using the following
standard chemical shifts: CDCls (7.26 ppm) and (CD3).SO (2.50 ppm). The *3C NMR spectral data
are reported using the following standard chemical shifts: CDCls (77.16 ppm) and (CD3)2SO (39.52
ppm). NMR multiplicities are reported using the following abbreviations: s: singlet, d: doublet, t:
triplet, g: quartet, m: multiplet, br: broad, J: coupling constants in hertz. All known compounds
described in the paper were characterized by comparison of their *H and 3C NMR spectra with
previously reported data. Scanning electron microscopy (SEM) image was obtained using a JSM-
7600F microscope operated at 15.0 kV at the Analytical Instrument Facility, Graduate School of
Science, Osaka University. Transmission electron microscopy (TEM) images were obtained using a
Hitachi HF-2000 microscope operated at 200 kV at the Research Center for Ultra-High Voltage
Electron Microscopy, Osaka University. Cu K-edge X-ray absorption spectra (extended X-ray
absorption near edge structure (XANES)) obtained using a Si (111) monochromator were recorded at
25 °C at the BLO1B1 and BL14B2 stations, SPring-8, Japan Synchrotron Radiation Research Institute
(JASRI), Harima, Japan. Data analysis was performed using Demeter (ver. 0.9.26). Powder X-ray

diffraction (PXRD) patterns were acquired using a Philips XPert-MPD instrument with Cu-Ka

48



radiation. CHN element analysis was performed using a PerkinElmer 24001ICHNS/O.

2.2. Preparation of CusN NC

All reactions were carried out under an Ar atmosphere using standard Schlenk line
techniques [21]. In a typical synthesis, 0.5 mmol of Cu(NOs3),-3H,0 and octadecylamine (2.5 g) were
combined with 2.5 mL of oleylamine in a Schlenk flask. The system was heated to 150 °C and kept
for 1 h under Ar. Next, the temperature was increased to 260 °C and maintained for 20 min. After the
mixture was cooled to room temperature, the brown product was isolated by precipitation with
isopropanol, and redispersion and precipitation cycles using ethanol and toluene were continued until

the supernatant liquid was transparent. The obtained material was dried in vacuum.

2.3. Preparation of C2,C3-substitude indoles

The C2,C3-substitude indoles were synthesized according to the reported work [22]. In the
general procedure, the substituted phenylhydrazine hydrochloride (3 mmol) was added to AcOH (3
mL) and heated at 50 °C for 30 min. Then, ketones (6 mmol) was added in one portion and the reaction
mixture was refluxed for 3 h. After the reaction, AcOH was removed under vacuum and the residue
was dissolved in ethyl acetate. The organic phase was washed with water and brine, and then dried
over anhydrous Na;SO,4. After the removal of the solvent, the residue was purified by flash
chromatography on silica gel with hexane/ethyl acetate to afford the corresponding C2,C3-substitude

indoles. The substrates 3a—3i and 31-30 were also prepared based on this procedure.

2.4. Reaction procedure for the oxidation of indoles using CusN NC
CusN NC powder was placed in a 50-mL stainless steel autoclave with a Teflon inner

cylinder. Indole (0.5 mmol) was subsequently added to the mixture of CH3CN/H2O (v/iv = 2/3, 2 mL).
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The reaction mixture was stirred vigorously at 60 °C or 80 °C under 3 bars of O,. After the reaction,
the mixture was cooled to room temperature and concentrated in vacuo. The residue was purified by

the silica gel flash chromatography with hexane/ethyl acetate to yield the desired products.

2.5. Recycling experiments

In a 50 mL stainless-steel autoclave, 3a (0.5 mmol) and CusN NC (5 mg, 5 mol% Cu) were
added to 2 mL of H,O/CH3CN (v/v = 2/3). The autoclave was purged and filled with O (1 bar). After
the reaction, CusN NC was removed by centrifugation, and the yield was determined by GC-MS
analysis. The spent catalyst was washed with ethanol for the reuse experiments without any other pre-

treatments.

2.6.  Gram-scale experiment of Witkop reaction

In a 100 mL stainless-steel autoclave, 3a (1.015 g, 7 mmol) and CusN NC (35 mg, 3 mol%
Cu) were added to 10 mL of H,O/CHsCN (v/v = 2/3). The autoclave was purged and filled with O,
until the pressure reached 3 bars. The mixture was then stirred at 60 °C for 24 h and was concentrated
in vacuo. The residue was purified by the silica gel flash chromatography with hexane/ethyl acetate to

yield the desired product 4a.

2.7.  Control experiments

In a 50 mL stainless-steel autoclave, indole (0.5 mmol), CusN NC (5 mg, 5 mol% Cu) and
TEMPO (1.0 mmol) were added to 2 mL of H;O/CH3CN (v/v = 2/3). The autoclave was purged and
filled with O until the pressure reached 3 bars. The mixture was then stirred at 60 °C for 12 h and was
concentrated in vacuo. The residue was purified by the silica gel flash chromatography with

hexane/ethyl acetate to yield the desired products.
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2.8. Product identification
[3,2:2',3"-terindolin]-3'-one
CAS registry No. [17646-95-6], yellow solid; *H NMR (400 MHz, DMSO-de): 6 10.98 (s, 2H), 8.16
(s, 1H), 7.51-7.49 (m, 2H), 7.38-7.32 (m, 4H), 7.12-7.08 (m, 2H), 6.96 (d, J = 8.0 Hz, 1H), 6.87—
6.83 (m, 2H), 6.75-6.72 (m, 1H); 3C NMR (100 MHz, DMSO-ds): 5 200.9, 160.6, 137.5, 137.0, 125.7,

124.5,124.1,121.1, 120.6, 118.4, 117.8, 117.1, 114.0, 111.9, 111.6, 67.7.

5-methoxy-2,2-bis(5-methoxy-1H-indol-3-yl)indolin-3-one

CAS registry No. [214262-54-1], yellow solid; *H NMR (400 MHz, DMSO-ds): § 10.83 (s, 2H), 7.83
(s, 1H), 7.31-7.26 (m, 3H), 7.10 (d, J = 2.4 Hz, 2H), 7.03-6.99 (m, 2H), 6.86 (br, 2H), 6.75 (dd, J =
8.8, 2.4 Hz, 2H), 3.77 (s, 3H), 3.59 (s, 6H); 3C NMR (100 MHz, DMSO-ds): § 201.3, 156.9, 152.6,

151.8,132.2, 127.8, 126.1, 124.7, 118.1, 113.7, 113.5, 112.1, 110.6, 104.6, 103.1, 68.5, 55.6, 55.1.

5,5',5"-trimethyl-[3,2":2",3""-terindolin]-3"-one

CAS registry No. [1414941-78-8], yellow solid; *H NMR (400 MHz, DMSO-ds): 5 10.79 (s, 2H), 7.81
(s, 1H), 7.36-7.33 (m, 1H), 7.26 (s, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.11 (s, 2H), 7.01 (d, J = 2.0 Hz,
2H), 6.90-6.79 (m, 3H), 2.25 (s, 3H), 2.22 (s, 6H); *C NMR (100 MHz, DMSO-ds): 5 200.8, 159.2,
138.7, 135.3, 126.5, 125.9, 125.8, 124.0, 123.6, 122.6, 120.2, 118.0, 113.7, 112.0, 111.3, 68.0, 21.4,

20.1.

5,5',5"-tribromo-[3,2":2',3"-terindolin]-3'-one
CAS registry No. [95561-75-4], yellow solid; H NMR (400 MHz, DMSO-de): & 11.35 (s, 2H), 8.59
(s, 1H), 7.72-7.68 (m, 2H), 7.45 (s, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.28 (s, 2H), 7.22 (d, J = 8.4 Hz,

2H), 7.01 (d, J = 8.0 Hz, 1H); 3C NMR (100 MHz, DMSO-ds): 8 199.0, 159.2, 140.1, 135.7, 127.1,
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126.7,125.5, 123.8, 122.3, 119.0, 114.1, 113.9, 112.9, 111.3, 108.4, 67.8.

5,5',5"-trichloro-[3,2":2",3"-terindolin]-3"-one

CAS registry No. [2400913-11-1], yellow solid; *H NMR (400 MHz, DMSO-ds): 6 11.30 (s, 2H), 8.51
(s, 1H), 7.56 (dd, J = 8.8, 2.4 Hz, 1H), 7.50 (d, J = 2.0 Hz, 1H), 7.41 (d, J = 8.8 Hz, 2H), 7.25-7.24
(m, 4H), 7.05 (dd, J = 8.8, 2.4 Hz, 2H), 7.01 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, DMSO-ds): &
199.3, 159.0, 137.6, 135.5, 126.5, 125.6, 123.6, 123.2, 121.3, 121.2, 119.3, 118.3, 113.7, 113.4, 113.0,

67.9.

5,5°,5"-trifluoro-[3,2":2",3"-terindolin]-3"-one

CAS registry No. [1414941-76-6], yellow solid; *H NMR (400 MHz, CDCls): § 8.24 (s, 2H), 7.34 (dd,
J=7.2,2.8Hz, 1H), 7.31-7.26 (m, 1H), 7.21 (dd, J = 9.2, 4.8 Hz, 2H), 7.10 (d, J = 2.4 Hz, 1H), 7.01
(dd, J=10.0, 2.4 Hz, 2H), 6.90-6.85 (m, 3H), 5.28 (s, 1H); 3C NMR (100 MHz, CDCls): 6 201.2 (d,
J =3.0 Hz), 157.8 (d, J = 234.0 Hz), 157.1, 157.0 (d, J = 239.0 Hz), 133.6, 126.2 (d, J = 25.0 Hz),
125.8 (d, J = 10.0 Hz), 125.7, 120.3 (d, J = 7.0 Hz), 114.6 (d, J = 5.0 Hz), 114.5 (d, J = 7.0 Hz), 112.4

(d, J = 10.0 Hz), 111.0 (d, J = 27.0 Hz), 110.3 (d, J = 25.0 Hz), 105.3 (d, J = 25.0 Hz), 69.2.

6,6',6"-trimethyl-[3,2":2",3""-terindolin]-3'-one

CAS registry No. [2413003-66-2], yellow solid; *H NMR (400 MHz, DMSO-de): 5 10.76 (s, 2H), 7.97
(s, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.18 (d, J = 8.4 Hz, 2H), 7.12 (s, 2H), 6.98-6.97 (m, 2H), 6.72 (s,
1H), 6.65 (d, J = 8.4 Hz, 1H), 6.63 (d, J = 8.0 Hz, 1H), 2.33 (s, 3H), 2.32 (s, 6H); 2*C NMR (100 MHz,
DMSO-ds): 6 200.0, 160.9, 148.1, 137.3, 130.0, 124.2, 123.6, 123.3, 120.4, 120.1, 118.7, 115.7, 114.2,

111.5,111.3,67.9, 22.1, 21.3.
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6,6',6"-trichloro-[3,2":2',3"-terindolin]-3'-one

CAS registry No. [1585169-26-1], yellow solid; *H NMR (400 MHz, DMSO-ds): § 11.20 (s, 2H), 8.48
(s, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.42 (d, J = 2.0 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 2.4
Hz, 2H), 6.95 (d, J = 1.6 Hz, 2H), 6.90 (dd, J = 8.8, 2.0 Hz, 2H), 6.75 (dd, J = 8.0, 1.6 Hz, 1H); 13C
NMR (100 MHz, DMSO-dg): 6 199.1, 160.7, 142.5, 137.4, 126.4, 126.0, 125.2, 124.2, 121.5, 119.0,

117.7,116.3, 113.6, 111.3, 111.1, 67.8.

6,6",6"-trifluoro-[3,2":2',3"-terindolin]-3'-one

CAS registry No. [1414941-88-0], yellow solid; *H NMR (400 MHz, DMSO-dg): 6 11.10 (s, 2 H),
8.52 (s, 1H), 7.56 (dd, J = 8.4, 6.0 Hz, 1H), 7.26 (dd, J = 8.8, 5.6 Hz, 2H), 7.16-7.14 (m, 4H), 6.78—
6.75 (m, 2H), 6.65 (dd, J = 10.4, 2.0 Hz, 1H), 6.57-6.53 (m, 1H); *C NMR (100 MHz, DMSO-ds): ¢
198.6, 168.9 (d, J = 250.0 Hz), 161.8 (d, J = 15.0 Hz), 158.7 (d, J = 234.0 Hz), 136.8 (d, J = 12.0 Hz),
127.4 (d, J = 13.0 Hz), 124.6 (d, J = 4.0 Hz), 122.3, 121.3 (d, J = 10.0 Hz), 114.5, 113.8, 107.2 (d, J

=24.0 Hz), 105.7 (d, J = 25.0 Hz), 97.6 (d, J = 26.0 Hz), 97.3 (d, J = 27.0 Hz), 68.1.

7,7",7"-trimethoxy-[3,2":2",3""-terindolin]-3"-one

CAS registry No. [1585169-27-2], yellow solid; *H NMR (400 MHz, DMSO-ds): 6 11.02 (s, 2H), 7.80
(s, 1H), 7.12-7.06 (m, 2H), 6.95-6.92 (m, 4H), 6.78-6.68 (M, 3H), 6.62—6.59 (m, 2H), 3.89 (s, 3H),
3.88 (s, 3H), 3.86 (s, 3H); 13C NMR (100 MHz, DMSO-dg): 5 200.7, 151.6, 146.1, 145.8, 127.1, 126.9,

124.0, 118.9, 118.4, 117.4, 116.4, 115.7, 114.4, 113.6, 101.5, 99.5, 68.2, 55.5, 55.1.

7,7',7"-tribromo-[3,2':2',3"-terindolin]-3'-one
CAS registry No. [2400913-12-2], yellow solid; *H NMR (400 MHz, DMSO-ds): 5 11.33 (s, 2H), 8.42

(s, 1H), 7.81 (dd,  =8.0, 1.2 Hz, 1H), 7.55-7.53 (m, 1H), 7.33-7.30 (m, 4H), 7.15 (d, J = 2.4 Hz, 2H),
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6.85 (t, J = 8.0 Hz, 2H), 6.74 (t, J = 7.6 Hz, 1H); 13C NMR (100 MHz, DMSO-ds): & 199.9, 157.5,

140.1, 135.1, 127.0, 126.0, 124.1, 123.9, 120.2, 120.1, 119.5, 118.9, 114.3, 104.4, 104.4, 68.2.

N-(2-acetylphenyl)acetamide

CAS registry No. [5234-26-4], white solid; *H NMR (400 MHz, CDCls): § 11.69 (s, 1H), 8.74 (dd, J
= 8.4, 1.2 Hz, 1H), 7.89 (d, J = 8.0, 1.6 Hz, 1H), 7.57-7.53 (m, 1H), 7.13-7.09 (m, 1H), 2.67 (s, 3H),
2.23 (s, 3H); *C NMR (100 MHz, CDClz): § 202.9, 169.6, 141.1, 135.2, 131.7, 122.4, 121.8, 120.8,

28.8, 25.7.

N-(2-acetyl-4-methoxyphenyl)acetamide

CAS registry No. [52417-34-2], white solid; *H NMR (400 MHz, CDClz): 6 11.32 (s, 1H), 8.65 (d, J
= 9.2 Hz, 1H), 7.36 (d, J = 2.8 Hz, 1H), 7.12 (dd, J = 9.2, 2.8 Hz, 1H), 3.84 (s, 3H), 2.64 (s, 3H), 2.20
(s, 3H); 1*C NMR (100 MHz, CDCls3): § 202.6, 169.2, 154.3, 134.5, 123.0, 122.4, 120.2, 116.8, 55.8,

28.7,25.5.

N-(2-acetyl-4-methylphenyl)acetamide
CAS registry No. [38968-47-7], brown solid; *H NMR (400 MHz, CDCls): § 11.56 (s, 1H), 8.61 (d, J
=8.0 Hz, 1H), 7.66 (s, 1H), 7.36 (d, J = 8.0 Hz, 1H), 2.64 (s, 3H), 2.35 (s, 3H), 2.21 (s, 3H); 3C NMR

(100 MHz, CDCls): 6 202.9, 169.4, 138.7, 135.9, 131.9, 121.8, 120.7, 28.7, 25.6, 20.9.

N-(2-acetyl-4-isopropylphenyl)acetamide
CAS registry No. [2640316-79-4], yellow solid; *H NMR (400 MHz, CDCls): § 11.56 (s, 1H), 8.63
(d, J = 8.4 Hz, 1H), 7.70 (d, J = 2.4 Hz, 1H), 7.43 (dd, J = 8.8, 2.0 Hz, 1H), 2.95-2.88 (m, 1H), 2.67

(s, 3H), 2.21 (s, 3H), 1.27 (s, 3H), 1.26 (s, 3H); 13C NMR (100 MHz, CDCls): § 203.0, 169.4, 140.9,
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138.9, 133.3, 129.3, 122.0, 121.0, 33.6, 28.7, 25.6, 24.0.

N-(2-acetyl-4-bromophenyl)acetamide

CAS registry No. [29124-64-9], brown solid; *H NMR (400 MHz, CDCls): § 11.57 (s, 1H), 8.67 (d, J
=9.2 Hz, 1H), 7.97 (d, J = 2.4 Hz, 1H), 7.63 (dd, J = 9.6, 2.4 Hz, 1H), 2.66 (s, 3H), 2.22 (s, 3H); 3C

NMR (100 MHz, CDCls): 6 201.8, 169.6, 140.2, 137.9, 134.2, 123.2, 122.6, 114.6, 28.8, 25.7.

N-(2-acetyl-4-chlorophenyl)acetamide
CAS registry No. [52263-95-3], white solid; *H NMR (400 MHz, CDCls): 6 11.57 (s, 1H), 8.73 (d, J
= 8.8 Hz, 1H), 7.83 (s, 1H), 7.49 (d, J = 8.8 Hz, 1H), 2.66 (s, 3H), 2.23 (s, 3H); 3C NMR (100 MHz,

CDCls): 6 201.9, 169.5, 139.6, 134.9, 131.2, 127.3, 122.9, 122.3, 28.8, 25.6.

N-(2-acetyl-4-fluorophenyl)acetamide

CAS registry No. [2794-54-9], colorless oil; *H NMR (400 MHz, CDCls): § 11.47 (s, 1H), 8.74 (dd, J
=9.2,5.2 Hz, 1H), 7.55 (dd, J = 9.6, 2.4 Hz, 1H), 7.30-7.25 (m, 1H), 2.65 (s, 3H), 2.22 (s, 3H); 13C
NMR (100 MHz, CDCls): § 201.8, 169.5, 157.1 (d, J = 240.0 Hz), 137.4, 122.8-122.7 (m), 122.2 (d,

J=21.0Hz),117.4 (d, J = 23.0 Hz), 28.7, 25.5.

N-(2-acetyl-4-nitrophenyl)acetamide
CAS registry No. [41019-20-9], colorless solid; *H NMR (400 MHz, DMSO-de): & 11.48 (s, 1H), 8.74
(s, 1H), 8.54-8.47 (m, 2H), 2.77 (s, 3H), 2.25 (s, 3H); *C NMR (100 MHz, DMSO-ds): 6 201.2, 169.6,

144.0, 141.5, 128.7, 126.7, 124.3, 120.9, 28.7, 24.9.

N-(2-acetyl-5-methylphenyl)acetamide

CAS registry No. [127396-17-2], colorless solid; *H NMR (400 MHz, CDCls): § 11.75 (s, 1H), 8.57
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(s, 1H), 7.77 (d, J = 8.4 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 2.63 (s, 3H), 2.40 (s, 3H), 2.22 (s, 3H); 13C

NMR (100 MHz, CDCls): 6 202.5, 169.7, 146.7, 141.2, 131.8, 123.4, 121.0, 119.5, 28.6, 25.7, 22.3.

N-(1-formylnaphthalen-2-yl)acetamide
CAS registry No. [42900-57-2], white solid; *H NMR (400 MHz, DMSO-ds): & 9.97 (s, 1H), 8.00—
7.95 (m, 2H), 7.79 (d, J = 8.8 Hz, 1H), 7.58-7.49 (m, 3H), 2.53 (s, 3H), 2.09 (s, 3H); **C NMR (CDCls,

100 MHz): 6 203.1, 169.0, 132.1, 130.9, 129.8, 128.9, 128.2, 127.3, 125.7, 124.8, 124.2, 31.5, 23.1.

N-(2-acetylphenyl)formamide
CAS registry No. [5257-06-7], yellow solid; *H NMR (400 MHz, CDCls): § 11.63 (s, 1H), 8.75 (d, J
= 8.4 Hz, 1H), 8.50 (s, 1H), 7.93-7.91 (m, 1H), 7.60-7.56 (m, 1H), 7.20-7.16 (m, 1H), 2.68 (s, 3H);

13C NMR (100 MHz, CDCls): § 202.9, 160.0, 140.0, 135.3, 131.8, 123.2, 122.1, 121.7, 28.7.

N-(2-propionylphenyl)acetamide

CAS registry No. [52457-99-5], yellow solid; *H NMR (400 MHz, CDCls): 6 11.75 (s, 1H), 8.76-8.72
(m, 1H), 7.96-7.91 (m, 1H), 7.57-7.52 (m, 1H), 7.14-7.08 (m, 1H), 3.05 (q, J = 7.2 Hz, 2H), 2.24 (s,
3H), 1.22 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 205.5, 169.6, 141.1, 134.9, 130.7, 122.4,

121.6, 120.9, 33.3, 25.7, 8.5.

N-(4-methyl-2-propionylphenyl)acetamide

CAS registry No. [640316-83-0], yellow solid; *H NMR (400 MHz, CDCls): § 11.61 (s, 1H), 8.60 (d,
J=8.4Hz, 1H), 7.70 (s, 1H), 7.35 (d, J = 8.8 Hz, 1H), 3.02 (q, J = 7.2 Hz, 2H), 2.35 (s, 3H), 2.22 (s,
3H),1.21 (t, J=7.2 Hz, 3H); 1*C NMR (100 MHz, CDCls): § 205.5, 169.4, 138.6, 135.6, 131.8, 130.8,

121.6, 120.9, 33.2, 25.6, 20.9, 8.5.
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N-(2-acetylphenyl)benzamide

CAS registry No. [6011-26-3], yellow solid; *H NMR (400 MHz, CDCls): 6 12.67 (s, 1H), 9.00-8.94
(m, 1H), 8.05-8.03 (m, 2H), 7.95-7.91 (m, 1H), 7.60—7.48 (m, 4H), 7.14-7.10 (m, 1H), 2.68 (s, 3H);
13C NMR (100 MHz, CDCls): 6 203.4, 166.3, 141.6, 135.5, 135.0, 132.1, 132.0, 129.0, 127.6, 122.6,

122.2,121.0, 28.7.

N-(2-acetyl-4-methylphenyl)benzamide

CAS registry No. [41019-19-6], yellow solid; *H NMR (400 MHz, CDCls): § 12.56 (s, 1H), 8.84 (d,
J =8.8 Hz, 1H), 8.05-8.03 (m, 2H), 7.69 (s, 1H), 7.53-7.47 (m, 3H), 7.39 (d, J = 8.8 Hz, 1H), 2.67 (s,
3H), 2.35 (s, 3H); 2*C NMR (100 MHz, CDCls): § 203.4, 166.0, 139.1, 136.2, 135.0, 132.1, 132.0,

128.8, 127.5, 122.0, 120.8, 28.7, 20.9.

spiro[cyclopentane-1,2*-indolin]-3'-one

CAS registry No. [4669-18-5], yellow solid; *H NMR (400 MHz, CDCls): 6 7.61 (d, J = 7.6 Hz, 1H),
7.53-7.41 (m, 1H), 6.84-6.79 (m, 2H), 4.83 (s, 1H), 2.11-2.04 (m, 2H), 1.99-1.95 (m, 2H), 1.86-1.82
(m, 2H), 1.74-1.69 (m, 2H); 13C NMR (100 MHz, CDCls): § 205.3, 160.1, 137.0, 124.7, 120.8, 118.9,

112.4,74.6, 38.2, 25.6.
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3. Results and discussion

3.1. Characterization of CusN NC

The crystal structure of CusN NC was verified using PXRD analysis (Figure 3-1 (a)). The

diffraction peaks located at 23.1, 33.2, 40.9, 47.6, and 53.7° can be assigned to the (100), (110), (111),

(200), and (210) planes of CusN (JCPDS No. 47-1088). The morphology of prepared CuzsN was

investigated through the TEM and SEM analysis, suggesting that the nanoalloy has a cubic

morphology with an average edge length of 67 nm (Figures 3-1 (b) and (c)). Then, the XAFS analysis

was carried out to investigate the oxidation state of Cu species in the CusN NC. The Cu K-edge

XANES spectrum revealed that the absorption edge energy of CusN NC is close to that of Cu,0,

demonstrating the oxidation state of Cu species in the CusN NC is +1 (Figures 3-1 (d)).
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Figure 3-1. (a) PXRD patterns, (b) TEM, and (c) SEM images of the CusN NC. (d) Cu K-edge XANES

spectra of the CusN NC and the reference Cu compounds.
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3.2. Catalytic performance of CusN NC in trimerization of indoles

The trimerization of indole (1a) was selected as a model reaction to investigate the catalytic
performance of the CusN NC. The reaction was performed in an aqueous CH3CN solution
(H20/CH3CN, v/v = 2/3) under 3 bars of O, atmosphere at 60 °C for 12 h (Table 3-1). Notably, the
CusN NC showed outstanding activity to afford the [3,2":2',3"-terindolin]-3'-one (2a) in 84% vyield
(entry 1). Notably, the O,-mediated trimerization of indole under additive-free conditions is achieved
for the first time with CusN NC catalyst (Table 3-2). On the other hand, other Cu compounds, CusN,
Cu20, CuCl, CuO, and CusP, showed lower catalytic performance compared to the CusN NC (entries
2-6vs 1). No desired product was obtained with another oxidant (TBHP) instead of O, revealing that
the O3 are essential for this reaction (entry 7). The oxidative reaction was not occurred under catalyst-
and oxidant-free conditions (entries 8 and 9), confirming the irreplaceable roles of O, and CusN NC
catalyst in this conversion.

Table 3-1. Trimerization of 1a using Cu catalysts

Y

H
@EN) Catalyst
/ 0,

1a

Entry Catalyst O, (bar) Yield of 2a (%)
1 CusN NC 3 84

2 CusN (commercial) 3 28

3 Cuy0 3 26

4 CuCl 3 23

5 CuO 3 18

6 CusP 3 18
70c CusN NC - N. R.
8P CusN NC - N.R.
9 - 3 N.R.

@ Reaction conditions: 1a (0.5 mmol), catalyst (5 mol% Cu), H,O/CH3CN (v/v = 2/3, 2 mL),
60 °C, 12 h, isolated yields. ® Ar (3 bar). © TBHP (2.0 eq.). The abbreviation N. R.
indicates No Reaction.
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Table 3-2. Comparison of CusN NC catalytic system and reported catalytic systems for trimerization

of indole
Entry Catalyst Reaction condition Yield Ref.
[%]
1 CusN NC 02 (3 bars), H20/CH3CN, 60 °C, 12 h 84 This
work

2 c-Chl O, White LED, K3POs, SDS, H»0, rt, 48 h 87 13

3 Ru(bpy)sCl2-6H20 Oy, Blue LED, HO/CH3CN, rt, 7 h 76 12

4 Co(salen) 02 (bubbling), SDS, MeOH, rt, 24 h 44 10

5 - TEMPO*BF-(with O2), THF rt, 6 h 90 23

6 CuCl; TEMPO (with O5), Benzoic acid, CH3sCN, 83 11
60 °C,6h

7 - TEMPO (with O5), Benzoic acid, CH3sCN, 80 24
65°C, 72 h

8 PdCl,/MnO; TBHP, CH3CN, 60 °C, 5 h 90 4

9 I TBHP, Cyclohexanone, rt, 8 h 87 5

10 - TBHP, 100 °C, 3 h 84 6

11 Nano Au-Pd-rGO Oxone, H20, rt, 12 h 90 7

12 Fe>O3-Zeolite-Y Oxone, MeCN, rt, 0.25 h 90 8

Note: SDS = sodium dodecyl sulfate

The CusN NC system could be applied to the oxidative trimerization of a wide range of
indoles with O as oxidant (Scheme 3-2). Indoles bearing electron-donating groups (-OMe and —Me)
at the C5 position were tolerated and smoothly transformed to the desired products in 82% and 63%
isolated yields (2b and 2c). Moreover, indoles bearing electron-withdrawing groups (-Br, —Cl, and —
F) exhibited high activity, affording the oxidative products in good yields (2d—2f). The other position-

substituted indoles could also be used as the reaction partner to produce the good yields of
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trimerization products (2g—2k). When indole with a strong electron-withdrawing group (-NO2) was
treated under standard reaction conditions, no reaction was occurred (2l). These results demonstrate
that the CusN NC functions as an efficient catalyst for the trimerization of indoles with O as oxidant

with a wide substrate scope.

H
(j/\N) CuzN NC
R— / -
Z H,0/CH;CN, O, (3 bars)

2j, 84%° 2k, 60%” 2l, trace

Scheme 3-2. Reaction conditions: 1 (0.5 mmol), CusN NC (5 mg, 5 mol% Cu), H,O/CHsCN (v/v =

2/3,2 mL), 60 °C, 12 h, isolated yield. 260 °C, 24 h. ® 80 °C, 12 h. ¢80 °C, 24 h.
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3.3. Catalytic performance of CusN NC in Witkop reaction of indoles

To further extend the generality of the oxidation catalysis of CusN NC, the oxidative
cleavage reaction of the C2-C3 C=C double bond of indoles was investigated. The oxidation of 2,3-
dimethylindole (3a) was selected as a model reaction, and the results were summarized in Table 3-3.
The CusN NC catalyst efficiently promoted the Witkop oxidation of 3a to N-(2-
acetylphenyl)acetamide (4a) in 72% isolated yield under 1 bar of O, without additives in an aqueous
CH3CN solvent, while other Cu catalysts exhibited lower activities (entry 1 vs entries 2—6). When the
pressure of O, was increased to 3 bars, the yield of 4a was 79% (entry 7). The reaction was not
occurred in the absence of CusN NC catalyst (entry 8). This CusN NC-O; catalyst system was also
applicable to the gram-scale synthesis, and 3a (7.0 mmol) was converted to 4a in 60% isolated yield

(0.76 g) (Scheme 3-3).

Table 3-3. Witkop oxidation of 3a using Cu catalysts

H
N Catalyst
/ >
0, NH

Ao

3a 4a

Entry Catalyst O, (bar) Yield of 4a (%)
1 CusN NC 1 72

2 Cu0 1 50

3 Cul 1 41

4 CuCl 1 26

5 CuO 1 23

6 CuCl, 1 21

7 CuzN NC 3 79

8 - 3 2

@ Reaction conditions: 3a (0.5 mmol), catalyst (5 mol% Cu), H,O/CH3CN (v/v = 2/3,
2 mL), 60 °C, 12 h. Yields were calculated by GC-MS analysis using naphthalene as
an internal standard.
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©\/\€\ CuszN NC (35 mg, 3 mol% Cu) @fK
N H,O/CH4CN (viv = 2/3, 10 mL) NH
H 0, (3 bar), 60 °C, 24 h )\

o

3a (7 mmol, 1.015 g) 4a (0.759 g, 60% isolated yield)

Scheme 3-3. Gram-scale experiment of the Witkop reaction of 3a using CusN NC.

Furthermore, a wide range of 2,3-dimethylindole derivatives with different groups, such as
—OMe, —Me, —Br, —Cl, and —F, at the C5 position were smoothly transformed into the corresponding
oxygenated products in good yields (4b—4g). 5-Nitro-substituted dimethylindole, 2,3-dimethyl-5-
nitroindole, was also tolerated (4h). Other position-substituted indoles were utilized as efficient
substrates in this catalytic system and provided 4i and 4j in 46% and 52% vyields, respectively. The
oxidation of 3-methylindole also proceeded efficiently to generate the desired product 4k in 54% yield.
Additionally, when other C2, C3-disubstituted indoles were used in this reaction, the corresponding
Witkop cleavage products (41-40) were obtained in acceptable yields (49-68%). These results
revealed that the CusN NC catalytic system is applicable to the additive-free Witkop oxidation with a

broad substrate scope (Table 3-4).
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Scheme 3-4. Substrate scope of the Witkop oxidation of indoles. Reaction conditions: 3 (0.5 mmol),

CusN NC (5 mg, 5 mol% Cu), HoO/CH3CN (v/v = 2/3, 2 mL), 60 °C, 12 h, isolated yield.

Table 3-4. Comparison of CusN NC catalytic system and reported catalytic systems for Witkop

oxidation
Entry  Catalyst Reaction conditions Yield Ref.
[%]
1 CusN NC 02 (3 bars), H,O/CH3CN, 60 °C, 12 h 71 This
work
2 Cu-X zeolite 02, DCE/CH3CN, 50 °C, 3 h 84 25
3 CuBr 02, L3/Na,COs, THF, 50 °C, 24 h 55 19
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4 Rose bengal 0o, Blue LED, K3PO., HoO/DMF, rt, 45h 82 26

5 c-Chl O2, White LED, K3PQOq4, H,O/SDS, rt, 18 h 79 12
6 Fe"'(O,)(TPP) O2n, DMF, —40 °C, 2 h 49 27
7 FeCls; 0., BiPy/Py, THF, 25 °C, 20 h 37 28
8 [(B)(Por)Fe"'(O27)] O THF/DCM, —40 °C, 2 h 31 29
9 - H,0, or UHP, CH3CN or HFIP, 45°C,24 77o0r81 16
h
10 CaCl; H20,, MeOH, reflux, 4 h 50 30
11 KCI Oxone, H2O/HIFP, rt, 24 h 76 18

Note: L3 = 2,2'-(propane-2,2-diyl)bis(5-(tert-butyl)benzo[d]oxazole), SDS = sodium dodecyl sulfate;
BiPy = 2,2-bipyridine; Py = pyridine; UHP = urea hydrogen peroxide; HFIP = 1,1,1,3,3,3-

hexafluoroisopropanol.

Then, to investigate the applicability of the CusN NC catalytic system, the oxidative
rearrangement of C2-C3 cyclic-substituted indole, 2,3,4,9-tetrahydro-1H-carbazole (5) was conducted
(Scheme 3-5). The previously reported reaction systems required additional acid or base [31], while
the CusN NC catalyst provided the desired rearrangement product spiro-[cyclopentane-1,2'-indolin]-

3'-one (6) in 30% yield.

H

N CusN NC (5 mg, 5 mol% Cu) ©j€<:|

% H,O/CH5CN (v/v = 2/3, 2 mL) N
0, (3 bar), 60 °C, 12 h H

5 (85 mg, 0.5 mmol) 6 (28 mg, 30% isolated yield)

Scheme 3-5. CusN NC catalyzed-oxidative rearrangement of 5.
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3.4. Reusability of CusN NC

Recycling experiments of CusN NC were conducted in the Witkop oxidation of 3a. After
the reaction, the CusN NC was recovered from the reaction solution. As shown in Figure 3-2 (a), CusN
NC catalyst maintained its activity up to the second reuse experiment (run 2), generating an
approximately 60% yield of 4a for 0.5 h. For the third run, a slight decrease of 4a yield was observed.
To clarify the reason for this, several analyses of reused CusN NC were carried out. The PXRD patterns
and TEM image of the reused CusN NC catalyst suggested that the cubic morphology of CusN NC
was gradually transformed to amorphous during the reaction (Figures 3-2 (b) and (c)). The
deactivation of CusN NC in the third run may be caused by the morphology change. Overall, the CusN

NC catalyst could be reused for several times without significant loss of its original activity.

(b)

—_—
[
~

100 m
. = N , , amerreuse2
£ 80 S | o
3 61 59 61 o N N after reuse 1
S 'm m B 5 *
N
- after run 1
= 40 -? A i’y Jl. i
> 20 g fresh CusN NC
Q 3
10) Q e A l dn
0 <

—

0 20 30 40 50 60 70
2 Theta (degree)

fresh run1 run2 run3

Figure 3-2. (a) Reuse experiments of CusN NC for Witkop oxidation (0.5 h); Reaction conditions: 3a
(0.5 mmol), CusN NC (5 mg, 5 mol% Cu), H:O/CH3CN (v/v = 2/3, 2 mL), O, (1 bar), 60 °C, 0.5 h.
Yields were calculated by GC-MS analysis using naphthalene as an internal standard. (b) PXRD

patterns of fresh and recovered CusN NC. (c) TEM images of reused CusN NC (after run 1).

3.5. Proposed mechanism
The proposed machines for CusN NC-catalyzed oxidation of indoles is presented in Scheme
3-7 [11-13, 16-20]. Firstly, O, and indoles are converted to O, and a radical-cation intermediate A,

respectively, through the single-electron-transfer (SET) process mediated by CusN. Subsequently, the
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radical cation A reacted with O, to give the peroxide species B, which follows the intermolecular
hydrogen transfer process and affords the peroxide C. Next, the intermediate C undergoes the
dehydration and provides the imine D, which reacts with indole to form the nucleophilic addition
product E. Finally, the intermediate F is generated through the oxidation of E and further reacts with
indole to afford the trimerization product. For the Witkop reaction, B is transformed into the dioxetane
C via intermolecular cyclization, which is further produce the Witkop oxidation product via

rearrangement process.

RZ

@fi‘
R? [o}
R1
N

N

H

c

SET R?

Catalyst N
H
Recycle . A
e [CusN] R2
O2 gt = 0—0
0, +)—R!
N
H

o,

/

0 Xy
H
N H,0
0 O Trimerization
O N N\ NH
H
H,0 /&
1/2 0, o Q OH"
O N NN i <
” e
)
G \/ N H20
Co
N
H

Scheme 3-7. Proposed mechanism for the CusN NC catalyzed-oxidation of indoles.

This mechanism is supported by the control experiments: 1) The TEMPO was added as a
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radical scavenger under the standard reaction condition, and the trimerization of 1a was prohibited,
demonstrating a free radical process was involved in the CusN NC-catalyzed trimerization reaction
(Scheme 3-6) [32, 33]. 2) The results of GC-MS analysis clearly confirmed the formation of
intermediates G and H during the trimerization of 1a (Figures 3-3 and 3-4). Hence, these observations
verified the conversion of O, to superoxide species was activated by CusN NC, which processes
arranged N—Cu—N structure on surface.

H
o N
f g
N standard conditions O
Cr\/) TEMPO (2.0 eq.) N O

1a 2a, trace

2"\

Scheme 3-6. Control experiment in the reaction of 1a using TEMPO under Ox.
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Figure 3-3. GC-MS chromatogram for the trimerization of 1a using CusN NC. Reaction conditions:

1a (0.5 mmol), CusN NC (5 mg, 5 mol% Cu), H,O/CH3sCN (v/v = 2/3, 2 mL), O (3 bars), 60 °C, 6 h.
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Figure 3-4. EI-MS spectra of (a) Peak 1, (b) Peak 2, (c) Peak 3, and (d) Peak 4 in Figure 3-3 detected

in the trimerization of 1a.
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4. Conclusion

This chapter demonstrated that the CusN NC is an efficient heterogeneous catalyst for green
oxidative conversion of indoles with O as a sole oxidant under additive-free conditions. The catalytic
activity of CusN NC outperformed other Cu compounds in oxidative trimerization and Witkop
oxidation of indoles. A wide range of indoles can be converted to the corresponding products in
moderate to good yields. This is the first application of the CusN NC to oxidative reactions. The high
catalytic activity of CusN NC may be attributed to the essential regularly arranged N—Cu—N structure,

which promotes the transformation of O to superoxide species.
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Chapter I V.

Efficient Hydroboration of Alkynes to Vinyl Boronates
by Copper Nitride Nanocube
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1. Introduction

Vinyl boronate esters have been widely used in organic and medicinal chemistry as well as
functional materials [1-3]. The hydroboration of alkynes with pinacolborane (HBPin) is considered
as an efficient protocol for synthesizing the vinyl boronate esters [4]. Nevertheless, HBPin is difficult
to handle due to its moisture and oxygen sensitivities [5]. In last decades, the hydroboration of alkynes
with bis(pinacolato)diboron (B2Piny) has captured much attention because B3Pin, reagent is highly
water resistant and oxygen insensitive (Scheme 4-1) [6]. Hitherto, several efficient catalytic systems
based on noble metals such as Pt, Pd, and Au [7-9] have been developed for this reaction, but these
constituent metals are expensive, rare, and inherently toxic. Although cheap, earth-abundant, and low-
toxic homogeneous Cu catalysts, e.g., CuCl or CuSQs, have been adopted for the hydroboration of
alkynes with BzPing, they have the problems in terms of difficulty of separation and recycling of the
catalysts [10-15]. To overcome these drawbacks, heterogeneous copper catalysts such as Cu powder,
Cu-CuFez04, and Cu-SNC sponge, have been developed [16-25]. However, the reported works
required the utilization of additives to furnish high yields and selectivity. Recently, the hydroboration
of alkynes under additive-free conditions were achieved with single atom copper catalysts [26, 27],
but the thermal conditions are still required. Therefore, developing an efficient and environmentally
benign catalytic system operating under mild and additive-free conditions would significantly advance

the utility for the hydroboration of alkynes.

Catalysts BPin
R———R? + ByPin, —— 7" 3 RNy

R2

Scheme 4-1. Hydroboration of alkynes with B,Pin; to vinyl boronates.
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In this chapter, the highly efficient hydroboration of alkynes to vinyl boronate esters was
achieved over a copper nitride nanocube (CusN NC) catalyst under additive-free and mild reaction
conditions. The catalytic activity of CusN NC was superior to those of the other Cu catalysts, and good
functional group tolerance was observed, affording a wide range of vinyl boronate esters in excellent
yields. Furthermore, the CusN NC provided an outstanding turnover number (912) in the
hydroboration of alkynes. This is the first time for the hydroboration of alkynes under mild and

additive-free conditions with a heterogeneous catalyst.
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2. Experimental section
2.1. General information

All organic reagents were purchased from FUJIFILM Wako Pure Chemical Corporation,
Sigma—Aldrich, or Tokyo Chemical Industry. Gas chromatography-mass spectrometry (GC-MS) was
performed using a GCMS-QP2010 SE instrument equipped with an InertCap WAX-HT capillary
column (GL Science, 30 m x 0.25 mm i.d., film thickness 0.25um). 'H and '3C nuclear magnetic
resonance (NMR) spectra were acquired at 400 and 100 MHz, respectively, using a JEOL JNM-
ESC400 spectrometer. Chemical shifts are reported in parts per million (ppm) relative to the signal
(0.00 ppm) for internal tetramethylsilane in CDCls. The '*C NMR spectral data are reported using the
following standard chemical shift: CDCI3 (77.16 ppm). NMR multiplicities are reported using the
following abbreviations: s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet, br: broad, J: coupling
constants in hertz. All known compounds described in the paper were characterized by comparison of
their 'H and '*C NMR spectra with previously reported data. Scanning electron microscopy (SEM)
image was obtained using a JSM-7600F microscope operated at 15.0 kV at the Analytical Instrument
Facility, Graduate School of Science, Osaka University. Transmission electron microscopy (TEM)
images were obtained using a Hitachi HF-2000 microscope operated at 200 kV at the Research Center
for Ultra-High Voltage Electron Microscopy, Osaka University. Cu K-edge X-ray absorption spectra
(extended X-ray absorption near edge structure (XANES)) obtained using a Si (111) monochromator
were recorded at 25 °C at the BLO1B1 and BL14B2 stations, SPring-8, Japan Synchrotron Radiation
Research Institute (JASRI), Harima, Japan. Data analysis was performed using Demeter (ver. 0.9.26).
Powder X-ray diffraction (PXRD) patterns were acquired using a Philips XPert-MPD instrument with
Cu-K, radiation. The X-ray photoelectron spectroscopies (XPS) spectra of samples were obtained
using a KRATOS AXIS ULTRA HAS spectrometer, and the binding energy referred to the C 1s peak

(284.4 eV). Fourier-transform infrared (FT-IR) spectra were recorded using a JASCO FT-IR 4100
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spectrometer equipped with a mercury cadmium telluride detector. Temperature-programmed
desorption (TPD) data were obtained using a BELCAT-A instrument (BEL Japan Inc.) equipped with

a mass spectrometer (BELMass-S, BEL Japan, Inc.).

2.2. Preparation of Cu,O NC

The Cu20 NC was prepared by a facile wet chemical approach [28]. In a typical reaction,
0.075 mol L™t of NaOH (10 mL) was added dropwise to 0.5 mol Lt of CuSO4 aqueous solution (5
mL) under stirring at pH = 10.5. Subsequently, the 0.1 mol L™ of ascorbic acid (13 mL) was added
dropwise into the solution and was continuously stirred at room temperature for 1 h. Then, a yellow
precipitate was obtained (pH = 4.0-4.5). Redispersion and precipitation cycles were repeated using a

water and ethanol to afford the yellow powder.

2.3. Reaction procedure for the hydroboration of alkynes

General reaction procedure for the hydroboration of alkynes using CusN NC was as follows.
CusN NC (5 mg) was placed in a 50 mL stainless-steel autoclave with a Teflon inner cylinder, followed
by addition of alkynes (0.5 mmol), diboron reagents (0.6 mmol), and EtOH (2 mL). The reaction
mixture was stirred at 30 °C under Ar. After the reaction, the reaction solution was analyzed by GC-
MS or 'H NMR to determine the reaction selectivity. The mixture was concentrated to yield the crude
product, which was further purified by silica gel flash chromatography (hexane/ethyl acetate) to give

the desired products.

2.4. Gram scale experiment
CusN NC (2 mg, 0.01 mmol of Cu) was placed in a 50 mL stainless-steel autoclave with a

Teflon inner cylinder, followed by addition of phenylacetylene (1.02 g, 10.0 mmol), B2Pin, (3.03 g,
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12.0 mmol), and EtOH (10 mL). The reaction mixture was stirred at 30 °C under Ar for 12 h. After
the reaction, the reaction mixture was concentrated to yield the crude product, which was further
purified by silica gel flash chromatography (hexane/ethyl acetate, v/v = 30/1) to give the (E)-4,4,5,5-

tetramethyl-2-styryl-1,3,2-dioxaborolane (2.09 g).

2.5. Recycling experiments

CusN NC (5 mg) was placed in a 50 mL stainless-steel autoclave with a Teflon inner cylinder,
followed by addition of phenylacetylene (0.5 mmol), B2Pin; (0.6 mmol), and EtOH (2 mL). After the
reaction mixture was stirred at 30 °C for 1 h under Ar, CusN NC were recovered by filtration. The
catalyst was washed with ethanol and dried at room temperature in vacuo without further purification

or reactivation before reuse.
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2.6. Product identification

(E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane

CAS registry No. [83947-56-2], white solid; 'H NMR (400 MHz, CDCl3): 8 7.51-7.48 (m, 2H), 7.40
(d, J=18.4 Hz, 1H), 7.36-7.26 (m, 3H), 6.17 (d, J= 18.4 Hz, 1H), 1.31 (s, 12H); 3C NMR (100 MHz,

CDCl3): 6 149.7,137.7,129.1, 128.7, 127.2, 83.5, 25.0.

(E)-2-(4-methoxystyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [149777-83-3], colorless liquid; "H NMR (400 MHz, CDCl3): § 7.43 (d, J = 8.0 Hz,
2H), 7.36 (d, /= 18.4 Hz, 1H), 6.85 (d, /= 8.0 Hz, 2H), 6.01 (d, J= 18.4 Hz, 1H), 3.78 (s, 3H), 1.30

(s, 12H); 3C NMR (100 MHz, CDCLs): 8 160.4, 149.1, 130.4, 128.5, 114.0, 83.2, 55.3, 24.9.

(E)-4,4,5,5-tetramethyl-2-(4-methylstyryl)-1,3,2-dioxaborolane
CAS registry No. [149777-84-4], yellow liquid; '"H NMR (400 MHz, CDCl;): 8 7.42-7.32 (m, 3H),
7.13 (d, J= 8.0 Hz, 2H), 6.11 (d, J = 18.8 Hz, 1H), 2.33 (s, 3H), 1.30 (s, 12H); 3*C NMR (100 MHz,

CDCl3): 6 149.6, 139.0, 134.9, 129.4, 127.1, 83.3,24.9, 21 .4.

(E)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)aniline
CAS registry No. [2159091-30-0], yellow solid; '"H NMR (400 MHz, CDCls): 8 7.35-7.24 (m, 3H),
6.62 (d, J= 8.4 Hz, 2H), 5.93 (d, J = 18.4 Hz, 1H), 3.79 (s, 2H), 1.30 (s, 12H); '*C NMR (100 MHz,

CDCl): 6 149.7, 147.5, 128.6, 128.1, 114.9, 83.1, 24.8.

(E)-2-(4-bromostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [1242770-51-9], white solid; '"H NMR (400 MHz, CDCl3):  7.46 (d, J = 8.8 Hz,

2H), 7.42-7.28 (m, 3H), 6.15 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); '3C NMR (100 MHz, CDCl5): §
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148.2,136.5, 131.9, 128.6, 123.0, 83.6, 24.9.

(E)-2-(4-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [223919-54-8], white solid; '"H NMR (400 MHz, CDCl3): § 7.40 (d, J = 8.4 Hz, 2H),
7.38-7.29 (m, 3H), 6.13 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); 1*C NMR (100 MHz, CDCIs): & 148.1,

136.1, 134.7, 128.9, 128.3, 83.5, 24.9.

(E)-2-(4-fluorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

CAS registry No. [504433-86-7], colorless liquid; "H NMR (400 MHz, CDCl5): 8 7.51-7.42 (m, 2H),
7.36 (d, J=18.4 Hz, 1H), 7.01 (t, J= 8.8 Hz, 2H), 6.08 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); '3*C NMR
(100 MHz, CDCl3): 8 163.2 (d, J = 248.0 Hz), 148.2, 133.8 (d, J = 4.0 Hz), 128.7 (d, J = 8.0 Hz),

115.6 (d, J=22.0 Hz), 83.5, 24.9.

(E)-4,4,5,5-tetramethyl-2-(4-nitrostyryl)-1,3,2-dioxaborolane
CAS registry No. [149777-86-6], white solid; "H NMR (400 MHz, CDCls): 6 8.20 (d, J = 8.8 Hz, 2H),
7.61(d,J=28.8 Hz, 2H), 7.42 (d,J=18.4 Hz, 1H), 6.33 (d, J= 18.4 Hz, 1H), 1.33 (s, 12H); '*C NMR

(100 MHz, CDCls): 6 147.8, 146.7, 143.7, 127.7, 124.1, 83.9, 24.9.

(E)-4,4,5,5-tetramethyl-2-(2-methylstyryl)-1,3,2-dioxaborolane
CAS registry No. [1294009-26-9], yellow liquid; "H NMR (400 MHz, CDCls): 6 7.65 (d, J = 18.4 Hz,
1H), 7.57-7.53 (m, 1H), 7.20-7.12 (m, 3H), 6.08 (d, J= 18.4 Hz, 1H), 2.42 (s, 3H), 1.31 (s, 12H); *C

NMR (100 MHz, CDCls): 6 147.2, 136.8, 136.4, 130.5, 128.7, 126.2, 125.9, 83.4, 24.9, 19.9.

(E)-4,4,5,5-tetramethyl-2-(3-methylstyryl)-1,3,2-dioxaborolane
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CAS registry No. [1421061-31-5], yellow liquid; 'H NMR (400 MHz, CDCL): § 7.37 (d, J = 18.4 Hz,
1H), 7.33-7.26 (m, 2H), 7.24-7.18 (m, 1H), 7.09 (d, J= 7.2 Hz, 1H), 6.15 (d, J= 18.4 Hz, 1H), 2.33
(s, 3H), 1.30 (s, 12H); 13C NMR (100 MHz, CDCl3):  149.7, 138.1, 137.5, 129.8, 128.5, 127.8, 124.3,

83.3,24.9,214.

(E)-2-(2-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [1355094-04-0], yellow liquid; '"H NMR (400 MHz, CDCl3): 6 7.79 (d, J= 18.4 Hz,
1H), 7.62 (d, J= 7.6 Hz, 1H), 7.42—7.32 (m, 1H), 7.31-7.18 (m, 2H), 6.17 (d, /= 18.4 Hz, 1H), 1.31

(s, 12H); *C NMR (100 MHz, CDCl3): § 145.0, 135.7, 133.9, 129.9, 129.8, 127.1, 126.9, 83.5, 24.9.

(E)-2-(3-chlorostyryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [871125-84-7], yellow liquid; '"H NMR (400 MHz, CDCls): & 7.45 (s, 1H), 7.34—
7.24 (m, 4H), 6.17 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); '3C NMR (100 MHz, CDCl;5): & 147.9, 139.4,

134.7,129.9, 128.8, 127.0, 125.3, 83.6, 24.9.

(E)-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)pyridine

CAS registry No. [161395-83-1], yellow oil; "H NMR (400 MHz, CDCI3): & 8.60 (d, /= 4.8 Hz, 1H),
7.69-7.62 (m, 1H), 7.46 (d, J=18.0 Hz, 1H), 7.40 (d, J=7.6 Hz, 1H), 7.23-7.16 (m, 1H), 6.63 (d, J
= 18.0 Hz, 1H), 1.31 (s, 12H); '*C NMR (100 MHz, CDCls): § 155.6, 149.8, 148.9, 136.6, 123.2,

122.3, 83.6, 24.9.

(E)-4,4,5,5-tetramethyl-2-(2-(thiophen-3-yl)vinyl)-1,3,2-dioxaborolane
CAS registry No. [736987-75-0], colorless oil; 'H NMR (400 MHz, CDCls): 6 7.38 (d, J = 18.4 Hz,

1H), 7.32-7.28 (m, 2H), 7.27-7.24 (m, 1H), 5.94 (d, J = 18.4 Hz, 1H), 1.30 (s, 12H); 3C NMR (100
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MHz, CDCl3): 6 143.3, 141.4, 126.2, 125.2, 125.0, 83.4, 24.9.

(E)-2-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-2-ol
CAS registry No. [581802-26-8], colorless oil; '"H NMR (400 MHz, CDCls): § 6.72 (d, J = 18.4 Hz,
1H), 5.61 (d,J=18.4 Hz, 1H), 1.62 (s, 1H), 1.31 (s, 6H), 1.28 (s, 12H); '3C NMR (100 MHz, CDCl3):

0159.9,83.4,71.9,29.2,24.9.

(E)-4,4,5,5-tetramethyl-2-(oct-1-en-1-yl)-1,3,2-dioxaborolane
CAS registry No. [83947-55-1], colorless oil; 'TH NMR (400 MHz, CDCls): 6 6.64 (dt, J = 18.0, 6.4
Hz, 1H), 5.42 (d, /= 18.0, 1H), 2.21-2.09 (m, 2H), 1.45-1.29 (m, 2H), 1.29-1.25 (m, 18H), 0.88 (t, J

= 5.2 Hz, 3H); 3C NMR (100 MHz, CDCl;): 3 155.0, 83.1, 36.0, 31.9, 29.1, 28.3, 24.9, 22.7, 14.2.

4,4-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one
CAS registry No. [1175712-38-5], yellow oil; "H NMR (400 MHz, CDCls): § 2.74 (d,J = 8.0 Hz, 2H),
2.11 (s, 3H), 1.24 (s, 12H), 1.21 (s, 12H), 0.97 (t, J = 8.0 Hz, 1H); 3C NMR (100 MHz, CDCls): &

209.1, 83.2,40.7,29.1, 24.8, 24.6.

(7)-2-(1,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
CAS registry No. [264144-59-4], white solid; "H NMR (400 MHz, CDCl3): § 7.36 (s, 1H), 7.31-7.23
(m, 2H), 7.22-7.14 (m, 3H), 7.13-7.09 (m, 3H), 7.07-7.03 (m, 2H), 1.31 (s, 12H); 3C NMR (100

MHz, CDCl3): & 143.3, 140.6, 137.1, 130.1, 129.0, 128.4, 128.0, 127.7, 126.4, 83.9, 24.9.

(Z)-4,4,5,5-tetramethyl-2-(1-phenylprop-1-en-2-yl)-1,3,2-dioxaborolane

CAS registry No. [141091-35-2], colorless oil; '"H NMR (400 MHz, CDCls): § 7.41-7.29 (m, 4H),
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7.26-7.19 (m, 2H), 1.99 (d, J = 1.7 Hz, 3H), 1.31 (s, 12H); *C NMR (100 MHz, CDCls): & 142.5,

138.1,129.6, 128.2, 127.2, 83.7, 25.0, 16.1.

(E)-2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)isoindoline-1,3-dione
CAS registry No. [581802-29-1], white solid; "H NMR (400 MHz, CDCls): 7.95-7.83 (m, 2H), 7.80—
7.71 (m, 2H), 6.55 (dt, J = 18.0, 4.4 Hz, 1H), 5.49 (d, J = 18.0 Hz, 1H), 4.38 (s, 2H), 1.24 (s, 12H);

BC NMR (100 MHz, CDCl3): 167.8, 145.3, 134.1, 132.1, 123.4, 83.4, 41.0, 24.8.

(8R,95,138,14S5,17R)-13-methyl-17-((E)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthrene-3,17-diol

CAS registry No. [2661398-14-5], white solid; 'H NMR (400 MHz, CDCl;3): 7.01-6.86 (m, 3H), 6.64—
6.54 (m, 2H), 5.67 (d, J=18.0 Hz, 1H), 2.85-2.61 (m, 2H), 2.05-1.59 (m, 6H), 1.34 (s, 12H), 1.27—
1.14 (m, 8H), 0.86 (s, 3H); *C NMR (100 MHz, CDCl): 158.7, 154.2, 138.5, 132.5, 126.1, 115.6,

112.2,85.1, 84.1,49.3,47.3,42.4,39.0, 37.3, 32.4, 29.8, 27.3., 25.9, 25.0, 24.8, 23.5, 14.3.

(E)-5,5-dimethyl-2-styryl-1,3,2-dioxaborinane
CAS registry No. [202864-71-9], colorless oil; '"H NMR (400 MHz, CDCls): 8 7.46 (d, J = 8.0 Hz,
2H), 7.39-7.20 (m, 4H), 6.11 (d, J = 18.4 Hz, 1H), 3.69 (s, 4H), 0.99 (s, 6H); '*C NMR (100 MHz,

CDCls): 6 147.2,137.9, 128.6, 127.1, 72.3, 31.9, 22.0.

(E)-2-(4-Methoxystyryl)-5,5-dimethyl-1,3,2-dioxaborinane
CAS registry No. [905966-49-6], colorless oil; '"H NMR (400 MHz, CDCls): § 7.42 (d, J = 6.8 Hz,
2H), 7.28 (d, /= 18.4 Hz, 1H), 6.84 (d, /= 6.8 Hz, 2H), 5.95 (d, J= 18.4 Hz, 1H), 3.77 (s, 3H), 3.67

(s, 4H), 0.98 (s, 6H); '*C NMR (100 MHz, CDCls): § 160.1, 146.7, 130.8, 128.4, 114.0, 72.2, 55.3,

84



31.9, 21.90.

(E)-2-(4-Methylstyryl)-5,5-dimethyl-1,3,2-dioxaborinane

CAS registry No. [938080-15-0], colorless oil; '"H NMR (400 MHz, CDCls): § 7.38 (d, J = 8.0 Hz,
2H), 7.30 (d, /= 18.0 Hz, 1H), 7.13 (d, /= 8.0 Hz, 2H), 6.04 (d, J = 18.0 Hz, 1H), 3.69 (s, 4H), 2.34
(s, 3H), 1.00 (s, 6H); '*C NMR (100 MHz, CDCls): 4 147.2, 138.7, 135.2, 129.4, 127.1, 72.3, 32.0,

22.0,21.4.

(E)-2-(4-chlorostyryl)-5,5-dimethyl-1,3,2-dioxaborinane
CAS registry No. [2493295-76-2], white solid; '"H NMR (400 MHz, CDCls): § 7.45-7.37 (m, 2H),
7.32-7.26 (m, 3H), 6.07 (d, J=18.0 Hz, 1H), 3.70 (s, 4H), 1.00 (s, 6H); '3*C NMR (100 MHz, CDCl;):

0 145.8,136.4,134.3, 128.9, 128.3, 72.4, 32.0, 22.0.

(E)-4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-2-methylbut-3-en-2-o0l

Colorless liquid; "TH NMR (400 MHz, CDCls): 8 6.64 (d, J= 18.0 Hz, 1H), 5.52 (d, /= 18.0 Hz, 1H),
3.65 (s, 4H), 1.31 (s, 6H), 0.98 (s, 6H); *C NMR (100 MHz, CDCl3): § 157.4, 72.2,71.8, 31.9, 29.3,
22.0. IR (ATR): vmax = 3470, 2964, 1640, 1423, 1312, 1250, 1083, 755, 638 cm™'. HRMS (ESI): m/z

Calculated for C;oH;9BO3; [M]*: 198.1427, found 198.1429.

(Z2)-2-(1,2-diphenylvinyl)-5,5-dimethyl-1,3,2-dioxaborinane

CAS registry No. [1942884-64-1], white solid; "H NMR (400 MHz, CDCls): 6 7.34 (s, 1H), 7.30-7.24
(m, 2H), 7.23-7.15 (m, 1H), 7.14-7.06 (m, 5H), 7.04-6.97 (m, 2H), 3.69 (s, 4H), 1.00 (s, 6H); 1*C
NMR (100 MHz, CDCls): 6 141.4, 141.2, 137.4, 130.1, 128.9, 128.4, 127.9, 127.4, 126.1, 72.6, 31.8,

22.0.
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(E)-2-Phenylvinylboronic acid
CAS registry No. [4363-35-3], white solid; "H NMR (400 MHz, CDCls): § 7.78 (d, J = 18.0 Hz, 1H),
7.62 (d, J= 8.0 Hz, 2H), 7.46-7.33 (m, 3H), 6.35 (d, J = 18.4 Hz, 1H); *C NMR (100 MHz, CDCls):

0152.4,137.3,129.6, 128.8, 127.7.

(E)-(4-methoxystyryl)boronic acid
CAS registry No. [214907-25-2], white solid; '"H NMR (400 MHz, CDCl;): § 7.72 (d, J = 18.0 Hz,
1H), 7.56 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 1H), 6.18 (d, J = 18.0 Hz, 1H), 3.84 (s, 3H); °C

NMR (100 MHz, CDCls): 6 160.9, 151.8, 130.3, 129.2, 127.5, 114.2, 55.5.
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3. Results and discussion
3. 1. Catalytic activity of CusN NC

Initially, the catalytic performance of CusN NC for hydroboration of 1a with B2Pin, in EtOH
was investigated (Table 4-1). The CuzN NC efficiently promoted the hydroboration of 1a to afford 2a
in quantitative yield (entry 1), which presents the first example of a heterogeneous Cu catalyst for the
hydroboration of 1a with B2Pin, under additive-free and mild conditions (Table 4-2). In sharp contrast,
other metal-non-metal heterogeneous Cu catalysts, for example Cu.O and CuO, were inactive under
such mild reaction conditions. Moreover, the Cu,O nanocube (Cu.O NC) with the same morphology
and size as CusN NC was prepared and used in the hydroboration of 1a, but the reaction was no
proceeded. A scale-up experiment using 1.02 g of 1a was then conducted, and an outstanding turnover
number (TON = 912) was obtained (Scheme 4-2). These results demonstrated the excellent catalytic

performance of CusN NC in the hydroboration of 1a.

Table 4-1. Hydroboration of 1a using with B>Pin, various Cu catalysts

Catalyst, Ar BPin
@—: +  B,Pin, y > A
EtOH, 30 °C, 1 h
1a 2a
Entry Catalyst Yield of 2a
1 CusN NC 99%
2 Cu,O <1%
3 CuO <1%
4 Cu,O NC <1%

Reaction conditions: 1a (0.5 mmol), catalyst (5 mol% of Cu), and EtOH (2 mL) under Ar.
Yield was determined by "H NMR analysis using 1,4-dinitrobenzene (0.1 mmol) as an
internal standard.
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Cu3sN NC (2 mg)

1a, 1.02 g, 10 mmol

mBPin

2a, 2.09 g, 91% isolated yield
TON = 912

EtOH, 30 °C, 12 h, Ar

Scheme 4-2. Gram-scale experiment of the hydroboration of 1a to 2a using CusN NC.

Table 4-2. Comparison of CusN NC catalytic system and reported Cu catalytic systems for

hydroboration of 1a with B,Piny

. Temp.
Entry Catalyst Additives Solvent “C) TON Ref.
This
1 CusN NC - EtOH 30 912
work
2 Cu-3D-MOF K2COs CH3CN/H20 rt 41734 25
3 Cu-TiC H-.0 Toluene 80 612 27
MeOH/
4 Cu-NPs/rGO MeONa . 50 14 24
1,4-dioxane
o EtOH/
5 PCN-222(Cu) 3-methylpyridine 80 66 23
H.0
6 Cu-MOF MeONa EtOH 25 310 22
7 Cu-CeO - EtOH 90 192 26
8 Cu0O RD PPh; 1,4-dioxane 60 14 21
9 Cu-CuFez04 MeONa MeOH rt 190 19
10 Nano-Cu@Si MeONa EtOH rt 10 18
11 CuFez04 t-BuOK MeOH 50 180 29
micro copper
12 MeONa MeOH rt 9 17
powder
13 Basic CuCOs3 PPh; H.0 27 16 30
14 Cu/MgO PPhs Toluene 45 23 16

Note: rt = room temperature.
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Subsequently, the recycling experiments of CusN NC were carried out. The CusN NC was
easily recoverable by centrifugation and used without a loss of its original activity even after three
times (Figure 4-1 (a)). The structure of recovered CusN NC was analyzed by PXRD, TEM, and XAFS
measurements. The PXRD patterns of recovered CuzN NC display five peaks, which are same as those
of fresh CusN NC (Figure 4-2 (a)). From the TEM analysis, the author found that the size of recovered
CusN NC was not obviously changed after the reaction (Figure 4-2 (b)). The results of XANES
spectrum revealed that the absorption edge energy of the reused CusN NC is almost similar to that of
fresh CusN NC (Figure 4-2 (c)). These observations demonstrate the high durability of CusN NC
catalyst. The author further investigated the hot filtration experiment to check the leaching of metal
species during the reaction. After the CusN NC catalyst was removed, no additional product was

generated in the filtrate (Figure 4-1 (b)), indicating the hydroboration of 1a proceeded on the CusN

NC surface.
(@ 1090 4 99 99 99 99 (B) 100 A
80 4 80 4
T =
= 60 - < 60 \ t
| Il
~ ™~
e
© 40 A S 40 -
o % Remove the catalyst
[H] —
= 20 - > 20 A
0 - 0 L T T T T T
run 1 reuse 1 reuse 2 reuse 3 0 10 20 30 40 50 60

Time (min)
Figure 4-1. (a) Reuse experiments of CusN NC in the hydroboration of 1a to 2a for 1 h. (b) Hot
filtration experiment of CusN NC in the hydroboration of 1a to 2a: without catalyst removal (blue
line) and with catalyst removal (red line). Reaction conditions: CusN NC (5 mg), 1a (0.5 mmol),
B2Pin; (0.6 mmol), EtOH (2 mL), 30 °C, Ar. Yields were calculated by *H NMR analysis using 1,4-

nitrobenzene as an internal standard.
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Figure 4-2. (a) PXRD patterns of fresh and reused CusN NC. (b) TEM image of CusN NC (after run

1). (c) Cu K-edge XANES spectra of fresh and reused CusN NC.

The wide applicability of the CusN NC was further demonstrated through the hydroboration
of alkynes with various functional groups (Scheme 4-3). A variety of 1-ethynylbenzene derivatives
were tolerated, affording the desired boronate esters in good to excellent isolated yields (2b—2h). The
hydroboration of other position substituted 1-ethynylbenzenes proceeded smoothly to generate the
corresponding products in 86—-97% yields (2i-21). 2-Ethylpyridine and 3-ethylthiophene successfully
converted to 2m and 2n in 88% and 88% yields. Notably, aliphatic terminal alkynes could also be
borylated, giving 20 and 2p in 81% and 76% yields. CusN NC catalyst exhibited outstanding catalytic
performance in the dihydroboration of alkynes to 1,1-diborylalkanes, which are useful in organic and
pharmaceutical chemistry [31]. When the amount of B,Pin, increased to 2.5 eq., dihydroboration
product 2q was obtained in 71% isolated yield, which is the first example of the heterogeneous metal
catalyst for the dihydroboration of alkynes with B,Pin, under additive-free conditions [32]. In addition,
internal alkynes underwent the hydroboration reaction to produce the corresponding products in 53%
and 54% yields (2s and 2t). The bioactive phthalimide (2t) and steroid (2u) derivatives were obtained
in moderate isolated yields, respectively, through this method. Overall, these results demonstrated a

high utility of CusN NC for fine chemical synthesis.
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. Cu3sN NC, Ar BPin
RI———R?2 + B,Pin » 17
2 EtOH, 30 °C R /\R;
1 2
©/\/BPin /@/\/BPIH /@/\/BPin /@/\,BPin
MeO H,N
2a 93% (99%) 2b 96% (99%) 2¢c 92% (99%) 2d 90% (99%)
/@/\/BPm /@/\/BPm /@/\/BPin /@/\/BPin
Br Cl F O,N
2e 85% (92%) 2f 91% (99%) 2g 93% (97%) 2h 62% (99%)*
Cl
©/\/BPm \@/\/BPm ©/\V3Pm CI\©/\/BPm
2i 95% (97%) 2j 86% (89%) 2k 97% (97%) 21 89% (94%)
N BPin BPin
\ \ . -
| S (/E/\/ HO\I/VBPm MBPIH
Z S
2m 88% (99%)? 2n 99% (99%) 20 81% (99%)2 2p 76% (95%)?

2r 53%2 2s 54% (86%)?

! ! BPin

| | BPi

! \[‘]/YBPin ! ©/\r in
O BPin

2t 61% (93%)? 2u 63% (95%)?
Scheme 5-2. Hydroboration of various alkynes with B,Pin,. Reaction conditions: 1 (0.5 mmol), BoPin,
(0.6 mmol), CusN NC (5 mg, 5 mol% of Cu), EtOH (2 mL), Ar, 30 °C, 1 h. Isolated yields.
Regioselectivity in parentheses was determined by GC-MS analysis. # 12 h. ® But-3-yn-2-one (0.2

mmol), B2Piny (2.5 eq.), CusN NC (2 mg), EtOH (1 mL) 80 °C, 1 h.
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The hydroboration of alkynes with bis(neopentylglycolato)diboron (B2nepz) was also
performed (Scheme 4-3). Various alkynes bearing both election-donating (-OMe and —Me) and -
withdrawing (—CI) groups on the phenyl ring efficiently reacted with Banep,, generating the
corresponding products in 82-94% yields (3a—3d). The hydroboration of aliphatic alkyne and internal
alkyne with Banep, proceeded to yield the desired products in good yields (3e and 3f). Next, the
hydroboration of alkynes with B(OH)4 to vinyl boronic acids, which are crucial intermediates for
organic transformations, was also achieved using CusN NC catalytic system [33]. The reported system
required multi-steps, while this CusN NC catalyst efficiently promoted the hydroboration of alkynes

to the desired vinyl boronic acids in 56-50% yields (4a and 4b).

1N Bnep
Banep, R2 3
Rl—=— R2 =+ or CusN NC, Ar p T
o B(OH)
B,(OH), EtOH, 30 °C Ar/\/ 2
1 4
B
©/\/Bnep /@/\/Bnep /@/\,Bnep /@/\/ nep
MeO Cl
3a 92% (99%) 3b 85% (99%) 3c 94% (99%) 3d 82% (99%)
Bne
Ho\l&,snep O Neener ©/\VB(0H)2 Ji)/\yla(omz
O MeO
3e 62% (99%)? 3f 57%° ! 4a 60% (91%)° 4b 56% (88%)P

Scheme 5-3. Hydroboration of various alkynes with Bz2nep, or B2(OH)s. Reaction conditions: 1 (0.5
mmol), Bznepz or B2(OH)4 (0.6 mmol), CusN NC (5 mg, 5 mol% of Cu), EtOH (2 mL), Ar, 30 °C, 1
h. Isolated yields. Regioselectivity in parentheses was determined by *H NMR analysis of crude

reaction solution. 212 h. 3 h.
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3.2.  Origin of high catalytic activity of CusN NC

Several spectroscopic analyses for CusN NC and Cu,O NC were conducted to investigate
the origin of the high catalytic activity of CusN NC. In Figure 4-3 (a), the FT-IR spectrum of the CusN
NC after pyridine absorption showed three peaks at 1594, 1576, and 1442 cm™*, which are attributed
to the pyridine coordination to Lewis acid sites (purple line) [34]. In addition, the results of CO,-TPD
measurement clearly revealed that CusN NC possesses the base sites on surface (Figure 4-3 (b), purple
line). In contrary, there are no absorption peaks in the FT-IR and CO,-TPD spectra of Cu;0O NC
(Figure 4-3, red line). Furthermore, the author performed the XPS analysis of CusN NC and Cu.O
NC. In the Cu 2p spectra of CusN NC, the peak of Cu 2ps» was located at 932.3 eV, while the binding
energy of Cu species in Cu,0 NC was lower than that in CusN NC (Figure 4-5 (a)) [35]. It is caused
by the electron transfer from Cu to N atoms in CusN NC, leading to the Lewis acid sites on CusN NC
[36]. Moreover, the N 1s peak of CuzN NC displayed two contributions, which were corresponded to
the residual surface amines (398.3 ¢V) and the Cu—N (396.2 ¢V) species, respectively (Figure 4-5 (b))
[37, 38]. The lower binding energy of Cu—N species revealed the presence of electron-rich N atoms,
which serve as Lewis-base sites efficiently [39]. Thus, the co-existence of Lewis acid-base sites may

account for the outstanding catalytic performance of CusN NC [40].

(@) (b) CO,-TPD
|o.05 2

= m/z =44
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Figure 4-3. () FT-IR spectra of pyridine absorbed on CusN NC (purple line) and Cu.O NC (red line).
(b) CO2-TPD signals of CusN NC (purple line) and Cu,0O NC (red line) monitored at m/z = 44,
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Figure 4-4. (a) NH3-TPD and (b) CO»-TPD signals of CusN NC monitored at m/z 16 and 44. (c) NHs-
TPD and (d) CO,-TPD signals of CusN NC (without NH3 or CO> pretreatment) monitored at m/z 16

and 44.
Table 4-3. The amount of Lewis acid and base
Lewis acid site amount (mmol g %) Lewis base site amount (mmol g2)
CusN NC 0.287 0.148

Note: The NHz and CO,-TPD spectra of CusN NC show the amounts of Lewis acid-base sites of CusN
NC, which are 0.670 and 0.330 mmol g%, respectively (Figure 4-4 (a) and (b)). Furthermore, the
experiments using CusN NC without NH3 or CO; pre-treatment were performed, and the amounts of
Lewis acid-base sites were calculated to be 0.383 and 0.182 mmol g, respectively (Figure 4-4 (c)
and (d)). Based on these results, the exact amount of Lewis acid-base sites of CusN NC except for the

other components are estimated as shown in Table 4-3.
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Figure 4-5. (a) Cu 2p XPS spectra of CusN NC and Cu,O NC. (b) N 1s XPS spectrum of CuzsN NC.

3.3. Proposed reaction mechanism

According to the above observations and previous works [41], the proposed mechanism is
shown in Scheme 4-5. Firstly, Cu and N atoms in CusN NC acted as Lewis acid and base sites to
activate the EtOH (step 1) [42, 43]. Then, the B2Pin, molecule reacts with activated EtOH to generate
the EtO-BPin and Cu-BPin (step 2). Subsequently, 1a was absorbed on the Cu sites at the parallel
position (step 3) and further reacted with Cu-BPin intermediate to afford the linear addition
intermediate (step 4). Finally, the desired product 2a was formed via the hydrogen transfer to the
copper intermediate, and the CusN catalyst was regenerated (step 5). Therefore, the cooperative
catalysis of CusN NC combining its Lewis acid-base property is key factor to the efficient
hydroboration of alkynes.

The proposed mechanism was stand by the following experimental results: 1) The
generation of EtO-BPin was confirmed by GC-MS analysis (Figure 4-6). 2) When the hydroboration
of 1a was carried out in monodeuterized ethanol (EtOD), the monodeuterized 2a (2a-d) was formed
as the major product (Scheme 4-6 (a)). 3) The EtOH/EtOD Kinetic isotope effect (KIE) in the

borylation of 1a was observed (KIE: 3.2) (Scheme 4-6 (b)). Therefore, the excellent catalytic activity
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of CusN NC should be attributed to cooperative catalysis of Lewis acid-base sites for simultaneous

activation of EtOH, B,Pin,, and alkyne [43].
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(detected by GC-MS)

Scheme 4-5. Proposed mechanism of the hydroboration of 1a catalyzed by CuzsN NC.
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Figure 4-6. EI-MS spectrum of 2-ethoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane.
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Scheme 4-6. The deuterium-labeling experiments of hydroboration of 1a using CusN NC.
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4. Conclusion

This chapter demonstrated the highly efficient hydroboration of alkynes with the
heterogeneous CusN NC catalyst. A variety of alkynes was efficiently boronated to afford the desired
vinyl boronate esters in good yields. The CuzN NC was also applicable to gram-scale production with
an excellent TON (912) and reusable several times without a loss of activity and selectivity. This is
the first time that the hydroboration of alkynes is achieved over a heterogeneous Cu catalyst under
additive-free and mild reaction conditions. Furthermore, the selective hydroboration of alkynes with
B2(OH)4 to vinyl boronic acids was promoted by CusN NC catalyst. The excellent catalytic activity of
CusN NC in the hydroboration of alkynes is attributed to the cooperative effect of Lewis acid-base

sites on CusN NC.
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Chapter V.

A Green and Efficient Method for Silanes Synthesis via

Hydrosilylation of Unsaturated Compounds
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1. Introduction

Transition metal-catalyzed cross-coupling reaction for carbon-silicon bond formation is one
of the most straightforward and useful methods for synthesizing organosilane compounds, which are
of great importance as versatile building blocks in organic synthesis and advanced materials [1, 2]. In
this context, copper (Cu) catalyzed-hydrosilylation of unsaturated compounds to silanes has gained
high attention [3-5]. Several studies demonstrated that the outstanding efficiency of this method is
attributed to the unique chemical property of silylcopper (Cu-Si) species, which serves as a soft silicon
nucleophile and easily reacts with soft electrophiles to afford silanes [6]. Recently, the
(dimethylphenylsilyl)boronic acid pinacol ester (PhMe,Si-Bpin), a commercially available and
moisture-stable silicon source [7], has been widely used in the Cu catalyzed-hydrosilyaltion of
unsaturated compounds including olefins, alkynes, and imines (Scheme 5-1 (a)) [8-10]. However, the
reported systems required organic ligands to activate the Cu species and the use of base additives to
assist in the formation of essential Cu—Si species. Moreover, most of the Cu catalytic systems suffered
from the low reaction applicability. Up to now, a facile method for the synthesis of silanes through the
hydrosilylation of unsaturated compounds under base- and ligand-free conditions, has not been
reported. Therefore, the development of an efficient heterogeneous catalytic system for the
hydrosilylation of various types of unsaturated compounds under environmentally friendly reaction
conditions is highly desired and is still a challenge in silicon chemistry.

This chapter represents an efficient method for the preparation of various silanes through
the hydrosilylation of unsaturated compounds with copper nitride nanocube (CusN NC) catalyst
(Scheme 5-1 (b)). A wide range of substrates, including alkynes, alkenes, imines, and azobenzenes,
were efficiently converted to the desired products under base- and ligand-free, and mild reaction
conditions. Moreover, the CusN NC catalytic system was applicable to the gram scale experiment, and

the CusN NC catalyst could be reused several times without loss of its original catalytic activity.
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(a) Previous works
H
talyst .
Cu catalys - RJ\\/SIMeZPh

R——— + PhMe,Si-BPin -
Ligand, Base
(b) This work
H
CuzN NC f
R—— + PhMe,Si-BPin ‘IJEStOH - RJ\\/SIMeZPh

Scheme 5-1. Synthesis of silanes through the hydrosilylation of unsaturated compounds.
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2. Experimental section
2.1 General information

All organic reagents were purchased from FUJIFILM Wako Pure Chemical Corporation,
Sigma-Aldrich, or Tokyo Chemical Industry. Gas chromatography-mass spectrometry (GC-MS) was
performed using a GCMS-QP2010 SE instrument equipped with an InertCap WAX-HT capillary
column (GL Science, 30 m x 0.25 mm i.d., film thickness 0.25um). *H and C nuclear magnetic
resonance (NMR) spectra were acquired at 400 and 100 MHz, respectively, using a JEOL JNM-
ESC400 spectrometer. Chemical shifts are reported in parts per million (ppm) relative to the signal
(0.00 ppm) for internal tetramethylsilane in CDCls. The *H NMR spectral data are reported using the
following standard chemical shift: CDCls (7.26 ppm). The 3C NMR spectral data are reported using
the following standard chemical shift: CDCls (77.16 ppm). NMR multiplicities are reported using the
following abbreviations: s: singlet, d: doublet, t: triplet, g: quartet, m: multiplet, br: broad, J: coupling
constants in hertz. All known compounds described in the paper were characterized by comparison of
their 'H and 3C NMR spectra with previously reported data. FT-IR attenuated total reflectance (ATR)

spectra were recorded using a SHIMADZU IRSprit-T spectrometer.

2.2. Reaction procedure

The general reaction procedure for the oxidation of indoles using CusN NC was as follows.
CusN NC powder was placed in a 50 mL stainless steel autoclave with a Teflon inner cylinder.
Unsaturated compounds (0.25 mmol), PhMe,Si-BPin (0.375 mmol), CusN NC (5 mol%), and EtOH
(0.1 mL) were subsequently added. The reaction mixture was vigorously stirred at 30 °C under Ar.
After the reaction, the mixture was concentrated in vacuo. The residue was subjected to the silica gel

flash chromatography with hexane/ethyl acetate to yield the desired products.
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2.3. Gram-scale experiment

CusN NC (2 mg, 0.01 mmol of Cu) was placed in a 50 mL stainless-steel autoclave with a
Teflon inner cylinder, followed by addition of phenylacetylene (1.02 g, 10.0 mmol), PhMe,Si-BPin
(3.93 g, 15.0 mmol), and EtOH (4 mL). After being stirred at 30 °C under Ar for 24 h, the reaction
mixture was concentrated to yield the crude product, which was further purified by silica gel flash

chromatography (hexane) to give the product (2.13 g).

2.4. Recycling experiment

CusN NC (5 mg) was placed in a 50 mL stainless-steel autoclave with a Teflon inner cylinder,
followed by addition of phenylacetylene (0.5 mmol), PhMe,Si-BPin (0.75 mmol), and EtOH (2.0 mL).
The reaction mixture was stirred at 30 °C for 1 h under Ar, and CusN NC were then recovered by
filtration. The catalyst was washed with ethanol and dried at room temperature in vacuo without further

purification or reactivation before reuse.

2.5. Product identification

(E)-dimethyl(phenyl)(styryl)silane

CAS registry No. [64788-85-8], colorless oil; *H NMR (400 MHz, CDCls): § 7.60-7.55 (m, 2H), 7.45—
7.42 (m, 2H), 7.38-7.27 (m, 5H), 7.30-7.22 (m, 1H), 6.94 (d, J = 19.2 Hz, 1H), 6.62 (d, J = 19.2 Hz,
1H), 0.43 (s, 6H); 13C NMR (100 MHz, CDCls): & 145.5, 138.7, 138.3, 134.1, 129.2, 128.7, 128.3,

128.0, 127.2, 126.6, -2.4.

(E)-(4-methoxystyryl)dimethyl(phenyl)silane
CAS registry No. [264189-26-6], colorless oil; 'H NMR (400 MHz, CDCls): & 7.60-7.53 (m, 2H),

7.42-7.33 (m, 5H), 6.94-6.83 (m, 3H), 6.40 (d, J = 19.2 Hz, 1H), 3.78 (s, 3H), 0.42 (s, 6H); *°C NMR
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(100 MHz, CDCls): 6 159.8, 144.9, 139.0, 134.1, 131.3, 129.1, 127.9, 127.9, 124.3, 114.0, 55.4, -2.3.

(E)-dimethyl(4-methylstyryl)(phenyl)silane

CAS registry No. [264189-27-7], colorless oil; *H NMR (400 MHz, CDCls): & 7.59-7.54 (m , 2H),
7.37-7.31 (m, 5H), 7.12 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 19.2 Hz, 1H), 6.51 (d, J = 19.2 Hz, 1H), 2.32
(s, 3H), 0.42 (s, 6H); 13C NMR (100 MHz, CDCls): & 145.4, 138.9, 138.2, 135.7, 134.1, 129.4, 129.1,

127.9, 126.6, 125.8, 21.4, -2.3.

(E)-4-(2-(dimethyl(phenyl)silyl)vinyl)aniline

CAS registry No. [2607809-66-3], brown oil; H NMR (400 MHz, CDCl3): 8 7.61-7.53 (m, 2H), 7.38—
7.32 (m, 3H), 7.29-7.24 (m, 2H), 6.84 (d, J = 19.2 Hz, 1H), 6.62 (d, J = 8.8 Hz, 2H), 6.32 (d, J = 19.2
Hz, 1H), 3.69 (br, 2H), 0.40 (s, 6H); 3C NMR (100 MHz, CDCls): § 145.3, 139.3, 134.1, 133.9, 129.3,

129.1, 128.0, 127.9, 122.2, 115.1, -2.2.

(E)-(4-chlorostyryl)dimethyl(phenyl)silane
CAS registry No. [264189-29-9], colorless oil; *H NMR (400 MHz, CDCls): § 7.62-7.53 (m, 2H),
7.48-7.26 (m, 7H), 6.87 (d, J = 19.2 Hz, 1H), 6.55 (d, J = 19.2 Hz, 1H), 0.43 (s, 6H); 1*C NMR (100

MHz, CDCls): 6 144.0, 138.4, 136.8, 134.0, 133.9, 129.3, 128.8, 128.3, 128.0, 127.8, -2.5.

(E)-(4-fluorostyryl)dimethyl(phenyl)silane

CAS registry No. [264189-28-8], colorless oil; *H NMR (400 MHz, CDCls): § 7.60-7.53 (m, 2H),
7.42-7.31 (m, 5H), 7.00 (t, J = 8.8 Hz, 2H), 6.88 (d, J = 19.2 Hz, 1H), 6.48 (d, J = 19.2 Hz, 1H), 0.43
(s, 6H); 13C NMR (100 MHz, CDCls): 5 162.8 (d, J = 246.0 Hz), 144.1, 138.6, 134.6 (d, J = 3.0 Hz),

134.0,129.2, 128.2 (d, J = 9.0 Hz), 128.0, 127.0 (d, J = 3.0 Hz), 115.6 (d, J = 22.0 Hz), -2.4.
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(E)-dimethyl(4-nitrostyryl)(phenyl)silane

CAS registry No. [2676952-59-1], brown oil; *H NMR (400 MHz, CDCls): 6 8.16 (d, J = 8.8 Hz, 2H),
7.62-7.51 (m, 4H), 7.44-7.36 (m, 3H), 6.96 (d, J = 19.2 Hz, 1H), 6.80 (d, J = 19.2 Hz, 1H), 0.47 (s,
6H); 1°C NMR (100 MHz, CDCls): & 147.4, 144.2, 142.8, 137.6, 134.0, 129.5, 128.1, 127.1, 124.0, -

2.7.

(E)-dimethyl(2-methylstyryl)(phenyl)silane

CAS registry No. [1440971-96-9], & dimethyl(phenyl)(1-(o-tolyl)vinyl)silane : CAS registry No.
[2058243-82-4], yellow oil; 'H NMR (400 MHz, CDCls): & 7.62-7.46 (m, 4.16H), 7.39-7.31 (m,
4.23H), 7.22-7.01 (m, 5.70H), 6.79-6.75 (m, 0.32H), 6.48 (d, J = 18.8 Hz, 1H), 5.73 (d, J = 3.2 Hz,
0.35H), 5.72 (d, J = 3.2 Hz, 0.33H), 2.34 (s, 3H), 2.06 (s, 1.10H), 0.44 (s, 6H), 0.35 (s, 1.96H); 13C
NMR (100 MHz, CDCls) é: 152.5, 143.3, 138.8, 137.8, 137.6, 135.5, 134.2, 134.1, 130.5, 130.1, 129.7,

129.2,129.2,128.1, 128.0, 127.8. 127.8, 126.2, 126.0, 125.5, 125.2, 20.3, 19.7, -2.3, -2.8.

(E)-dimethyl(3-methylstyryl)(phenyl)silane

CAS registry No. [1283747-54-5], colorless oil; *H NMR (400 MHz, CDCls): § 7.59-7.54 (m, 2H),
7.37-7.34 (m, 3H), 7.24-7.17 (m, 3H), 7.09-7.04 (m, 1H), 6.91 (d, J = 19.2 Hz, 1H), 6.57 (d, J = 19.2
Hz, 1H), 2.33 (s, 3H), 0.42 (s, 6H); 13C NMR (100 MHz, CDCls): 6 145.6, 138.8, 138.3, 138.2, 134.1,

129.2,129.1, 128.6, 128.0, 127.3, 127.0, 123.9, 21.5, -2.4.

1-Chloro-2-[2-(dimethylphenylsilyl)ethenyl]benzene
CAS registry No. [1523444-01-0], colorless oil; *H NMR (400 MHz, CDCls): § 7.66-7.55 (m, 2H),
7.40-7.31 (m, 3H), 7.25-7.13 (m, 3H), 6.58 (d, J = 19.2 Hz, 1H), 0.45 (s, 6H); **C NMR (100 MHz,

CDCl»): 6 141.2, 138.4, 136.3, 133.4, 131.0, 129.8, 129.3, 128.0, 126.9, -2.5.
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(E)-(3-chlorostyryl)dimethyl(phenyl)silane

CAS registry No. [1523443-97-1], colorless oil; *H NMR (400 MHz, CDCls): § 7.58-7.53 (m, 2H),
7.45-7.34 (m, 4H), 7.30-7.18 (m, 3H), 6.84 (d, J = 19.2 Hz, 1H), 6.59 (d, J = 19.2 Hz, 1H), 0.43 (s,
6H); 1*C NMR (100 MHz, CDCls): & 143.9, 140.1, 138.2, 134.7, 134.0, 129.9, 129.4, 129.3, 128.1,

128.0, 126.5, 124.9, -2.5.

(E)-dimethyl(phenyl)(2-(thiophen-3-yl)vinyl)silane
CAS registry No. [1440972-00-8], colorless oil; *H NMR (400 MHz, CDCls): § 7.69-7.56 (m, 2H),
7.50—7.20 (m, 6H), 7.93 (d, J = 19.2 Hz, 1H), 6.35 (d, J = 19.2 Hz, 1H), 0.41 (s, 6H); 3C NMR (100

MHz, CDCls): 6 139.2, 134.1, 129.2, 128.0, 126.9, 126.1, 125.1, 123.1, -2.4.

(E)-3-(2-(dimethyl(phenylsilyl)viny)pyridine

CAS registry No. [773121-47-4], brown oil; *H NMR (400 MHz, CDCls): & 8.62 (s, 1H), 8.46 (d, J =
3.2 Hz, 1H), 7.77-7.72 (m, 1H), 7.59— 7.52 (m, 2H), 7.40-7.35 (m, 3H), 7.28-7.20 (m, 1H), 6.91 (d,
J=19.2 Hz, 1H), 6.68 (d, J = 19.2 Hz, 1H), 0.45 (s, 6H); 13C NMR (100 MHz, CDCl3): 5 149.1, 148.8,

141.7,138.0, 134.0, 133.7, 132.9, 130.6, 129.3, 128.0, 123.5, -2.6.

(E)-4-(dimethyl(phenyl)silyl)-2-methylbut-3-en-2-ol
CAS registry No. [56539-57-2], colorless oil; *H NMR (400 MHz, CDCls): § 7.57-7.45 (2H, m), 7.45—
7.28 (3H, m), 6.23 (d, J = 18.8 Hz, 1H), 5.95 (d, J = 18.8 Hz, 1H), 1.30 (6H, s), 0.34 (6H, s); 3C NMR

(100 MHz, CDCls): 6 155.2,138.8, 133.9, 129.1, 127.9, 122.6, 72.2, 29.5, -2.4.
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(E)-1-dimethylphenylsilyl-1-octene

CAS registry No. [116488-00-7] & dimethyl(1-methyleneheptyl)silyl]benzene CAS registry No.
[87437-03-4], colorless oil; *H NMR (400 MHz, CDCls): & 7.54-7.48 (m, 2.7H), 7.36-7.31 (m, 4.2H),
6.12 (dt, 1H, J = 18.4, J = 6.4 Hz), 5.75 (dt, 1H, J = 18.4 Hz, J = 1.6 Hz), 5.68-5.65 (m, 1.1H), 5.4—
5.3 (m, 1.1H), 2.19-2.05 (m, 2.76H), 1.37-1.14 (m, 10.7H), 0.92-0.81 (m, 4H), 0.36 (s, 6H), 0.31 (s,
2.1H). 3C NMR (100 MHz, CDCls): 3 150.7, 149.7, 139.6, 138.7, 134.1, 134.0, 129.0, 128.9, 127.8,

127.3,125.8, 37.0, 36.2, 31.9, 29.3, 29.0,28.8, 22.8, 14.2, -2.3, -2.8.

(E)-(1,2-diphenylvinyl)dimethyl(phenyl)silane

CAS registry No [65149-25-9], colorless oil; *H NMR (400 MHz, CDCls): 6 7.79-7.70 (m, 2H), 7.58—
7.52 (d, J = 4.0 Hz, 3H), 7.45-7.34 (m, 3H), 7.30-7.23 (m, 3H), 7.18-7.05 (m, 4H), 7.01 (s, 1H), 0.58
(s, 6H). 13C NMR (100MHz, CDCls): 6 145.1, 142.4, 139.3, 137.8, 137.4, 134.4, 129.7, 129.3, 128.7,

128.0, 127.9, 127.2, 127.3, 125.8, -2.9.

(E)-2-(3-(dimethyl(phenyl)silyl)allyl)isoindoline-1,3-dione

Colorless oil, *H NMR (400 MHz, CDCls): 6 7.87-7.83 (m, 2H), 7.72— 7.68 (m, 2H), 7.49-7.45 (m,
2H), 7.46 (d, J = 7.0 Hz, 1H), 7.35-7.30 (m, 1H), 6.10 (dt, J = 18.4, 4.8 Hz, 1H), 5.94 (dt, J = 18.4,
1.6 Hz, 1H), 4.36 (dd, J = 16, 4.8 Hz, 2H), 0.31 (s, 6H); ¥*C NMR (100 MHz, CDCls): 168.0, 140.5,
138.2, 134.1, 134.0, 132.2, 130.3, 129.2, 127.9, 1235, 42.1, -2.5. IR (ATR): 1712, 1389, 904, 818,

718 cm™t. HRMS (ESI): m/z Calculated for C1o0H1oNO,Si[M]*: 321.1183, found 321.1185.

(9S,13S,14S,17R)-17-((E)-2-(dimethyl(phenyl)silyl)vinyl)-13-methyl-7,8,9,11,12,13,
14,15,16,17-decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol

CAS registry No [2676952-64-8], colorless oil; 'H NMR (400 MHz, CDCls): § 7.55-7.50 (s, 2H),

109



7.43-7.31 (s, 3H), 7.11 (d, J = 8.4 Hz, 1H), 6.65-6.53 (m, 2H), 6.34 (d, J = 19.2 Hz, 1H),5.93 (d, J =
18.8 Hz, 1H), 5.64 (br, 1H), 2.79 (s, 2H), 2.32-2.20 (m, 1H), 2.13-1.99 (m, 2H), 1.97-1.80 (m, 3H),
1.71 (br, 1H), 1.59 (d, J = 7.6 Hz, 1H), 1.52-1.24 (m, 7H), 0.96 (s, 3H), 0.37 (s, 6H). 13C NMR (100
MHz, CDCls): § 153.6, 152.4, 138.9, 138.3, 134.0, 132.5, 129.1, 127.9, 126.6, 124.6, 115.4, 112.9,

85.5,49.3, 47.1,43.9, 39.5, 36.1, 32.5, 29.7, 27.5, 26.4, 23.6, 14.4, -2.2, -2.3.

butyl 3-(dimethyl(phenylsilyl)propanoate

CAS registry No. [1335304-11-4], colorless oil; *H NMR (400 MHz, CDCls): & 7.54-7.45 (m, 2H),
7.38-7.30 (M, 3H), 4.02 (t, J = 6.8 Hz, 2H), 2.27 (t, J = 8.4 Hz, 2H), 1.63-1.51 (m, 2H), 1.42-1.31
(M, 2 H), 1.09 (t, J = 8.4 Hz, 2H), 0.92 (t, J = 7.6 Hz, 3H), 0.29 (s, 6H). 3C NMR (100 MHz, CDCls):

6 175.1,138.3, 133.7, 129.2, 128.0, 64.4, 30.8, 29.0, 19.2, 13.8, 11.0, -3.2.

3-(dimethyl(phenyl)silyl)propanenitrile
CAS registry No. [17983-79-8], colorless oil; *H NMR (400 MHz, CDCls): § 7.50-7.46 (m, 2H), 7.41—
7.36 (m, 3H), 2.29-2.22 (m, 2H), 1.18-1.11 (m, 2H), 0.34 (s, 6H). 3C NMR (100 MHz, CDCls): &

136.7,133.6, 129.7, 128.2, 121.3, 12.3, 12.1, -3.4.

diethyl (2-(dimethyl(phenyl)silyl)ethyl)phosphonate

Colorless oil; *H NMR (400 MHz, CDCls): § 7.51— 7.46 (m, 2H), 7.39-7.32 (m, 3H), 2.29-2.22 (m,
2H), 4.15-4.01 (m, 4H), 1.68-1.57 (m, 2H), 1.30 (t, J = 7.2 Hz, 2H), 1.05-0.93 (m, 2H), 0.29 (s, 6H);
13C NMR (100 MHz, CDCls): 6 137.8, 133.6, 129.3, 128.0, 61.6 (d, J = 7.0 Hz), 20.5, 19.1, 16.5 (d, J
= 6.0 Hz), 7.5 (d, J = 9.0 Hz), -3.5. IR (ATR): 2977, 1414, 1236, 1019, 952, 806, 725, 702, 466.

HRMS (ESI): m/z Calculated for C14H1503PSi[M]*: 300.1296, found 300.1311.
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dimethyl(phenyl)(2-(phenylsulfonyl)ethyl)silane

CAS registry No. [196937-97-0], colorless oil; 'H NMR (400 MHz, CDCls): § 7.89-7.82 (m, 2H),
7.68-7.61 (m, 1H), 7.57-7.51 (m, 2H), 7.43-7.31 (m, 5H), 3.01-2.92 (m, 2H), 1.20-1.12 (m, 2H),
0.28 (s, 6H). *C NMR (100 MHz, CDCls): 6 138.7, 136.6, 133.7, 133.5, 129.6, 129.3, 128.3, 128.3,

52.6, 8.6, -3.3.

3-(dimethyl(phenyl)silyl)cyclohexanone
CAS registry No. [67262-98-0], colorless oil; tH NMR (400 MHz, CDCls): § 7.49-7.42 (m, 2H), 7.38—
7.33 (m, 3H), 2.40-2.07 (m, 5H), 1.83-1.61 (2H, m), 1.48-1.22 (m, 2H), 0.3 (s, 3H). **C NMR (100

MHz, CDCls): 6 212.7, 136.7, 134.0, 129.4, 128.0, 42.5, 42.0, 29.9, 27.7, 26.1, -5.2, -5.3.

4-(Dimethylphenylsilyl)tetrahydro-2H-pyran-2-one

CAS registry No. [156033-13-5 ], colorless oil; *H NMR (400 MHz, CDCls): & 7.50-7.46 (m, 2H),
7.40-7.35 (m, 3H), 4.36-4.21(m, 2H), 2.61-2.52 (m, 1H), 2.32-2.22 (m, 1H), 1.90-1.80 (m, 1H),
1.70-1.58 (m, 1H), 1.44-1.34 (m, 1H), 0.33 (s, 6H). 3C NMR (CDCls, 100 MHz): & 171.6, 135.6,

133.9, 129.7, 128.2, 70.4, 30.9, 23.7, 18.5, -5.6, -5.6

ethyl 3-(dimethyl(phenyl)silyl)but-3-enoate

CAS registry No. [13950-56-6], colorless oil; *H NMR (400 MHz, CDCls): § 7.55-7.48 (m, 2H), 7.36—
7.32 (m, 3H), 5.86-5.83 (m, 1H), 5.59-5.56 (M, 1H), 3.99 (q, J = 7.2 Hz, 2H), 3.09 (s, 2H), 1.17 (t, J
= 7.2 Hz, 3H), 0.40 (s, 6H). 3C NMR (100 MHz, CDCls): § 172.0, 143.0, 137.5, 134.1, 130.5, 129.2,

127.9, 60.6, 41.9, 14.2, -2.92.
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3-(dimethylphenylsilyl)-1,3-diphenyl-1-propanone

CAS registry No. [118356-60-8], colorless oil; 'H NMR (400 MHz, CDCls): § 7.79-7.77 (m, 2H),
7.50-.27 (m, 8H), 7.25-7.13 (m, 2H), 7.09-6.97 (m, 3H), 3.56-3.41 (m, 1H), 3.25-3.06 (m, 2H), 0.29
(s, 3H), 0.23 (s, 3H). 3C NMR (100 MHz, CDCls): & 199.2, 142.5, 137.2, 136.9, 134.3, 132.8, 129.4,

128.5, 128.2, 128.0, 127.9, 127.8, 124.9, 39.0, 31.2, -3.7, -5.0.

N-((dimethyl(phenyDsilyl)(phenyl)methyl)aniline

CAS registry No. [1283154-25-5], yellow oil; *H NMR (400 MHz, CDCls): & 7.49-7.31 (m, 5H),
7.23-7.18 (m, 3H), 7.16-6.90 (m, 5H), 6.67-6.41 (m, 3H). 4.17-4.05 (m, 2H), 0.34 (s, 3H), 0.26 (s,
3H); 3C NMR (100 MHz, CDCls): § 148.7, 142.2, 135.3, 134.5, 130.0, 129.1, 128.4, 128.2, 116.2,

125.6, 117.4, 113.6, 55.3, -4.2, -5.3.

N-((dimethyl(phenylsilyl)(4-methoxyphenyl)methyl)aniline

CAS registry No. [1677677-54-1], colorless oil; *H NMR (400 MHz, CDCl3): & 7.50-7.35 (m, 5H),
7.07-6.97 (m, 4H), 6.8-6.74 (m, 2H), 6.67-6.41 (m, 3H), 4.17-4.05 (m, 2H), 3.74 (s, 3H), 0.32 (s,
3H), 0.26 (s, 3H). **C NMR (100 MHz, CDCls): 8 157.7, 148.7, 135.4, 129.9, 129.1, 128.1, 127.1,

117.3,113.8, 113.6, 55.3,49.4, -4.3, - 5.3.

N-((dimethyl(phenyl)silyl)(4-fluorophenyl)methyl)-4-fluoroaniline

Colorless oil; *H NMR (400 MHz, CDCls): § 7.48-7.30 (m, 5H), 7.12-6.97 (m, 2H), 6.90-6.80 (m,
2H), 6.75-6.68 (m, 3H). 4.07 (d, J = 5.6 Hz, 1H), 3.96 (d, J = 5.6 Hz, 1H), 0.34 (s, 3H), 0.26 (s, 3H);
13C NMR (100 MHz, CDCls): 6 161.2 (d, J = 242.0 Hz), 155.9 (d, J = 234.0 Hz), 144.7, 1375 (d, J =

3.3 Hz), 134.9, 134.4, 130.1, 128.3, 127.3 (d, J = 8.0 Hz), 115.7, 115.5 (d, = 23.0 Hz) , 115.3 (d, J =
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21.0 Hz), 114.3 (d, J = 8.0 Hz), 50.3, -4.5, - 5.4. IR (ATR): 2964, 1601, 1506, 1228, 1122, 827, 738,

700, 532, 465 cm™t. HRMS (ESI): m/z Calculated for C21H21FO2NSi[M]*: 353.1411, found 353.1404.

1,2-diphenylhydrazine
CAS registry No. [122-66-7], yellow solid; *H NMR (400 MHz, CDCls): § 7.26-7.17 (m, 4H), 6.89—
6.80 (m, 6H), 5.56 (s, 2H). 3C NMR (100 MHz, CDCls): 149.0, 131.1, 129.5, 129.2, 123.0, 120.0,

122.5.

1,2-di-m-tolylhydrazine

CAS registry No. [621-26-1], yellow solid; *H NMR (400 MHz, CDCls): 6 7.09 (t, J = 8.0 Hz, 2H),
6.68-6.65 (m, 6H), 5.52 (s, 2H), 2.28 (s, 6H); *C NMR (100 MHz, CDClz): § 152.9, 139.0, 131.7,

128.9,122.9, 1205, 21.4.

1-(4-methoxyphenyl)-2-phenylhydrazine
CAS registry No. [953-12-8], yellow solid; *H NMR (400 MHz, CDCls): § 7.24-7.18 (m, 2H), 6.88—
6.81 (m, 3H), 6.80 (s, 4H), 5.58 (s, 1H), 5.43 (s, 1H), 3.74 (s, 3H); *3C NMR (100 MHz, CDCls): &

142.9, 129.5, 120.0, 115.0, 113.9, 112.5, 55.9.

4,4-bis(dimethyl(phenyl)silyl)butan-2-one
Colorless oil, 'H NMR (400 MHz, CDCls):  7.47-7.43 (m, 4H), 7.32-7.28 (m, 6H), 2.46 (d, J = 6.0
Hz, 6H), 1.73 (s, 3H), 1.26 (t, J = 6.0 Hz, 1H), 0.22 (s, 6H), 0.19 (s, 6H). 3C NMR (100 MHz, CDCl3):

8 207.8, 139.3, 134.0, 129.0, 127.8, 40.6, 29.4, 6.2, -1.3, -2.2. IR (ATR): 2952, 1712, 1434, 1250,
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1117, 840, 788, 733, 640 cm 1. HRMS (ESI): m/z Calculated for CH2s0Siz[M]*: 340.1679, found

340.1674.

methyl 3,3-bis(dimethylphenylsilyl)propanoate
CAS registry No. [1256931-34-6], colorless oil; *H NMR (400 MHz, CDCls): & 7.48-7.43 (m, 4H),
7.34-7.28 (m, 6H), 3.38 (s, 3H), 2.38 (d, J = 6.4 Hz, 6H), 1.06 (t, J = 6.4 Hz, 1H), 0.22 (s, 6H), 0.19

(s, 6H). 13C NMR (100 MHz, CDCls): 5 174.8, 139.1, 134.0, 129.0, 127.8, 51.6, 31.0, 8.5, -1.4, -2.4.
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3. Results and discussion
3.1. CusN NC catalyzed-hydrosilylation of alkynes

The Cu catalyzed-hydrosilylation of alkynes is a useful method for synthesizing various
valuable vinylsilanes [11-17]. Hence, the author selected the hydrosilylation of phenylacetylene (1a)
as a model reaction to investigation for the optimized reaction conditions, and the data are summarized
in Table 5-1. In the preliminary experiment, the reaction of 1a (0.25 mmol) with PhMe,Si-BPin (1.2
eq. of 1a) was carried out in ethanol with CusN NC under Ar atmosphere at 30 °C for 1 h, and (E)-
dimethyl(phenyl)(styryl)silane (2a) was obtained in 73% vyield (entry 1). Cuprous oxide nanocube
(Cu20 NC) with the same morphology and size as CusN NC exhibited much worse activity, providing
2a in only 4% vyield (entry 2). Other Cu catalysts, such as Cul, CuO, and CusP, were inactive

Table 5-1. Hydrosilylation of 1a using various Cu catalysts.

H
< > — . PhMe,Si-BPin Catalyst, Ar N SiMe;Ph
[H],30°C,1h
1a 2a
Entry Catalyst [H] sources Yield of 2a® (%)
1 CuzN NC EtOH 73
2 Cu,O NC EtOH 4
3 Cul EtOH 0
4 CuO EtOH 0
5 CusP EtOH 0
6° CusN NC EtOH 90
7° CusN NC H,O 64
ged CusN NC EtOH 92
9° Cu3N NC (3rd run) EtOH 90

@ Reaction conditions: 1a (0.25 mmol), PhMe,Si-BPin (1.2 eq., 0.3 mmol), catalyst (Cu: 5 mol%),
[H] sources (1.0 mL), 30 °C, under Ar. P Yield was calculated through 'H NMR analysis using 1,4-
dinitrobenzeneas an internal standard. ¢ PhMe,Si-BPin (1.5 eq., 0.375 mmol). ¢ EtOH (7.0 eq.,
0.1 mL).
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Cu3N NC (0.1 mol%) - SiMe,Ph
@——_— +  PhMe,Si-BPin > ©/\/
EtOH, 30 °C, 24 h, Ar
1a, 1.02 g, 10 mmol 2a, 2.13 g, 89% isolated yield
TON = 894

Scheme 5-2. Gram-scale experiment of hydrosilylation of 1a using CusN NC.

Table 5-2. Comparison of CusN NC catalytic system and reported catalytic systems for

hydrosilylation of alkynes with PhMe,Si-BPin

. Temp.
Entry Catalyst Additive Solvent C) TON Ref.
This
1 CusN NC - EtOH 30 894
work
2 CuCl L1/t-BuONa  MeOH/THF -20 10 11
Cu(dmp)(Xantphos CH3CN/
[Culdmp)(Xantp K.CO3 ’ 30 490 17
TEPD)]PFs H20
4 FeO/MgO PPhs Toluene 160 24 19
5 MezZn (1.1 eq.) BusP THF 50 - 20

Note: L1 = Johnphos.

(entries 3-5). Increasing the amount of PhMe;Si-BPin to 1.5 equivalent improved the conversion of
1a and afforded a 90% yield of 2a (entry 6). The use of H2O as a hydrogen source decreased yield of
2a compared with that of EtOH (entry 7 vs 1) [18]. Notably, introducing EtOH (7 eg. of 1a) as an
additive resulted in 92% yield of 2a (entry 8). This is the first time that the hydrosilylation of 1a was
achieved over a heterogeneous Cu catalyst (Table 5-2). The reuse experiments were conducted to
check the durability of CusN NC. After the reaction, CusN NC was separated from the reaction mixture
and reused for several times without any significant loss of activity (entry 9). Moreover, the CusN NC
catalyst system was applicable to gram-scale synthesis, affording 2a in 89% isolated yield with a TON

exceeding 894 based on the total number of Cu atoms used in the reaction (Scheme 5-2). This TON
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value is greater than that in previously reported Cu catalytic systems.

Then, the applicability of this CusN NC catalytic system was investigated through the
hydrosilylation of a series of alkyne substrates (Scheme 5-3). Aromatic alkynes with electron-donating
(e.g., -OMe, —Me, and -NH>) or -withdrawing groups (e.g., —Cl, —F, and -NO) located at para-
position worked well under optimized conditions (2a—2g). meta-Substituted aromatic alkynes were
also tolerated and converted to desired products in high yields (2h-2k). In addition, the reaction
conditions were compatible with the heterocyclic substrates for example 3-ethynylpyridine and 3-
ethynylthiophene (21 and 2m). Remarkably, the scope of this method can be applied to aliphatic
alkynes (2n and 20). The reaction of internal alkyne (diphenylacetylene) also proceeded smoothly to
afford 2p in 57% yield. Moreover, bioactive compounds, 2q and 2r, were obtained in satisfied yields
through the hydrosilylation of corresponding alkynes. There results demonstrated that the high

catalytic performance of CusN NC in the hydrosilylation of alkynes.
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CusN NC, A i
RI—==—R? + PhMe,Si-BPin — 3T _ R1/\(3'Mezph
EtOH, 30 °C R
1 2
©/\/S|Me2Ph /@/\/SlMezPh /©/\/SIMe2Ph /@/\/&MezPh
2a 88% (96%) 2b 91% (97%) 2¢ 90% (96%) 2d 94% (97%)
/@/\/SlMezPh /@/\/SlMezPh /@/\/SlMezPh { N SiMe,Ph
2e 82% (96%) 2f 80% (96%) 29 61% (90%)? 2h 89% (74%)
SiMe,Ph ©/\/S|Me2Ph cl SiMe,Ph o N SMeP
|
2i 85% (94%) 2j 86% (98%) 2k 79% (99%) 21 74% (97%)?
N SiMe,Ph Ho\l/wSiMeZPh MSiMezPh
|
2m 88% 8%) 2n 71% (990/0)6 20 72% (76%)a
OH

O N SiMePh

2p 57%2 29 77% (97%)? 2r 80% (99%)?

&

Scheme 5-3. CusN NC catalyzed-hydrosilylation of alkynes. Reaction conditions: 1 (0.25 mmol),
PhMe;Si-BPin (0.375 mmol), CusN NC (2.5 mg, 5 mol% of Cu), EtOH (0.1 mL), Ar, 30 °C, 1 h.
Isolated yields. Regioselectivity in parentheses was determined by GC-MS or 'H NMR analysis. ? 12

h.

3.2. CusN NC catalyzed-hydrosilylation of alkenes and allenes
Hydrosilylation of alkenes is an important and efficient method for preparation of silanes
[21-27]. Then, to expand the scope of this method, the hydrosilylation of alkenes was evaluated, and

the results were summarized in Scheme 5-4. Butyl acrylate underwent g-silylation reaction to provide
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the 4a in 99% vyield. Acrylonitrile was also effectively silylated, and 4b was obtained in 83% vyield.
Moreover, the reaction of diethylvinylphosphonate proceeded smoothly to afford the 4c in 84% yield,
while the reported Cu catalytic system is inactive for this substrate [21]. The g-silylsulfone was also
tolerated and provided 4d in 79% yield. From cyclic ketones, the corresponding silanes (4e and 4f)
were also obtained in excellent yields. Furthermore, allene (3g) was readily converted to the desired
product 4g. The bioactive compound, chalcone, was active, affording 4h in 99% yield. This is the first
example that the hydrosilyaltion of alkenes and allenes with PhMe,Si-BPin achieved over a

heterogeneous catalyst.

R + PhMe,Si-BPin CuNNC, Ar o~ SiMezPh
EtOH, 30 °C
3 4
EtO ?Et a
i i SiMe,Ph
\/\/O\[I/\/SlMezPh NC/\/SlMezPh N~ SiMe, ﬁ\/\sme o
1] lo) 2
0 0
4a 99% (99%) 4b 83% (99%) 4c 84% (99%) 4d 79% (99%)
o o)

PhMe,Si o
. N
SiMe,Ph SiMe,Ph o

(from allene)
4e 98% (99%) 4f 98% (98%) 49 81% (99%) 4h 99% (99%)

Scheme 5-4. CusN NC catalyzed-hydrosilylation of alkenes and allene to silanes. Reaction conditions:
3 (0.25 mmol), PhMe;Si-BPin (0.375 mmol), CusN NC (2.5 mg, 5 mol% of Cu), EtOH (0.1 mL), Ar,
30 °C, 12 h. Isolated yields. Regioselectivity in parentheses was determined by GC-MS or 'H NMR

analysis.
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3.3.  CusN NC catalyzed-hydrosilylation of imines and azobenzenes

Imines, a class of commercially available and useful unsaturated compounds [28], were also
treated in this hydrosilylation reaction. Notably, the reaction of several imine derivatives proceeded
smoothly under base- and ligand-free conditions (Scheme 5-5). The N-benzylidenaniline underwent
the reaction to afford the desired silane (6a) in 80% isolated yield. Substituted benzylidenaniline
derivates were also tolerated, generating the desired silanes in high yields (6b and 6c). This is the first
time that the hydrosilylation of imines was achieved over a heterogeneous metal catalyst.

Aromatic azo compounds are essential fine chemicals and have broad applications in organic
synthesis [29]. In an attempt to further expand the scope of this methodology, the author turned the
attention to the hydrosilylation of azobenzenes (7). The reaction of azobenzene (7a) with PhMe;Si-
BPin vyielded the 1,2-diphenylhydrazine (8a) instead of corresponding silane (1-
(dimethyl(phenyl)silyl)-1,2-diphenylhydrazine).  The author  speculated that the 1-
(dimethyl(phenyl)silyl)-1,2-diphenylhydrazine may be formed during the reaction and protonated in a
proton solvent to afford the 8a [30, 31]. To confirm this speculation, control experiments of the
hydrosilylation of 7a were performed. No conversion of 7a was observed in the absence of PhMe;Si-
BPin, suggesting that the generation and protonation of 1-(dimethyl(phenyl)silyl)-1,2-
diphenylhydrazine was involved during the hydrosilylation reaction. Next, several azobenzene
derivatives were treated in the reaction, and the hydrazines were obtained in good yields (8b and 8c).

This study provided a new synthetic protocol for the preparation of hydrazines.
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2 R2 6
X _R -
RN ° Cu3N NC, Ar ¥ H
ffffffffffffffffff + PhMe,Si-BPin 3~ 7Y o TTTTTTmTToTooToooon
EtOH, 30 °C 2
NN R? ! NO_R
U VI R SN~ 8
R N N
. F
SiMe,Ph SiMe,Ph PhMe,Si /@
Ph
NP N N
H H H
MeO F
6a 80% 6b 71% 6c 67%°

H H
LN /@ NS
8a 89% 8b 75% 8¢ 75%

Scheme 5-5. CusN NC catalyzed-hydrosilylation of imines and azobenzenes. Reaction conditions: 5
or 7 (0.25 mmol), PhMe,Si-BPin (0.375 mmol), CusN NC (2.5 mg, 5 mol% of Cu), EtOH (0.1 mL),

Ar, 30 °C, 12 h. Isolated yields. @ EtOH (1.0 mL), 80 °C, 1 h.

3.4. CusN NC catalyzed-dihydrosilylation of alkynes

Geminal bis(silanes), a crucial class of organic compounds, have been widely used in
organic chemistry since they have high stability and propensity to undergo a variety of transformations
[32]. Catalytic dihydrosilylation of alkynes is a useful and straight-forward method for synthesis of
geminal bis(silanes). Recently, several research groups have reported dihydrosilylation reaction of
alkynes with hydrosilanes (e.g., HSiEty, PhSiH3) through transition-metal catalysis [33-35]. To date,
the dihydrosilylation reaction of alkynes with silyl boronate for gem-bis(silanes) synthesis by
heterogeneous metal catalysts has never been reported yet. Therefore, the author reported a new
method of synthesizing geminal bis(silanes) by means of CusN NC-catalyzed dihydrosilylation of
alkynes. As shown in Scheme 5-6, the dihydrosilylation of terminal alkynes proceeded smoothly,

affording the gem-bis(silanes) in acceptable yields (9a and 9b).
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CuzN NC, Ar SiMe,Ph

R——= + PhMe,Si-BPin ————» R
(o}
EtOH, 80 °C SiMe,Ph
1 9
SiMe,Ph MeO SiMe,Ph
o SiMe,Ph o SiMe,Ph
9a, 65% 9b, 66%

Scheme 5-6. CusN NC catalyzed-dihydrosilylation of alkynes. Reaction conditions: 1 (0.25 mmol),
PhMe;Si-BPin (0.75 mmol), CusN NC (2.5 mg, 5 mol% of Cu), EtOH (2 mL), Ar, 80 °C, 1 h. Isolated

yields.

3.5. Proposed mechanism

To investigate the proposed mechanism, the deuterium-labeling experiment was performed.
The hydrosilylation of la was carried out in EtOD, and the 2a-d was obtained (Scheme 5-7),

demonstrating the participation of EtOH in the reaction.

D~ 84% H <— 16%
CusN NC, Ar SiMe,Ph SiMe,Ph
@—: + PhMe,Si-BPin — ' 3 b @2\( ?
EtOD, 30 °C, 1 h H H
1a 2a-d 2a

total isolated yield of 2a-d and 2a: 86%

Scheme 5-7. The deuterium-labeling experiment of the hydrosilylation of 1a.

Based on this observation and the previous works, the author provided a proposed
mechanism of hydrosilylation of unsaturated compounds. Initially, the EtOH molecule was activated
by the Lewis acid-base sites on CusN NC. Next, the PhMe;Si-BPin was absorbed on CusN NC and
reacted with activated EtOH to afford the EtO-BPin. Followed by the absorption of unsaturated
compounds on Cu sites and the reaction of Cu-Si species, the addition intermediate was formed.

Finally, the desired products were produced through the hydrogen transfer to the Cu intermediate, and
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the CusN NC catalyst was regenerated. Thus, the cooperative catalysis of CusN NC combining its

Lewis acid-base property is key to the efficient hydrosilylation of unsaturated compounds.

3.6. Outlook

Sequential continuous-flow reactions using heterogeneous catalyst-packed columns have
been considered as a next-generation technology for chemical processes since catalyst separation is
not required [36]. Therefore, the author speculates that the CusN NC catalytic system may be applied
in the continuous-flow synthesis of silanes through catalytic hydrosilylation reactions, and this

research is undergoing.
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4, Conclusion

This chapter described a green and efficient method for synthesizing silanes via the CusN NC
catalyzed-hydrosilylation of unsaturated compounds. In this method, a wide range of substrates,
including alkynes, alkenes, imines, and azobenzenes, were tolerated and generated the desired
products in good to excellent yields. Moreover, the dihydrosilylation of alkynes was achieved over
CusN NC catalyst, providing a novel method for gem-(bis)silanes synthesis. The synthetic utility of
this protocol had also been demonstrated by the gram-scale synthesis of vinylsilane with low catalyst
loading (0.01 mol % of Cu, TON = 894). This is the first example that a heterogeneous Cu catalyst
achieved the hydrosilylation of various unsaturated compounds. These findings will significantly

contribute to the development of green sustainable technology for producing valuable silanes.
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General Conclusions

This thesis deals with the studies on the development of copper nitride (CusN) as highly
efficient catalysts for various environmentally benign organic reactions, for example (i) hydroxylation
of aryl halides to phenols, (ii) oxidation of indoles to indolin-3-ones and 2-ketoanilide derivatives, (iii)

hydroboration of alkynes to boronates, and (iv) hydrosilylation of unsaturated compounds to silanes.

Firstly, the author reviewed the fundamental background of metal nitrides, especially CusN,
and focused on the preparation and characterization of CusN materials. In addition, the activity of
CusN catalysts in the photocatalysis, electrocatalysis, and organic reactions was systematically

summarized, and the limitation of the applicability of CusN catalysts was also described.

In Chapter Il, the author mentioned that nanocubic CusN (nano-CusN) prepared by
calcination method efficiently promoted the hydroxylation of aryl halides to phenols under ligand-free
conditions. This method showed good functional group tolerance to afford a wide range of phenols in
good yields. nano-CusN is the first heterogeneous Cu catalyst for the hydroxylation of aryl chlorides
under additive-free conditions. The N atoms in nano-CusN may serve as functional N ligands to

promote this reaction.

Chapter 11 described the unique catalysis of a CusN nanocube (CusN NC) for oxidation of
indoles. This catalytic system can be operated under additive-free conditions in an aqueous solvent
with O; as sole oxidant and exhibited good functional group tolerance to produce the desired indolin-
3-ones and 2-ketoanilide derivatives in moderate to good yields. This is the first application of the

CusN in oxidative reactions. Moreover, CusN NC catalyst could be recovered and reused without
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significant loss in its catalytic activity, providing a green and sustainable method for preparation of
nitrogen atom containing organic compounds. The high catalytic activity of CusN NC is benefited

from the N—Cu—N structure on surface that promotes the conversion of O to superoxide species.

The next chapter revealed an efficient heterogeneous catalysis of CusN NC for the
hydroboration of alkynes to vinyl boronates. The CusN NC showed outstanding activity, promoting
the hydroboration of various alkynes to afford the desired vinyl boronates in good yields. It is worthy
to note that the hydroboration of alkynes under additive-free and mild reaction conditions is achieved
for the first time over a heterogeneous Cu catalyst. Moreover, CusN NC was applicable to the
hydroboration of alkynes with tetrahydroxydiboron to synthesize vinyl boronic acids. Control
experiments and spectroscopic analyses disclosed that the Lewis acid-base property of CusN NC may

be the key factor for its high activity.

In Chapter V, the author mentioned an efficient method for synthesizing silanes through the
hydrosilylation of unsaturated compounds with CusN NC catalyst. A wide range of substrates,
including alkynes, alkenes, imines, and azobenzenes, were efficiently converted to the desired
products in excellent yields. Moreover, the CusN NC catalytic system was appliable to the gram scale
experiment. This is the first example that a heterogeneous Cu catalyst for the hydrosilylation of

unsaturated compounds to silanes.

The author believes that this study will not only make a significant contribution to the
development of green and efficient methods for organic synthesis but also bring a deep understanding
of metal nitride materials. The developed CusN catalysts and their superior catalytic activity in organic

reactions discussed here demonstrate that the metal nitrides are the next-generation catalysts for
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achieving various valuable chemical processes.

Finally, the author envisages further developments for the CusN catalysis as follows.

1. Development of efficient supported metal nanoparticle catalysts for organic transformation is
attractive since the supported metal nanoparticle catalysts may offer drastic changes in catalytic
activity and selectivity compared with the pure metal nanoparticles due to the interaction of metal
nanoparticles with the functional supports. It is expected that the novel supported-CusN catalysts
can be designed and prepared through the impregnation method or precipitation-deposition
method. Therefore, the author hopes that the interaction between supports and CusN would change
the electronic structure of Cu species, which might increase its activity in organic synthesis.

2. In the last decades, molecular photocatalytic organic synthesis has developed into a vast field of
research. As mentioned in this thesis, CusN is a semiconductor with an indirect band gap energy
~1.4 eV and its optical absorption coefficient value of ~105 cm™. Benefiting from this essential
property, the CusN has good catalytic potential in photocatalytic organic synthesis. Hence, the
author envisions that the CuzN nanoparticles may work as an efficient photocatalyst to achieve

some previously unattainable organic reactions.
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