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Chapter 1. General Introduction

Chapter 1. General Introduction

1.1. General background

Chemical industry in the 20" century enriched our lives through supplying us with
energy and essential chemicals such as plastics, synthetic fibers, medicines, and pesticides.
In particularly, large-scale production of ammonia was established by German
researchers using atmospheric N2 and petroleum-derived H> with a heterogeneous catalyst,
which is one of the key technologies in modern chemistry to enable steady production
and supply for essential fertilizers and chemicals.[?! This process, called Haber—Bosch
process, impacted particularly on agriculture and food industry, caused high population
growth, and thus literally changed the world. On the other hand, rapid development of
chemical industry accompanied serious problems such as air pollution, global warming,
waste and depletion of fossil fuel resources. Hence, the concept of green chemistry was
initiated worldwide involving the uses of raw materials efficiently, elimination of toxic
or hazardous substrates and by-products, and minimization of energy consumption.*#
Catalytic process satisfied these criteria because catalysts can accelerate reactions at low

temperatures and pressures by orders of magnitude to change reaction route to

equilibrium, and to give desired products selectively. The use of renewable and abundant
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raw material (lignocellulosic biomass!>®! and CO,"®), for example) and energy (H
produced by water splitting with sunlight!>%) is required to realize sustainable chemical
production in the upcoming years. In this regard, the author has made great efforts to
develop new catalysts and reactions targeting on the activation of less reactive compounds

(CO» and alkanes) in this thesis.

1.2. Bridge between homogeneous and heterogeneous catalyst

Catalysis is simply categorized into three types: homogeneous catalysis working in
the same phase of reactants, heterogeneous catalysis where solid catalysts react with
reactants in gas or liquid phase, and biocatalysis using enzymes. These three kinds of
catalysis have their own advantages and are used in an appropriate manner. For example,
heterogeneous catalysis played a key role in the development of environmentally benign
processes in petroleum industry. Synthesis of &-caprolactam, an important intermediate
for the production of Nylon 6 fibers, was renovated with heterogeneous catalysts!!!!
(Scheme 1.1). Industrial production of &-caprolactam relied on oximation and subsequent
Beckmann rearrangement with H>SO4, which produced a large amount of ammonium

sulfate as an acid waste. On the contrary, heterogeneous catalytic system using TS-1

zeolite and high silica MFI zeolite drastically reduced environmental loads by the
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elimination of H>SO4-derived by-product, ammonium sulfate.

o) NOH OH )
H,S0, ij H2SOs  NZ™ NHs
—> —>
NH,OH
(NH,),SO, (waste) (NH,),SO, (waste)

NOH
TS-1 (cat.) High silica MFI (cat.)
NH5, H,O,

Scheme 1.1. Industrial process of &-caprolactam synthesis. A conventional method with

H>SO4 (black allows) and new method with solid catalysts (red allows).

Homogeneous metal complexes have attractive properties such as high activity,
chemoselectivity, regioselectivity, and enantioselectivity, compared with heterogeneous
catalysts. Despite these advantages, commercialized processes using these homogeneous
catalysts were limited to a few applications: one-step synthesis of acetic acid from
methanol and carbon monoxide by a rhodium complex, hydroformylation of alkenes by
a Co carbonyl catalyst, coordination polymerization of ethylene by Ziegler-Natta catalyst,
asymmetric reaction by metal complexes with chiral ligands.['>!3] Many homogeneous
catalysts are not used in chemical industry because of economic and environmental

disadvantages such as low durability and large energy consumption for separation of
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products and catalysts from reaction mixtures.!'*!>! In order to overcome these problems,
several techniques have been proposed for the development of heterogeneous

counterparts with similar functionality to homogeneous catalysts (Figure 1.1). Several

16] 17]

and metal oxides!!” have been widely used as solid supports for

polymers!
immobilization of homogeneous metal complexes. Among these materials, polystyrene
(Figure 1.1(a)) and silica (Figure 1.1(b)) are recognized as versatile supports, because a
variety of organic functionality can be introduced by post-synthetic modification of
phenylene moiety in polystylene with organic reactions (Figure 1.1(a)) and silanol moiety
on silica surface with silane coupling reagents (Figure 1.1(b)). Another approach, named
ship-in-bottle method, for the stabilization of metal complexes within zeolite nanocages

18191 Reaction of metal ion with four o-dicyanobenzene

is shown in Figure 1.1(c),!
molecules produces phthalocyanine in the supercage of Y-type zeolite. Large metal

complexes can be successfully encapsulated within zeolite framework and readily

available as catalytically active sites without change in their original functionality.
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(a)
Xi 1

PPh, PPh,
ML,
(b) ML,
PPh, PPh,
OR
RO—S:i—/_ \
OR Si Si
|
o g1 AR EN
Sio, sSio, sio,

zeolite

Figure 1.1. Examples of immobilization of metal complexes on (a) polystyrene, (b) silica,

and (c) in zeolite cages.

Two representative examples were briefly described for immobilization of metal

complexes on polymer supports (Figure 1.2). Figure 1.2(a) shows a novel procedure to

encapsulate homogeneous metal complexes with polystyrene network where metal

complexes are stabilized with phenylene moiety through strong interaction of =
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electrons.202!

I The resulting polystyrene beads contain large amounts of metal complexes.
Sc(OTf)3, OsO4 and Pd(PPh3) immobilized in polystyrene shell showed high catalytic
activities in C-C bond forming reactions such as the aldol condensation, the Diels-Alder
reaction, and the Friedel-Crafts acylation, dihydroxylation of olefins to the corresponding
vicinal diols, substitution reaction of allyl compounds, the Suzuki-Miyaura coupling
reaction, and olefin metathesis. This solid catalyst can be recovered and reused several
times without loss of its original activity and leaching of metal complexes. Despite high
activities, these catalysts cannot be used in the organic solution that is able to dissolve
polystyrene. To address this issue, large amounts of cross-linkages were formed in

polystyrene after encapsulation of metal complexes, producing a robust and insoluble

polymer shell (Figure 1.2(b)).[2!*!
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polymer solution

M = Metals (Sc, Os, Pd, Ru...)

AGTIAN /rome

ML,

HO OH 0 HO OH O

_—
o~ © O O  microencapsulation HO ». ML, ¢ -

orossHinking N
Figure 1.2. Encapsulation of homogeneous metal complexes with a stable and rigid
polystyrene network: (a) simple microencapsulation and (b) microencapsulation-

crosslinking techniques.
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1.3. Periodic mesoporous organosilicas (PMOQOs): application for heterogeneous
catalysis

Because of intrinsic properties such as chemical inertness and large surface area,
porous silica is an ideal support for organic functional groups, metal complexes, and metal
nanoparticles to develop supported catalysts.*¥! According to the TUPAC definition,
porous materials are divided into three classes; microporous (poresize < 2nm),
mesoporous (2—50nm), and macroporous (>50nm) materials.?! Zeolites are crystalline
aluminosilicate compounds with micropores in the molecular dimension. Isomorphous
substitution of Si in the framework with several metals including Al, Ti, Ga, and Fe results
in the formation of catalytically active sites.[*) While metallosilicate zeolites are
conventionally used as solid catalysts in chemical industry, small-sized micropores
sometime limits their applications for large-sized reactants and products, due to severe
mass transfer limitation.”?”! Mesoporous silicas have large-sized pores exceeding 2 nm in
diameter. Mesopores enable smooth incorporation and diffusion of bulk reactants and
products in comparison with microporous solids.?®3%! Amorphous nature of the
framework, however, makes them difficult to functionalize acid-base or redox properties
by a simple introduction of transition metal sites with an impregnation technique.*!!

Periodic mesoporous organosilica (PMO) is a series of ordered mesoporous silica with
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organic functional groups integrated through covalent Si-C bonds within silicate
framework and can be synthesized from a bridged alkoxysliane precursor ((RO)3;Si-R’-
Si(OR)s) in the presence of a structure-directing agent.*l PMOs with ethylene (1),[**
ethenylene (2),** 1,4-phenylene (3),1*1 4,4’-biphenylene (4)1*! are typical examples in
the early stage of this research. Ethenylene-bridged PMO (1) has a great potential to
introduce a variety of functional groups at ethenylene moieties of the surface with
chemical modification such as bromination,*”! epoxidation,®®! and Diels-Alder
reactions.®” Phenylene (3) and biphenylene bridged PMOs (4) have an ordered
mesoporous structure and a crystal-like arrangement of aromatic rings though
n—7 interaction inside silica wall. Heteroatom-containing organic functionality such as
azo group (5),1*°) thiophene group (6),*!! 2-phenylpyridine group (7),1*? and bipyridine
group (8)* can be directly introduced from corresponding bridged-type precursors.
Because 2-phenylpyridine and bipyridine are recognized as typical chelating groups that
can coordinate with various metals, metal complexes working as catalytically active sites
could be densely accumulated on the surface of these PMOs. A metal complex (9) is also
directly incorporated into PMO with maintaining its original structure and
functionality.*¥ A Pd-carbene complex can be formed on PMO surface after post-

synthetic treatment of imidazolium-containing PMO (10) with Pd(OAc),. The resulting
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Pd immobilized PMO can work as a heterogeneous carbene catalyst for the Mizoroki-

Heck reaction. [43-46]

1 2 3 4
Si_\\—Q—N Si\©/8i =N
‘N < > \ / Si N\ / Si
\ Si
5 6 7

Figure 1.3. Organic moieties in a variety of PMOs.

Table 1.2 summarizes several examples of PMOs as heterogeneous catalysts in
liquid-phase reactions. Sulfonic acid functionalized phenylene-PMO showed an excellent
activity as a solid acid catalyst in the Friedel-Crafts acylation of anisole with acetic
anhydride (Entry 1, yield 88%, selectivity 97%).1471 Sulfonated PMOs were also

applicable to the hydrolysis of sugars,*®! the Friedel-Crafts alkylation,[*”! and various

10
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rearrangement reactions.>” Formation of metal complexes on PMO surface by post-
synthetic treatment results in the development of a novel supported catalyst. PMO with a
palladium complex was successfully synthesized by co-condensation of the palladium-
containing organosilane precursor and Si(OC2Hs)s and applied to the Suzuki-Miyaura
cross-coupling reaction (Entry 2).5! Despite high catalytic performance, leaching of Pd
complex and collapse of mesoporous structure taking place during the reaction are serious
problem of this system. Coordination of RhCl; with PPh; groups on PMO surface
produced a thodium complex that effectively catalyzed alkanes oxidation.[! This catalyst
also showed high yield (94%) and selectivity (95%) of the desired product in the Miyaura-
Michael reaction (Entry 3). Note that no significant loss of thodium species was observed
in solution after the reaction.>®! High stability and reusability of this system is beneficial
for the development of other transition-metal complexes (Pd and Ru) for catalytic
applications. Catalytic oxidation have also been demonstrated by Fe porphyrin-

incorporated PMO catalyst.[>*]

Fe porphyrin based cytochrome P450 is a
monooxygenase that catalyzes a variety of oxidation reactions such as alkene epoxidation
and alkane hydroxylation with molecular oxygen.!>®! Regardless of its large molecular

size, Fe porphyrin can be immobilized on PMO surface and used in selective epoxidation

of alkanes®¥ and the Baeyer-Villiger oxidation of ketones, > as shown in Entry 4. PMO

11
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with a chiral ligand, 2,20-bis(diphenylphosphino)-1,10-binaphthyl (BINAP), was utilized
as host material to immobilize a Ru complex [RuCla(benzene)]».*” The resulting PMO
afforded high catalytic performance in the asymmetric hydrogenation of B-keto esters
with 99% ee (Entry 5). Recently, PMO with incorporated 2,2’-bipyridyl groups exhibited
excellent property as a solid chelating ligand for the immobilization of metal
complexes.**! Ir complexes, Ir(cod)(OMe), immobilized on 2,2’-bipyridyl-PMO
catalyzed the borylation of C—H bonds in substituted benzene compounds to afford
desired products (Entry 6). Interestingly, the activity of the solid catalyst was higher than

that of a corresponding homogeneous catalyst.

12
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Table 1.2. Catalytic systems using metal complex immobilized-PMOs.

Entry Catalyst Reaction Ref.

SOsH

1 C/< <j%ocn43 + ioi — WOCHs [47]

N\/\/SI — — — —
X + (HO),B . > S /
SO s o asliio SRt c T S eI

Phy cl
'/\/P//’f, “\o\ X
3 Si /"Rh'.\ < :FB(OH)Z + k — < > N ;OCAHQ [53]
Si—~p PPh, , CaHeO o
Ph, NCTSi

H20; Q2
R-C=C-R" ——» R-C-C-R 54
c=¢ At [54]
4
)OL Oz i 55
M 2 H e (551
Si
o
Si/\/\HJkNH
5 OO PPh; 4 [RuClybenzene)] 11 Ha 7 [57]
OO Pere : ? RMO’R - RMO’R
Si N NH
N
T
é“]" OMe
N — o)
6 /Ir\Ni RQH + 087 i QB i [43]
Si / N \ / Si
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A coumarin-encapsulated biphenyl-PMO exhibited unique UV light absorption and
subsequent fluorescence by a light-harvesting effect; the photoexcitation of biphenyl
moieties by UV light adsorption induces energy transfer to coumarin dye immobilized
within mesopores, which results in highly efficient fluorescence.*®! This light-harvesting
effect is expected to be useful for the development of efficient photocatalytic systems by
combination with reaction centers. Electron-accepting viologen groups were covalently
attached onto the framework of biphenyl-bridged PMO (Figure 1.3, 4) to form charge
transfer (CT) complexes. After loading Pt nanoparticles, the Pt-supported biphenyl-
bridged PMO with viologen groups was reported to be promising for photocatalytic
hydrogen evolution from water.®® Photoexcitation induced electron transfer from
biphenyl to viologen to yield long lived radical cations and hydrogen evolution was
promoted by the platinum catalyst in the presence of reduced nicotinamide adenine

dinucleotide (NADH) as a sacrificial agent (Figure 1.4).

14
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400nm NADH NADH* Organosilica
/ /framework

Figure 1.4. Photocatalytic hydrogen evolution by combination of viologen, Pt

nanoparticles, and biphenyl PMO.

A photocatalytic CO, reduction system was developed with a Re complex
immobilized onto biphenyl-incorporated PMO.[% Biphenyl chromophores in the
framework funneled the light energy into the Re complex (Figure 1.5). Consequently,
light-harvesting system of biphenyl-PMO with the Re complex enhanced photocatalytic
CO evolution from CO> by a factor of 4.4 compared with direct photoexcitation of the Re

complex.

15
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NN Y
- \\\ / //

Figure 1.5. Photocatalytic reduction of CO, with a Re complex onto biphenyl-

incorporated PMO.

1.4. Metal nanoparticles-supported catalyst using silicas

Metal-supported catalyst is one of the important heterogeneous catalysts used widely
in many industrial processes!®**! as summarized in Table 1.3. A lot of metal supported
catalysts were synthesized by impregnation of metal ions on organic and inorganic
supports and subsequent thermal or chemical reductions. Because catalytic reactions take
place only on external surface of metal catalyst, nanoparticle formation contributes
largely to increase of effective surface area and minimization of metal usage to reduce

inaccessible sites inside the metal particle.

16
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Table 1.3. Conventional chemical processes based on metal-supported heterogeneous

catalysts.

Reaction Catalyst
Ammonia synthesis (N2 + 3H, — 2NH3) Fe-K>0O-AL O3
Steam reforming of methane (CHs + H O — CO + 3H>) Ni-ALO3
Water-gas shift reaction (CO + H0O — CO; + H») Cu-ZnO
Methanol synthesis (CO + 2H> — CH30H) Cu-Zn0O-Al>03
Reforming of naphtha Pt, Pt-Re-zeolite
Hydrodesulfurization (R2S + H> — 2RH + H»S) Co-Mo-Al>0O3
Ethylene epoxidation to ethylene oxide Ag-AlLOs
Oxidation of CO and hydrocarbons, Reduction of NOx Pt, Pd, Rh-Ce0:-A103

Catalytic activities of supported metal catalyst strongly depend on shape, size, and
distribution of metal nanoparticles. Precise control of these parameters has been studied
[63-66] to accomplish the formation of stable and highly active metal nanoparticles for
catalytic reactions.!®””7?! Several strategies have been reported to control the size and
distribution  of Pt nanoparticles: simple impregnation-thermal reduction,

electrochemical reduction of immobilized Pt ions,!”* , chemical vapor deposition of Pt

metal,” and immobilization of preformed Pt nanoparticles with a stabilizing agent such

17
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as poly-N-vinyl-2-pyrrolidone (PVP).[”>) Mesoporous silica is an effective support for the
immobilization of metal nanoparticles,/”® because of its high surface area and tunable
mesoporous structure. Pt nanoparticles can be formed on mesoporous silica, SBA-15, by
various strategies as shown in Figure 1.6. SBA-15 was synthesized from Si(OC>Hs)4 in
the presence of an amphiphilic triblock copolymer, P123 (HO-(CH2CH20)20-
(CH2CH(CH3)0)70(CH2CH20)20-H) as a structure-directing agent.*”) Colloidal Pt
nanoparticles coated with surfactant molecules was successfully deposited on SBA-15 by
capillary inclusion with the assistance of ultrasonication treatment and subsequent
removal of the surfactant (Figure 1.6(a)).l””! Inclusion of colloidal Pt nanoparticles into
micelle during in situ growth of SBA-15 (Figure 1.6(b)) is also an another approach for
the preparation of Pt-loaded SBA-15."8] Encapsulation of Pt nanoparticle inside the
micelle of SBA-15 enabled high dispersion inside mesopores in the resulting SBA-15.
Figure 1.6(c) shows a typical immobilization-thermal reduction technique for the
preparation of Pt nanoparticles. H2PtCls was conventionally used as a metal precursor
dissolved in water. Deposition of water-soluble Pt ions and thermal reduction with H»
result in the formation of Pt nanoparticle on SBA-15.""1 Due to its simplicity , this method
should be successful for the large scale production of supported Pt catalysts. Recently, Pt

nanoparticles on mesoporous silica exhibited high activity in ethylene oxidation at low

18
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temperature, and this catalyst was installed in a refrigerator to keep vegetables fresh.[

(@) (b)

o0 in-situ
® %, & silica precursor ——p
®e glowing

o0
® 0o
L)

Pt nanoparticles

Pt nanopatrticles

(c)

Pt precursor  +

@: Pt complex
Figure 1.6. Deposition of Pt nanoparticles on mesoporous silica by (a) inclusion, (b)

encapsulation, and (c) impregnation techniques.

Catalytic activity and selectivity of metal nanoparticles can be manipulated by size,
shape, and composition. One representative example is Au catalyst. Bulk Au metal has
no functionality for catalysis, but gold particles in nanometer scale shows high catalytic
activity in the oxidation of CO at low temperature.[®#2 Catalytic performance of gold
nanoparticles is controlled by its particle size.[®¥] Figure 1.7 shows sharp increase in
catalytic activity of gold nanoparticle with decrease in diameter below 4 nm.®* The total
number of surface atoms changes when the average particle size is getting small. Along

with the increase in the fraction of corner atoms, catalytic activity of Au nanoparticle

19
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increases in CO oxidation.

Supported Au catalysts were also applied for oxidation of organic compounds such as
alcohols and hydrocarbons,®3#" and hydrogenation of alkanes and nitro compounds.[®”-#8!
A gold nanoparticle consisting of 55 Au atoms on boron nitride exhibited excellent
performance in the partial oxidation of styrene to benzaldehyde using 0.5 Size-
controlled gold nanoparticles (10, 18, 25, 39, 85 atoms) were examined in the selective
oxidation of cyclohexane.”” Au nanoparticle with 39 Au atoms was found to be most

active catalyst for the aerobic oxidation of cyclohexane.

06 |
N : e ALO,
2 05 A Fe,0,
% ] = MgALO,
g ] A SiO,
2 0.4 1 TIO,
E ]
2 03 |
2 ]
£ ]
(V] 4
§ 0.2 7
“‘6 -
B
e "3
o ]
0.0 +— - — ; "
0 5 10 15 20 25 30

Diameter Au particles, d (nm)
Figure 1.7. CO oxidation activity over gold supported on various metal oxides as function

of the mean diameter of gold nanoparticles.
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1.5. C1 chemical processes

Although many useful heterogeneous catalysts have been developed from the view
point of green chemistry, current processes in the chemical industry should be renovated
to realize sustainable chemical production. Syngas (Synthesis gas, CO+H>) production is
one of the most important reactions in C1 chemistry because this can be utilized as
feedstock for the production of essential chemicals such as methanol, formaldehyde,
methyl formate, acetic acid, formic acid, dimethyl ether, and hydrocarbons (Scheme
1.2).°1%1 To date, syngas has been synthesized by the gasification of coal, partial
oxidation of hydrocarbons in oil, and steam reforming of methane in natural gas. In
addition, CO; has been recognized as an abundant and inexpensive carbon resource for

[97-100

chemical industry, I and can be converted to syngas by reverse water-gas shift

reaction (RWGS, equation 1.1) without any purification process.

CO,+H,2CO+H0 (1.1)

21
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" CH;NH,

co,
Coal _ HCI
©) @ - CH.CI
Heavy ol L, gunoag (CO+H,y) —» CHOH — 2>+ HCHO
(Hydrocarbon) 2 3
— » HCOOCH,
Natural gas — » CO
(CH,) separation — CH,COOH
H,O
2 » HCOOH

Scheme 1.2. Routes to basic industrial chemicals in C1 chemistry

RWGS reaction is an endothermic reaction (AHzos k = 41.2 kJ mol™'), so that high
temperature facilitates CO formation. It is essential to use a thermally stable inorganic
metal oxide as a support to withstand the reaction at high temperature (Table 1.3). Because
catalysts used in the water gas shift (WGS) reaction are also active in RWGS, a typical
catalyst, Cu-ZnO, shows high activity at 250 °C under 1 atm (Entry 1).['°) However, this
catalyst is favorable to produce methanol because Cu-ZnO also has activity in methanol synthesis
from syngas. Some transition metals such as Fe or Co promote the formation of
hydrocarbons in CO; hydrogenation. Al>O3 supported Fe catalyst converted CO> to CO
in low selectivity (Entry 2).°1 In contrast, supported noble metal catalysts such as Pt, Ru,

Pd and Rh typically have high ability toward H> dissociation, and can be used as efficient

22
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catalysts for CO; hydrogenation. Supported Rh catalyst afforded CO in high selectivity
of 87 %.[1%2 TiO, supported Au nanoparticles catalyst showed highly selective conversion

of COx to CO (93% selectivity, Entry 4).110]

Table 1.4. Catalytic CO2 conversion to CO by hydrogenation.

Entry Catalyst Conditions Performance [Ref.]
1 Cu/ZnO 250 °C, 1 atm Conv. 21 %, Sel. 50 %  [101]
2 Mn/Fe/AL,O;3 290 °C, 14 atm Conv. 26 %, Sel. 16 % [95]
3 Li/Rh-Y-zeolite 250 °C, 30 atm Conv. 16 %, Sel. 87 % [102]
4 Au/TiO; 250 °C, 8 atm Conv. 13 %, Sel. 93 % [103]

1.6. Objectives of this work

Heterogeneous catalyst showing extremely high activity and selectivity is inevitable
to realize sustainable society. In this regard, the author focuses special attention on
periodic mesoporous organosilica (PMO) as a versatile support that has a well-defined
mesoporous structure and crystal-like arrangement of organic moiety inside the silica wall.
Because bi-pyridine functions as a coordination site for metals, bi-pyridine-containing

PMO (BPy-PMO) can be utilized as a solid ligand for various homogeneous complexes

23
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with unique catalysis. In this work, the author attempted to prepare BPy-PMO-based

catalysts. In addition, the author also studied Al>Os-loaded Au catalyst for selective

reduction of carbon dioxide to carbon monoxide via the formation of formic acid as an

intermediate, which is an important process in chemical industry.

1.7. Constitution of the thesis

Chapter 1. General Introduction

The methods for immobilization of organic functional groups, homogeneous

complexes, and novel metal nanoparticles on solid supports were summarized and

discussed to develop heterogeneous catalysts with high activity and reusability. Then,

objectives of this research are described.

Chapter 2. Synthesis, characterization, and catalysis of Ru-immobilized BPy-PMO

A Ru complex, [RuCI>(CO)3]2, was successfully immobilized onto 2,2’-bipyridine

(BPy) units of PMO to form a single site catalyst, which has been confirmed by various

physicochemical analyses. The Ru-immobilized BPy-PMO selectively oxidizes the

tertiary C—H bonds and showed reusability.

24
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Chapter 3. Synthesis and characterization of various metal immobilized on BPy-PMO

Silica-supported gold nanoparticles were synthesized with BPy-PMO as an inorganic

support. Reaction of a bipyridine group in BPy-PMO with HAuCl4 forms AuClz-based

complexes, and thermal reduction of the complex in H» results in the formation of small

gold nanoparticles with an average size of ca. 3.8 nm.

Chapter 4. Selective reduction of carbon dioxide to carbon monoxide on alumina-

supported gold catalyst

The objective in this chapter is to develop highly selective catalysts for reduction of

carbon dioxide to carbon monoxide. Thermal decomposition of formic acid on y-Al>O3

was studied by in-situ infrared spectroscopy measurement as an elementary step of

reverse water-gas shit reaction (RWGS) over supported Au catalysts. Consequently, the

supported Au catalyst gave CO with high selectivity over 99% from CO. and Ho.

Chapter 5. General conclusions

This chapter summarizes and integrates all of the study.

25
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Chapter 2. Synthesis, characterization, and catalysis of Ru-

immobilized BPy-PMO

Abstract

Periodic mesoporous organosilica (PMO) is a unique material that has a crystal-like
wall structure with coordination sites for metal complexes. A Ru complex, [RuCl2(CO)s]a,
is successfully immobilized onto 2,2’-bipyridine (BPy) units of PMO to form a single site
catalyst, which has been confirmed by various physicochemical analyses. Using NaCIO
as an oxidant, the Ru-immobilized PMO oxidizes the tertiary C—H bonds of adamantane
to the corresponding alcohols at 57 times faster than the secondary C—H bonds, thereby
exhibiting remarkably high regioselectivity. Moreover, the catalyst converts cis-decalin
to cis-9-decalol in 63% yield with complete retention of the substrate stereochemistry.
The Ru catalyst can be separated by simple filtration and reused without loss of the

original activity and selectivity for the oxidation reactions.

35



Chapter 2. Synthesis, characterization, and catalysis of Ru-BPy-PMO

2.1. Introduction
Periodic mesoporous organosilicas (PMOs) are unique materials that possess
uniform mesopores (2-30 nm) consisting of crystal-like ordered arrays of organic moieties

(121'Various chemical and physical properties can be introduced

bridged by siloxane bonds.
into the PMO materials by varying the organic groups. Ethylene-bridged PMO provides
a highly hydrophobic environment inside the restricted mesopores that can stabilize
protein molecules.’®] A coumarin-doped biphenyl-PMO system exhibits unique UV light
absorption and subsequent fluorescence by a light-harvesting effect; the photoexcitation
of biphenyl moieties by UV light adsorption induces energy transfer to coumarin dye
immobilized within mesopores, which results in highly efficient fluorescence.l¥l A
photocatalytic CO, reduction system was constructed by anchoring a Re complex onto
biphenyl-incorporated PMO.") Recently, a PMO with incorporated 2,2’-bipyridyl (BPy)
groups, BPy-PMO, was successfully synthesized and exhibited high performance as a
solid chelating ligand for the immobilization of metal complexes to produce new types of
single-site heterogeneous catalysts. An Ir-immobilized BPy-PMO catalyzed the
borylation of C—H bonds in substituted benzenes to afford desired products.!® and the

activity of the solid catalyst was higher than that of a corresponding homogeneous catalyst.

Immobilization of a Ru complex on BPy-PMO was also reported to be promising for solar
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energy conversion systems.[%! After loading Pt nanoparticles, the Ru-supported BPy-PMO
continuously reduced protons in water into hydrogen in the presence of a sacrificial
reagent (ethylenediaminetetraacetic acid; EDTA) under visible-light irradiation. Direct
injection of photoexcited electrons from the Ru complex to Pt nanoparticles enabled
efficient hydrogen production, even in the absence of a typical electron mediator such as
methyl viologen.

The author attempts to utilize PMO-based catalysts in the partial oxidation of

s.[7191 The oxidation of

hydrocarbons, which is a significant challenge in catalysi
hydrocarbons using metal complex catalysts is subject to oxidation of the ligands by their
own active oxygen species.!'!! To avoid this problem, oxidation enzymes, as typified by
cytochrome P-450, rigidly fix the active center (iron protoporphyrin-IX) in an isolated
state on the pore wall of a protein.['?! It is thus expected that the immobilization of isolated
active sites directly on the pore walls of PMOs will suppress self-oxidation, which is in
sharp contrast to conventional catalysts!'3) with mobile active centers grafted through
linkers.

Herein, the author reports a new and reusable Ru-immobilized BPy-PMO catalyst that

achieves selective oxidation of alkanes. The catalyst was synthesized from [RuCl(CO)3]>

and BPy-PMO; various physicochemical analyses verified the formation of a uniform
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chemical structure with the Ru complex on PMO. The Ru catalyst oxidizes adamantane
and cis-decalin to the corresponding tertiary alcohols with excellent regio- and
stereoselectivity using a practical oxidant (NaClO). No solid catalyst has achieved high
selectivity or durability in the oxidation of these alkanes. Although several homogeneous
metal complexes have already shown high selectivity, these are single-use catalysts.[!%!4]
In contrast, the immobilization of the Ru complex on BPy-PMO realizes both high
selectivity and reusability for the oxidation of alkanes. Tertiary alcohols of adamantane
are precursors to photoresists for ArF lithography, engineering plastics, and
medicines.['>!®) The selective oxidation of decalin is a model reaction for the synthesis of
steroids and terpene based anti-tumor medicines.!'!”) The Ru-immobilized PMO catalyst

developed in this study will contribute to practical industrial applications of fine chemical

synthesis.
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2.2. Experimental
2.2.1. Reagents

[RuCl>(CO)s]> was purchased from Sigma-Aldrich, and dehydrated tetrahydrofuran
(THF) was obtained from Kanto Chemical Co. Other reagents were of the highest grade

and were used without purification.

2.2.2. Synthesis of BPy-PMO

BPy-PMO was synthesized according to the literature method, using 5,5’-
bis(triisopropoxysilyl)-2,2’-bipyridine as a monomer and octadecyltrimethylammonium
chloride as a surfactant.[! The bipyridine precursor, 5,5’ -bis(triisopropoxysilyl)-2,2’-
bipyridine, was prepared in two steps as shown in Scheme 2.1.

First, tritsopropoxysilane was synthesized under an argon atmosphere. Trichlorosilane
(50 g, 0.37 mol) diluted with CH>Cl> (50 mL) was slowly added to a mixture of
1sopropanol (88 mL, 1.2 mol), pyridine (92 mL, 1.2 mol) and CH>Cl, (500 mL) at 0 °C.
The mixture was stirred at room temperature for 6 h. After evaporation of the solvent,
extraction of the product with hexane, and purification by silica gel column
chromatography (eluent: hexane), triisopropoxysilane (70 g, 95%) was obtained as a

transparent oil. '"H NMR (400 MHz, CDCls, MesSi, ppm): & 1.23 (d, J=5.9 Hz, 18H), §
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4.26 (sept, J=5.9 Hz, 3H), 6 4.34 (s, 1H).

Triisopropoxysilane (11 g, 53 mmol) was added to a solution containing DMF (100
mL), EtzN (30 mL, 210 mmol), 2-bromo-5-iodopyridine (10 g, 35 mmol), [RhCl(cod)]»
(0.17 g, 0.35 mmol), BusNI (16 g, 42 mmol) at 0 °C under an argon atmosphere. After
addition of all triisopropoxysilane, the reaction mixture was stirred at 100 °C for 24 h.
After cooling to room temperature, the solvent was removed from the reaction mixture
by vacuum evaporation. Crude product obtained by solvent extraction with Et,O and
pentane, suction filtration, and evaporation was purified by distillation to give 2-bromo-
5-(trimethoxysilyl)pyridine (7.0 g, 55%) as a pale yellow oil. 'H NMR (400 MHz, CDCls,
MesSi, ppm): 6 1.20 (d, J=6.0 Hz, 18H), & 4.26 (sept, J = 6.4 Hz, 3H), 8 7.47 (d,J=17.6
Hz, 1H), 6 7.78 (dd, J= 7.6 Hz, 1.6 Hz, 1H), 6 8.56 (d, /= 1.6 Hz, 1H).

2-Bromo-5-(trimethoxysilyl)pyridine (8.0 g, 23 mmol), bis(tributyltin) (6.5 g, 11
mmol), Pd(PPh3)4 (0.52 g, 0.45 mmol) was added to m-xylene (200 ml) under an argon
atmosphere. The mixture was stirred at 130 °C for 40 h. After cooling to room temperature,
evaporation treatment, the residue was purified by silica gel column chromatography
(eluent: CH2Cl, and AcOEt/hexane = 1:10) to afford 5,5’-bis(triisopropoxysilyl)-2,2’-
bipyridine (4.0 g, 75 %). 'TH NMR (400 MHz, CDCls, MesSi, ppm): § 1.20 (d, J= 6.4 Hz,

36H), § 4.31 (sept, J = 6.4 Hz, 6H), & 8.08 (dd, J= 7.8 Hz, 1.6 Hz, 2H), § 8.39 (d, J= 7.8
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Hz, 2H), § 8.92 (s, 2H).

(l-PrO)3S|H Pd(PPh3)4
= [RhCl(cod)l; - (BusSn), , N
I—<\__>—Br E—— (|-PrO)3S|—<\__>—Br —_— = 1/2 (I-PrO)3S|—<\__>—<__/>—S|(O|—Pr)3
N BuyNI N m-Xylene N N
DMF, Et3N

Scheme 2.1. Synthesis of 5,5’-Bis(triisopropoxysilyl)-2,2’-bipyridine.

The resulting bridged alkoxysilane was used as a precursor for the preparation of BPy-

PMO. 5,5’-bis(triisopropoxysilyl)-2,2’-bipyridine (4.6 g)/EtOH (10 mL) solution was

slowly dropped to an aueous solution containing H>O (200 mL), sodium hydroxide (6N,

1.2 mL), and octadecyltrimethylammonium chloride (C18TMACI, 3.8 g) under vigorous

stirring at 50 °C for 2 h. After stirring the suspension for 3 days and subsequent aging for

additional 3 days at 50 °C, the resulted precipitate was filtered and washed with distilled

water, affording as-made BPy-PMO. The as-made sample was added to an aqueous

surfactant solution and heated at 95 °C for 24 h to improve arrangement of uniform

mesopores. After filtration and washing with H>O and EtOH, the surfactant was removed

by solvent extraction with 0.05 M HCI/EtOH solution at room temperature for 18 h.

Filtration and water washing several times produce BPy-PMO (1.0 g, 40%) as a white

powder.
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2.2.3. Immobilization of ruhenium complexes

A Ru-immobilized BPy-PMO, denoted 1, was prepared from BPy-PMO and
[RuClx(CO);3]» as follows. BPy-PMO (100 mg) was added to a THF solution (30 mL) of
[RuCl>(CO)s]> (100 mg, 0.50 mmol) under Ar, and the mixture was magnetically stirred
under reflux conditions for 3 h. The resulting solid was filtered, washed with THF, and
dried at 298 K in vacuo, to afford 1 (110 mg) as a brownish powder. A model complex
for 1, RuCly(bpy)(CO)., was synthesized according to a procedure in the literature,'*! and
purified by recrystallization. Immobilization of Ru complexes on BPy-PMO was also
conducted using other Ru precursors, RuCl3-xH>0 and RuClz(bpy)2:2H20, to obtain the

Ru-immobilized BPy-PMOs, denoted 2 and 3, respectively (Figure 2.1).

2.2.4. Characterization of metal complexes immobilized materials

The synthesized materials were analyzed and characterized using ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS; Jasco, V-650), Fourier transform infrared
spectroscopy (FT-IR; Perkin-Elmer, Spectrum 100, transmission mode, triglycine sulfate
(TGS) detector with a 1 cm™! resolution, 16 times integration), X-ray absorption fine
structure (XAFS; at the BL14B2 of SPring-8), energy dispersive X-ray spectroscopy

(EDX; Shimadzu EDX-720), nitrogen adsorption (BEL, Belsorp-mini II), and X-ray
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diffraction (XRD; Rigaku, Ultima IV, Cu Ka).

2.2.5. Oxidation reaction

The substrate (230 umol), catalyst (10 mg), ethylacetate (2.4 mL), acetate buffer (0.39
mL, pH 4.4, 2.0 M), and a magnetic stirrer were placed into a Pyrex vial (10 mL) equipped
with a screw cap. The reaction was performed at 323 K for a designated time with an
aqueous solution of NaClO (19 mM) supplied at a rate of 27 uL h! using a microfeeder
(YMC, YSP-201) through a stainless steel needle (0.15 mm diameter) that penetrated the
cap. Evolved gas was removed through another needle (0.1 mm diameter). After the
addition of NaClO, the mixture was further stirred for 3 h to completely consume the
oxidant. Unreacted substrate and products were extracted five times with ethylacetate and
hexane and undecane was added into the extract as an external standard. The solution was
analyzed using gas chromatography (GC; Shimadzu GC-14B, flame ionization detector)
with an HR-1 (0.25 mm diameter, 25 m long) column and an HR-20M (0.25 mm diameter,
30 m long) column. Products were identified by gas chromatography-mass spectrometry
(GC-MS; Shimadzu GC2010/PARVUM?2, electron ionization) and nuclear magnetic

resonance (NMR; Jeol, ECP-400, 'H 400 MHz) spectroscopy.
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2.3. Results and discussion
2.3.1. Characterization of Ru-immobilized PMO

PMO-based catalyst 1 was synthesized using BPy-PMO and [RuCl2(CO)3]» (Scheme
2.2) and characterized in detail. Immobilization of Ru complexes on BPy-PMO was also
conducted using other Ru precursors, RuCl3-xH>0 and RuClz(bpy)2:2H20, to obtain the

Ru-immobilized BPy-PMOs, denoted as 2 and 3, respectively (Figure 2.1).

b 50 }

RulL,, = RuCl,(CO), (1), RuCl; (2), RuCl,(bpy),

Figure 2.1. Plausible structures of 1, 2 and 3.

e O}'- » 0;,_ RUCL(CO);
O.', ] == i Oa, ] e '

N :\Si hpd Si-—{ ‘l'-. __/N.;_ O/c-_ i /s\i"d—si_‘U—— N O/N‘L.
.UD /O N -..._/ /)‘—Sl - D(,) .'o —N . O‘—SJ(—O'A

l( -Si *’/ / o + 1/2 [RuClz{CO)]s = 1“‘/0"&"(\- (:‘ -

= S"O A T Psi S

N~ v "o s
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Scheme 2.2. Synthesis of Ru-immobilized BPy-PMO.

Nitrogen adsorption experiments of BPy-PMO and 1 both provided type-IV isotherms
with no hysteresis, which indicates uniform mesopores (Figure 2.2(a)). Non-linear

density functional theory (NLDFT) analysis of the isotherms indicated that the pore
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diameter decreases from 4.6 to 4.0 nm after Ru loading (Figure 2.2(b)). The Brunauer-
Emmett-Teller (BET) specific surface area was also slightly decreased from 690 to 530
m? g~! by impregnation of Ru complexes onto BPy-PMO. The amount of surface BPy
units in BPy-PMO was estimated to be 2.2 mmol g~!, which was obtained by dividing the
BET surface area (690 m? g!) by the cross-sectional area of a PMO unit (310 m? mmol!
for Si-BPy-Si-Os; Figure 2.1). XRD measurements of BPy-PMO and 1 represented
similar diffraction lines at 260 = 1.8° (100) (Figure 2.3). These results clearly show that
the ordered mesoporous structure of BPy-PMO is preserved after formation of the Ru

complex.

(@) (b

1100 (cmi g")

V,/ arb. unit

Pore size distribution / arb.unit ™

0 02 04 06 08 1 2 4 6 8 10

plp, Pore diameter / nm

o

Figure 2.2. (a) N> adsorption isotherms and (b) NLDFT pore diameter distributions for

BPy-PMO (black) and 1 (red) at 77 K.cheme 1. Synthesis of Ru-immobilized BPy-PMO.
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Figure 2.3. XRD patterns for 1 (red line) and BPy-PMO (black line).

EDX analysis indicated that the amount of Ru in 1 is 0.30 mmol g~! (3.0 wt%), which
corresponds to 15% of the total BPy units on the surface. This ratio of Ru/BPy is more
than double the ratio previously reported for 3 (7.1%).1! In a control experiment, it was
verified that no Ru complex is immobilized on a mesoporous silica without BPy ligands.

Figure 2.4 shows UV-vis DRS spectra of BPy-PMO, 1, the precursor [RuCl2(CO);3],
and RuCla(bpy)(CO); as a model of 1. BPy-PMO gave a broad peak at 300 nm derived
from m—n* transition for BPy units within the silica framework.['”) A new peak was
observed at 410 nm after the immobilization of Ru, which is ascribed to a metal-ligand

charge transfer (MLCT) from Ru to BPy.[?" It was confirmed that RuClz(bpy)(CO)2 has
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the same MLCT band at 410 nm, where [RuCl2(CO)3]2 provides no absorption band,

which indicates the complexation between BPy units of BPy-PMO and Ru for 1.

BPy-PMO

[RUCI,(CO);];

RuCl,(bpy)(CO),

Kubelka-Munk function / arb. unit

200 300 400 500 600 700 800 900
Wavelength / nm
Figure 2.4. UV-vis DRS spectra for BPy-PMO (black), [RuCl»(CO)3]> (green),

RuClz(bpy)(CO): (blue), and 1 (red).

IR was employed to characterize the carbonyl groups on the same materials as shown
in Figure 2.5. BPy-PMO showed no peaks derived from C-O stretching vibrations. The
precursor to 1, [RuClo(CO)3]2, showed two peaks at 2110 and 2160 cm™!, which are
assigned to symmetric and asymmetric C—O stretching vibrations.?!] 1 exhibited two
strong peaks at 2075 and 2012 cm™! for CO ligands of the immobilized Ru complex. This

red-shift is due to an increase of the back-donation from Ru to CO by reducing the number
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of CO ligands from three to two (see Scheme 2.2) and coordination of an electron-

donating ligand, BPy.

BPy-PMO

[RuCl,(CO)s],

. \RuCly(bpy)(CO);
N

2300 2100 1900 1700
Wavenumber / cm™1

Absorbance / arb. unit

Figure 2.5. IR spectra of BPy-PMO (black), [RuCl>(CO)s]> (green), RuCl2(bpy)(CO)>

(blue), and 1 (red).

Ru K-edge XAFS measurements were conducted to reveal the electronic state and

structure of the Ru center on 1. In the X-ray absorption near-edge structure (XANES;

Figure 2.6(a)), the edge energy of Ru immobilized on BPy-PMO (22119 eV) was in the

divalent region and the spectrum was almost identical with that of RuCl2(bpy)(CO).. This

result indicates that the electronic structures of Ru atoms in 1 are similar to

RuClL(bpy)(CO).. With respect to the extended X-ray absorption fine structure (EXAFS;
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Figure 2.6(b)), EXAFS oscillation (Figure 2.6(c)), and its Fourier transforms (Figure
2.6(d)), 1 and RuCla(bpy)(CO), yielded almost the same spectra; therefore, the
coordination structure of 1 was analyzed based on the crystallographic data for
RuCl(bpy)(CO)..["® Curve fitting for 1 indicated the presence of Ru—C 1.7+0.3 C atoms
at 1.82 A, Ru—N 1.9+0.4 N atoms at 2.18 A, and Ru—Cl1 1.8+0.2 Cl atoms at 2.42 A. These
results suggest that a similar structure to the corresponding homogeneous complex,
RuCla(bpy)(CO)z, is successfully formed on the surface of BPy-PMO. It should be noted
that no peak corresponding to Ru—Ru was observed around 4 A in Figure 2.6(b), which
means that the Ru centers are isolated on BPy-PMO.

Based on these characterization data, the author proposes the structure of 1 in Figure
2.7, in which RuClz(CO); is immobilized on BPy units of BPy-PMO. The well-defined

and isolated Ru species on the pore walls are applicable for selective catalytic reactions.
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Figure 2.6. (a) Ru K-edge XANES, (b) Ru K-edge EXAFS spectra, (¢) EXAFS
oscillation, and (d) Fourier transforms of EXAFS spectra for 1 (red) and RuCL(bpy)(CO):

(blue).
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Figure 2.7. Proposed structure of 1.

2.3.2. Oxidation reaction of alkanes
2.3.2.1. Oxidation of adamantane

Selective oxidation of alkanes is an important topic for the efficient utilization of
petroleum oil and natural gas.[”!! Adamantane was used as a model compound to
evaluate the catalytic activity and selectivity for this type of oxidation (Scheme 2.3).['%]
This highly symmetric alkane has four equivalent tertiary C—H and twelve equivalent
secondary C—H bonds; therefore, the relative selectivity of the active species for tertiary
and secondary groups (3°/2°) can be easily determined from Eq. 2.1. Furthermore,
adamantane oxygenates are precursors for the production of photoresists, medicines, and
engineering plastics.l'* Some homogeneous catalysts can selectively oxidize the tertiary
or secondary C—H bonds of adamantine, such as RuCl; which has been commercially

[14,22-27

used for the synthesis of tertiary alcohols; I however, these homogeneous catalysts
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have drawbacks such as complicated separation and decomposition of the catalysts. In
addition, no solid catalyst has achieved good selectivity because of the presence of
various catalytic active sites.!?8-3? Therefore, the oxidation of adamantane was selected

to evaluate the activity, selectivity, and reusability of the PMO-based catalysts.

OH 0]
cat.
—_—
NaClO OH HO OH Cl

1-AdOH 2-AdOH 2-AdO 1,3-Ad(OH), 1-AdClI

Scheme 2.3. Oxidation of adamantane with NaClO.

390 = (yield of 1- adamantanol) y 12
(totalyield of 2 - adamantanol and 2 - adamantanone) 4

2.1)

Ru-immobilized BPy-PMO catalysts were tested for the oxidation of adamantane
(substrate/catalyst molar ratio S/C = 50) at 323 K with NaClO as a practical oxidant (Table
2.1). A control experiment in the absence of a catalyst gave negligible amounts of
oxygenated products (entry 1). Ru-immobilized BPy-PMO 3 showed a very low
adamantane conversion of 8.1%, as well as a 1-adamantanol yield of 4.3% (entry 5). 3
also afforded a significant amount of 1-chloroadamantane (1.9% vyield), a typical

byproduct in oxidation with NaClO. The new catalyst 1 provided a 67% conversion of
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adamantane, and the major products were 1-adamantanol (44% yield), 1,3-adamantandiol
(12 %; produced by successive oxidation of 1-adamantanol), and 2-adamantanone (2.3%)
(entry 2). 2-Adamantanol was produced in less than 0.1% yield due to rapid consecutive
oxidation to 2-adamantanone. It is notable that the amount of 1-chloroadamantane was as
low as 0.2%. Ru-BPy-PMO catalyst 2, grafting a commercial catalyst RuCls, gave a lower
adamantane conversion of 43% with a 1-adamantanol yield of 31% (entry 4).?°! The
author proposes that the Ru center in catalyst 1 easily forms coordination bonds with
reactant molecules by releasing CO ligands, which results in high catalytic performance
for the adamantine oxidation. After the reaction, the Ru centers in 1 are stabilized by the
coordination of acetate in solution, and repeatedly available as active sites. In contrast,
because of strong coordination of ligands with Ru center in the case of catalyst 2 and 3,
these catalysts show lower activity for the reaction than catalyst 1. Thus, the author
focused on the catalysis of 1. For the reaction of 1 in entry 2, a turnover number of Ru for
oxygenation was calculated to be 35, which indicates that 1 acts as a catalyst for the
oxidation of adamantane. The 3°/2° ratio is 57, so that a tertiary C—H bond was oxidized
57 times faster than a secondary C—H bond. A time-course experiment showed that the

3°/2° ratio remained almost constant (Figure 2.8).
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Figure 2.8. Time-course for the oxidation of adamantane over catalyst 1.

This is the highest regioselectivity ever reported for a heterogeneous catalyst
(2-20).128-32 The result indicates that no radical chain reactions (3°/2° < 15)1**! occur and
active electrophilic oxygen species are selectively formed on Ru sites.®] Moreover, 1
maintained the catalytic activity and selectivity in a reuse experiment; the catalyst
produced 1-adamantanol in 44% yield with a 3°/2° ratio of 53 (entry 3). The author has
verified that the amount of Ru loading was maintained after the oxidation reaction in EDX
measurements. RuCla(bpy)(CO), was tested as a homogeneous model of 1, which
afforded 1-adamantanol (45% yield), 1,3-adamantandiol (12%), 2-adamantanol (0.8%),
and 2-adamantanone (2.4%) (entry 6). Thus, 1 was as active as RuClx(bpy)(CO),, which

suggests there is no diffusion limitation for 1 due to the large pores that allow quick
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diffusion of the bulk substrate (adamantane, 0.7 nm diameter). The 3°/2° ratio for

RuCl(bpy)(CO): of 45 was slightly lower than that for 1 (57), and the homogeneous

catalyst also produced a larger amount of 1-chloroadamantane (1.2%) than 1 (0.2%). Thus,

1 improved the product selectivity compared with the homogeneous counterpart,

presumably due to the site-isolation of Ru species for 1.

Table 2.1. Oxidation of adamantane by Ru catalysts with NaClO. [

Entry Catalyst Conversion Yield (%) 3°/2000

(%)
1-AdOHE  2-AdOH[!T  2-AdOM  13-Ad(OH)!  1-AdCI®

1 None 0.3 0.0 0.0 0.0 0.0 0.0 -
2 1 67 44 0.0 23 12 0.2 57
3 1-reuse 68 44 0.0 25 11 0.2 53
4 2 43 31 0.0 1.7 59 0.1 55
5 3 8.1 43 0.4 1.0 0.0 1.9 9
6 RuCly(bpy)(CO), 77 45 0.8 24 12 1.2 45
7 4 41 25 0.0 14 44 14 54
8 4-reuse 6.1 1.9 1.2 0.1 0.0 0.0 5

[a] Reaction conditions: catalyst (10 mg), adamantane (0.23 mmol), ethylacetate (2.4 mL), and acetate buffer (0.39 mL, pH 4.4, 2 M),
reaction temperature (323 K), time of aqueous solution of NaCIO (19 mM) supplied at a rate of 27 uL h™ (12 h). [b] 3°/2° = (yield of 1-
adamantanol)/(yield of 2-adamantanol and 2-adamantanone)x 3 (see Eq. 1). [c] 1-AdOH (1-adamantanol), 2-AdOH (2-adamantanol), 2-

AdO (2-adamantanone), 1,3-Ad(OH); (1,3-adamantanediol), 1-AdCl (1-chloroadamantane).
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The good durability of 1 could be ascribed to the rigid fixation of the Ru species on

the pore wall. To provide evidence for this hypothesis, an analog of 1 was examined using

MCM-41 bearing BPy groups via butyl group linkers (denoted 4; Figure 2.9). MCM-41

is also an ordered mesoporous material with a similar pore diameter (3.4 nm, Figure 2.10)

but consists of pure silica with an amorphous wall structure. Therefore, a linker is

necessary to immobilize Ru and it provides mobile Ru sites. The immobilization of Ru

complexes on MCM-41 was also confirmed by UV-vis DRS measurement (Figure 2.11).

RuCIy(CO),

Figure 2.9. Schematic structure of 4.
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Figure 2.10. (2) N> adsorption isotherm and (b) NLDFT pore diameter distribution for
MCM-41 bearing BPy groups at 77 K.
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Figure 2.11. UV-vis DRS spectra of MCM-41 bearing BPy groups (black) and 4 (red).

Catalyst 4 showed a similar 3°/2° ratio (54, entry 7) to that for 1. However, 4 had
lower catalytic activity due to quick deactivation, which was clearly observed in the

catalyst reuse experiment (almost no activity, entry 8). Compared the surface structure of
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1 with that of 4 (Figure 2.12), the catalyst 4 was decomposed by its own active oxygen
species due to high mobility of ligands (Figure 2.12(b)) and significant leaching of Ru
was observed (82%). In contrast, no direct interaction among Ru complexes of Ru-BPy-
PMO, due to incorporation of BPy ligands within silicate network (Figure 2.12(a)), can

suppress the decomposition, thereby achieving better durability of the catalyst.

Decomposition
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Figure 2.12. Surface structures of (a) catalyst 1 and (b) catalyst 4.

2.3.2.2. Oxidation of cis-decaline

Catalyst 1 was then applied for the oxidation of cis-decalin to evaluate the
stereospecificity of the catalytic system (Scheme 2.4), because stereospecific oxidation is
important for the synthesis of fine chemicals and medicines such as steroids and

terpenes.[!%17]
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e e

Scheme 2.4. Oxidation of cis-decalin by 1 with NaClO.

The reaction was performed under the same conditions as that for the oxidation of
adamantane. 1 gave a 70% conversion of cis-decalin and a 63% yield of cis-9-decalol
with complete retention of the substrate configuration (Figure 2.13). Thus, no trans-9-
decalol was detected (<0.1%) and the only byproducts were secondary oxygenates such
as cis-1-decalone. This result indicates that Ru catalyst 1 directly inserts an oxygen atom
into a C—H bond with no free radical reaction (Scheme 2.5), which gives a mixture of cis-

9-decalol and trans-9-decalol via sp? carbon radical intermediates.!!>*
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Figure 2.13. Time-course for the oxidation of cis-decalin over catalyst 1.
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(solvent cage)

Scheme 2.5. Retention of configuration in oxidation of cis-decalin.

Moreover, the activity of the reuse catalyst was compared with that of the fresh

catalyst at 50% conversion of cis-decaline (Figure 2.14). Catalyst 1 was reusable and

maintained the activity and selectivity for the stereospecific oxidation of tertiary C—H

bonds. The direct insertion of oxygen is also important for good durability, because free

radicals would randomly attack the catalyst in addition to the substrate.
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= 20 - F cis-1-one
10 -
“‘F cis-9-ol
0 |

Fresh Reuse
Figure 2.14. Reuse tests with catalyst 1 for the oxidation reaction of cis-decalin. Reaction
conditions: catalyst (10 mg), adamantane (0.23 mmol), ethylacetate (2.4 mL), and acetate
buffer (0.39 mL, pH 4.4, 2), reaction temperature (323 K), time of aqueous solution of
NaClO (19 mM) supplied at a rate of 27 uL h™! (12 h). Denotation: cis-9-ol (cis-9-decalol),

cis-1-one (cis-1-decalone), cis-2-one (cis-2-decalone), trans-9-ol (trans-9-decalol).

2.3.2.3. Oxidation of tertiary C-H bonds in various alkanes

Finally, catalyst 1 was also tested in the oxidation of tertiary C-H bond in various
alkanes to confirm potential applicability of the catalytic system (Table 2.2). The reaction
was performed under the same conditions as that for the oxidation of adamantane.
Although decalin with trans conformation has two tertiary C-H bonds with larger steric
hindrance than that with cis conformation, catalyst 1 was able to oxidize one of them
more preferably than secondary C-H bonds without change of its original trans

configuration (Entry 1). Because of similar molecular structure to cis-decaline, Oxidation
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of cis-1,2-dimethylcyclohexane was also examined. Catalyst 1 gave 60% conversion with

94% selectivity of the oxygenated compound that was formed by the oxidation of a

tertiary C-H bond in cis-1,2-dimethylcyclohexane. In this case, substrate configuration

was also preserved completely after oxidation reaction (Entry 2). Cis-1-isopropyl-4-

methylcyclohexane was selected as a unique substrate to examine the effect of steric

hindrance of tertiary C-H bonds (Entry 3). Despite three kinds of tertiary C-H bonds

presented in this substrate, oxidation of the tertiary C4-H bond was dominant, possibly

due to small steric hindrance. Finally, catalyst 1 was applied to the oxidation of 2-

methylnonane, one of a linear alkane (Entry 4). Tertiary C-H bonds in linear alkanes

generally show lower reactivity to catalytic oxidation than those in cyclic alkanes.

Regardless of moderate conversion (22%) in comparison with other cyclic alkanes, 2-

methylnonane was also oxidized to the corresponding alcohol by oxidation of the tertiary

C-H bond. Hence, this catalytic system can be applicable for wide varieties of linear and

cyclic alkanes to the oxidation of their tertiary C-H bonds.
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Table 2.2. Oxidation of various alkanes by catalyst 1 in the presence of NaClO.H

Conversion Products selectivity
Entry
(%) (%)
@ @ ffo S
H OH
20 31 21 25
o
X % °
OH
: 1 G ¢
60 94 3 3
OH
3 OH
OH
56 67 15 16
/\/\/\><H /\/\/\><°H
4
22 >09

[a] Reaction conditions: catalyst (10 mg), alkanes (0.23 mmol), ethylacetate (2.4 mL), and acetate buffer
(0.39 mL, pH 4.4, 2 M), reaction temperature (323 K), time of aqueous solution of NaCIO (19 mM)

supplied at a rate of 27 uL h* (12 h).
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2.4. Conclusions

Ru species were immobilized in an isolated form directly on 2,2’-bypyridine groups

in the BPy-PMO framework. The coordination structure of the immobilized Ru species

was similar to that of the corresponding Ru complex, RuClx(bpy)(CO).. The Ru-

immobilized PMO was applied for the catalytic oxidation of adamantane using NaClO as

an oxidant and high selectivity toward the oxidation of tertiary C—H bonds was observed

in addition to catalyst recyclability. Ru-immobilized PMO also selectively oxidized

tertiary C—H bonds of cis-decalin with perfect retention of its configuration. From these

results, the author propose that the rigid structure of Ru sites is essentially beneficial to

achieve good durability. Furthermore, catalytically controlled oxidation, due to the well-

designed isolated metallic sites, emphasizes the potential of the structural advantage.
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Chapter 3. Synthesis and characterization of gold nanoparticles

immobilized on BPy-PMO

Abstract

Silica-supported gold nanoparticles (AuNPs) can be synthesized on a bipyridine-
incorporated periodic mesoporous organosilica (BPy-PMO) as an inorganic support.
Reaction of a bipyridine group in the periodic mesoporous organosilica with HAuCly
forms an AuCl-based complex, and its structure corresponds to a homogeneous complex,
[AuCl2(bpy)]Cl. Thermal reduction of the complex in H; results in the formation of small
gold nanoparticles with an average size of ca. 3.8 nm. Combined with nitrogen adsorption,
XRD, UV/Vis, TEM and XAFS measurements, it is demonstrated that uniform gold
nanoparticles are homogeneously distributed inside mesopores. The size of gold
nanoparticles is controlled by the size of mesopores. The size and distribution of gold
nanoparticles is mainly controlled by strong interaction of surface metallic Au with pore
walls of the periodic mesoporous organosilica. AuNPs/BPy-PMO shows higher catalytic

activity than Au/MCM-41 in aerobic oxidation of benzaldehyde.
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3.1. Introduction

Gold nanoparticles (AuNPs) have been widely studied as a promising material for
catalysis, electronic and photonic device, and drug delivery system.!!"”) Despite bulk Au
metal has no functionality for catalysis, gold particles in nanometer-scale show very
unique activity for a variety of reactions, which is represented by low temperature
oxidation of CO with 0,.[%°] Because catalytic performance of AuNPs strongly depends
on their particle size, Haruta et al. developed an effective technique, denoted deposition
precipitation method, to form highly dispersed AuNPs on various metal oxide

(8191 This method is solely based on impregnation of preformed Au(OH); with

supports.
inorganic supports, and it is able to control the size of resultant AuNPs by optimization
of pH in solution containing HAuCl4 precursor. In contrast, direct impregnation of 1onic
gold precursors on inorganic supports and subsequent reduction to form AuNPs is not
simply accomplished by a conventional combination of evaporation and reduction
techniques, owing to low affinity of Au with the supports resulting in the formation of
large Au particles. A variety of methods were reported for the preparation of supported
AuNPs catalysts such as coprecipitation,!''! photochemical synthesis,!'? solid-solid

reaction of a gold complex with the supports,'3] liquid-phase reduction,!'*!*! and

impregnation of AuNPs stabilized with sulfur or phosphorus-containing organic
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compounds and polymers.l'%18] Fe,O5 and TiO, are useful supports for the preparation of
well-defined AuNPs in their sizes; however, silicas with high surface area, which are
widely used as supports for organic functional groups and novel metals, are not applicable
as host materials due to difficulties in controlling the size below 6 nm.

Periodic mesoporous organosilicas (PMOs) are unique mesoporous materials that
consist of crystal-like ordered arrays of organic moieties bridged by siloxane bonds.['*%
Introduction of organic groups into PMOs can lead to various chemical and physical
properties.l*!"23 Recently, a PMO with 2,2’-bipyridyl (BPy) groups has been synthesized
from bridged precursor, 5,5’-bis(triisopropoxysilyl)-2,2’-bipyridine, in the presence of a
structure-directing agent. 2,2°-Bipyridyl group incorporated into siloxane network is a
versatile ligand and readily available as a chelating unit for the formation of Ir, Ru, Re,
and Pd complexes.!?**%] Herein, the author reports a novel strategy for the immobilization
of AuNPs on BPy-PMO through the formation of Au complex with surface BPy moiety
and subsequent thermal reduction. First, an Au complex was formed by the treatment of
BPy-PMO with HAuCls-4H>0 in ethanol. These complexes were easily transformed to
AuNPs by a simple reduction with thermal treatment of the Au complex-stabilized BPy-

PMO with H». Results of characterization and catalysis of AuNPs/BPy-PMO are also

presented.
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3.2. Experimental
3.2.1. Reagents
HAuCls-4H,0 was purchased from Wako Pure Chemical Industries, Ltd. Other

reagents were obtained with the highest grade and used without further purification.

3.2.2. Synthesis of BPy-PMO supported AuNPs

BPy-PMO was synthesized using 5,5’-bis(triisopropoxysilyl)-2,2’-bipyridine as a
bridged silica precursor and octadecyltrimethylammonium chloride as a surfactant.l> An
Au complex immobilized BPy-PMO, denoted AuCl3-BPy-PMO, was prepared from BPy-
PMO and HAuCl4-4H>0 as follows: a 100 mg of BPy-PMO was added to a mixture of
EtOH (30 mL) and HAuCls-4H>0 (100 mg, 0.50 mmol) under an Ar atmosphere. After
stirring the mixture under reflux condition for 6 h, the resulting solid was filtered, washed
with excess amounts of EtOH, and dried at 298 K in vacuo to afford AuCl3-BPy-PMO
(110 mg) as a pale yellow powder. The solid was conducted with thermal reduction in H»
at423 K for 1 h to give BPy-PMO-supported AuNPs which is denoted AuNPs/BPy-PMO.
For comparison, an MCM-41-supported AuNPs was prepared by a conventional
impregnation method using HAuCls4-4H>0. After immobilization of Au species on MCM-

41 by vacuum evaporation at 298 K, the dried sample was also reduced in H; at 423 K
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for 1 h to obtain MCM-41-supported AuNPs (Au/MCM-41). A model complex for AuClsz-
[27]

BPy-PMO, [AuClx(bpy)]Cl, was synthesized according to a procedure in the literature

and purified by recrystallization.

3.2.3. Characterization of BPy-PMO supported AulNPs

The samples were characterized using UV/Vis diffuse reflectance spectroscopy
(UV/Vis DRS; Jasco, V-650), X-ray fluorescence spectroscopy (XRF, Shimadzu EDX-
720), nitrogen adsorption (MicrotracBEL Belsorp-mini II), X-ray diffraction (XRD,
Rigaku Ultima IV, Cu Ka), transmission electron microscopy (TEM, JEOL JEM-2100F,

200 kV), and X-ray absorption fine structure (XAFS; at the BL14B2 of SPring-8).

3.2.4. Oxidation of benzaldehyde with supported AulNPs

A mixture of benzaldehyde (11 mg, 0.1 mmol), catalyst (10 mg), NaHCO3 (17 mg, 0.2
mmol), and distilled water (5.0 mL) were placed into a Pyrex vial (20 mL) and stirred at
303 K for 2 h with bubbling of oxygen gas at a flow rate of 10 mL min™'. After the reaction,
the mixture was analyzed using gas chromatography (GC; Shimadzu GC-14B, flame
ionization detector) with an HR-20m (0.25 mm diameter, 30 m long) column.

Naphthalene was used as an internal standard in this experiment.
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3.3. Results and discussion

3.3.1. Synthesis of Au complex on BPy-PMO

The formation of gold complexes by thermal treatment of BPy-PMO with

HAuCls-4H0 in ethanol (Scheme 3.1) were confirmed by Au Lsi-edge XAFS

measurement, which provides information on the electronic state and structure of Au

species stabilized on the support. In the X-ray absorption near-edge structure (XANES)

in Figure. 3.1(a), the edge energy of Au species on AuCl3-BPy-PMO appeared at 11917

eV which corresponds to a trivalent Au species. Because AuCl3-BPy-PMO and

[AuCl2(bpy)]Cl show almost the same spectra, electronic structure of Au atoms in AuCls-

BPy-PMO is the same as that of trivalent Au species in [AuClx(bpy)]Cl. This trend was

also observed for extended X-ray absorption fine structure (EXAFS) oscillation (Figure

3.1(b)) and Fourier transforms of EXAFS (Figure 3.1(c)): AuClz-BPy-PMO gave almost

the same spectrum as [AuCly(bpy)]Cl. These results show that a similar structure to that

of the corresponding homogeneous complex, [AuClx(bpy)]Cl, is successfully formed on

the surface of BPy-PMO via a BPy group as a chelating unit as shown in Figure 3.1(d).

74



Chapter 3. Synthesis and characterization of AuNPs/BPy-PMO

AuCl;

N N— /0 / N/ \N_ /O
Lot - e —— PO )} e

BPy-PMO

AuCl;-BPy-PMO

Scheme 3.1. Formation of Au complex on BPy-PMO.
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Figure 3.1. (a) Au Li-edge XANES, (b) EXAFS oscillation, and (c) Fourier transforms

of EXAFS spectra for AuCl3-BPy-PMO (red line) and [AuClx(bpy)]Cl (black line). (d)

Proposed structure of AuClz-BPy-PMO.

75



Chapter 3. Synthesis and characterization of AuNPs/BPy-PMO

3.3.2. Formation of Au nanoparticles on BPy-PMO

The author attempted thermal reduction of AuCl3-BPy-PMO at 423 K in H> to obtain
BPy-PMO-supported AuNPs. Figure 3.2 shows N> adsorption-desorption isotherms and
non-linear DFT (NLDFT) pore size distribution curves of bare BPy-PMO and
AuNPs/BPy-PMO. Both bare BPy-PMO and AuNPs/BPy-PMO have type-IV isotherms
with no pronounced hysteresis loops, and this result is typical of mesoporous materials
with small-sized mesopores (Figure 3.2(a)).*8! NLDFT calculation with the isotherms
provides pore size distribution curves of these samples, which reveals the presence of
uniform mesopores of about 4.4 nm in diameter (Figure 3.2(b)). While Brunauer—
Emmett-Teller (BET) surface area slightly decreased from 670 to 620 m? g, it is
apparent that original mesoporosity of BPy-PMO retained intact after the formation of
Au complex and subsequent H» reduction. Figure 3.3 shows XRD patterns of bare BPy-
PMO and AuNPs/BPy-PMO in (a) low and (b) high-angle regions. There is one intense
diffraction at 26= 1.69 that can be assigned to (100) plane of p6mm symmetry for
mesoporous arrangement. Despite the presence of some diffractions due to periodic
structure of BPy units in high-angle region, there are no signals of Au metal, suggesting
the formation of small nanoparticles undetectable by XRD measurement. The amount of

Au loaded on BPy-PMO was estimated to be 1.1 wt% by EDX analysis.
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Figure 3.2. (a) N2 adsorption isotherms and (b) NLDFT pore diameter distribution curves

of BPy-PMO (black line) and AuNPs/BPy-PMO (blue line).
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(a) low and (b) high-angle region.
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As a control experiment, an MCM-41-supported Au particle with the same Au loading
was prepared by an impregnation method. Bare and Au-loaded MCM-41s were also
characterized by N> adsorption measurement and XRD (Figure 3.4). There is no
significant difference in N> adsorption-desorption isotherms (Figure 3.4(a)): BET surface
area and NLDFT pore diameter of bare MCM-41 are 760 m? g!' and 4.5 nm, and those of
Au-loaded MCM-41 are 750 m? g and 4.3 nm. In contrast, new sharp diffractions are
clearly observed in high-angle region of XRD pattern after gold metal formation (Figure
3.4(b)). They are assigned to (111), (200), (220), (311), and (222) planes on the basis of
the fcc structure of gold metal. The crystallite size was determined by the Debye-
Scherrer’s equation for the (111) diffraction to be about 38 nm. Aggregation of small
AuNPs formed inside mesopores preferably occurred to form large-sized AuNPs on the
outer surface of MCM-41 particles even though Au cations were homogeneously
immobilized on the silica surface before thermal reduction. This phenomenon can be
induced by weak interaction of AuNPs with silica surface. It should be noted that these

large Au particles are not formed on BPy-PMO.
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Figure 3.4. (a) N> adsorption isotherms and (b) XRD patterns of bare (black line) and

Au-loaded MCM-41 (blue line).

The formation of AuNPs on BPy-PMO was evaluated in more details by UV/Vis DRS
and TEM measurements (Figure 3.5). Plasmon absorption peak derived from AuNPs
appeared around 530 nm in AuNPs/BPy-PMO (Figure 3.5(a)). A TEM image of
AuNPs/BPy-PMO gives direct information for AuNPs formation with an average size of
ca. 3.8 nm (Figure 3.5(b)) and their homogeneous distribution inside and outside of
mesopores. Some large AuNPs in size of 6-8 nm are simultaneously observed on external
surface in Figure 3.5(b). AuNPs formed inside mesopores of BPy-PMO are highly
stabilized with strong interaction between metallic Au and pore wall of BPy-PMO, which
restricts formation of large-sized AuNPs typically observed for MCM-41 as shown above.

In addition, mesopores effectively prevent growing the size of AuNPs below the poresize
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(4.4 nm). Thus, immobilization of AuNPs via the formation of gold complexes and
subsequent H> reduction is definitely a simple and promising method to synthesize
supported AuNPs on BPy-based PMO support in comparison with a conventional
impregnation method.

Au Ls-edge XAFS measurement was conducted for the evaluation of Au species of
AuNPs/BPy-PMO. Figures 3.6(a) and 3.6(b) show XANES and Fourier transforms of
EXAFS spectra of AuNPs/BPy-PMO and Au foil. These samples give similar edge energy
(11919 eV), and EXAFS spectrum of AuNPs/BPy-PMO bears a great resemblance to that
of Au foil, which indicates complete reduction of Au complex on BPy-PMO and
simultaneous formation of AuNPs. Weak and broad signals for metallic Au and the
absence of small signals in the range of 4-7 A can be confirmed in the EXAFS spectrum

of AuNPs/BPy-PMO. These features are characteristic of small AuNPs.[2%-3%
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Figure 3.5. (a) UV/Vis DRS spectra of bare and AuNPs/BPy-PMO and (b) TEM image
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Figure 3.6. (a) Au Ls-edge XANES and (b) Fourier transforms of EXAFS spectra for

AuNPs/BPy-PMO (blue line) and Au foil (black line).

Finally, catalytic activity of the supported gold catalysts was examined using a test

reaction, aerobic oxidation of benzaldehyde in water at 303 K (Figure 3.7). AuMCM-41

oxidized benzaldehyde to benzoic acid, giving 39% conversion and 22% yield toward
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benzoic acid. With the same Au loading, AuNPs/BPy-PMO afforded 91% conversion and
87% yield under the same conditions; yield of benzoic acid for AuNPs/BPy-PMO was
approximately four times that for Au/MCM-41. Such a high activity can be ascribed to
small Au nanoparticle on BPy-PMOs, which is frequently observed for catalytic reactions
by supported Au nanoparticles.> The formation of small Au nanoparticles on BPy-PMO
is potentially an effective strategy for the development of a highly active heterogeneous

catalyst for various aerobic oxidation reactions.
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Figure 3.7. Aerobic oxidation of benzaldehyde in water with supported Au catalysts.
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3.4. Conclusions

Complex formation and subsequent reduction is an effective method for the formation

of small AuNPs with homogeneous distribution on 2,2’-bipyridine-based PMO material.

Average diameter of AuNPs is estimated to be ca. 3.8 nm, which is much smaller than

those formed on silica supports reported in the previous literatures. Mesoporous structure

is one important factor controlling the size of AuNPs smaller than that of mesopores.

AuNPs/BPy-PMO shows higher catalytic activity than Au/MCM-41 in oxidation of

benzaldehyde. This methodology is believed to be useful for the synthesis of silica-

supported AuNPs.
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Chapter 4. Selective reduction of carbon dioxide to carbon

monoxide on alumina-supported gold catalyst

Abstract

Thermal decomposition of formic acid on SiO,, CeO> and y-Al,O3 was studied as an
elementary step of reverse water-gas shift reaction (RWGS) over supported Au catalysts.
v-Al203 showed the highest CO selectivity among the tested oxides in the decomposition
of formic acid. The formation of four formate species on y-Al.Osz was confirmed by
Infrared spectroscopy: three m'-type and one p?-type species, and these formates
decomposed to CO at 473 K or higher. Au-loaded y-Al>O3 samples were prepared by a
deposition-precipitation method and used as catalysts for RWGS. The supported Au
catalyst gave CO with high selectivity over 99% from CO- and Hz, which is attributed to

the formation of formates on Au and subsequent decomposition to CO on y-Al20:s.
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4.1. Introduction

Carbon dioxide (CO>) has been recognized as an abundant and inexpensive carbon
resource for chemical industry.[**] Reverse water-gas shift reaction (RWGS, equation
4.1) is one of the most important reactions in C1 chemistry, because the resulting carbon
monoxide (CO)® can be utilized as feedstock for the production of valuable compounds
such as methanol, dimethyl ether and hydrocarbons.®® Cu/zZnO/Al,Os is known as an
active catalyst for RWGS and methanol synthesis from syngas (CO/Hz), and methanol
can be directly obtained from CO; and H..551%-12 Methanol synthesis from CO. and H.
has been currently tested in a pilot plant with a cupper-based catalyst.*® In contrast to the
direct synthesis of methanol, the production of syngas from CO: is one of the key
technologies for sustainable chemical production, because syngas can be converted to a

variety of useful hydrocarbons in the Fischer-Tropsch synthesis.[>8145]

CO,+H,2CO+H,0  (4.1)

Gold (Au) nanoparticles supported on various oxides have been investigated by
Haruta et al. for the hydrogenation of CO,.[*1 CO is a main product in this system,

because the Au catalysts cannot catalyze CO hydrogenation to CH4 or CH30OH. Moreover,
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CO2 conversion and product selectivity greatly depend on the acid-base property of the
oxide supports. Au catalysts on acidic supports produce CO and a small amount of CHa.
On the other hand, Au catalysts on basic supports give low CO2 conversion due to a strong
interaction of CO2 with basic sites.

It is known that formate species are formed as a key intermediate in the CO»

[5.17-20] Since Au nanoparticles do not decompose the

hydrogenation over Au catalysts.
formate species,>>?! the decomposition of formate species is strongly influenced by the
property of supports. In this work, the author studied the decomposition of formate
species on oxide supports such as SiO2, y-AlOs (hereafter A,O3) and CeO> as an
elementary step in RWGS over Au catalysts. Amphoteric Al,O3 converted formate species
into CO with higher selectivity than SiO2 and CeO». Thermal decomposition of formates
on Al,O3; was evaluated by diffusive reflectance infrared Fourier transform spectroscopy

(DRIFT). Then, Au-loaded Al,O3; samples were prepared and their catalytic activity was

tested in RWGS.
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4.2. Experimental
4.2.1. Reagents

Al>03 was purchased from Tokyo Chemical Industry Company (Japan). Formic acid,
HAuUCI4-3H20 and diethyl ether with highest grade were obtained from Wako Pure

Chemical Industries (Japan) and used without any purification treatment.

4.2.2. Decomposition of formic acid on metal oxides

Formic acid was immobilized on metal oxides (CeO2, SiOz, and Al,O3) by simple
adsorption treatment. Each metal oxide (1.0 g) was added to a mixture of formic acid (1
mL) and diethyl ether (25 mL), and the solution was stirred at room temperature for 6 h
under air. After filtration, the resulting materials were washed repeatedly with diethyl
ether, and then dried under vacuum for 12 h. The amount of formic acid on each metal
oxide was estimated by a total organic carbon analyzer (TOC, Shimadzu SSM-5000A).
The samples were heated in an IR cell from 298 to 773 K with a heating rate of 2 K min™"!
under a mixed gas flow of Ar (2 mL min~") and He (18 mL min~"). The outlet gas was
analyzed by gas chromatography (Shimadzu GC 8 A, thermal conductivity detector, active
carbon column (2 m), temperature 383 K) to monitor the evolved CO and CO». FT-IR

1

spectra were obtained at a resolution of 1 cm™ using a spectrometer (Spectrum 100,
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PerkinElmer) equipped with a mercury cadmium telluride (MCT) detector. A total of 16
scans were averaged for each spectrum. Deconvolution of peaks was performed by

assuming Gaussian profiles of the peaks.

4.2.3. Reduction reaction of CO2 to CO
4.2.3.1. Preparation of Au catalysts

An Au-loaded Al>Os sample was prepared by a deposition-precipitation (DP)
method.!?? Al,0; was immersed in an aqueous solution of HAUCI4 (pH 8), which was
aged for 1 h. The resulting solid was filtered, washed with H>O, dried at 383 K and
reduced in H2 at 573 K for 3 h to afford Al.Os-supported Au catalyst (denoted Au-DP).
For comparison, an Al>Os-supported Au catalyst (Au 5 wt%) was prepared by a
conventional impregnation method using HAuUCI4-3H2O (99.9%, Wako). After
immobilization of Au species on Al,O3 by vacuum evaporation and drying at 298 K, the
sample was reduced in H2 at 573 K for 3 h to obtain Al,O3-supported Au catalyst (denoted

Au-Imp).
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4.2.3.2. Characterization of Au catalysts

Structural characterization of the catalysts was performed by X-ray fluorescence
spectroscopy (XRF, EDX-720, Shimadzu), nitrogen adsorption (Belsorp-mini II,
MicrotracBEL), X-ray diffraction (XRD, Rigaku, Ultima IV, Cu Ka) and transmission

electron microscopy (TEM, JEM-2100F, JEOL, 200 kV).

4.2.3.3. CO2 reduction with fixed-bed flow reactor

Hydrogenation of CO> was conducted in a fixed-bed flow reactor (inner diameter 9.5
mm) made of SUS316 (Figure 4.1). Mass flows of CO2 (99.95%), H2 (99.999%), He
(99.999%), and Ar (99.999 %, internal standard) were regulated by mass flow controllers
(HORIBA STEC). The catalyst (0.3 g) was diluted with glass beads (diameter 0.2 mm, 1
g) and charged in the reactor. After reduction of the catalyst in Hz flow (20 mL min?) at
673 K for 1 h and subsequent treatment in He flow (20 mL mint) at 673 K for 15 min, a
gas mixture (CO2 15 %, Hz 75%, Ar 10 %, flow rate 20 mL min-%, gas hourly space
velocity (GHSV) 4,000 mL g* ht, 0.1 MPa) was fed into the reactor. Products in the
liquid phase collected by a water-trap were analyzed by high-performance liquid
chromatography (HPLC, Shimadzu LC10ATVP, UV detector) with a Shodex Sugar SH-

1011 column (28x300 mm, eluent: water 0.5 mL min~!, 323 K). The outlet gas was
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analyzed by gas chromatography (Shimadzu GC 8A, thermal conductivity detector, active

carbon column (2 m), temperature 383 K).

Co, lb—c{ H Vent
N~ Film soap meter
H
2 Heater
p_—
- Vent
He
L < Catalyst
A Cold tra
Ar f 1 P
| —

Regulator

Mass flow controller i
Backpressure regulator Gas sampling

Figure 4.1. Fixed bed-flow reactor for hydrogenation of CO..
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4.3. Results and discussion

4.3.1. Decomposition of formic acid on metal oxides

Thermal decomposition of formic acid produces CO>+H> or CO+H>0 (equation 4.2).

In the reaction from the left to the right (RWGS), formic acid (HCOOH) is assumed to

be an intermediate and selective decomposition of HCOOH to CO is important. Hence,

the effect of supports on the decomposition of HCOOH was studied.

CO,+H, 2 HCOOH 2 CO + H,0  (4.2)

Here the author used three metal oxides for the decomposition of HCOOH into CO to

find the most appropriate support of Au for RWGS. Table 4.1 compares the amount of

adsorbed HCOOH and CO/CO:z ratio in the decomposition of HCOOH. Similar amounts

of HCOOH adsorbed on metal oxides estimated by TOC. However, the densities of

immobilized HCOOH for Al,O3 and CeO; are larger than that for SiO». This difference is

attributed to weakly basic property of AlO; and CeO to stabilize HCOOH by the

formation of formate. Decomposition of adsorbed species was examined by heating these

oxides from room temperature to 773 K under inert gas atmosphere. Si0> decomposed

HCOOH into CO and CO; equally (CO/CO; = 1). CeO; and Al,03 produced CO more
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favorably than CO», and Al,O3 gave the highest CO/CO: ratio among the three oxides.
Figure 4.2 shows dependence of CO and CO; formation on reaction temperature over
AL O3. CO evolution starts at 473 K and rapidly increases up to 543 K. On the basis of

CO evolution, decomposition is completed below 673 K.

Table 4.1. Adsorption and thermal decomposition of formic acid on Al>O3, CeO», and

SiOa.
Amount of adsorbed Surface area  Density of adsorbed
Oxide CO/ CO; ratiol®!
formic acid (mmol g-1)i (m?g™) formic acid (nm?)
Al,O3 1.3 160 4.9 50
CeO; 1.0 130 4.6 3
SiO; 0.8 290 17 1

[a] Determined by TOC analysis, [b] CO and CO- were analyzed by GC-TCD.
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Figure 4.2. Dependence of CO (red) and CO> (blue) formation on reaction temperature

over AlLOs.

4.3.2. In-situ DRIFT measurement of thermal decomposition of formic acid on
alumina

From these results, decomposition of HCOOH on Al,O3 was monitored by IR at 483-
683 K. Figure 4.3 shows a DRIFT spectrum of HCOOH-adsorbed Al,O3 at 483 K under
inert gas atmosphere. Broad bands at 3000-2800 cm™!, 1800-1400 cm™! and 1400-1200
cm™! are assignable to C-H stretching, C-O stretching and C-H bending modes of
adsorbed formic acid, respectively. Tamaru et al. reported that a formate species with 1'-
type structure is an intermediate in the thermal decomposition of HCOOH on y-Al2Os
(Figure 4.4(a)).[>*) Hence, the bands at 2892, 1678, 1323 cm™! in Figure 4.3 are assignable

to V), Uc=0) and dc-ny of the n'-type formate species. He et al. studied stretching
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vibration modes of the adsorbed formate species on Al>O3; by density functional theory
(DFT) calculation and proposed that formate species in the form of p?-type structure can
be stabilized (Figure 4.4(c)).*¥! Formation of the p’-type formate on Al.Os was also
confirmed from the IR bands at 2905 cm™! (vc-my), 1597 em™ (Vaso-c-0)) and 1388 cm™!
(vs0-c-0y) in Figure 4.3. In addition to the bands for the typical n!- and u>-type formates,
four IR bands at 2858, 1645, 1618 and 1365 cm ™! are observed in Figure 2. The presence
of two bands at 1645 and 1618 in the region of C=0 stretching suggests that two different
formate species other than n!- and p*-type species are formed on AlO3. Because the
coordination of carbonyl group with Lewis acid sites results in red shift of original C=0
stretching frequency, these bands are ascribed to n'-type formates with carbonyl groups
weakly interacting with an adjacent Lewis acid site (Figure 4.4(b)). It was reported that
ADOs3 has three Lewis acid sites in terms of acid strength: strong, medium and weak
Lewis acid sites.!* The p? species could be formed on the two strong Lewis acid sites,
so that the bands at 1645 and 1618 cm™' can be reasonably assigned to n' species
interacting with weak and medium Lewis acid sites. The bands at 2858 and 1365 cm™" in
Figure 4.3 are assignable to vic.ny and qc-my) of these formate species. These three n! type

formates are denoted n'(1678 cm™), n'(1645 cm™") and n'(1618 cm™).
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Figure 4.3. DRIFT spectrum of HCOOH-adsorbed Al>O; at 483 K under inert gas

atmosphere. Red line: raw spectrum, black dot line: combined spectrum of deconvoluted

peaks.
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Figure 4.4. Proposed structures of adsorbed formate species on Al,Os: (a) typical n'—type
species, (b) two n'—type species interacting with weak and medium Lewis acid sites and

(c) typical p>—type species.
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Decomposition of these formate species was evaluated by temperature-programmed

DRIFT measurement (Figure 4.5). The band intensities of the four formate species

decreased during heating.
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Figure 4.5. DRIFT spectra of thermal decomposition of formic acid on Al2O3 under inert
gas atmosphere. Red line: raw spectrum, Black dot line: combined spectrum of

deconvoluted peaks.

Figure 4.6(a) shows DRIFT spectra of HCOOH-adsorbed Al>O; heated at different
temperatures in a region of C-O stretching band. Specific bands for n'(1678 cm™),
n'(1645 cm™), n'(1618 cm™") and p? species in 1800-1500 cm™' changed continuously

during the thermal treatment. The band intensities of the four formate species were plotted
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against each temperature (Figure 4.6(b)). It is clearly shown that the decrease in band

intensity for the three n' species is well correlated with the increase in CO formation,

which indicates that CO formation occurs by the decomposition of the n! species. In

contrast, the p? species shows higher thermal stability; most u? species remains at ca. 573

K. Therefore, CO formation at higher temperature is mainly due to the decomposition of

the p? species.
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Figure 4.6. (a) DRIFT spectra of HCOOH-adsorbed Al>Os at different temperatures and

(b) temperature dependence of CO formation and band intensities for four formates.

100



Chapter 4. Selective reduction of CO: to CO on Au/Al;O;3

4.3.3. Reduction of CO2 to CO

As described in the previous section, formate species formed in adsorption of HCOOH
on Al>O3 are readily decomposed to CO at above 483 K; therefore, it is expected that the
introduction of Au nanoparticles on Al,Os gives CO via HCOOH from CO;, and H..1®!
Al>Os-supported Au catalysts were prepared by a deposition-precipitation (DP) method
and an impregnation method (Imp). Figure 4.7 shows XRD patterns of the resulting
catalysts. Several sharp or broad diffractions are observed for Al.Os3, and all the
diffractions are assignable to y-phase of crystalline Al>Os. In addition to the peaks, Au-
Imp showed five sharp diffractions at 20 = 38°, 44°, 65°, 78°, and 82° due to (111), (200),
(220), (311) and (222) planes for face-centered cubic (fcc) lattice structure of Au metal.[28)
An average size of Au particles in Au-Imp was estimated to be 38 nm by the Scherrer
equation. In contrast, Au-DP represented no diffractions of Au metal, which implies high
dispersion of Au particles on the Al,O3 surface.

Figure 4.8 is a TEM image of Au-DP, which reveals the presence of Au nanoparticles
with a mean diameter of 2.6 nm. Thus, the DP method is appropriate for the preparation

of Al,O3-supported Au catalyst.
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Figure 4.7. XRD patterns of y-Al>Os (black), Au-Imp (blue) and Au-DP (red).

Figure 4.8. TEM image of Au-DP and size distribution of Au nanoparticles (inset).
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RWGS was conducted at 623 K and 0.1 MPa with a gas hourly space velocity (GHSV)
of 4000 mL g h™t. A control experiment in the absence of catalyst gave no reaction
(Table 4.2, entry 1). Au-Imp showed a very low CO> conversion (2.0%) (entry 2), but
Au-DP gave 20% CO. conversion with high CO selectivity over 99% (entry 3).
Accordingly, Au nanoparticles on Al,Oz can quantitatively produce CO even under
atmospheric pressure. CO equilibrium conversion is estimated to be ca. 38% under the

reaction conditions by chemical thermodynamic parameters.[?728l

Table 4.2. Reverse water-gas shift reaction by Al,Os-supported Au catalysts!?

Entry  Catalyst Conversion (%) CO yield (%) CO selectivity (%)
1 None 0.0 0.0 0.0
2 Au-Imp 2.0 2.0 > 99
3 Au-DP 20 20 > 99

[a] Reaction condition: catalyst (50 mg), CO2 (15%), Hz (75%), Ar (10%), 623 K, 1

atm. Sampling after 30 and 45 min. Steady state was confirmed after 30 min.
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Probably, such a high selectivity can be derived from the formation of formate species
by Au nanoparticle and the subsequent decomposition to CO by Al>Os. The formation of
formate species on Au/Al>Oz catalyst was directly confirmed by DRIFT measurement.
Figure 4.9 shows DRIFT spectra of Au-DP at 473 K under a flow of CO2 and Hz. After
reduction of the catalyst in Hz flow (20 mL min-?) at 673 K for 1 h and subsequent
treatment in He flow (20 mL min™?) at 673 K for 15 min, a gas mixture (CO2 15 %, H;
75%, Ar 10 %, flow rate 20 mL min~! 0.1 MPa) was continuously fed into the IR cell
during the measurement. One intense and asymmetric band is observed at 1592 cm™.
Heat treatment at 473 K enables efficient removal of physisorbed water formed by the
RWGS reaction, so that the band is regarded as a combined band for n'(1678 cm™1),
n}(1645 cm™), n'(1618 cm™) and p? (1592 cm) species of adsorbed formate on Al;O3
(Figure 4.6(a)). Due to low thermal stability for n(1678 cm1), n(1645 cm™), and
n}(1618 cm1), the bands started to decrease gradually in their intensities from 473 K,
while the band for p? (1597 cm1) species retained intact even at 623 K. This tendency
was good agreement with the result for thermal decomposition of adsorbed HCOOH on
Al>03 (Figure 4.6(b)). Moreover, Au nanoparticles cannot adsorb and decompose formate

species,?!! which means that they are formed by Au nanoparticle and stabilized on Al,Os3
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support before subsequent decomposition into CO and H2O. Au-DP is therefore an

effective catalyst for selective formation of CO from a mixture of CO and Ha.
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Figure 4.9. DRIFT spectra of Au-DP at different temperatures under a gas flow of H> and

CO:a.
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4.4. Conclusions

HCOOH adsorbed on Al>Oz selectively decomposed to CO. The decomposition
pathway on Al,Oz was monitored by in-situ FTIR measurement, and four types of formate
species were observed on Al,Os. Three n-type formates were well correlated with the
formation of CO, but one p?-type formate was thermally stable and decomposed to CO at
higher temperature. Selective decomposition of formates to CO is a great advantage of
Al>O3 as a support of Au. Al>Os-supported Au catalyst was prepared by a deposition-

precipitation method, and this catalyst gave CO with high selectivity (> 99%).
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CO; equilibrium conversion at the reaction conditions was calculated as follows.
AHyand AS are given as 40.04 kJ mol ! and 39.71 J K! mol™! by equation 4.3

and 4.4 using the data of chemical thermodynamic properties (Table 4.3).
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T

AH(T) = AH (298 K) + J AC,dT (4.3)
298
T

: . ar . T
AS°(T) = AS°(298 K) + cpf — = AS°(298 K) + CpIn=— (4.4)
298 T 298

Table 4.3. Chemical thermodynamic properties at 298 K in RWGS reaction.*”]

AHf s Co
/kJ mol? 1J K* mol™ 1J K* mol™
COz2 -393.51 213.74 37.11
H2 0 130.68 28.82
CO -110.53 197.67 29.14
H20 -241.82 188.83 33.58

Next, the author calculated AG and equilibrium constant K to be 15.29 kJ mol ™! and

0.05226 at 623 K using equation 4.5 and 4.6.

AG" = AH® — TAS® (4.5)

AG" = —RTInK (4.6)

Finally, equilibrium conversion of COz is 39% at the reaction condition of H2/CO; =

5 and 623 K.
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Chapter 5. General conclusions

A heterogeneous catalyst showing extremely high selectivity and activity is inevitable
to realize sustainable society. In chapter 1, the author comprehensively reviewed recent
progress on immobilization of organic functional groups, homogeneous complexes, and
novel metal nanoparticles on solid supports for the development of heterogeneous
catalysts with high activity and reusability. In this work, the author has focused special
attention on periodic mesoporous organosilica (PMO) as a versatile support that has a
well-defined mesoporous structure and crystal-like arrangement of organic moiety inside
the silica wall. Because bi-pyridine functions as a coordination site for metals, bi-
pyridine-containing PMO can be utilized as a solid ligand for various homogenerous
complexes with unique catalysis.

In chapter 2, the author successfully developed well-designed isolated ruthenium sites
formed directly on 2,2’-bypyridine groups in the bipyridine bridged-PMO (BPy-PMO)
framework. Coordination structure of the immobilized Ru complexes is similar to that of
corresponding Ru complex, RuClz(bpy)(CO).. The Ru-immobilized BPy-PMO is applied
as a heterogeneous catalyst for the oxidation of various alkanes using NaClO as an

oxidant, showing high selectivity toward the oxidation of tertiary C—H bonds more
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preferably than that of secondary and primary C-H bonds (Figure 5.1). The catalyst can

be separated by simple filtration and reused without loss of original activity and

selectivity for oxidation reactions. No interaction among Ru active sites, due to rigid

structure of bipyridine ligands, is essentially beneficial to prevent oxidative

decomposition and show good durability. The Ru-immobilized PMO catalyst reported in

this chapter will contribute to practical application of inductrial synthesis of fine

chemicals.

Figure S5.1. Selective oxidation of tertiary C-H bonds in cyclic alkanes over Ru-

immobilized BPy-PMO.

In chapter 3, BPy-PMO was also utilized as a support for the formation of gold

nanoparticles (AuNPs). A novel strategy was developed through the formation of Au
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complex with surface BPy moiety and subsequent thermal reduction with H» (Figure 5.2).

Average diameter of the resulting AuNPs was ca. 3.8 nm, much smaller than those formed

on silica supports reported in the previous literatures. Mesopore diameter is one important

factor controlling the size of AuNPs formed inside mesopores (4.2 nm) of BPy-PMO.

This methodology is believed to be useful for the formation of small AuNPs with

homogeneous distribution on silica supports.

BPy-PMO
b2 L1 S

Formation of Au complexes

AuCl;-BPy-PMO

Figure 5.2. Synthesis of AuNPs-supported BPy-PMO by a sequential method.

In chapter 4, the author studied the decomposition of formate species on Al>O3 as an
elementary step in reverse water-gas shit reaction over Au-loaded Al,Os. FT-IR
measurement revealed the formation of four formate species on Al,Os: three n!-type and

one p2-type species, which decomposed to CO at 473 K or higher. It was confirmed that
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AuNPs-supported Al,Os catalyst gives CO with high selectivity over 99% from CO» and

H> under the similar reaction condition. High catalytic performance is attributed to the

formation of formates on AuNPs and subsequent decomposition to CO on Al>O3 support

as shown in Figure 5.3.

Iy-Al,0,4
CO,+H, ———> CO+H,0

Figure 5.3. Reduction of CO> to CO over Al,Osz-supported Au catalyst.

In conclusion, BPy units in PMO are useful to accumulate and stabilize various metal

complexes. Resulting complexes can be used as catalytically active sites as well as

precursors for corresponding nanoparticles. Combination of mesoporous structure and

organic functionality on the basis of PMOs is useful to design a well-defined catalyst in

the molecular level.
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