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Chapter | General Introduction

1.1 Green chemistry
1.1.1 Development of green chemistry

Chemistry is an essential branch of science with a long history from prehistoric
times [1]. Based on the rapid development of theory and experiment, chemistry has
become one of the cornerstones of human civilization in the recent two hundred years
[2]. On account of chemical technology, many problems that limit human development
have been effectively solved.

However, while bringing people great benefits, the chemical industry has also
brought severe environmental problems such as air and freshwater pollution, acid rain,
global warming, etc. [3]. These issues affected the world in climate change, sharp drop
in forest resources, land resources degradation, and biodiversity reduction. As early as
the 1960s, chemical pollution began to show its adverse effects on human settlements,
and people were gradually becoming aware of the existence of environmental hazards.
For example, dichlorodiphenyltrichloroethane (DDT) solved the problem of pests and
diseases, but it also brought a blow to the ecological food chain due to extensive use.
This persistent organic pollutant still affects us today [4].

Since then, people have deepened their understanding of the environmental
impacts of chemical products and paid a great effort to environmental governance. In
1962, the marine biologist Rachel Carson (1907-1964) published her famous book
Silent Spring, endorsed by US supreme court justice William O. Douglas (1898-1980).

This book urged public awareness of pesticides and environmental pollution [5]. In



1970, the establishment of EPA (Environment Protection Agency) in US brought the
environmental problems under the government’s control [4]. Subsequently, major
international economic cooperation organizations also put environmental issues into the
agenda [6]. With the in-depth understanding of environmental problems, the
conventional strategy of end-of-pipeline control turned gradually to an approach of
front-end pollution prevention [7].

In 1990, US Congress passed the “Pollution Prevention Act” at President George
H.W. Bush (1924-2018) [7]. It demands that pollution be prevented or reduced at the
source or recycled in an environmentally safe approach [8]. In the following years, the
EPA led the development of pollution prevention programs [9]. Meanwhile, Barry M.
Trost, an American organic chemist, introduced the concept of atom economy (atom
utilization rate) in the same year [10]. It is equal to the ratio of the desired product to
the total mass of the products in mass, which describes the conversion efficiency of a
chemical process. The proposal of this crucial basic concept has attracted people’s great
attention and grew the bud of green chemistry. It is noteworthy that the term green
chemistry is thrown around repeatedly in the second symposium held by EPA in 1994
[6]. The following year, the Green Chemistry Challenge Award program was announced
to promote the prevention of chemical pollution and industrial ecology research [11].

In 1998, Paul T. Anastas and John C. Warner published the well-known book,
Green Chemistry: Theory and Practice [12]. They proposed the famous “12 principles
of green chemistry”, making this book the classic green chemistry work. The details of
the 12 principles are as follow:

(1) Prevention

It is better to prevent waste than to treat or clean up waste after it is formed.
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(2) Atom economy
Synthetic methods should be designed to maximize the incorporation of
all materials used in the process into the final product.
(@ Less hazardous chemical syntheses
Wherever practicable, synthetic methodologies should be designed to use
and generate substances that possess little or no toxicity to human health and
the environment.
4) Designing safer chemicals
Chemical products should be designed to preserve the efficacy of function
while reducing toxicity.
(5) Safer Solvents and Auxiliaries
The use of auxiliary substances (e.g., solvents, separation agents, etc.)
should be made unnecessary wherever possible and innocuous when used.
® Design for energy efficiency
Energy requirements should be recognized for their environmental and
economic impacts and should be minimized. Synthetic methods should be
conducted at ambient temperature and pressure.
(7) Use of renewable feedstock
A raw material or feedstock should be renewable rather than depleting
wherever technically and economically practicable.
Reduce derivatives
Unnecessary derivatization (blocking group, protection/ deprotection,
temporary modification) should be avoided whenever possible. Catalytic

reagents (as selective as possible) are superior to stoichiometric reagents.



@ Catalysis
Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents.

Design for degradation

Chemical products should be designed so that at the end of their function
they do not persist in the environment and break down into innocuous
degradation products.

(1) Real-time analysis for pollution prevention Analytical methodologies need
to be further developed to allow for real-time, in-process monitoring and
control prior to the formation of hazardous substances.

(12) Inherently safer chemistry for accident prevention

Substances and the form of a substance used in a chemical process should
be chosen to minimize the potential for chemical accidents, including releases,
explosions, and fires.

As a guideline to the development of environmentally benign products and
processes, these principles cover all aspects of synthesis and operations, and build up
the basic conceptual framework of green chemistry.

After this, green chemistry has emerged in various countries around the world [13].
In UK, the Royal Society of Chemistry established the first international journal Green
Chemistry in 1999, marking that green chemistry has become the forefront of chemistry.
The Green Chemistry award was launched in 2000. Meanwhile, Japan put forward the
concept of “green and sustainable development chemistry (GSC)”. This concept
guarantees “human and environmental health and safety” and “energy and resource-

saving” through a technological revolution, including product design, raw material



selection, manufacturing method, usage method and recycling [ 14]. Other countries and
major international organizations have also established green chemistry organizations
and relevant awards in succession. Since then, the development of green chemistry has

entered a new stage [13].

1.1.2 Conception of green chemistry

Green chemistry utilizes a set of principles that reduces or eliminates the use or
generation of hazardous substances in the design, manufacture, and application of
chemical products [15]. It is now widely applied in organic chemistry, inorganic
chemistry, biochemistry, analytical chemistry, and even physical chemistry [16]. Green
chemistry is a philosophy and to be a goal that people are striving for [17].

In a scientific view, green chemistry is the innovation and development of thinking
in conventional chemistry [18]. While from the economic point of view, green
chemistry provides rational utilization of resources and energy and reduces production

costs, which is in line with the sustainable economic development [19].

1.1.3 Green chemistry in practice

As discussed above, green chemistry is expected to achieve the lowest pollution
coefficient and minimum resource consumption per unit product [16]. It fundamentally
reduces pollution from the chemical reaction rather than the specialized treatment of
terminal waste. In general, a chemical reaction is mainly affected by four aspects:
properties of the raw material or starting material, features of synthetic route, reaction
conditions, and characteristics of the product or target molecule. To solve the problem

of pollution, we have to start from the consideration of these issues.



1. Design reactions in terms of the atom economy

As described above, in 1991, B. Trost first proposed the concept of atom economy:
how many per cent of the atoms in the raw materials exactly are converted into products
[20]. The ideal atom economy is 100% converting the atoms in the raw material
molecules into products with no by-products or waste, thus achieving “Zero-emission”
of waste. By designing a reaction via an atomic efficient route, one can consider both
resource utilization and environmental protection. Especial for the production of bulk
basic organic materials, the application of atom economy is significant for both

economic benefits and environmental safety [21].

At Molecular weight of desired products 100Y%
= *
om economy Molecular weight ofall products °

For example, ethylene oxide is a chemical raw material produced in large
quantities, widely applied in the synthesis of antifreeze, surfactants, and polymers [17].
As shown in Shechem 1-a, the reaction has waste calcium chloride and water in the
conventional route to synthesize ethylene oxide. In this case, the atom economy is 17%.
On the other hand, the silver-catalyzed oxidation of ethylene realized the conversion of
all reactants to the desired product and produced no byproduct and the atom economy

was greatly increased to 70%.

O
a. H2C:CH2+ C|2+ Ca(OH)2—> / \ + CaCI2 + Hzo
Hzc_CHz

Ag O
b. HLC=—CH, + 120, —>

H2C—CH2

Shechem 1. Synthesis of Ethylene Oxide



2. Utilization of green raw materials

The type of chemical reaction or the nature of the synthetic route depends mainly
on the starting material. The choice of initial raw material often determines the hazards
and risks in transportation, handling, production processes, and final products [22]. In
the current chemical processes, it is inevitable to use toxic and harmful raw materials,
such as organic halogen, formaldehyde, ethylene oxide, etc., which seriously pollute
the environment and endanger human health and community safety [17]. One of the
essential tasks of green chemistry is to replace them with non-toxic and harmless raw
materials to produce various chemical products.

For example, in the conventional production of polyurethane, an important
industrial raw material [23], isocyanate derived from a primary amine and phosgene is
often utilized as a starting material, as shown in Shechem 2-a. There are two potential
environmental risks: One is the use of highly toxic and corrosive phosgene, another is
the production of hydrogen chloride. To solve this problem, T. Sakakura and coauthor
developed a halogen-free catalytic synthetic method using carbon dioxide, alcohols and
primary amines catalyzed by Sn catalyst [24]. The use of CO: and alcohol is safer and

environmentally benign, and the byproduct is only water.

o -2 HCl
a. R-NH; + C)J\C ———> R-N=C=0 — Polyurethane
| |
cat. Sn O
b. R-NHy + CO;+ ROH——— J|_ —— Polyurethane

-H,O0 HN-R®™ OR'

Shechem 2. Synthesis of polyurethane

3. Utilization of green solvent or the operation under the solvent-free conditions



Environmental pollution is derived not only from raw materials and products but
also from the substances used in the process of manufacture [25]. The most important
one is a solvent used in the synthetic reaction, separation and formulation. Currently,
the used solvents mainly belong to volatile organic compounds (VOC), which may
harm human health and cause carcinogens, reproductive hazards, and neurotoxins, or
pollute the atmosphere and water during use [26]. Therefore, using non-toxic solvents
such as water, supercritical fluid, polymers, ionic liquid instead of conventional harmful
solvents is significant. The operation under solvent-free conditions is more favorable.

For example, a solvent-free reaction is a clean, economical, efficient and safe
procedure [27]. The oxidation of alcohols to aldehydes is an important reaction in the
synthesis of fine chemicals. G. J. Hutchings and coauthor uncovered the core-shell type
Au-Pd/TiO; catalyst exhibit unprecedented activity in the oxidation of alcohols,

including primary aliphatic alcohols, in the absence of other solvents [28].

Au-Pd/TiO
R/\OH 2 _ R/%O

up to 270,000 TOF /hour

Shechem 3. Oxidation of alcohols

4. Utilization of a catalyst

In chemical synthesis, high-performance catalysts can alter the chemical reaction
pathway, lower the reaction’s activation energy, increase the product’s selectivity,
promote the production yield, and reduce energy consumption [19]. Also, the use of
stoichiometric reagents can be avoided. As shown in Figure 1, catalysts speed up a

reaction by reducing the activation energy and/or changing the reaction mechanism [29]



Figure 1. Schematic energy diagrams of the reaction

1.2 Transition metal catalyst

International Union of Pure and Applied Chemistry (IUPAC) defines transition
elements as “an element whose atom has an incomplete d sub-shell, or which can give
rise to cations with an incomplete d sub-shell [30].” Based on this definition, elements
in the d-block elements of the periodic table without group 12 are assigned to the
transition metals.

Transition metals exhibit varieties of oxidation states in their compounds, one of
their marked features (Table 1). The difference in oxidation states is dependent on the

electron configurations of their atoms.

Table 1. Stable oxidation states of the third transition series

Elements Oxidation States
La 0, +1, +2,+3
Hf —2,0,+1,+2, 43, +4
Ta -3,-1,0,+1,+2, +3, +4, +5



w —-4,-2,-1,0,+1,+2,+3, +4, +5, +6

Re =3,-1,0,+1, +2, +3, +4, +5, +6, +7

Os —4,-2,-1,0,+1,+2, +3, +4, +5, +6, +7, +8
Ir =3, -1, +1,+2, +3, +4, +5,+6, +7, +8, +9
Pt -3,-2,-1,0,+1,+2, +3, +4, +5, +6

Au =3,-2,-1,0,+1, +2, +3, +5

Transition metals can form an extensive range of complex ions. A complex ion
usually has a metal ion at its center surrounded by molecules or ions. The surrounded
molecules or ions are known as ligands or complexing agents. These ligands have lone

electron pairs that can be used to form coordination bonds with metal ions.

1.2.1 Transition metal catalysts in organic synthesis

As described above, catalysts provide an alternative route for the reaction to occur.
Catalysts affect the transition state of the reaction by providing a low-energy activation
pathway. The catalyst affects the reaction rate without affecting the overall standard
Gibbs energy change [30].

The excellent catalytic performance of transition metals is mainly dependent on
their characteristics: Due to the incompletely filled d orbitals, they can switch between
different valence states. Transition metals often form unstable complexes with the
reactants because of their variable valence states. The thus formed complex
intermediates can find a reaction pathway with lower activation energy. The decrease
in activation energy accelerates the reaction rate. These unstable intermediates are then
decomposed to form the final product, and the catalyst is regenerated at the end of the

reaction.
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Homogeneous catalyst Heterogeneous catalyst

Metal particles

r'd i
QM'Q t/@\t in; » ||

Advantages Advantages
+ High activity + High stability - Reusability
* High selectivity - Easy to be separated

Figure 2. The difference in homogeneous and heterogeneous catalyst.

In general, catalysts can be categorized into two types, heterogeneous and
homogeneous. Figure 2 compared the difference between homogeneous and
heterogeneous catalysts. In homogeneous catalysis, reactant and catalyst are in the same
phase (for example, in liquid phase), while for the heterogeneous catalysts, reactant and
catalyst are in different phases (for example, liquid-solid). Homogeneous catalyst is
applied, especially in the fine chemical industry. Its advantages are high activity and
selectivity, but its disadvantages are stability issues, reuse, and cost of catalyst [31].
Besides, heterogeneous catalysis is advantageous in terms of high stability, reusability,
and separation ease [32]. However, often its low activity and selectivity are still a

problem.
1.2.2 Iridium homogeneous and heterogeneous catalysts

Iridium is an element in the third transition series of the periodic table. Iridium can
possess a valent state ranging from +9 to -3, as shown in Table 2[33,34]. Numerous
iridium complexes such as IrCls, IrCls, HoIrCls, and a serial of organic complex have
been reported to show high activities for various reactions as homogeneous catalysts

[35-43]. On the other hand, small and stable iridium clusters could be formed on the

11



surface of specific supports [44]. Nanoscale particles of iridium with a large surface
area also exhibit interesting physics and catalytic properties [45,46], similar to those
with gold and platinum nanoparticles [47,48]. To date, systematic studies have been
made to develop both homogeneous and heterogeneous iridium catalysts [49-54].

Table 2. Oxidation states of iridium with example [55]

Oxidation states Example
-3 [Ir(CO)s]*
-1 [Ir(CO)s3(PPh3)]
+0 [1Ir4(CO)12]
+1 [Ir(CO)CI(PPha)2]
+2 [IrCl2]
+3 [IrClz]
+4 [IrO2]
+5 [IraF20]
+6 [1rFs]
+7 [(n?-O2)IrO2]*
+8 [IrO4]
+9 [IrO4]*

Recent progress in the development of heterogeneous iridium catalyst is review as

follow:

a. Hydrogenation/ Dehydrogenation

Y. Cao and coauthor prepared bifunctional iridium catalyst supported on high
surface area anatase TiO2 with excellent performance for synthesizing DMF from CO-,
H», and NHMe:, under mild aqueous conditions [56]. The study shows that partially
reduced iridium oxide (Ir/IrOx) clusters are responsible for the reductive activation of

COz under an H> atmosphere.
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25 °C, 16h X
30 bar 30 bar Yield: 93.5%

H\+ Hy, +

- ~

One-step ligand-free method was applied to prepare ceria support iridium (Ir/CeO2)
catalysts for the catalytic carbon dioxide hydrogenation [57]. By changing the loading
amount of iridium, the valence state of Ir species can be finely tuned. Thus, the strong
metal-support interaction (SMSI) between iridium species and ceria support played a
crucial role in selectivity in CO; hydrogenation (Table 3). The effect of Ir loading
amount on the reaction selectivity was also reported by M. Luo et al. [58]. In the Ir/TiO2
catalyzed hydrogenation "of crotonaldehyde, both the activity (TOF) and selectivity to
crotyl alcohol increased as the Ir loading amount increased from 0.5 to 3 wt%, while

slightly decreasing with further increasing from 3 to 5 wt%.

Table 3. Catalytic performance of Ir/CeOz in CO; hydrogenation

Ir CO2 CHs4 CO Activity
Entry  Catalyst Conversion Selectivity Selectivity ~(molco, moly™t
(Wt %) S

(%) (%) (%) h™)
1 20 Ir/CeO,  19.7 8.8 88 12 8.7
2 15 Ir/CeO2 15 6.9 56 44 9
3 5 Ir/CeO2 5.9 6.8 trace >99 22.5
4  0.71r/CeO2 0.7 2.9 trace >99 81.1

Recently, M. Tamura and K. Tomishige developed a silica-supported nickel-
iridium catalyst for the efficient hydrogenation of olefins with high selectivity [59].
They prepared the catalyst by a simple sequential impregnation method of Ir and Ni

species followed by the reduction. The catalyst with the Ni/Ir molar ratio of 1 gave the
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desired products high yields over 99% in 2 hours reaction and is applicable in the

hydrogenation of various olefins.

N Ir-Ni/SiO5 (20 mg)
+ H2
(8 Mpa) CH30OH (30g),

303 K, 2h Yield: >99%

As discussed in the following section, K. Wada and co-workers developed a series
of titania-supported iridium catalysts to synthesize benzimidazoles and related

compounds via the dehydrogenative pathways [42,60].
b. Hydrogen auto-transfer (Borrowing Hydrogen)

D. Wang and co-workers developed a novel benzothiazole-doped porous organic
polymers (POP) supported iridium catalysts with high catalytic activity for borrowing
hydrogen and dehydrogenation reactions in water with good recovery performance [61].
The authors show that the present catalyst is superior to the previously reported catalyst
in ten reactions, including alcohol, amine, amide, ketone, and biguanides. The catalyst
exhibits a high surface area, hierarchical porosity, and thermodynamic stability.

Meanwhile, the author D. Wang and co-workers developed silica-supported
iridium catalyst BPS-Ir@SiO» using benzotriazole-pyridinyl-silane (BPS) ligand [62].
The obtained catalyst exhibited high activity in the borrowing hydrogen reaction of tert-
butanesulfinamide with various benzyl alcohols. The catalyst could be run at least six
cycles without significant loss of activity.

0 0

§\ OH BPS-Ir@SiO; (20mg) 38
NHz + °N
NaOH, tolune, H

120°C, 24h

Yield: 94%
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Again, titania-supported iridium catalysts for the synthesis of benzimidazoles via

the hydrogen auto-transfer have been developed by K. Wada and co-workers [41,43].
C. Functionalization of C—H Bonds (Borylation)

Y. Zhu and co-workers developed a kind of well-dispersed iridium(0)
nanoparticles by reduction of the precursor hydridoiridium carborane, (Ph3P):Ir(H)-
(7,8-nido-C2BoH11). They stabilized the iridium(0) nanoparticles with the ionic liquid,
trihexyltetradecylphosphonium methyl sulfonate, [THTdP][MS] [63]. This catalytic
system was effective for aryl-borylation of unsubstituted and monosubstituted benzenes
with pinacolborane to form boric acids. A high yield of 91% was achieved in a
microwave reactor. The catalyst could be reused at least six times with activity loss of

less than 0.5%.

1) solid Nano-Ir(0) cat.
(0.6 mol%)
R A -~ B(OH),
TPy, IL, CgHg, CHoCl, R

2) HCI (aq)

Since then, a serial of heterogeneous iridium catalysts was developed for the
borylation. A. Nishida developed a heterogeneous iridium catalyst with [2,2 ' -
bipyridine]-4,4 ' -dicarboxylic acid for the C-H borylation of arenes with
bis(pinacolato)diboron (B2pinz) [64,65]. The catalyst shows superior performance for
the functionalization of disubstituted aromatics, both in terms of yield (83-95%) and
good selectivity. Further study suggests that the catalyst worked heterogeneously and

can be reused more than ten times. M. Sawamura and coworkers developed silica-
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supported iridium catalysts for the borylation of aromatic C—H bonds with B;pin;. This
present catalyst was effective for the activation of unactivated C(sp3)-H bonds in 2-

alkylpyridines to form primary and secondary alkylboronates [66,67].

d. Fuel cell reaction

In 1987, iridium was firstly reported to be effective as an electrode for the
electrooxidation of methanol in HoSO4 and HCIO4 solutions [68]. It shows higher
activity than platinum at low positive potential regions.

H. Zhang and coauthor reported a new preparation method of high active iridium
catalysts for fuel cells and water electrolyzers [46]. They use a quite small but suitable
amount of Nafion to control the particle size of iridium species. The obtained catalyst
shows higher activity in both oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER). After dialysis treatment, the catalyst can be used to prepare catalyst
layers (CLs) with high performance for fuel cells and water electrolyzers.

Recently, a series of Ir-based composite nanomaterials such as Ir/Ir-Sn/SnO- [69]
and Ir-Ru alloyed nanoparticles [70], carbon-supported bimetallic Pd-Ir [71] for the
ethanol oxidation reaction. There are reports on the carbon-supported Ir—Rh
nanoparticles for ammonia oxidation and corresponding fuel cell system [72] and the
supported PtSnlr/C and IrSn/C catalysts [73]. Note that in the early stage, there are
several reports of Ir electrocatalyst using the mixture of Pt black and Ir black [74] and

Pt-Ir binary alloy [75,76] for the ammonia oxidation.
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e. Reduction of NO

NO is one of the most significant automobile exhaust pollutions. The reduction of
NO is of great significance. P. Gélin and coauthor developed supported Ir catalysts to
enable selective catalytic reduction (SCR) of NO into N2 by propene under lean-burn
conditions [77]. W. Chen and coauthor compared the activity of planar Ir(210) and

faceted Ir(210) for reported their study of NO reduction with CoH> [78].

1.3 Synthesis of nitrogen-containing chemicals

Nitrogen-containing compounds are widely found in nature, which are important
components of natural products and bioactive molecules [79-81]. The first synthetic
organic compound in the history of chemistry was urea containing nitrogen [82]. The
U.S. Food and Drug Administration (FDA) approved drugs show that 59 % of unique
small-molecule drugs contain a nitrogen heterocycle [83]. Nitrogen-containing
compounds such as amines, amides, nitrogen-containing heterocyclic, and derivatives
are key building blocks in the current chemical industry as chemical raw materials and
drug intermediates [84]. Therefore, establishing efficient catalytic systems to achieve
clean conversion and synthesis of nitrogenous chemicals is of great significance for

efficient resource utilization and green chemistry [85,86].
1.3.1 Synthesis of amines

Ammonia is one of the most produced chemicals in the world [87]. The use of
ammonia for the synthesis of amines is of great significance [88]. Amines are often
produced by the reaction of ammonia with alkyl halides [89-93]. However, these

reactions produce waste materials such as halide salt harmful to human health and the
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environment. Recently, alcohols as substrates have attracted extensive attention
because of their advantages of readily available, easy handling, and environmentally
benign features [94]. The N-alkylation reaction of ammonia by alcohols is often
considered a hydrogen auto-transfer (borrowing hydrogen) reaction (Scheme 1). The
process shows high atom efficiency and theoretically produces only water as a
byproduct, which meets the requirements of green chemistry [95]. However, its
disadvantage is still needing hash conditions. Often the reaction requires a significant
energy input, additives, high pressure of the reductive gases, and so on [96,97].
However, with the development of catalysis technology, several effective catalysis
systems for the N-alkylation of alcohols and ammonia have been reported in recent
decades. The reaction conditions are milder with improved yields.

-

jD\ “NR3
R" "R2 R!"OR2
\ [M] ‘
[M]—
ﬁ\ H,NR3 NR3

R2 \‘ R'IJJ\RZ

H,0

R1

Scheme 1. Mechanism for the N-alkylation of ammonia and alcohol

Homogeneous catalyst system

Ir catalysis system
In 2007, E. M. Carreira and coauthors reported the first direct iridium-catalyzed
synthesis of primary allylic amines from allylic alcohols and sulfamic acid [98]. This

system uses commercially available iridium complex [Ir(cod)Cl], with a
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phosphoramidite-based bidentate phosphorus—olefin ligand. The sulfamic acid is an

ammonia equivalent and an in-situ activator of hydroxy groups.

free alcohol [Ir(cod)Cl], free amine
OH + - (1.5 mol%)

DMF, 50°C, 3h
R)\/ + H3N—SOj3 >
O 5 [ (3 mol)
P-N ] up to 82% yield,

o Q only regioisomer

+
NH, HSO,
=

K. Fujita and R. Yamaguchi developed a water-soluble and air-stable iridium
catalyst [Cp*Ir(NH3)3][1]2 for multialkylation of aqueous ammonia with a variety of
primary and secondary alcohols. The present reaction converts aqueous ammonia
selectively to the corresponding tertiary and secondary amines, respectively [99]. The
catalyst could be recycled by a facile procedure and maintained high activity for at least
three cycles. Recently, K. Fujita and co-workers reported water-soluble iridium
catalysts, dicationic complexes of iridium bearing N-heterocyclic carbene and diamine
ligands. These complexes show high catalytic activity for N-monoalkylation of aqueous
ammonia with various alcohols to give the corresponding primary amines [100].

Pt catalysis system

T. Ohshima and K. Mashima demonstrated the first sample of direct catalytic
amination of various allylic alcohols with aqueous ammonia by using Pt/DPEphos
catalyst system without the prior activation of the allylic alcohol [101]. Meanwhile,
these authors also developed Pt-Xantphos and Pt-DPEphos catalysts for the direct
alkylation of ammonia and various amines by aryl- or alkyl-substituted allylic alcohols
[102].
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Ru catalysis system

D. Milstein and coauthor discovered an air-stable Ru pincer complex [RuHCI(A-
iPr-PNP)(CO)] for N-monoalkylation of ammonia with alcohols to primary amines
[103]. The treatment of [RuHCI(PPh3)3(CO)] with a new electron-rich tridentate PNP
ligand gave the catalysts. The catalytic reactions proceed in toluene or even in the
absence of solvent or “on water”. Based on the methodology discussed above, the
authors developed a series of relevant Ru homogeneous catalysts to synthesize amines
from alcohols and ammonia [104—106].

Based on Milstein’s report, P. Hofmann and coauthor synthesized the new Ru
complex with from (PPh3)sRu(H)(CI)(CO) and 4,5-bis(dicyclohexylphosphinomethyl)-

acridine (Figure 3) [107].

Figure 3. Ru complex developed by (A) D. Milstein and (B) P. Hofmann

D. Vogt and coauthor disclosed a homogeneous ruthenium catalysis system of
[Ru3(CO)12] combined with the pyrrole phosphine ligand (discovered by M. Beller
[108,109], see below). This catalyst could directly synthesize primary amines from
secondary alcohols and ammonia without protecting groups [110]. This protocol is well
applicable for cyclic and acyclic aliphatic substrates, as well as unsaturated and aryl-

substituted alcohols.
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Scheme 2. Ru catalysis system reported by (a) M. Beller and (b) D. Vogt.

Interestingly, at the same time, M. Beller, who developed the pyrrole phosphine
ligand described above, also reported the same Ru homogeneous system (Scheme 2)
[111]. They wused [Ru3(CO)i2] as a homogeneous catalyst combined with
CataCXiumPCy (the pyrrole phosphine) ligand to achieve the amination of secondary
alcohols to give primary amines in an ammonia atmosphere without hydrogen sources.
Soon after that, the authors developed [Ru(CO)CIH(PPh3)s3] /Xantphos catalyst system
for the first time. This catalyzed the amination of primary and secondary diols with
ammonia to give the corresponding diamines. The catalyst is also applicable for the
efficient synthesis of primary amines from primary and secondary alcohols bearing
hydroxy-substituted esters [112]. Similarlyy, a commercially available
[Ru3(CO)12]/DCPE catalyst system for the catalytic amination of a-hydroxy amides

with ammonia and various amines was developed by the same authors [113].

Heterogeneous catalyst system

Ir catalysis system

Y. Uozumi and Y. M. A. Yamada reported a boron-iridium heterobimetallic
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polymeric catalyst for the in-water dehydrative alkylation of ammonia and amines with
alcohols [114]. The catalyst acted as a heterogeneous active catalyst, which could be
reused at least twice with stable activity. The reactions in the presence of the catalyst (1
mol% Ir) gave the corresponding alkylated amines in high yields at 100 °C without
organic solvents under aerobic and aqueous conditions [115].

Ru catalysis system

The synthesis of tertiary and secondary amines from various primary and
secondary alcohols with urea catalyzed by the titania-supported ruthenium hydroxide
catalyst Ru(OH)/TiO> was reported by N. Mizuno and co-workers [116]. Further
experiments and characterization evidenced that the catalysts act heterogeneously and
could be reused without significant activity loss. Soon after, the authors reported the
details of the N-alkylation reaction and expanded the nitrogen sources to ammonia and
its surrogates, such as inorganic salt and organic amines [117]. The catalyst shows high
activity in synthesizing various symmetrically and unsymmetrically substituted amines
and oxidative synthesis of nitriles in air.

D. Y. Murzin and coauthors compared carbon-supported ruthenium, palladium,
platinum, iridium, and osmium catalysts for the amination of dodecanol with ammonia
to dodecyl amine [118]. The results revealed that Ru/C and Pd/C catalyst showed the
highest activity in the present reaction, and the presence of hydrogen in the system
benefited the conversion and selectivity.

M. Rose and co-workers investigated the amination of biogenic diol isomannide
with ammonia in aqueous solutions by the Ru/C catalyst [119]. They examined the
effect of various supports and dopant metals on Ru catalysts as well. They optimized
the reaction conditions for various other primary and secondary alcohols and evidenced
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that water is a suitable solvent for the sustainable production of biogenic amines.

A zeolite-supported Ru catalyst, Ru/HBEA, was developed by L. Fang and M.
Pera-Titus to synthesize primary amines from long-chain fatty alcohols and ammonia
[120]. The support strongly affects the activity of the catalyst. With Ru catalyst (5 wt%)
supported on HBEA of Si/Al = 25, the reaction at 180 °C in a batch reactor gave the
desired product with selectivity over 90 % at the conversion over 90 %.

Recently, S. Wang and N. Yan reported the crucial behavior of ammonia on the
surface of Ru/TiO, catalyst for the amination of alcohol [121]. The DRIFT study
showed the formation of NHx species on Ru/TiO> nanoparticles. These NHx species
were found to interact with adsorbed alcohol to promote the activity of the catalyst in
the dehydrogenation of alcohol, the rate-determining step of the amination. Moreover,
the formed N species were moderately bound with Ru to inhibit further multialkylation.
Au catalysis system

J. A. Dumesic and coauthor used controlled surface reactions to prepare bimetallic
Au-Pd/TiO; catalyst for the amination of 1-hexanol with ammonia [122] The bimetallic
Au and Pd supported on titania exhibited a remarkable synergetic effect. As the Pd/Au
atomic ratio increased from 0 to 0.06, the conversion rate of hexanol increased from 8.7
pmol ks™! (umol total Pd)™! to 42 umol ks™! (umol total Pd) .

Titania-supported gold catalyst realized the selective synthesis of tertiary or
secondary amines via amination of stoichiometric alcohols [123]. Urea was used as an
alternative N source to ammonia because urea is more advantageous for safe storage,
handling, and transportation. The highlight of this catalytic system is that an excellent
yield 0of 93% was achieved in 100 times scale-up reaction under solvent-free conditions,
with a very small amount of Au/TiO> catalyst (0.03 mol% Au).
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Pt catalyst system

Pt/NiCuAlOx catalyst was developed for the direct amino cyclization of 2,5-
tetrahydrofurandimethanol (THFDM) with ammonia. The product, 8-oxa-3-
azabicyclo[3.2.1] octane, is a valuable building block for synthesizing bioactive
molecules [124].
Rh-In catalysis system

Y. Nakagawa and K. Tomishige reported the role of indium in the Rh-In catalyst
supported on activated carbon FAC-10 for the in-water amination of various C3
alcohols such as 1,2-propanediol with ammonia [125]. Indium effectively promoted the
activity of Rh for the dehydrogenation of alcohol, which is the rate-determining step of
amination.
Co catalysis system

A.Y. Khodakov and V. V. Ordomsky revealed the promotional effect of deposited
carbon on the selectivity of alumina-supported cobalt catalyst for the amination of
alcohols to primary amines [126]. Usually, the deposited carbon on the catalyst surface
hampers the catalyst performance. However, in the present case, the authors employed
the carbon deposition procedure to pretreat the Co/y-AlbO3 catalyst to increase the
selectivity for primary amines from 30-50 to 80-90%. The steric hindrance by the
deposited carbon on the cobalt nanoparticles was considered to suppress the further
reaction of primary amines.
Ni catalysis system

K. Shimizu and co-workers developed the non-noble metal heterogeneous catalyst,
namely the alumina-supported nickel nanoparticles, to synthesize primary amines from
alcohols and ammonia without additional hydrogen sources under relatively mild
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conditions [127]. The catalyst showed a higher activity on turnover numbers (TON)
than Ru-based homogeneous catalysts ever reported at that time and was applicable for
various aliphatic alcohols. The study revealed that the metallic Ni0 species are account
for the high activity, and the presence of both acidic and basic sites on the alumina
support surfaces is also an essential factor. In the following study, the author employed
another support calcium silicate to prepare a nickel-based catalyst Ni/CaSiO3 by ion-
exchange method [128]. Various aliphatic alcohols can be catalytically converted to
corresponding primary amines with high TON by using this catalyst.

Unprecedented activity and selectivity to primary amine in the direct amination of
aliphatic alcohols with ammonia were reported for the nickel catalysts on cerium-
aluminum mixed oxides with low loading levels [129]. These catalysts achieved 80%
n-octanol conversion with 78% selectivity to n-octylamine, far better than the catalysts
with high Ni loading. The presence of ceria promoted the formation of highly reducible
nickel species with very small particle sizes (2-3 nm).

K. Hellgardt and K. K. “Mimi” Hii developed a continuous flow catalysis system
for the highly selective synthesis of primary amines from alcohols and ammonia by
using commercially-available nickel catalyst (65 wt % Ni-Al,03/S102) [130]. The
accumulation of water and produced amine in the reactor could hamper the activity of
the catalyst. Therefore, the continuous supply of anhydrous NHj3 in the flow system
dramatically promoted the production of desired primary amines.

A commercial Raney Ni catalyst could be used for the efficient N-alkylation of
ammonia by a variety of benzylic alcohols and bio-based, aliphatic alcohols, and

aromatic diols. The reactions selectively produced primary benzylamines [131]. The
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author reported efficient amination of vanillyl alcohol with ammonia to phenolic
primary vanillyl amine.

Nanoceria-supported bimetallic Pd—Ni catalysts with low metal loadings (0.5 wt%
Ni and 0.5 wt% Pd) showed excellent activity for the synthesis of diamines from
aliphatic alcohols and ammonia [132]. One could control the activity and selectivity by
adjusting the preparation method and the composition of the catalyst and by tuning the
interaction between Pd, Ni, and nanoceria.
Cu catalyst system

N. Mizuno’s group reported the effectiveness of the Cu(OH)x/Al,O3 catalyst for
the N-alkylation of ammonia (generated ins situ from urea or aqueous ammonia) to
secondary amines [133]. The reactions of urea and aqueous ammonia with benzyl
alcohol for 12 h at 135 °C gave the desired dibenzyl amine in 85% and 80% yields,
respectively. The present catalysts also enabled the reaction of primary amines with

primary alcohols to secondary amines

1.3.2 Synthesis of benzimidazoles

Benzimidazole is a heterocyclic aromatic organic compound and is particularly
important in pharmaceutical chemistry [134,135]. Numbers of methods have been
applied for the synthesis of benzimidazole derivatives so far [136-139], including
reactions of 1,2-phenylenediamines with carboxylic acids, its derivatives [140], or
aldehydes [141]. In contrast, there are serious problems such as the co-production of
toxic wastes and low atom efficiencies. Methods using transition metal-catalyzed
reactions such as carbonylation of 1,2-phenylenediamine followed by cyclodehydration

[142], and intramolecular N-arylation reaction of (o-bromophenyl)-amidines were also
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reported [143]. Among these methods, the use of primary alcohols and derivatives of
1,2-phenylenediamine or 2-nitroaniline via dehydrogenation or hydrogen transfer are
more straightforward and environmentally benign routes because of their green output

and high atom efficiency (see above discussions).

Dehydrogenation route

Kondo and co-workers reported a successful example catalyzed by a ruthenium
phosphine complex, namely RuCl2(PPhs)s [144]. However, this process required harsh
conditions, such as a high reaction temperature of 200 °C. Afterward, the reaction
catalyzed by Ru(PPhz)3(CO)H2 in combination with a Xantphos ligand was reported to
proceed in refluxing toluene smoothly. Still, an excess amount of crotononitrile was
required as a hydrogen acceptor [145]. Acceptor-less reactions were reported to be
realized in the presence of an iridium complex stabilized by a tridentate PAN”P ligand
together with a stoichiometric amount of strong base [146]. Recently, Milstein and co-
workers reported cobalt-catalyzed acceptor-less reactions operated at 150 °C [147].
However, homogeneous catalysts have several inherent disadvantages in developing
environmentally benign processes, such as the difficulty of recovering and recycling
the catalysts after the reaction.

The use of solid catalysts, especially supported metal catalysts, can overcome
these problems. Therefore, much attention has been focused on synthetic processes
with supported metal catalysts [148-153]. In this context, several supported
transition metal catalysts have been developed so far to synthesize benzimidazoles.
The oxidative synthesis of 2-phenylbenzimidazole was achieved at 80 °C via tandem

reactions of the oxidation of benzyl alcohol, double condensation with
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phenylenediamine, and amine oxidation in the presence of a ruthenium hydroxide
catalyst supported on anatase (JRC-TIO-1, supplied from the Catalysis Society of
Japan) [154] (Scheme 3(a)). The synthesis of benzimidazoles by simultaneous
photocatalytic oxidation of alcohol and catalytic dehydrogenation of the
intermediates on Pt-modified titania nanoparticles (JRC-TIO-4, equivalent to
Degussa P25) has been demonstrated at room temperature under UV irradiation (A
> 300 nm) [155] (Scheme 3(b)). Various primary alcohols including ethanol and

benzyl alcohol were applicable and the desired products were selectively produced.

i) Ru(OH),/JRC-TIO-1 (Ru: 1 mol%),

in toluene, O, (1 atm),
@ ©/\OH . NH, 80 °C, 90 min @EN@
ii) 1,4-dioxane, air, N
H

NH; 80 °C, 60 min

90%
NH hv (4> 300 nm)
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Scheme 3. Examples of the synthesis of benzimidazoles by supported transition

metal catalysts.

Remarkably, Shimizu and co-workers have compared the activity of various
supported transition metal catalysts for the dehydrogenative synthesis of 2-substituted
benzothiazoles and benzimidazoles directly from primary alcohols in refluxing
mesitylene without acceptors and additives. They reported the excellent activity of

Pt/TiO2(JRC-TIO-4) catalyst [156] (Scheme 3(c)): Ir/TiO2 was also effective under
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these conditions. However, the effects of kinds of titania supports were not well
investigated in these reports.

Following these reports, successful examples using solid catalysts, such as
C0304@AI,03/SiO2 in the air or Oz [157], Pd/Cu-MOF with a base [158], Ru/N-doped
carbon with KOH [159], Mg-modified Cu-Pd/y-Al,O3 [160], and polystyrene supported
rhodium with a base [161], were reported. A review by Shimizu et al. [162] summarizes
recent progress.

Our lab is focusing our efforts on developing supported transition-metal catalysts
that realize the acceptor-less dehydrogenative (see sectionl.2.2a). As discussed above,
iridium owns variable valence in both oxidation and reduction states. On account of the
well-known SMSI effect, iridium interacts strongly with titania support in the reduction
atmosphere, thus promoting the formation of small and stable particles with a large
surface area and surface energy. The thus-formed small particles would provide more
active sites and exhibit physics and catalytic properties that are potentially favorable
for the catalytic process.

As shown in Figure 4, the comparison of the activity of the supported catalysts
revealed the dominance of iridium catalysts to Pd, Rh, and Ru ones at 120 °C. As a
support for the iridium catalyst, titania (JRC-TIO-4) was the most excellent [60]. Table
2 further proved that titania used as support significantly affects the low-temperature
activity of the iridium catalyst. While the catalysts supported on anatase showed
moderate to poor activity at 100 °C, the reaction in the presence of rutile-supported
catalysts smoothly proceeded to give the desired product in high yields. In the
dehydrogenative conversion of 2-(2-aminophenyl)ethanol to indole, a similar trend of
dependency on titania was also observed.
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Figure 4. Effects of metallic species and supports on the synthesis of 2-phenyl

benzimidazole at 120 °C, 18 h [60].

Table 4. Effects of JRC titania supports?

Yield of 3aa at Yield of 3aa at

Butry  TiO2 support” 120°C 181 (%) 100 °C 18 h (%)
1 JRC-TIO-4 (A+R) 96 24
2 JRC-TIO-6 (R) 96 >9
3 JRC-TIO-7 (A) 29 17
4 JRC-TIO-8 (A) 53 19
5 JRC-TIO-9 (A) 59 27

Reaction conditions are shown in eq.1. °(A): Anatase-rich and (R) rutile-rich titanias.

In the reaction at a higher substrate-to-catalyst ratio (S/C = 1,000), a high turnover
number (TON) over 800 was achieved. This titania-supported iridium catalyst was

applicable to the reactions of various primary alcohols and derivatives of 1,2-

30



phenylenediamine as shown in Table 5. Not only benzylic alcohols but simple aliphatic
alcohols could be used also. Further characterization of CO uptake and XPS study
suggest the formation of well-reduced iridium species on rutile would be one reason for

the predominant catalytic activity (Figure 5).

Table 5 Scope of substrates catalyzed by Ir(2.0 wt%)/JRC-T10-4?

N N N
H MeO H H
3ba 3ca 3ab

>99% 7% 87%
N N N—= N
N e N A
Cy-Oroe LD (0
3ac 3ad 3ae
>99% 54% (150 °C)  99% (150 °C)
N N
G, (L pronckon
3af 3ag
> 99% (150 °C) 99%

4Reaction conditions are shown in eq.1.
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Figure 5. Relationship between CO uptake (mol/Ir-mol) by the catalysts and the yield
of 3aa at 100 °C. *Prepared without calcination. **Prepared using [(COD)IrCl]2 as an

iridium source.
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Hydrogen transfer route

The hydrogen transfer (borrowing hydrogen) reaction is another convenient and
sustainable approach for synthesizing benzimidazoles.

Several homogeneous base metal catalysts were reported, but they often required
the presence of excess bases. Using a commercially available cheap cobalt catalyst such
as Co(acac)> was reported to produce a wide variety of 2-substituted benzimidazoles by
hydrogen auto transfer route. However, a stoichiometric amount of a strong base was
required [163].

An iron catalysis system for one-pot synthesis of benzimidazoles from 2-
nitroanilines and alcohols via hydrogen transfer root was reported by H. Huang and co-
workers [164]. By screening various iron salt, dppf [1,1’-bis(diphenylphosphino)-
ferrocene] showed the best activity in toluene solvent. The catalytic reaction gave the
products moderate to good yields with various 2-nitroanilines and substituted benzylic
alcohols under the optimized conditions. The reaction pathway was proposed via a
cascade of alcohol oxidation, nitro reduction, condensation, and dehydrogenation.

The the Kndlker complex, an iron complex, showed excellent performance for the
selective reduction of nitroarenes with various alcohols [165]. This system delivered an
excellent functional group tolerance to various nitroarenes and aza heterocyclic
derivatives. It produced imines, quinoxalines, and benzimidazoles in moderate to good
yields in the presence of MesNO, whereas it needed the addition of an excess amount
of base.

The activity of homogeneous palladium catalysts to synthesize 2-substituted

benzimidazoles via a hydrogen-transfer strategy was reported [166]. In this study,
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Pd(dppf)Cl> [1,1’-Bis(diphenylphosphino)ferrocene] dichloro-palladium(Il) showed
the highest activity. The catalysis system showed good tolerance to functional groups.
Various 2-substituted benzimidazoles reacted to give corresponding 2-substituted
benzimidazoles with moderate to high yields.

On the other hand, a few of heterogeneous catalysis system for the hydrogen
transfer synthesis of benzimidazoles have been reported due to their high reusability.

The titania-supported gold catalyst selectively synthesized benzimidazoles from
cheap and readily available nitro compounds and alcohols via hydrogen-transfer
processes [167]. The catalyst exhibited high activity and selectivity was easy to be
reused. Moreover, the catalysis system showed good tolerance to air and water with a
broad substrate scope without additional additives, oxidants, and reductants.

Efficient carbon-supported palladium catalysts were also developed to synthesize
benzimidazoles from the low-cost substrate via a hydrogen-transfer pathway [168]. The
reaction could be carried out with a variety of N-substituted 2-nitroanilines smoothly
to give the corresponding benzimidazoles with good to excellent yields under mild
conditions. The Pd/C catalyst could be recovered easily and reused six times with a
stable high activity.

Previous works in our lab [41,43] revealed that titania-supported iridium catalysts
enable the synthesis of benzimidazoles from 2-nitroaniline and primary alcohols under
mild conditions via the hydrogen transfer route. Different from the case of the
dehydrogenative reactions (see the previous section), the iridium catalysts supported on
anatase JRC-TIO-7 with a large surface showed the highest activity. Further study
revealed there is a positive correlation between BET surface area and the activity of
iridium catalysts. Moreover, {010}/{101}-faceted anatase (PA-135-3.5) showed
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excellent performance as support in spite of its moderate surface areas. As expected,
TEM analysis sustained the formation of small iridium nanoparticles on titania supports,

which would be one reason for the excellent catalytic activity.

1.3.3 Synthesis of benzoxazoles

Benzoxazoles are five-membered heterocycles in the benzazole family. They are
important aromatic heterocyclic nitrogen-containing compounds and are widely found
in natural products. Because of various biological activities, benzoxazoles have become
important intermediates in pharmaceutical and chemical industries [169,170], and their
synthesis routes have been studied extensively [171,172]. The most common routes are
reactions of 2-aminophenols condensation with carboxylic acid derivatives [173],
oxidation with aldehydes [174] [175], or oxidative coupling with amine [176]. On the
other hand, the conversion of 2-nitrophenol and alcohols into benzazoles via a hydrogen
transfer pathway has been reported in the presence of homogeneous iridium complex
catalysts, namely [Cp*Irl.]2 [145].

Subsequently, the dehydrogenative synthesis of benzothiazoles by heterogeneous
Pt/Al,O3 catalysts was reported [156]. However, very few examples of effective
heterogeneous catalysis through the acceptor-less dehydrogenative synthesis of
benzoxazoles are known. Solid-immobilized ruthenium complex catalysts have been
developed to synthesize benzoxazoles from primary alcohols and 2-aminophenol via
the acceptor-less dehydrogenation [177]. The phosphine-functionalized magnetic

nanoparticles (PFMNPs; Fes0s@SiO.@PPh2) were combined with the ruthenium
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carbonyl chloride complex Ru2Cl4(CO)s. The obtained catalysts could be reused at least
five times without a significant loss of activity.

A heterogeneous catalyst PAOMS, composed of palladium oxide nanoparticles
intercalated mesoporous silica, showed promising activity in the acceptor-less
dehydrogenative synthesis of benzoxazoles and benzimidazoles [178]. The PAOMS
catalyst successfully enabled the formation of 2-substituted benzoxazole or
benzimidazole with high yields (72-95%). The characterization revealed the formation
of well-dispersed palladium oxide nanoparticles at the walls of mesoporous silica, and

the catalyst could be reused at least five times.

1.4 Supports in the heterogeneous catalysis
1.4.1 Overview of Supports for heterogeneous catalyst

IUPAC defines “support of a catalyst” as “in multiphase catalysts, the active
catalytic material is often present as the minor component dispersed upon a support
sometimes called a carrier. The support may be catalytically inert but it may contribute
to the overall catalytic activity” [30][179]. The catalyst support is the support body,
dispersant, and binder of the active component of catalyst, which may have a catalytic
activity sometimes or interact with the active component. The support plays a crucial
role for the catalyst since it can promote the stability of the catalyst, reduce the use of
noble metal species, thus improve the economy of the catalyst [180] [181]. The special
features of support such as porosity, large surface area, tunable morphology promote
dispersion of metal particles and inhibit the aggregation of active metal particles,
thereby enhancing the activity of catalyst [182] [183]. According to the properties of

materials, the catalyst support can be categorized into four groups.
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1. Metal oxide

Metal oxides are widely applied as catalysts in various industrial processes such
as refining and petrochemical processes [184]. Meanwhile, metal oxides may also be
used simply as support of the catalysts [185]. In general, there are two types of metal
oxides, non-reducible oxides and reducible oxides. The functionality of the latter oxides
is based on the removability of oxygen atoms from the structure to form oxygen-
deficient structures [186]. The properties of these two groups of oxides are intrinsically
different.

The oxidation states of non-reducible oxides do not easily change. They possess
wide band gaps and show low reactivity. Therefore, they play the role of inert support
in catalysis [187]. The typical examples are Al,O3 (8.7¢V), SiO2 (10 eV), MgO (7.8
eV), and ZrO2 (5.0 eV) (numbers in the parentheses show typical bandgaps). With
decreasing the size to nanoscale, the oxides remarkably changes their morphology and
exposes steps, kinks, and corners. Thus the electronic structure of oxide changes
drastically due to electronic confinement effects within oxide nanoparticle [188].

Reducible oxides mainly include transition metal and rare earth elements (TiO-,
NiO, W03, CeOz, and so on), which can readily accept electronic charges from donors.
Therefore, these oxides easily adopt various oxidation states and show rich redox
chemistry [189]. The oxygen anions of reducible metal oxides consequently show some
oxidizing power [32]. In addition, the enhanced ion conductivity enables the
encapsulation of metal clusters with oxide layers, the transport of active oxygen atoms

of oxide supports, and the diffusion of oxygen defects [190].
2. Organic polymer

The immobilization of homogeneous asymmetric catalysts on a polymer support
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is obviously advantageous. It enables the separation and the recovery of the catalysts
from the reaction mixture, while promoting the recovery and reuse of chiral components,
which are often the most expensive components in the system [191] [192].

a. Dendrimer support. Dendrimers are three-dimensional polymeric materials
consisting of the core, the branching groups, and the terminal groups, and were widely
used for stabilizing transition metals [193,194]. For example, the iridium catalysts
bearing BINAP-based ligands immobilized on the core of Frechet type dendrimers were
reported to show enhanced catalytic activity for the Ir-catalyzed asymmetric

hydrogenation of quinolones without compromising the enantioselectivity.

b. Macroporous polymers support. Diffusion limitation of the supported catalysts
can be reduced by using macroporous polymers with tunable porosity. For example,
macroporous polymer-supported chiral ruthenium(II)/ phenyloxazoline (Ru—PHEOX)
complexes showed a higher activity than the homogeneous catalysts in the
cyclopropanation of styrene with ethyl diazoacetate (EDA) [195].

€. Soluble polymer supports. Soluble polymers can minimize diffusion issues. By
using controlled polymerization, Soluble polymers can a facile control incorporate of
catalytic sites and easily adjust the nature of the polymer matrix and the catalyst loading.
For example, a soluble polymer containing BINAP subunits could be applied for the
Ru-catalyzed asymmetric hydrogenation synthesis of naproxen [196]

3. Carbon

Carbon-based materials include activated carbons and the nanostructured carbons
including fullerene, carbon nanotubes (CNTs) and nanofibers (CNFs), graphene and
mesoporous carbons. These materials are often used as support of the heterogeneous
catalysts due to their high availability, low cost, large surface areas, tunable porosity,

various surface functionalites [197], as well as other emarkable physical properties such
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as good electronic conductivity and good chemical inertness [198].
4. Metal-organic frameworks (MOF)

Recently, MOFs are rapidly recognized as one of the most attractive support
because of their distinctive properties such as high porosity, diverse composition,
tunable pore structure and versatile functionality [199]. The use of MOFs porous
materials effectively prevents particle nucleation and aggregation of the immobilized

metal nanoparticles even in the absence of surfactants [200].
1.4.2 Strong metal support interaction (SMSI)

In 1978, S. J. Tauster and coauthor discovered the strong metal support interaction
(SMSI) between titania support and incorporated group 8 noble metals [201]. The
reduction in hydrogen at high temperature drastically changed the catalytic
performance of titania-supported noble metal catalysts [202], which were caused by
electronic or geometrical interaction as well as charge transfer between metallic
nanoparticles and support [203—205]. During the high temperature reduction process,
the TiOx species migrate to the surface of the noble metal nanoparticles and covere
them to form capping layer that changes the performance of the catalyst [206-208].

Moreover, it also controls the growth of the metal nanoparticles [208].

Capping layer / H,

M N M MO
400 °C Ti0.  500°C

0O,

M= Ru, Rh, Pd, Os, Ir, Pt

Figure 5. Schematic illustration of SMSI
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1.4.3 Titania as catalyst support

Since SMSI was reported in 1978, TiO; attracted great interest and has been
intensively researched as catalyst support, a promoter, or additive to the catalysts [32].
The advantage of TiO» support is mainly due to its unique chemical and physical
properties, for example:

1. High chemical and thermal stability [209].

2. Resistance towards corrosion [210,211].

3. SMSI for stability, activity, and selectivity [212-214].

4. Proton conductivity [215].

5. Crystal facet effect [216,217].

6. Commercial availability and low cost.

1. Deoxygenation
Deoxygenation reactions involve decarboxylation, decarbonylation, hydrodeoxy-
genation, and hydrogenolysis as shown in Scheme 4. It is an important process in

organic synthesis and is utilized in biofuels production [218].

/\ COZ
R R
Decarboxylation o k Decarbonylation

e T N

2 H,0
Hydrogenolysis Hydrodeoxygenation

Scheme 4. Possible types of deoxygenation pathways
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So far, various titanium dioxide-supported metal catalysts have been developed
for deoxygenation reactions. For example, C. H. Ko and coauthor reported Ru-Fe/TiO:
catalyzed hydrodeoxygenation of anisole as a model of upgrading bio-oil [219]. X.
Wang and coauthor developed Pt/TiO» for the highly effective hydrodeoxygenation of
guaiacol [220]. The other titania-supported metal catalysts such as Cu-Ni/TiO> [221],
NiMo/TiO2 [222], AuRh/TiO> [223], Mo/TiO> [224] were also reported for the
deoxygenation reaction.

2. Hydrogenation

Titania is widely employed as support of the heterogeneous transition metal
catalysts for hydrogenation reactions. Most of the authors attribute the excellent support
of titania to the strong interaction of titania support with metal particles and yielding
highly dispersed nanoparticles. For example, C. Hardacre and coauthor developed
Pt/TiO; catalyst for the highly selective and efficient hydrogenation of carboxylic acids
to alcohols and alkanes [225]. The hydrogenation of stearic acid and cyclohexene
catalyzed by Pt/TiO> also have been reported [225,226]. Pd/TiO> is utilized for the
selective hydrogenation of acetylene in ethylene [227,228]. Ni/TiO; is reported for the
hydrogenation of benzaldehyde, acetophenone, ethanol, and so on [229,230]. Cu/TiO>
was utilized for the CO> hydrogenation to methanol [231].

3. Esterification and transesterification

Esterification and transesterification are important in the chemical and fuel
industries. J. J. Leahy and coauthor developed ZrO»/TiO> catalyst enhanced catalytic
activity for the esterification reaction between levulinic acid and ethanol [206]. C. H.
Christensen and coauthor employed Au/TiO> catalyst for the esterification of a primary
alcohol in hydroxymethylfurfural (HMF) [232]. Although the experiment results
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indicates support does not play a direct role in the reaction, titania supported catalyst
shows the highest activity. Furan-2,5-dimethylcarboxylate (FDMC) was formed
directly with an excellent yield of 98% at 130 °C. while the oxidation of HMF at room
temperature (22 °C) under an oxygen atmosphere give a 90% yield of 5-
hydroxymethylfuroate (HMMF). Au/TiO; offers an alternative to other oxidation
catalysts for esterification and transesterification[233].

4. Water—gas shift reaction

The water-gas shift reaction (WGSR) describes the reaction of carbon monoxide
and water vapor to form carbon dioxide and hydrogen. It is mainly used in the hydrogen
and ammonia synthesis industries. As the demand for clean fuels and hydrogen fuel
cells increases, the development of WGSR catalysts is one of the current research
interests. TiO2-supported noble metals have been sustained to be promising candidates
for the catalysts of the low-temperature WGS reaction for fuel cell applications
[231,234]. Various transition metals was employed for the titania supported catalyst
with high performance for WGSR such as Pt/TiO> [235], Ni@TiO2« [236], Au/TiO:
[237], Ru/TiOz [236], Pd/TiO2 [234], Rh/TiO2 [234].

5. Desulfurization (SOx) reaction

Desulfurization or desulphurization is an important process in oil refinery streams.
J. Ramirez and L. Cedefio investigated the effect of TiO> support on the Mo-Based
catalyst towards hydrodesulfurization of thiophene [236]. This study revealed that the
titanium species act as a promoter of the Mo phase due to the electronic properties of
the partially reduced and/or sulfided TiO; surface.

6. Other reactions

Titania is also applied as catalyst support for other important green chemical

41



reactions such as oxidation of NO by ozone [231], oxidation of HCI1 [231], reduction of

NO with NH3 [231], titania-supported cobalt Fischer—Tropsch reaction [231], etc.

1.5 Purposes of present study

As described above, the growing development of the chemical industry has
provided a material guarantee for the improvement of people’s living, but it has also
caused tremendous pollution to the environment. In this context, the development of
green chemistry has become an important way to solve this problem. Obviously, the
highly selective and efficient catalytic reaction is in line with the principle of green
chemistry.

Nitrogen-containing chemicals such as amines and nitrogen-containing
heterocyclic compounds are key building blocks in the current chemical industry as
chemical raw materials and drug intermediates. Over 59 % of unique small-molecule
drugs contain a nitrogen heterocycle [83]. Therefore, establishing efficient catalytic
systems to achieve clean conversion and synthesis of nitrogenous chemicals is of great
significance for efficient resource utilization and green chemistry.

The excellent catalytic performance of transition metals is mainly dependent on
their own characteristics. Iridium is one of the best candidates of transition metal
catalyst that has been intensively studied because of its unique properties. For example,
iridium can possess various oxidation states. It can form small and stable clusters on
various supports. And the thus formed particles with a large surface area and surface
energy expose more active sites and exhibits interesting physical and catalytic

properties. On the other hand, a reducible oxide such as titania has been disclosed to be
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a good catalyst support in many applications. The SMSI of titania strongly affect the
dispersion of noble metal particle on the titania support, the geometry of adsorption,
the electronic structures of composite, and significantly changes the -catalytic
performance.

In the present dissertation, we focus on developing titania-supported iridium
catalysts and their application in various potential reactions towards the synthesis of
nitrogen-containing chemicals from ammonia/amines with alcohols. In the previous
study, it has been evidenced titania supported iridium catalysts possess excellent
catalytic activity in the oxidation of alcohols [238,239]. Our lab successfully developed
rutile or anatase-supported iridium catalysts to efficiently convert o-phenylenediamine
or o-nitroaniline with alcohols to benzimidazoles via dehydrogenation or hydrogen
transfer route, respectively [41,42,60]. On the basis of these results, the application of
titania-supported iridium to relevant new catalytic reactions is highly expected.

In chapter II, we developed titania-supported iridium catalysts with a high loading
level for the synthesis of tertiary and secondary amines from aqueous ammonia and
various benzylic alcohols. The reaction conditions meet most requirements of green
chemistry principles. The developed heterogeneous catalysts were recyclable and
smoothly gave the desired products high yields at relatively low temperatures without
any additional solvents even in an air atmosphere.

In chapter III, we investigated the effect of phosphorus modification on titania
supports for iridium catalysts. We developed two series of phosphorus-modified titania:
phosphorus-doped rutile, which was obtained by hydrothermal method, and P-modified
anatase by the impregnation method. The results show the presence of phosphorus
greatly enhanced the activity of catalyst for the synthesis of benzimidazoles via
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hydrogen transfer.

Chapter IV expands the application of iridium catalysts supported on anatase in
the acceptor-less dehydrogenation synthesis of benzoxazoles. The catalytic activity was
greatly affected by the crystal structure of titania supports, iridium precursors, and the
loading of iridium species. We developed recyclable iridium catalysts supported on
anatase enabled the reaction of 2-aminophenol and with various primary alcohols to
give corresponding benzoxazoles in high to moderate yields.

In chapter V, the conclusions of the present study are summarized. The recyclable
titania-supported iridium catalysts are successfully applied in various reactions for the
synthesis of nitrogen-containing chemicals via the green route, which can give us the
desired products. Further study on the application of titania-supported iridium catalysts

is prospected.
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Chapter Il Rapid Multialkylation of Aqueous
Ammonia with Alcohols by Heterogeneous Iridium

Catalyst under Simple Conditions

2.1 Introduction

Ammonia is one of the chemicals products of the most output in the world with an
annual production of 144 million tons [1]. On account of its readily available and low
cost, ammonia has been intensively studied as a nitrogen source in the synthesis of high-
value chemical products [2—4]. However, most of the reactions require the use of
harmful and toxic alkyl halides as substrates [5-9]. It is noteworthy that with the rising
of “green & sustainable chemistry” [10,11], the catalytic synthesis of amine from
ammonia with alcohols has attracted significant attention due to its advantages of high
atom efficiency and environmentally benign features [4,12-14]. The N-alkylation
reaction possesses a high atomic utilization and does not produce toxic or wasteful by-
products (only H»O is outgrowth) [15-18]. Up to now, the intensive research interests
focus on developing homogeneous catalyzed systems for the synthesis of organic
amines using ammonia or its solution, and transition-metal homogeneous catalysis
systems utilizing Ru [19-24], Ir [25-27], have been the most advanced strategy [14].
For example, Fujita et al. reported a water-soluble iridium catalyst [Cp*Ir(NH3)z][I]2
for multialkylation of aqueous ammonia with primary and secondary alcohols, and
selectively convert to tertiary and secondary amines, respectively. The catalyst could
be recycled by a facile procedure maintaining high activity for at least 3 cycles [25].

Water-soluble iridium complex catalysts bearing N-heterocyclic carbene ligands that
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enable the selective N-monoalkylation of agueous ammonia with a variety of alcohols
were developed. Meanwhile, heterogeneous catalysts using Ir [28], Ni [29-34], Ru [35—
37], Au-Pd [38], and Rh-In [39] have newly emerged. Nevertheless, there are still some
restrictions in the catalytic reactions such as indispensability of organic solvent, high-
pressure atmosphere of hydrogen or ammonia, and high temperature. On the other hand,
during previous studies by us and other researchers, a series of titania-supported iridium
catalysts which showed excellent activity in the catalytic synthesis of nitrogen
heterocycles from amines or diamine with alcohols under mild conditions has been
developed [40-45].

In this chapter, it is reported that titania-supported iridium catalysts of high
efficiency for the multialkylation of aqueous ammonia with alcohols without any
additional solvent in the air or argon atmosphere. The TEM images reveal the highly
dispersed iridium species of less than 2 nm in diameter. Whereas there are many reports
for the heterogeneous catalytic synthesis of amines from ammonia with alcohols, the
development of the catalytic synthesis procedure without organic solvent and high-
pressure of Hz (or NHs) simultaneously at low temperature is highly desired. The
catalysis smoothly proceeded on larger scales. In marked contrast to the traditional
cognition, the desired product formed promptly within 6 h and gave a yield of over 99%

in argon or over 85% in air, respectively.

2.2 Experiment section
2.2.1 General information

Tris(acetylacetonate)iridium(IIl) (Ir(acac);, CisH210e¢lr), di-p-chlorobis[(n-
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cycloocta-1,5-diene) iridium(I)] ([Ir(cod)Cl]z, Ci6H24Cl2Ir2), IrO2, mesitylene, biphenyl,
benzyl alcohol, and ammonia solution were delivered from Wako. Methanol, 1-octanol,
and tetrahydrofuran (THF) were delivered from NACALAI. 4-methylbenzyl alcohol,
4-chlorobenzyl alcohol, and 4-fluorobenzyl alcohol, and 1-Phenylethanol were
delivered from TCI.

JRC (Japan Reference Catalyst) titania (further designated as TIO-4, 6, and10), silica
(Cabot, Cab-0O-Sil), alumina (JRC-ALO-7) and ceria were delivered by the Catalysis

Society of Japan. All reagents were used as received.

2.2.2 Preparation of supported iridium catalyst

The supported catalysts were prepared by an impregnation method. Ir precursor
(mainly [Ir(cod)Cl]2) was added in 10~15 mL of THF (or methanol for Ir(acac)s) under
magnetic stirring at 80 °C, then 1.0 g of titania was added in air. After stirring
thoroughly, the obtained powder sample was dried overnight in an oven at 80 °C. The
resulting powder was reduced in a Ha (2 vol.%)/Ar flow (40 cm® min') at 500 °C
(ramping rate; 10 °C/min) for 30 min by the use of a conventional flow reactor to give
I1/TiO; catalysts. After purged by N, the catalysts were passivated in Oz (2 vol.%)/N>

flow (40 cm® min!) at 50 °C for 5 min.
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Ir precursor in solvent TiO,

Impregnation method
[
Drying in air at 80 °C overnight

Reduction in 2%H, in Ar at 500 °C for 30 min

Passivation in 0.5% O, in N, at 50 °C for 5 min

|

Ir/TiO,

Scheme 1. Preparation procedure of titania-supported iridium catalysts.

2.2.3 General procedure for the catalytic runs

Catalytic reactions were performed in a glass Schlenk tube reactor (20 cm?)
equipped with hot stirrer and cooling block to reflux the solution. A typical reaction
procedure for the synthesis of desired product is as follows: the substrates and catalyst
were added into the Schlenk tube equipped with a balloon. The reaction mixture was
stirred at a desired temperature for 18 h under an air or argon atmosphere. Then the
solid catalyst was removed by passing the mixture through a polytetrafluoroethylene
(PTFE) filter (Millipore Millex LH, 0.45 um), and the yield of products were quantified
by a gas-liquid chromatography using biphenyl as an internal standard. The major
products were isolated by silica gel column chromatography (hexane:ethyl acetate =

97:3 to 85:15).

2.2.4 Physical and analytical measurements

The organic products of catalytic runs were analyzed by GC-MS (Shimadzu GC-
MS Parvum 2; Zebron ZB-1 capillary column, i.d. 0.25 mm, length 30 m, at 50-250 °C),
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'H and '3C NMR (JEOL JNM-ECA 600; tetramethylsilane (TMS) was used as an
internal standard) and gas-liquid chromatography (Shimadzu GC-14A; Zebron ZB-1
capillary column, i.d. 0.25 mm, length 30 m, at 50-250 °C). The structures of titania
and corresponding catalysts were investigated by using a powder X-ray diffractometer
(XRD-6100, Shimadzu, Japan) with Cu Ka (A= 0.15418 nm) radiation. The inductively
coupled plasma atomic emission spectroscopy (ICP/AES) was conducted on a Hitachi
High-Tech Science PS7800 (sequential type ICP optical emission spectrometer).
Transmission electron microscopy (TEM) observation was performed on a JEOL
Model JEM-3010 system at 300 kV, and the powder sample was supported on a Cu
microgrid. X-ray photoelectron spectroscopy (XPS) were collected utilizing an
ULVAC-PHI 5500MT system equipped with a hemispherical energy analyzer. Samples
were mounted on indium foil and then transferred to an XPS analysis chamber under
Ar. The spectra were measured at room temperature using Mg Ka radiation (1254 eV)
generated by an X-ray tube operating at 15 kV, 400 W. The electron take-off angle was
set at 45 deg. The residual gas pressure during data acquisition was less than 1 x107®
Torr (1 Torr; 133.3 N m2). The XP spectra of the Ir(6wt%)/TIO-6 catalyst and the
recovered Ir/TiO> catalysts were measured using ULVAC-PHI VersaProbe 5000 using
Al Ko radiation (1486.6 eV) generated at 15 kV, 25 W at less than 1 x10~’ Pa. Binding
energies were referenced to the C 1s level of residual graphitic carbon. Temperature-
programmed reduction of hydrogen (H2-TPR) was performed on a gas flow system,
where hydrogen (2 vol.% in Ar; atmospheric pressure of 40 mL/min) was fed in a quartz
tube containing the catalyst. The tube was heated in an electric furnace at a ramping
rate of 10 °C/min and the amount of H> consumed was monitored with a TC detector
on a Shimadzu 8AIT gas chromatograph. Temperature-programmed desorption of
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ammonia (NH3-TPR) was performed on a Micromeritics Auto Chem 2920 apparatus.
The sample (c.a. 100 mg) was pretreated for 1 h at 180 °C, and then cooled down to
40 °C to allow the adsorption of ammonia (10 % NH3 in He, 30 mL/min) for 1 h. The
desorption of NH3 was conducted from 40 to 400 °C at a ramp rate of 10 °C/min in a
helium flow (40 mL/min). In situ Fourier transform infrared (FTIR) spectra were
recorded using a JASCO FT/IR-4000 spectrometer with an in situ reactor. A total of 64
scans with a resolution of 4 cm™ were performed to acquire each spectrum. First the
powder samples were impregnate with benzyl alcohol and vacuum overnight to remove
the physisorbed benzyl alcohol. The sample was pressed on KBr powder in the reactor.
Before the measurements were initiated, the reactor was treated under dynamic vacuum
at 140 °C for 0.5 h to remove surface contaminants. Subsequently, diluted ammonia gas
(0.1 vol.% in He; atmospheric pressure of 20 mL/min) was fed into the reactor, and the

in situ FTIR spectra of the samples were collected.

2.3 Results and discussion

The effects of various catalysts were compared in the N-alkylation of aqueous
ammonia (28%) with benzyl alcohol (1a) to give tribenzylamine (2a) without additional
solvents (bath temp; 140 °C, 18 h, in atmospheric pressure of air). The results are shown
in Table 1. The titania-supported iridium catalysts are all effective in the reaction
(entries 1-3, 7). On the other hand, the iridium catalysts supported on other metal oxides
such as silica, alumina, and ceria are inactive, implying the critical effects of titania
supports for the present catalysis. The titanias of anatase and rutile phases were used
for the supports (Figure 1). The anatase-supported catalyst showed excellent activity

(entry 1), while the catalyst supported on rutile showed lower activity (entry 2). Our
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previous study reveals anatase-supported iridium catalysts show lower ability in CO
uptake than that of rutile due to their strong metal-support interaction (SMSI) between
iridium and anatase [41], suggesting SMSI significantly affects the present catalytic
system. The possible reason is that anatase supports with the higher surface area have
a higher concentration of lattice defects which facilities the formation of TiOx species
during reduction treatment [46]. When the precursor switch from [Ir(cod)Cl]. to
Ir(acac)s, the catalyst shows the good activity as well (entry 7). Whereas no formation
of 2a was observed using [Ir(cod)Cl]2 or Ir(acac)s as a homogeneous catalyst (entries 8
and 9). The reaction did not proceed in the presence of IrO,. Titania supports did not
show any catalytic activity for the reaction without iridium species regardless of the
crystal structure. Besides, the reaction of aqueous ammonia with 1a never occurred in

the absence of the catalyst.

Table 1. N-Alkylation of aqueous ammonia with benzyl alcohol by various catalysts. [,

Ph
NH; (aq) + HOPh —2v N
140 °C P \—ph
1a 2a
Entry Catalysts!®! Yield [%]
1 Ir/TIO-10 (A)4 71
2 Ir/TIO-6 (R) ¥ 26
3 Ir/TIO-4 (A/R) 4 60
4 Ir/SiO; trace
5 Ir/ALLO3 0
6 Ir/CeO2 0
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7 Ir/TIO-10 (A)l°! 66

8 [Tr(cod)Cl]o!7 0
9 Ir(acac);!f! 0
10 IrO2 0
11 TIO-10 (A) 0
12 TIO-6 (R) 0
13 TIO-4 (A/R) 0
14 No catalyst 0

[a] Reaction conditions: NHsz (0.5 mmol, 28% aqueous solution), 1a (2.5 mmol),
catalyst (3 mol% as Ir, 6 wt%, 50 mg), 140 °C, 18 h, in air. [b] JRC (Japan Reference
Catalyst) titania designated as TIO-x (x=4, 6, 10), (A): anatase, (R): rutile titanias,
(A/R): mixture of anatase and rutile, the catalysts were prepared using [Ir(cod)Cl]. as a
precursor. [c] Yields were based on the amount of nitrogen in NH3 and determined by
GC analyses. [d] The BET surface areas of TIO-4, 6, and 10 are 50, 100, and 100 m? g
! respectively. [e] The catalyst prepared using Ir(acac)s as a precursor. [f] [Ir(cod)Cl]2

and Ir(acac)s were used as homogeneous catalysts.
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Figure 1. XRD patterns of titania and corresponding iridium catalysts.

In the next step, the effects of various reaction conditions were examined for the
catalytic reaction in the presence of Ir/T10-10 catalyst (Table 2). Entries 1-3 show the
effect of the bath temperature on the catalytic reaction. The reaction carried out at 120
°C gave 2a in high yield, while the yield of 2a dramatically declined as the bath
temperature increase to 160 °C. This result could be attributed to the high temperature
accelerate the reflux of water which may impede the adsorption of ammonia onto the
catalytically active sites. To our surprise, the reaction more smoothly proceeded to a
90% vyield of 2a in the 4-fold catalytic reaction (entry 4). The catalysts with 1 and 4
wit% of metal loading levels show no real distinction in the yields at the same substrates
to catalyst ratio (3 mol% to N). Interestingly, the TEM images (Figure 2) reveal the
particle size of iridium species mainly distribute around 1 to 2 nm regardless of the
increasing loading level. This could be the reason for the similar activity for the catalyst

with different loading level. The addition of organic solvent did not contribute to the
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conversion of the desired product. The results shown in entries 8-11 testifies that the
addition of water rather impedes the conversion of the substrates. The activity of the
catalyst was further improved in an argon atmosphere as shown in entries 12-19. The
substrates can be totally converted to the desired product with 2 or 3 mol% of Ir catalyst

at 140 °C and an excellent yield can be achieved at lower temperatures of 120 °C and

100 °C.
Table 2 Optimization of the reaction conditions.?!.
Ph
NHy (aq) + HO ™ Ph — 010, /_N>
Ph “—Ph
1a 2a
Amount of Ir  Bath temp. Solvent Time
Entry Yield [%]™]
(mol%) [°C] [mL] [h]

1 3 120 / 18 66
2 3 140 / 18 71
3 3 160 / 18 38
4le] 3 140 / 18 90
sldi 3 140 / 18 71
6lcl 3 140 / 18 69
7 3 140 Mesitylene [0.5] 18 64
8 3 140 / 2 28
9 3 140 H>O [0.1] 2 18
10 3 140 H>0 [0.2] 2 24
11 3 140 H>O [0.5] 2 0
121f] 3 140 / 18 99
13f] 2 140 / 18 82
141 2 140 / 24 99
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151 1 140 / 18 72

1611 1 140 / 24 72
1710e] 3 140 / 24 (90)
18111 3 120 / 24 98
1911 3 100 / 24 78

[a] Reaction conditions: NHsz (0.5 mmol, 28% aqueous solution), 1a (2.5 mmol),
catalyst (3 mol% as Ir, 6 wt%, 50 mg), 140 °C, 18 h, in air. [b] Yields were based on
the amount of nitrogen in NH3z and determined by GC analyses. Isolated yields are
shown in the parenthesis. [c] 4-Fold reaction under the condition of NHz (2 mmol, 28%
aqueous solution), 1a (10 mmol), catalyst (3 mol% as Ir, 6 wt%, 200 mg). [d] Catalyst
(3 mol% as Ir, 4 wt%, 75 mg). [e] Catalyst (3 mol% as Ir, 1 wt%, 300 mg). [f] The
reaction was performed in argon. [g] NHs (1.5 mmol, 28% aqueous solution), 1a (7.5

mmol).
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Figure 2. TEM image and corresponding particle size distribution histograms of

[r/TIO-10 with (a) 1 wt% and (b) 6 wt% loading of iridium.
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The production of 2a was completely stopped by the hot filtration of the solid
catalyst using a PTFE filter (pore size 0.45 um) after the reaction was allowed for 1 h
(see Figure 3). The inductively coupled plasma atomic emission spectroscopy
(ICP/AES) analysis shows that the presence of iridium in pure water and the filtrate (50
cm?®) were 0.087 and 0.110 ppm, respectively, suggesting the leaching of iridium to the
solution is negligible. These results reveal that the catalysis of reaction is intrinsically
base on the presence of the solid catalyst and proceeds heterogeneously. The present
catalysts could be recycled by a simple method (Scheme 2). After the reaction was
complete, the solid catalyst was separated from the reaction mixture by centrifugation
and washed with THF, followed by calcination at 400 °C for 30 minutes and reduction
at 500 °C for 30 minutes. The catalyst can stabilize the output yield of over 90% for at
least 5 cycles for 18 h reactions. To evaluate reaction rates at the intermediate
conversion levels, recycling tests for 2 h reactions were also performed. During the first
3 cycles, the total yields of 2a and the intermediate amines were in the range between

64 to 67%, while the lower yields of 51 and 54% were shown in the 4th and 5th cycles.

100 - o o

80 -
(a) Without hot filtration

X 60-
O
;_j ---------------- =
40 -
(b) With hot filtration
20 -

L v L v L] v L)

10 14 18 22 26
Reaction time (h)

N
(0]

Figure 3. Hot filtration of Ir/TIO-10 (6 wt%) catalyst in the catalytic reaction.
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Reaction conditions: NH3 (0.5 mmol, 28% aqueous solution), 1a (2.5 mmol), catalyst

(3 mol% as Ir, 6 wt%, 50 mg), 140 °C, 18 h, in Ar.

Ir/TIO-10

(3 mol% as Ir, P SN Ph
6 wt%, 50 m
NH; (aq.) + HO™ph 2% 50 Mg} (Ph" N+ 3@
1a 140 °C,in Ar 3
0.5 mmol 2.5 mmol 2a (Ph/j;NH
3b

[ 3b
| |3a
I 2a

99

91

98
92

96
0 20 40 60 O 20 40 60 80 100
Yield of 2 h reaction/ %— Yield of 18 h reaction/ %—

Scheme 2. Recycle of Ir/TIO-10 catalyst.

The catalyst was further characterized to understand the factors responsible for the
high activity. The state of iridium species on titania was investigated by XPS, and the
deconvolution pattern of the Ir 4f spectrum is shown in Figure 5. The Ir 4f7;2 binding
energies assigned for Ir¥* (61.5 eV) and metallic 1r° (60.4 eV) are shown by vertical
lines [47]. The contribution of IrO; (62.3 eV) was not confirmed in the fresh catalyst.
The ratio of Ir¥* and Ir® was ca. 3 to 7, suggesting that a major part of the Ir species on
the titania support are fully reduced after hydrogen reduction and a part of Ir species is
in an intermediate oxidation state (3+). As shown in Figure 4, Ir®* species are more
predominant in anatase-supported catalysts, which show higher activity for the present
reaction (see Table 1). Similar results have been reported in the related catalytic systems
before [43]. Note that homogeneous catalysts based in the “Ir(II[)Cp*” system were

reported to be effective for the N-alkylation reactions [25,26]. These results suggest
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that the Ir®* species could be responsible for the catalytic activity. Besides, the XP
spectra of the recycled Ir/TIO-10 and Ir/TIO-6 catalysts recovered from the reaction
mixture indicated that while the Ir° species were predominant in both catalysts, the
surface Ir¥* species (and Ir** species in the Ir/TIO-10 catalyst) were also found. This
suggests a partial oxidation of iridium species during the catalytic runs (Figure 4(c),
(d)). Temperature-programmed desorption (TPD) profile of ammonia was performed
to evaluate the acid strength of the catalyst (Figure 5). A strong peak at around 86 °C
can be attributed to the desorption of ammonia on Ti sites which are saturated by
hydroxyl groups. While the peak at 327.9 °C was assigned to the desorption of ammonia
on free Ti sites due to the strong interaction between a relatively strong base (ammonia)
with a Lewis acid site [48]. These results evidence that the catalyst possesses weak acid
sites on the surface and the weak adsorption of ammonia could facilitate the conversion

of the N-alkylation of benzylic alcohols.
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Figure 4. XP spectra (Ir 4f) of (a) I/TIO-10 (6 wt%, Ir’ 70%, Ir** 30%), (b) Ir/TIO-6
(6 wt%, Ir’ 100%), (c) recycled Ir/TIO-10 (6 wt%, It° 71%, Ir** 18%, Ir** 11%), (d)
recycled Ir/TIO-6 (6 wt%, It 53%, Ir** 47%), and (e) IrO2 (Wako). The recycled
catalysts were recovered after the reactions under the following conditions: NH3 (0.5

mmol, 28% aqueous solution), 1a (2.5 mmol), catalyst (3 mol% as Ir), 140 °C, 18 h,

in Ar.
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Figure 5. NH3-TPR profiles of Ir/TIO-10 (6 wt%).

The interactions between the surface of catalyst and substrate were further
observed by in situ FTIR (Figure 6). CH: stretching (2948 cm™) and aromatic CH
stretching (3100-3000 cm™) suggest benzyl alcohol strongly chemisorbs on the surface
of the catalyst after heating at 140 °C for 30 min with evacuation. As ammonia gas (0.1
vol.% in He) was being insufflated, NHz symmetric bending (930 and 965 cm™) [49]
and symmetric stretch of NH in proton-acceptor ammonia (3333 cm™) [50] can be
observed distinctly and increase cumulatively. The decreasing of O-H bending in
benzyl alcohol (1209 cm™) [51,52] shows the conversion of benzyl alcohol. Meanwhile,
the formation of benzylamine was evidenced by the C-N stretching vibration cluster
around 1180-1020 cm™ [52] and N-H stretching vibration (3393 cm™) of primary amine

[53]. Remarkably, the whole procedure performed as soon as the ammonia gas passed

through.
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Figure 6. In situ FTIR of NH3 adsorption on the Ir/TIO-10 (6 wt%) impregnated with
benzyl alcohol. The powder sample was evacuated overnight to remove the
physisorbed benzyl alcohol in advance (see experiment section): (a) preheat at 140 °C
for 30 min with evacuating, adsorption of NH3 for (b) 1 min, (c¢) 5 min, (d) 10 min, (e)

30 min, (f) 60 min, and (g) evacuating for 30 min.

As shown in Table 3, the effect of the present Ir/TIO-10 catalyst in large-scale
reactions with representative benzylic alcohols was examined. This catalytic system
possessed good tolerance to air and argon as well. Both primary benzylic alcohols
containing electron-donating substituents and electron-withdrawing substituents
undergo efficient conversion to corresponding benzylic tertiary amines in high yields.

The reaction of ammonia with 1-octanol gave trioctylamine, but the yields were
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insufficient (entry 4). Moreover, the selective formation of secondary amines from
secondary benzylic alcohol was also achieved (entry 5). The high yield of secondary
amine even though using excess amounts of alcohol probably dues to the steric

hindrance [25,54].

Table 3. Synthesis of tertiary and secondary amines from aqueous ammonia and

benzylic alcohols by Ir/TIO-10 (6 wt%).[!

Yield [%]™!

Entry  Alcohol
Product In airl® In Arld!

cIe 73 85 (80)

84 91 (85)

)

i )i:]/jf 79 85 (74)
R QA\/\/A»f> 24 23

5 [:jj\ [:j/L‘J\E:j 95 >99 (82)\

[a] Reaction conditions: NH3z (1.5 mmol, 28% aqueous solution), alcohols (7.5 mmol),

PO
> ST
ISR

Ir/TI0-10 (6 wt%, 0.060 mmol as Ir), 140 °C. [b] The products were determined by
GC-MS and NMR, the yields were based on the amount of nitrogen in NH3z and
determined by GC analyses. [c] Reactions run for 20 h. [d] Reactions run for 24 h.
Isolated yields are shown in the parenthesis. [e] A mixture of diastereomers (meso/dl

ca. 50:50 by NMR) was formed.
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Figure 7. Time-course profiles of the yields (%) of 2a from aqueous ammonia with
1a over Ir/TIO-10 catalyst at 140 °C. The conditions of in air reactions: NH3 (2 mmol,
28% aqueous solution), 1a (10 mmol), catalyst (3 mol% as Ir, 6 wt%, 200 mg); The
conditions of in argon reactions: NH3 (0.5 mmol, 28% aqueous solution), 1a (2.5

mmol), catalyst (3 mol% as Ir, 6 wt%, 50 mg).

Ir/TIO-10
(83 mol% as Ir:
O/\NHZ ©/\OH 6 Wt%, 200mg)
+
140 °C,2h d \—O
1c (2 mmol) 1a (8 mmol) (>99 % yield in Ar)
(>99 % yield in alr)

The time course profiles for the yield over Ir/TIO-10 catalyzed alkylation of
ammonia with 1a in both air and argon atmosphere are shown in Figure 7. The catalysis
behaviors in air and argon are slightly different. When the reaction performed in air,
the reaction proceeded slightly faster and gave the desired product in 19% vyield in the
initial hour. As the reaction proceeded, the yield of the product dramatically increased
to 83% within 2 hours and then levelled off with further increases in the reaction time.

In the following time, there was no substantial increase in production and finally
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achieved a 90% yield after 18 hours. As for the reaction in argon, the catalytic reaction
gave the product in a yield of 47% in the initial hour. Then, the reaction proceeded
smoothly and completed the conversion of all substrates within 6 hours. A separate
experiment reveals that the formation of tribenzylamine from benzylamine and benzyl
alcohol was rapidly finished in 2 hours both in air or argon atmosphere [Eq. (1)],
suggesting the reaction rate hinges on the formation of benzylamine from benzyl
alcohol and ammonia. As one possible reason for the different time course profiles in
air or argon, the oxidation of benzyl alcohol to benzaldehyde by air and subsequent
conversion to imines might accelerate the reaction at the early stage [51,55,56]. The
further detailed study on the different behaviors in the reactions in air and argon is
ongoing. Consequently, the presence of air is proved not to significantly hamper the
reaction.

To understand the reaction mechanisms, a serial of separate experiments was
performed. Since Ir/TiO2 is well known for its high performance in the aerobic
oxidation of 1a [51,55,56], we first investigated the conversion of 1a in the presence of
the catalyst for one hour in argon or air [Eq. (2)]. The result shows that 36% or 27% of
1a was converted to benzaldehyde and its dimers in argon or air, respectively. On the
other hand, the alkylation of aqueous ammonia with free benzaldehyde was slow in the
presence of the iridium catalyst [Eq. (3)], probably because of the poisoning by
benzaldehyde (see below). Without the catalyst the formation of 1c as well as the
corresponding imines were not detected under the present conditions, suggesting the
present catalyst have a promotional role for this step. It is generally accepted that the
hydrogen transfer pathway over heterogeneous [29,35] or homogeneous [24,25,57]
catalyst proceeds via the oxidation of alcohol and the following amination of aldehyde.
Also, the reaction of benzylamine 1c and benzaldehyde 1b gave N-
benzylidenebenzylamine 3a in low yield (19%), while the reaction in the absence of the
catalyst smoothly proceeded [EQ. (4)]. This suggests that the catalyst retarded the

transformation from aldehyde to imine, probably due to the strong adsorption of
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benzaldehyde 1b on the surface of the catalysts (see below). Note that the
dehydrogenation of benzyl alcohol to benzaldehyde over titania-supported iridium
catalyst was completely suppressed in the presence of an equimolar amount of
benzaldehyde [Eq. (5)] as previously reported by us in a similar catalytic system (see
Fig S5 of [40]). This suggests that benzaldehyde poisons the active sites on the surface
of the present catalyst. In the reactions shown in Eq. (2) to Eq. (5), the presence of a
significant amount of benzaldehyde 1b will hamper the reaction. In the present
alkylation of ammonia by benzylic alcohols, the rapid transformation of aldehydes to

imine would prevent the poisoning of the catalyst.

Ir/TIO-10

(6 wt%, 200 mg) 0 0

+ (2)

140 °C Ar or air,
1a (6 mmol) 1b

Conversion of 1a: 36% (in Ar), 27% (in air)

~
(@]
NH; (aq) + ©/\ : NHz - (3)
140 °C, air,

18 h

(0.5 mmol) 1b (2 mmol) 1c (9 % yield with the Ir/TIO-10 catalyst
(3 mol% as Ir, 6 wt%, 50mg))
(not detected without the catalyst)

(0.5 mmol) (2 mmol) a (19 % yield with the Ir/TIO-10 catalyst
(3 mol% as Ir, 6 wt%, 50 mg))
(32% yield without the catalyst)

Ir/TIO-10
OH (6 wt%, 50 mg) @AO 5)
S —
140 °C, 18 h, air,
benzaldehyde
1a (1 mmol) (1 mmol) 1b

(1 mmol recovered, yield ca. 0%)

+ OH  |yTI0-10 .
(3 mol% as Ir: (16% yield)
@AN/\O . _ 6wt%, 50mg) _
140 C air, Oﬂ
3a +
no product

1b

(0.5 mmol) (2 mmol)
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+ OH  IrTi0-10 _
(3 mol% as Ir: (32% yield)
N )
O/\H/\O 1a M
140 °C, air, ©AN )
3b + o 2h
(18% yield)

(0.5 mmol) (2 mmol)

Ir/TIO-10 :
(83 mol% as Ir:
©/\NH2 +/©/\OH 6 wt%, 50 mg) 2 7% 2¢ 53%
140 °C, air,

2h
1c (0.5 mmol) 1d (2 mmol)
=
2d 10% 3c 30%

Scheme 3. Separate experiments for the reaction mechanism.

In addition, we further examined the reactivity of the possible intermediate, 3a and
3b. The reaction of 3a or 3b with benzyl alcohol 1a produced a small amount of the
desired product 2a [Eqg. (6) and (7)], while over 99% of product 2a was rapidly achieved
in 2-hours from 1c and 1a [Eq. (1)]. Again, the reaction of 3a or 3b with 1b gave 2a in
low yields. These results suggest that the multi-alkylation proceeds via 3a and 3b kept
in the coordination sphere of the surface iridium species rather than “free” 3a or 3b.
The catalytic reaction of 1c and 1d smoothly proceeded to give corresponding tertiary
amines 2b, 2c, and 2d together with imine 3c in a 2-hour reaction, and the formation of
3a was not observed [Eq. (8)]. This indicates the predominance of the dialkylation
rather than the self-condensation of 1c [58]. Therefore, the present catalytic
transformation would proceed through hydrogen auto-transfer pathways as
demonstrated in Scheme 4, which is based on that previously proposed for

homogeneous catalysis [25]. The first N-alkylation proceeds via the rate-determining
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dehydrogenation of benzylic alcohols to aldehydes and hydride species on the surface
of the iridium nanoparticles. The thus formed aldehyde would immediately react with
ammonia, probably adsorbed on the weak acidic sites of the titania surface, to form an
imine. The hydrogenation of imine by the surface hydride species would produce a
corresponding primary amine. Subsequently, the hydrogen auto-transfer of an obtained
primary amine with benzylic alcohol would proceed on the iridium sites through similar
sequential processes to give a corresponding tertiary amine. The whole reaction process
can be completed rapidly within 2 hours under the condition of adequate benzylic
alcohol. The formation of small nanoparticles is generally preferable to achieve the
excellent activity since it can maximize the area of the catalytically active surface of
metallic species [45]. As evidenced by TEM study, the formation of iridium
nanoparticles of less than 2 nm in diameter would be one reason for the excellent

catalytic activity.

surface iridium nanoparticles
contalnlng I3* species

[ OX e
SEA® o“ k@\wboqnoz]

NH

Scheme 4. A possible mechanism for the N-alkylation of aqueous ammonia with

benzyl alcohol.
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2.4 Conclusion

In conclusion, titania-supported iridium catalysts with simple reaction conditions
and excellent activity for the synthesis of organic amines from aqueous ammonia have
been developed. The catalytic system possesses a high tolerance in the reaction
condition. No additional solvent is required, and the reaction can be performed readily
in an air or argon atmosphere. The crystal structure of titania supports for iridium
catalysts markedly affected their activities. The detailed characterization revealed that
highly-dispersed partially-reduced iridium nanoparticles of less than 2 nm in diameter
would be responsible for the excellent catalytic activity. Over Ir/T1O0-10 catalyst,
tertiary and secondary amines were synthesized by the multialkylation of aqueous
ammonia with primary and secondary benzylic alcohols, respectively. The formation
of the product smoothly proceeded in large-scale reactions. This catalytic system
elucidates a green and simple method with high efficiency for the synthesis of organic

amines.
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Chapter |11 Effect of Phosphorus-Modification of
Titania Supports on the Iridium-Catalyzed Synthesis

of Benzimidazoles

3.1 Introduction

Benzimidazoles are important building blocks in pharmaceutical and agrichemical
industries because of excellent biological, physiological, and/or therapeutical activities
of themselves or their derivatives. A series of benzimidazoles derivatives have been
developed and applied in the antiviral, anti-cancer, anti-inflammatory, anti-
hypertension treatments, and so on [1-6]. Recently the heterogeneous catalysis for
synthesis of benzimidazole derivatives has attracted great attention as one of the most
promising approaches because of their advantages in reusability, scalability, and
environmental friendliness [7], which is different from the traditional routes using
homogeneous catalysts [8—17]. Supported gold, palladium, platinum and iridium
catalysts have been reported to be effective for the synthesis of benzimidazoles via
dehydrogenative or hydrogen transfer pathways [18-24] [25-31], in which titania
supported iridium (Ir/TiO;) catalysts are most attractive due to their reusabilities, high
selectivities, and high yield under significantly mild conditions [32,33].

Furthermore, the optimization of supports has been reported to improve the
performance of the supported catalyst. Remarkably, the dehydrogenative synthesis of
benzimidazoles from 1,2-phenylenediamine and primary alcohols was significantly
promoted in the presence of the iridium catalysts supported on rutile titania, namely

JRC-TIO-6 (JRC: Japan Reference Catalyst) [34]. On the other hand, anatase titania
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enclosed by {010} and {101} facets was found to be an excellent support for the
iridium-catalyzed synthesis of benzimidazoles from 2-nitroaniline and primary alcohols
via hydrogen transfer [35]. Meanwhile, the enhanced catalytic activities of iridium
catalysts by adding other elements have been reported [36—39]. For example, Tomishige
et al. reported that supported rhenium-modified iridium catalysts show excellent
activities for various reactions including hydrogenolysis of glycerol [36] and cyclic
ethers [37,39], and transformation of hemicellulose [38].

In this chapter, a significant promotional effect of the modification of titania
supports by phosphorus species on the activities of iridium catalysts is reported. The
phosphorus-modified titania supports significantly improved the activities of the
iridium catalysts. Roles of the phosphorus species are discussed on the bases of the
characterization of the catalysts using nitrogen adsorption, transmission electron
microscopy (TEM), H temperature-programmed reduction (H2-TPR), Fourier-

transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS).

3.2 Experiment section
3.2.1 General information

All reactions were carried out under an argon atmosphere in Schlenk tubes.
Tris(acetylacetonate)iridium(III) (Ir(acac);, CisH2106lr), mesitylene, methanol,
tetrahydrofuran (THF), biphenyl, and benzyl alcohol were delivered from Wako and
used as received. Phosphoric acid, 2-nitroaniline, and butan-1-ol were delivered from
TCI Cooperation and used as received. JRC (Japan Reference Catalyst) titanias (JRC-
TIO-7 and 10, further designated as TIO-7 and -10, respectively) were delivered by the

Catalysis Society of Japan.
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3.2.2 Preparation of phosphorus-doped rutile titania by a hydrothermal method

The phosphorus-doped rutile titanias (TiO2, designated as Rutile (HT)) were
prepared by a hydrothermal process as described in a previous report by one of the
present authors [40]. A white precipitate was obtained by adding titanium
tetraisopropoxide (TTIP; 24.2 g) to 450 mL of deionized water. The white precipitate
collected by filtration was added to 340 mL of 0.5 M hydrochloric acid aqueous solution,
stirred at room temperature for 4 h to obtain a transparent solution. After aging at 40 °C
for 48 h in an incubator, the solution was centrifuged and washed repeatedly with
deionized water, and then dried at 100 °C for 12 h. Subsequently, 3.0 g of the obtained
powder was added to 10 mL of deionized water, and a desired amount of phosphoric
acid (P/Ti molar ratio, 0 to 0.06) was added to the suspension. The mixture was
hydrothermally treated at 220 °C for 4 h, and the product was centrifuged and washed
with deionized water, and then dried at 100 °C for 12 h. The products thus-obtained are

designated as P(x)-Rutile (HT), where x is the P/Ti changed molar ratio.

3.2.3 Preparation of phosphorus-modified TiO:2 by an impregnation method

The phosphorus-modified TiO2 was prepared using an impregnation method. One
gram of TiO, was put in a glass evaporation dish, and a desired amount of phosphoric
acid (P/Ti molar ratio, 0 to 0.06) aqueous solution was added. The mixture was dried

on a hot plate at 70 °C under stirring conditions. The obtained powder was dried at 80

°C for 3 h.

3.2.4 Preparation of supported iridium catalyst

TiO2-supported iridium catalysts were prepared by an impregnation method as
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shown in Scheme 1. Ir(acac)s (0.10 mmol as Ir) was dissolved in 10 mL of methanol
under stirring, then 1.0 g of titania was added in air at 80 °C. Subsequently, the obtained
sample was dried overnight in air at 80 °C. The resulting powder was calcined in air at
400 °C for 30 min in a box furnace (rising rate; 10 °C/min), and then reduced in a Ho(2
vol.%)/Ar flow (40 mL/min) at 500 °C (rising rate; 10 °C /min) for 30 min by using a
conventional flow reactor to give Ir/TiO, catalysts. After purged by N», the catalysts

were passivated in O2(0.5 vol.%)/N; flow (40 mL/min) at 50 °C for 5 min.

Ir(acac); in MeOH TiO,

Impregnation method
I

Drying in air at 80 °C overnight
Calcination at 41)0 °C for 30 min
Reduction in 2%H, in ;I%r at 500 °C for 30 min
Passivation in 0.5% O, |in N, at 50 °C for 5 min
Ir (2.0 wt%l as Ir)/TiO,

Scheme 1. Preparation procedure of titania-supported iridium catalysts.

3.2.5 General procedure for the catalytic runs

Catalytic reactions were performed in a glass Schlenk tube reactor (20 mL)
equipped with hot stirrer and cooling block to reflux the solution. A typical reaction
procedure for the synthesis of 2-phenylbenzimidazole is as follows: 2-nitroaniline,
benzyl alcohol and mesitylene solvent were added to the Schlenk tube containing the
[1/Ti0; catalyst. The reaction mixture was stirred at a desired temperature for 18 h under
an argon atmosphere. Then the solid catalyst was removed by passing the mixture

through a polytetrafluoroethylene (PTFE) filter (Millipore Millex LH, 0.45 pm), and
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the yield of products were quantified by a gas-liquid chromatography using biphenyl

as an internal standard.

3.2.6 Hot filtration tests

The Schlenk tube (20 mL) was charged with 2-nitroaniline (2.0 mmol), benzyl
alcohol (8.0 mmol), and Ir/TiO; catalyst (0.010 mmol as Ir) in mesitylene (2 mL)
solvent together with an internal standard (hexadecane, 0.1 mL) under an argon
atmosphere. After the reaction was allowed to proceed at 120 °C for 6 h, the mixture
was filtered through the PTFE filter into another preheated Schlenk tube reactor and

then was heated at 120 °C for 24 h under stirring conditions.

3.2.7 Physical and analytical measurements

The resulting organic products of the catalytic reactions were analyzed by a gas-
liquid chromatography (Shimadzu GC-14A; Zebron ZB-1 capillary column, i.d. 0.25
mm, length 30 m, at 50-250 °C). Solid catalysts were analyzed by the X-ray
photoelectron spectroscopy (ULVAC-PHI 5500MT) equipped with Mg Ka radiation
(1254 eV) generated by an X-ray tube operating at 15 kV, 400 W. Binding energies
were referenced to the C 1s level of residual graphitic carbon [41]. The structures of
samples were investigated by using a powder X-ray diffractometer (XRD-6100,
Shimadzu, Japan) with Cu Ka (A = 0.15418 nm) radiation. Transmission electron
microscopy (TEM) observation was performed on a JEOL Model JEM-3010 system at
300 kV, and the powder sample was supported on a Cu microgrid. Brunauer-Emmett-
Teller (BET) surface areas were determined by a computer-controlled automatic gas

sorption system (Quantachrome NOVA 4200¢), and samples were degassed at 300 °C
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for 2 h just before the measurements. Temperature-programmed reduction (TPR) was
performed with a gas flow system, where hydrogen (2 vol.% in Ar; atmospheric
pressure of 40 mL/min) was fed in a quartz tube containing the catalyst. The tube was
heated in an electric furnace at rising rate of 10 °C/min and the amount of H> consumed
was monitored with a TC detector on a Shimadzu 8AIT gas chromatograph. Zeta
potential was measured by a Zeta-potential & particle size analyzer (Photal ELSZ-

2KGQG) in distilled water at pH 6.8.

3.3 Results and discussion

3.3.1 Effects of phosphorus-doped rutile prepared by the hydrothermal method

One of the present authors has reported the hydrothermal preparation of
nanocrystalline rutile titanium dioxides having larger surface areas by the addition of
small amounts of phosphoric acid to the precursor solution [40]. Therefore, in the
present study the P-doping effects of hydrothermally-prepared rutile (see Figure 1) as
a support of the iridium catalysts on the activity were examined. The reactions (1) and
(2) were performed at 120 °C for 18 h using 25 mg of the catalysts unless otherwise
noted. As shown in entries 1 to 3 of Table 1, the yields of 2-phenylbenzimidazole (3aa)
from 2-nitroaniline (1a) and benzyl alcohol (2a) (eq. 1) gradually increased with an
increase in the amount of phosphorus dopant. This trend was also true for the solvent-
free synthesis of 2-propylbenzimidazole (3ab) using a large excess of butan-1-ol (2b)
by eq. 2. The desired product 3aa was obtained in the highest yield up to 93% in the
presence of 100 mg of the iridium catalyst supported on Rutile (HT) with P/Ti molar
ratio of 0.06 (Table 1, entry 7), while the iridium catalyst supported on undoped JRC-

TIO-4 that contains 80% anatase and 20% rutile of TiO> phases similar to P25 showed
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a significantly lower activity (Table 1, entry 8). These results demonstrate the

promotional effect of phosphorus-doping on rutile TiO> (HT).

r(2 wt% as Ir)/TiO,
0 25 mol% as Ir:

NH2
OH 2 wt%, 25 mg) + byproducts (1)
Mesitylene (2.0 mL)

18 h, under Ar
120 °C
1a 2a 3aa
(1.0 mmol) (4.0 mmol)

Ir(2 wt% as Ir)/TiO,

NH, (0.25 mol% as Ir:
0,
+ o 2 W%, 25 mg) @EJ o
NO, 18 h, under Ar
120 °C
1a 2b
(1.0 mmol) (1.0 mL)

Table 1. P-doping effects of rutile (HT) as a support on the iridium-catalyzed

synthesis of benzimidazoles

Entry  Alcohol TiO; support BET S.A. (m?/g)  Yield of 3 (%)

1 2a Po-Rutile (HT) 32 6
2 2a Po.n2-Rutile (HT) 82 9
3 2a Po.os-Rutile (HT) 94 29
4 2b Po-Rutile (HT) 32 6
5 2b Po.n2-Rutile (HT) 82 11
6 2b Po.os-Rutile (HT) 94 28
7? 2a Po.os-Rutile (HT) 94 93
8? 2a JRC-TIO-4 51 15
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Reaction conditions; at 120 °C for 18 h, Ir loading level 2.0 wt%.

For other conditions, see eqs. (1) and (2).

Catalysts amounts are 100 mg for Ir 2.0 wt% loading.

*
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Jk 29
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Figure 1. XRD pattern of sample rutile (HT), P modified rutile (HT), JRC-TIO-7, and

P modified JRC-TIO-7.

The removal of the solid catalyst by the hot filtration using a PTFE filter (pore size

0.45 um) after the reaction for 6 h completely stopped further progress of the formation
of 3aa by reaction (1) as shown in Figure 2. This result substantiates that the catalysis

of reaction (1) is essentially dependent on the presence of the solid catalyst and

proceeds heterogeneously [42,43].
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Figure 2. Time-course of the yield of 3aa over Ir/Pg ¢s-Rutile (HT) (a) without and (b)
with the removal of the catalyst by hot filtration after 6 h. Reaction conditions are

shown in the Experimental section.
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Figure 3. The dependences of the yields of the products on (a) surface area of the
supported catalysts and (b) P/Ti molar ratio and the yield of the product. Numbers in

the graphs show the yields of corresponding benzimidazoles.

As reported previously, P-doping on to Rutile (HT) significantly increases its
surface area [40]. To examine the reason of the promotional effects of P-doping, the
dependences of the yield of the desired products on the surface area and P/Ti molar

ratio were plotted as shown in Figure 3(a) and (b), respectively. The results show that
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there is a non-linear increasing relationship between the surface area of supports and
the yield of products, suggesting that although the surface area affects catalytic
activities, it is not the dominant factor of the catalytic activities. Meanwhile, a near
linear increasing relationship between the amount of doped phosphorus atoms and the
yield of products was found. This result suggests that the presence of phosphorus
species is responsible for the enhanced activities.

Effect of loading level of iridium of the Ir/Poos-Rutile catalysts (25 mg) was
examined, and the results are shown in Figure 4 in the Supporting Information. The
yield of the desired products increased in proportion to the iridium loading level. This
result implies that the activity per iridium atom is not greatly affected by the iridium

loading level from 0.5 to 4%.

70
61
60 1 —e— Reaction 1 .
--¢-- Reaction 2 56
50
X 40 -
o
S 29
(]
£ 30 -
28
20 - 16
i 14
10 5 Ir/P, os-Rutile (HT)
4
0 T T T T
0 1 2 3 4 5

Ir loading (Wt%)

Figure 4. The correlation between Ir loading level on Poos-Rutile (HT) and the
product yield. Numbers in the graph show the yields of corresponding

benzimidazoles.

Figure 5 shows HR-TEM images of Rutile (HT)-supported iridium catalysts

with different loading levels. Regardless of the iridium loading level, nanoparticles
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located on the surface of supports have a uniform particle size in a range of 1.0 to 2.4
nm. This result is consistent with the result that the activity of the catalyst is just
dependent on the amount of iridium species on supports surface (see Figure 4). The
similarity of the lattice parameter of IrO> and rutile titania would be one reason: The
close Ir-0 (0.1976 and 0.1978 nm) and Ti—O (0.1962 and 0.1963 nm) bond lengths and
crystalline structure would restrict the growth of Ir particles [44]. Besides, from these
TEM photographs, changes of the particle morphology and size distribution of iridium

nanoparticles on supports surface by the P-doping could not be confirmed.

a. I/Pg-Rutile (2 wt%) | b. Ir/Py og-Rutile (2 Wt%)| c- Ir/P; se-Rutile (4 wt%)

%)

8 8 3

Distribution (%)
5

Distribution (

0
10 12 14 16 18 20 2.2 2.4 26
Particle size (nm)

90 12 14 16 18 20 22 24 26
Particle size (nm)

[0
10 12 14 16 18 20 22 24 26
Particle size (nm)

Figure 5. HR-TEM images and the particle size distribution histograms of (a) Ir(2
wt%)/Po-Rutile (HT), (b) Ir(2 wt%)/Po.os-Rutile (HT), and

(¢) Ir(4 wt%)/Po.os-Rutile (HT).

The XPS depth profile (Table 2) clearly shows uneven distribution of phosphorus
atoms. For example, the surface compositional ratio of phosphorus atom was 1.86% on
the surface of Pooz-Rutile (HT), and decreased dramatically to 0.72% after ion

sputtering for 1 min. As the sputtering carried on for 15 minutes, there was only 0.18%
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of phosphorus atom left. These results reveal that the phosphorus species mainly present

on the surface layer of the P-doped rutile particles.

Table 2. XPS analysis of Px-Rutile (HT) supports®

Ion sputtering C O Ti P
Entry
time (min) (atom%)  (atom%)  (atom%) (atom%o)

Po-Rutile (HT) 0 7.49 65.71 26.80 0.00
Po.o2-Rutile (HT) 0 4.81 68.37 24.96 1.86
1 0.71 69.42 29.16 0.72

5 0.62 68.14 30.57 0.67

15 0.97 67.52 31.33 0.18

Po.os-Rutile (HT) 0 2.10 70.38 23.99 3.53
1 0.35 69.73 27.99 1.93

5 0.17 69.02 29.51 1.29

15 0.42 68.79 29.98 0.80

* The surface was sputtered by Xe* ion beam (3.0 kV).

3.3.2 Effects of phosphorus-modification of titania by the impregnation method

Following the results using the Ir/Px-Rutile (HT) catalysts shown above, in which
phosphorus species located on the surface layer play a significant promotional role, the
effect of phosphorus-modification by an impregnation method was examined. Note that
the modification of titania surface by phosphoric acid (H;PO4) has been reported to
enhance the adsorption capacity for organic compounds and accelerate the

photocatalytic degradation of these adsorbed organic species [45]. Our preliminary
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experiments evidenced that the adsorption capacity of Ir/TIO-7 catalyst towards
methylene blue in water increased by the phosphorus-modification (data not shown).
On the other hand, phosphorus-modification only slightly changed its surface Zeta

potential under neutral conditions (see Table 3).

Table 3. Zeta potential of supported iridium catalysts®

Entry Sample Zeta potential (mV)
1 JRC-TIO-7 -9.81
2 It/TIO-7 —-0.10
3 It/P0.02-T1IO-7 (IMP) —-0.08

# Sample was dispersed in distilled water.

In the present study, an anatase titania sample with a high surface area, namely
JRC-TIO-7, was impregnated in dilute phosphoric acid (H3POs) solution, followed by
drying. The iridium catalysts were prepared using the thus-prepared P-impregnated
JRC-TIO-7 (further designated as Px-TIO-7 (IMP)) (see Figure 1). Figure 6 shows the
effect of the atomic ratio of phosphorus to titanium on the solvent-free synthesis of 2-
propylbenzimidazole (3ab) from 2-nitroaniline (1a) and butan-1-ol (2b) (eq. 2). While
unmodified JRC-TIO-7 gave 3ab in the yield of 25%, the highest yield of 69% was
achieved in the presence of Ir/P¢.02-TIO-7 (IMP), as shown in Figure 6. As the molar

ratio of phosphorus further increased, the yield decreased correspondingly.
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Figure 6. Effect of P/Ti molar ratio (x) of the Ir/Px-TIO-7 (IMP) catalyst on the yield

of 3ab. Reaction conditions are shown in eq. 2.

To examine whether the Ir/P¢.02-TIO-7 (IMP) catalyst was still active or not after
the reaction for 18 h, we added another 1.0 mmol of 2-nitroaniline through a syringe
and allowed the reaction for another 24 h. The amount of 3ab formed was increased
from 0.69 mmol (69%) to 0.96 mmol, indicating that the phosphorus-modified catalysts
kept their activity after the initial run for 18 h. On the other hand, when the used catalyst
was recovered from the mixture by centrifugation in an air atmosphere followed by the
calcination at 400 °C and the reduction at 500 °C for 30 min, the thus-recovered catalyst
showed poor activities: the yield of 3ab was only 11%. The reasons of the lower activity
of used catalysts are discussed below.

Meanwhile, the titanium phosphate (TiP.O7, see Figure 7) prepared by a liquid-
assisted synthesis method [46]was also utilized to compare the effect of phosphorus on

the catalytic activity. As shown in Table 4, the use of TiP>O7 resulted in poor catalytic

activity.
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Figure 7. XRD pattern of titanium phosphate sample obtained by the mixture of

NH4H>PO4 and TiO; heated at 900 °C for 6 h.

Table 4. Effect of It/TiP.O7 catalyst

Amount of Reaction .
Yield of
Entry Substrate Alcohol duct (%
catalyst (mg) temperature (°C) product (%)
1 2-Nitroaniline 1-Butanol 25 120 5
2 2-Phenylenediamine  Benzyl alcohol 100 80 0
3 2-Aminophenol Benzyl alcohol 100 160 4
4 Ammonium carbonate Benzyl alcohol 100 160 8

As can be seen in Figure 8, the HR-TEM image shows that small iridium particles
are irregularly distributed on Po 02-TIO-7 (IMP). Particle size statistics suggest that most
of the iridium particles are smaller than 1 nm. These small particles would be

responsible for the high catalytic activity, as discussed in our previous report [35]. The
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fast Fourier transform (FFT) pattern evidence the dark small particles dispersed in the
lattice fringe are metallic iridium phase. Again, changes of the morphology and size of
surface iridium particles by the phosphorus-modification could not be confirmed, since
TEM images of Ir/TIO-7 were very similar to It/Po.o2-TIO-7 (IMP) (mean diameter of
iridium nanoparticles; 0.7 nm [34,35]). Whereas the isolated iridium atoms formed on
the support along with nanoparticles were often reported [47], it cannot be identified in

the lattice fringe probably due to that the small particles are an amorphous phase.

406081012141618
Particle size (nm)

Figure 8. HR-TEM images, corresponding FFT pattern, and particle size distribution

histograms of Ir/Po.02-TIO-7 (IMP) catalyst.

Changes of surface functional groups by phosphorus-modification on JRC-TIO-7
and the Ir/Px-TIO-7 (IMP) catalysts were examined by DRIFT (diffuse-reflectance
infrared Fourier transform) spectra, as shown in Figure 9. For all the samples, a broad
band at around 3400 cm™! as well as a narrow peak at around 1634 cm™! due to the
stretching and bending vibrations of the surface hydroxyl group, respectively, were
observed [48,49]. Note that the phosphorus-modification significantly enhanced the

intensity of band due to the O-H stretching vibrations, suggesting an increase of surface

104



hydroxyl groups as discussed in the following XPS study, which would be one reason
of the enhanced adsorption capacity towards organic substrates of phosphorus-modified
catalysts (see above). An intense peak present at 750 cm ' is assignable to the Ti-OTi
stretching vibration octahedral coordination [50]. The peaks of Ir/Po.02-TIO-7 (IMP)

! would be responsible for

after impregnation with Ir(acac); around 1205—1558 cm™
organic ligands of Ir(acac)s; [51]. Two shoulders at around 1120 cm™! and 1020 cm™
were observed on the P-modified samples, which are assigned to the stretching
vibration of P—O bonds of bidentate adsorbed phosphorus species [52]. These peaks
were observable even after the reduction of the catalyst. However, the stretching
vibration of P=0 bond of phosphoric acid cannot be observed around 1200—1250 cm !
probably due to the coordination of the phosphoryl oxygens to surface Lewis acidic
sites [53]. Since earlier studies reported that the phosphorus was located in the
coordinatively unsaturated site of Ti*" cations [52], it is believed that the phosphorus

exists as bidentate phosphoric acid and anchoring on the surface of TiO» through

Ti—O—P bonds [54].

Absorbance (a.u.)

: : : : :
4000 3000 2000 1000
Wavenumber (cm’™)
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Figure 9. FT-IR spectra of titania (a) JRC-TIO-7, (b) Po.02-TIO-7 (IMP), and
supported iridium catalysts (c) It/Po.02-TIO-7 (IMP) just after impregnation with
Ir(acac)s, (d) Ir/Po.02-TIO-7 (IMP) after calcination at 400 °C for 30 min, (e) Ir/Po.o2-

TIO-7 (IMP) after reduction in an H> flow at 500 °C for 30 min.

The catalysts were characterized by XPS. Figure 10(a) shows the P 2p XP spectra
of Ir/Po.o2-TIO-7 (IMP), Ir/Poo2-Rutile (HT), and Ir/Poos-Rutile (HT). For those
catalysts, the P 2p binding energy appeared at around 133.3 eV, suggesting that the
phosphorus species on the catalyst were in the pentavalent oxidation (P°") state even
after the hydrogen reduction. This is consistent with the FTIR results, which suggests
the formation of bidentate surface phosphoric species (see above). A peak at around 129
eV, characteristic for P-Ti species was not observed [55]. Figure 10(b-d) shows the O
Is XP spectra on the surface of phosphorus-modified and unmodified titania-supported
iridium catalysts. The O 1s spectra of phosphorus-modified catalysts were significantly
different from that of unmodified one: There were additional bands at higher binding
energies. These new bands were assignable to oxygen atoms of phosphorus species
and/or those of surface OH groups [56]. As discussed above, FTIR study revealed that
the use of phosphorus-modified titania promotes the formation of surface OH groups,
which is consistent with the present XPS results. On the other hand, Ir 4f bands of
phosphorus-modified catalysts were almost identical to those of unmodified catalysts
as shown in Figure 11. Note that bands at 60.7 eV and 62.0 eV have been assigned to
Ir% and Ir'V species, respectively [35], while a band due to Ti 3s was overlapped with Ir

Af bands.
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Figure 10. XP spectra of (a) P 2p of Ir/Po.02-TIO-7 (IMP), It/P¢.02-Rutile (HT) and

It/Po.o6-Rutile (HT), (b) Ols of Ir/Po.02-TIO-7 (IMP), (c) It/Po-Rutile (HT), and (d)
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Figure 11. Ir 4f XP spectra of Ir/Po-Rutile (HT) and Ir/Po.os-Rutile (HT).
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The H> temperature-programmed reduction (TPR) study demonstrates the effect
of phosphorus modification on the reducibility of iridium catalysts as shown in Figure
12. The profile of Po.02-TiO2 (IMP) exhibited a hydrogen consumption peak at around
500 °C which can be ascribed to the reduction of surface titanium species [57,58], and
there are no significant reduction peaks at below 400 °C. The I1/TIO-7 catalyst leads to
three reduction peaks at 153 °C and 372 °C together with a weak peak at 220 °C. A
significant shift of the TiO» reduction temperature to 372 °C would be due to the
spillover effects by supported iridium species [59]. For the Ir/Po.02-TIO-7 (IMP) catalyst,
the reduction peaks of surface Ti*" species shifted to a lower temperature, 345 °C, while
the peak at around 220 °C increased significantly. The intensity of the peak at 220 °C
further increased with It/Po6- TIO-7 (IMP). The first peak at around 150 °C could be
assigned to the reduction of iridium particles around 0.5 nm in diameter or above. The
iridium oxide species reduced around 220 °C have been identified as those having
strong interaction with the support, namely well-dispersed iridium species smaller than
0.5 nm [57,58]. While the formation of such small iridium species could not be
confirmed by the TEM photographs in the present study, the iridium species adjacent
to phosphorus species would further decrease the reduction temperature of titania
surface to ca. 340 °C. On the other hand, the Ir/Po.os-Rutile (HT) catalysts do not show
a significant reduction peak at 220 °C. Instead, it showed broad peaks at lower
temperatures, which indicates that iridium oxide species on Rutile (HT) are more easily
reducible than those on anatase titania and suggests that the interaction between iridium

species and phosphorus species of Po.os-Rutile (HT) is weak.
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Figure 12. H>-TPR profiles of phosphorus-modified titania and the iridium catalysts.

As noted above, the recovered Ir/Po.02-TIO-7 (IMP) catalyst showed low activity.
The BET surface area of the used catalyst (157 m? g!) is slightly smaller than the fresh
catalyst (173 m? g'!). The TEM image of the used catalyst (see Figure 13) indicates the
absence of large iridium particles. On the other hand, the H>-TPR (see Figure 14) profile
shows a more significant reduction peak at around 220 °C, suggesting the presence of
more strong interaction between titania surface and iridium species. Such a very strong
interaction would be one reason for the lower activity of the used catalyst. Moreover,
the XP spectrum (see Figure 15) reveals the adsorption of nitrogen species on the
surface of the used catalyst. These results indicate that the recovery procedure of the

used catalyst needs further improvement.
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Figure 13. TEM image of used It/Po.02-T1O-7 (IMP) catalyst.
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Figure 14. H>-TPR profiles of used It/Po.02-TIO-7 (IMP) catalyst.
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Figure 15. XPS Survey spectrum of used Ir/Po.o2-TIO-7 (IMP) catalyst.

As discussed above, the phosphorus-modification of titania support changed the
redox properties of the surface iridium species, whereas the size and morphology were
not significantly affected. The processes of the formation of iridium nanoparticles on
the surface of (IMP)-titanias are discussed based on the above results. Initially,
bidentate phosphorus species would be formed on the surface by the impregnation of
titania with phosphoric acid as supported by the FTIR study. The bidentate structure
would be most stable because of its highest adsorption energies of 257—286 kJ/mol [60].
During the subsequent impregnation with Ir(acac); in methanol, interaction of surface
phosphorus species and an iridium complex could be expected. In the course of the
calcination and reduction procedure at a high temperature, these surface iridium
complexes would be converted to small iridium nanoparticles. Meanwhile, the iridium

species adjacent to phosphorus species would play an important role in the
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enhancement of the catalytic activity. Our previous study revealed that relatively high-
valent iridium species would be responsible for the synthesis of benzimidazole via
hydrogen transfer [35]. Transition metal species were often reduced to be zero-valent
in the presence of alcohols even under aerobic conditions [61]. The interaction by
phosphorus-modified surface would stabilize the relatively high-valent state of iridium
species during the course of the reactions. Further characterization of phosphorus-

modified catalysts are ongoing.

3.4 Conclusion

Phosphorus-modified titania supports were prepared in two different ways, namely
by the hydrothermal and wet impregnation methods. In both cases, the iridium catalysts
supported on phosphorus-modified titanias showed the enhanced activity for the
synthesis of benzimidazoles from 2-nitroaniline and primary alcohols via hydrogen
transfer. The hydrothermal P-doping resulted in ca. 5 times promotion of the catalytic
activity. The modification by the wet impregnation of titania with a high surface area
such as JRC-TIO-7 with phosphoric acid also increased the activity of supported
iridium catalysts. The P-modification of both anatase and rutile has a positive effect on
the promotion of the catalytic activity. Especially the catalysts supported on P-modified
anatase with high surface area showed excellent activity. The hot filtration study
indicates that the catalysis proceeded heterogeneously. These modified catalysts kept
their activity even after the additional supply of the substrate, indicating their fair
durability. On the other hand, the lower activity of the recovered catalysts points out
the need for further improvement of the recovery procedure. The detailed

characterization of the catalysts such as the H>-TPR study revealed that phosphorus-
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modification facilitated the formation of iridium species reduced at higher temperature,

and would stabilize the state of iridium species suitable for the present catalysis. Further

application of the present catalysts to a wider range of reactions via hydrogen transfer,

as well as the detailed investigation on the effects of phosphorus and various promoters,

are now in progress.
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Chapter 1V Development of Titania-Supported Iridium
Catalysts for the Acceptor-Less Dehydrogenative Synthesis

of Benzoxazoles

4.1 Introduction

Benzoxazoles, aromatic heterocyclic nitrogen-containing compounds, commonly
occur in natural products and have various biological activities, so are important
intermediates in pharmaceutical, agrochemical, and chemical industries [1,2]. The most
common routes for the synthesis of benzoxazoles [3,4] include condensation of 2-
aminophenols with carboxylic acid derivatives [5], oxidation with aldehydes [6,7] or
oxidative coupling with amines [8]. The transition metal complex-catalyzed conversion
of alcohols to benzoxazoles via the dehydrogenative pathway [9,10]is supposed to
provide a more environmentally benign alternative to classical synthetic reactions [11].
For example, several ruthenium or iridium complex-catalyzed syntheses of 2-
substituted benzoxazoles with or without hydrogen acceptors have been reported
[9,10,12]. In addition, reactions are known via aerobic oxidation of alcohols [13—15],
electrochemical oxidation of alcohol [16], and transition metal-catalyzed 2-
arylbenzoxazole formation from o-nitrophenols and benzylic alcohols using hydrogen
transfer [17,18].

Heterogeneous catalysis has advantages from both practical and environmental
viewpoints, such as easy recovery and reuse of the catalysts, prevention of
contamination of the products by heavy metallic species, and other factors [ 19—28]. The
present authors previously developed heterogeneous supported ruthenium [25,26] and
rhodium [29] catalysts which enable various highly atom-efficient organic
transformations. In particular, titania-supported iridium catalysts are effective for the
synthesis of benzimidazoles via acceptor-less dehydrogenative or hydrogen transfer

routes [30-33], which are dependent on the high activity of iridium in hydrogen
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activation [34] and coordinatively unsaturated titanium sites on the TiO> surface as
adsorption and/or activation sites of alcohols [35]. Pt/Al>O3 catalysts have also been
developed for the acceptor-less dehydrogenative synthesis of benzothiazoles and
benzimidazoles [36]. Titania-supported gold catalysts achieved benzoxazole formation
from 2-nitrophenols and primary alcohols under mild conditions via hydrogen transfer
[18]. However, very few examples of effective heterogeneous catalysis through the
acceptor-less dehydrogenative synthesis of benzoxazoles are known. Immobilized
ruthenium complex catalyst [12], as well as palladium oxide nanoparticles on
mesoporous silica together with a large amount of strong base additive have been
reported [37]. Therefore, development of solid, recyclable catalysts not requiring

additives for this reaction would be very valuable.

This chapter extended the application of the simple, recyclable titania-supported
iridium catalysts to the acceptor-less dehydrogenative synthesis of benzoxazoles. The
titania supports had important effects on the activity of the iridium catalysts, and various
primary alcohols could be reacted to give the corresponding 2-substituted benzoxazoles
in moderate to excellent yields. The present recyclable catalysts are advantageous from

both environmental and practical perspectives.

4.2 Experiment section
4.2.1 General information

Tris(acetylacetonate)iridium(Ill) (Ir(acac);, CisH210¢lr), di-p-chlorobis[(n-
cycloocta-1,5-diene)iridium(I)] ([Ir(cod)Cl]2, Ci16H24Cl2Ir2), mesitylene, biphenyl and
benzyl alcohol were obtained from Wako. Methanol, 1-octanol, tetrahydrofuran (THF),
and phosphoric acid were obtained from Nacalai. 2-Aminophenol, 4-methylbenzyl

alcohol, 4-methoxylbenzyl alcohol, 4-chlorobenzyl alcohol, and 4-fluorobenzyl alcohol
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were obtained from TCI. JRC (Japan Reference Catalyst) titania powders (here
designated as TIO-4, 6, 7, 8, 9, 10 and 11) were obtained from the Catalysis Society of
Japan. All reagents were used as received, and reactions were carried out under an argon

atmosphere in Schlenk tubes.
4.2.2 Preparation of supported iridium catalyst

The supported catalysts were prepared by an impregnation method as shown in
Scheme 1. Iridium precursor was dissolved in 10 mL of methanol for Ir(acac); or THF
for [Ir(cod)Cl]> under stirring, then 1.0 g of titania was added in air at 80 °C.
Subsequently, the obtained sample was dried overnight in air at 80 °C. The resulting
powder was reduced in an Hz (2 vol.%)/Ar flow (40 cm® min') at 500 °C (ramping rate
of 10 °C min™) for 30 min in a conventional flow reactor to give the Ir/TiO; catalysts.
After N purging, the catalysts were passivated in an O (2 vol.%)/N: flow (40 cm® min’

1 at 50 °C for 5 min for safety reasons.

Ir precursor in solvent TiO,

Impregnation method
[

Drying in air at 80 °C overnight

|

Reduction in 2%H, in Ar at 500 °C for 30 min

|

Passivation in 0.5% O, in N, at 50 °C for 5 min

l

Ir (2.0 wt% as Ir)/TiO,

Scheme 1. Preparation procedure of titania-supported iridium catalysts.
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4.2.3 General procedure for catalytic runs

Catalytic reactions were performed in a glass Schlenk tube reactor (20 cm?)
equipped with a hot stirrer and cooling block to reflux the reaction solution. A typical
reaction procedure for the synthesis of the desired product is as follows: the substrates
and solvent were added into the Schlenk tube containing the Ir/TiO2 catalyst. The
reaction mixture was stirred at the desired temperature for 18 h under an argon
atmosphere. Then the solid catalyst was removed by passing the mixture through a
polytetrafluoroethylene (PTFE) filter (Millipore Millex LH, 0.45 um), and the yield of
products was quantified by gas-liquid chromatography using biphenyl as an internal

standard.
4.2.4 Physical and analytical measurements

The organic products of catalytic runs were analyzed by GC-MS (Shimadzu
GC-MS Parvum 2; Zebron ZB-1 capillary column, i.d. 0.25 mm, length 30 m, at 50—
250 °C) and gas-liquid chromatography (Shimadzu GC-14A; Zebron ZB-1 capillary
column, i.d. 0.25 mm, length 30 m, at 50-250 °C). The amount of hydrogen gas
formed during the reaction was monitored with a Shimadzu 8AIT gas chromatograph
(Molecular Sieves SA column, i.d. 3 mm, length 2 m, at 50 °C) with a TC detector.

Powder XRD patterns were recorded using Cu Ka radiation (40 kV, 40 mA) and a
carbon monochromator (Shimadzu XRD-6100). Scanning electron microscopy (SEM)
(JEOL, JSM-5500S) was performed to measure the size and morphology of the
crystalline samples. Transmission electron microscopy (TEM) was performed on a
JEOL Model JEM-3010 system at 300 kV, and the powder sample was supported on a

Cu microgrid. Temperature-programmed reduction (TPR) was performed with a gas
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flow system, using hydrogen (2 vol.% in Ar; atmospheric pressure of 40 cm® min™') fed
into a quartz tube containing the catalyst. The tube was heated in an electric furnace at
a heating rate of 10 °C min™' and the amount of H> consumed was monitored with a TC
detector. XP spectra of the catalysts were recorded using a ULVAC-PHI 5500MT
system equipped with a hemispherical energy analyzer. Reduced catalysts without
passivation were mounted on indium foil in a glovebox (Korea Kiyon, Oz < 0.5 ppm)
and then transferred to an XPS analysis chamber without any contact with air. The
spectra were measured at room temperature using Mg Ka radiation (1254 eV) generated
by an X-ray tube operating at 15 kV, 400 W. The electron take-off angle was set at 45
deg. The residual gas pressure during data acquisition was less than 1 x 1078 Torr (1
Torr; 133.3 N m2). Binding energies were referenced to the C 1s level of residual
graphitic carbon [38]. Inductively coupled plasma atomic emission spectroscopy
(ICP/AES) used a Hitachi High-Tech Science PS7800 (sequential type ICP optical

emission spectrometer).

4.3 Results and discussion

4.3.1 Effects of titania support on the dehydrogenative synthesis of 2-phenyl

benzoxazole

The activities of various titania-supported iridium catalysts for the reaction of 2-
aminophenol (1 mmol) with benzyl alcohol (0.41 mL) were examined at 80 to 170 °C
for 18 h in the presence of mesitylene (2 cm?) as a solvent (Eq. 1 in Table 1). Table 1
shows the results of the reactions in the presence of 1.0 mol% Ir titania-supported
iridium catalysts prepared using Ir(acac)s as the iridium source. All catalysts were used

after calcination at 400 °C in air followed by reduction at 500 °C in a hydrogen stream.
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Anatase and rutile are denoted as (A) and (R) in Table 1, respectively. XRD revealed
that the titania supports in the catalysts had both anatase and rutile structures (Fig. 1)
[39]. The diffraction peak of the iridium phase was not observed in the XRD patterns
due to the low loading weight. FE-SEM images of the catalysts (Fig. 2) showed that
Ir/TIO-7, 9, and 10 consisted of small aggregated particles of the supported catalysts,

whereas I1r/T1O-6, 8, and 11 formed larger aggregates.

Table 1. Effects of various titania supports on the activity of the iridium catalysts

prepared from Ir(acac)s.

Ir/TiO, (from Ir(acac)s)

NH, OH (2.0 wt%, 1.0 mol% as Ir) 0
+ 4 +2H, + HO (1)
OH 18 h, under Ar N
3aa

1a 2a Mesitylene (2 cm3)

1.0 mmol 4.0 mmol

Crystal Sgerof support  Temp.  3aa Yield
Reaction  Support?

structure (m? g (°C) (%)
1 TIO-4 A/R 50 170 9
2 TIO-6 R 100 170 48
3 TIO-7 A 270 80 5
4 100 5
5 120 13
6 130 15
7 150 35
8 170 58
9 Po.02-TIO- A / 130 16
10 7° 150 22
11 170 29
12 TIO-8 A 338 130 13
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13 150 20

14 170 68
15 TIO-9 A 300 130 11
16 150 25
17 170 58
18 TIO-10 A 100 130 16
19 150 36
20 170 74
21 TIO-11 A/R 97 130 6
22 150 6
23 170 7
24 PA-135- A 66 130 17
25 3.5¢ 150 6
26 170 8
27 Si0, 130 170 trace
28 ALO; 180 170 trace
29 CeO2 92 170 trace

? A: Anatase, R: rutile, A/R and R/A: mixtures, predominantly anatase and
predominantly rutile, respectively. ® Poo>-TIO-7 is phosphorus-modified TIO-7 with
phosphoric acid (P/Ti molar ratio of 0.02) [33]. © PA-135-3.5 is {010}/{101}-faceted

anatase developed by our group [40—43].
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Fig. 1 XRD patterns of the iridium catalysts supported on (a) JRC-TIO-4, (b) JRC-

TIO-6, (¢) JRC-TIO-7, (d) JRC-TIO-8, (¢) JRC-TIO-9, (f) JRC-TIO-10,

(g) JRC-TIO-11.

Fig. 2 FE-SEM images of the catalyst samples (2.0 wt% as Ir), (a) It/JRC-TIO-6, (b)

Ir/JRC-TIO-7, (c) It/JRC-TIO-8, (d) Ir/JRC-TIO-9, (e) It/TRC-TIO-10, (f) Ir/JRC-

TIO-11. Iridium catalysts were prepared from Ir(acac)s.
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The results of reactions 3 to 8 indicate that reaction of 2-aminophenol requires a
relatively high temperature of 170 °C, markedly different to the dehydrogenative
synthesis of benzimidazoles which smoothly proceeds at 100 to 120 °C [27,30,31].
JRC-TIO titania catalysts supported on anatase (TIO-7, 8, 9, 10) showed higher
activities than those on TIO-4 (P-25 equivalent) and 11 which contained mixtures of
anatase and rutile. Ir/TIO-10 catalyst achieved almost 100% conversion of 2-
aminophenol (1a) at 170 °C. Our previous study of the dehydrogenative synthesis of
benzimidazole [31] showed that the iridium species were not homogeneously loaded on
TIO-4, and formation of relatively large iridium nanoparticles was considered to be
responsible for the low activity of these catalysts. The catalyst supported on rutile TIO-
6 showed significant activity (reaction 2): This is in accordance with our previous study,
which shows excellent activity of rutile-supported catalysts for the dehydrogenative
reactions [31]. However, the BET surface area obviously made a minor contribution to
catalyst activity. Reactions 9-11 suggested surface modification of titania by phosphoric
acid was not effective, but has a positive effect for the hydrogen transfer synthesis of
benzimidazole [33]. The {010}/{101}-faceted anatase was developed by our group
[40—43] and acts as an effective catalyst support for the synthesis of benzimidazole via
hydrogen transfer [32]. However, this anatase was not effective on the present reaction
as shown in reactions 24-26. In addition, the iridium catalysts supported on other metal
oxides such as silica, alumina, and ceria were inactive (reactions 27-29), implying the
titania supports had critical effects for the present catalysis. Conversions of 1a in the
presence of the Ir/Si0,, Ir/Al>O3, and Ir/CeO; catalysts at 170 °C were 31%, 36% and
34%, respectively. Conversion of benzyl alcohol 2a was negligible for the Ir/SiO, and
Ir/CeO»-catalyzed reactions, while only 15% with Ir/Al,O3 and the formation of a small

127



amount of 2-(benzylideneamino)phenol was detected by GC-MS. No benzaldehyde
was detected with these three catalysts.

To investigate the catalytic efficiency of iridium species for the dehydrogenative
reactions, the activities of TIO-10-supported catalysts with different iridium loadings
were compared at 130, 150 and 170 °C, respectively. Here, the weight of the catalysts
was fixed at 100 mg, so the substrate to catalyst (S/C) ratio decreased with higher
loading. Fig. 3 shows the yield of the desired product, 3aa, linearly increased with
higher loading at 130 °C and 150 °C. The yield markedly increased up to 1.0 wt% (0.50
mol% as Ir) at 170 °C, but increased less significantly over 1.0 wt%, indicating that the

activity per unit amount of iridium species was highest at around 1.0 wt% or lower.

80

4 e

0 ] T T T T T T T T T T T T T T T T T T T T T T T
0 0.5 1 1.5 2 2.5

Loading weight (wt%)

Fig. 3 Correlation between the iridium loading on TIO-10 and yield of product 3aa
from 2-aminophenol (1a, 1.0 mmol) with benzyl alcohol (2a, 4.0 mmol). Numbers in
the figure show the yields of 3aa. Ir/TIO-10 catalysts were prepared using Ir(acac); as

an iridium source. Reactions were performed in the presence of the iridium catalyst

100 mg) in mesitylene 2 cm?, 18 h, in Ar.
( g y
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4.3.2 Effect of [Ir(cod)Cl]2 as an Ir precursor on the catalytic activity

To further optimize the activity of the catalyst, [Ir(cod)Cl]> was used as the iridium
source in the catalyst preparation (Eq. 2 in Table 2). Table 2 shows the activities of these
Ir/TIO-10 catalysts with different iridium loadings for the dehydrogenative synthesis of
2-phenylbenzoxazole. The weight of the catalysts was fixed at 100 mg. The yield of
3aa monotonically increased with higher iridium loading at 170 °C, and the highest
yield of 3aa, 81%, was achieved with Ir (2.0 wt%)/TIO-10 catalyst (1.0 mol% as Ir).
However, 1.0 wt%-loaded catalysts showed higher activity than 2.0 wt%-loaded
catalysts at the same amount of Ir species (0.50 mol% Ir) as shown in reactions 9 and

10 of Table 2.

Table 2. Activities of the Ir/TIO-10 catalysts prepared using [Ir(cod)Cl]: for the
synthesis of 2-phenylbenzoxazole.

Ir/TiO,
(from [Ir(cod)Cl],)

NH2 (@)
OH 100 m
QL O 23— (30 wasenoo
18 h, under Ar N
1a 2a ) 3aa

OH
Mesitylene (2 cm?®
1.0 mmol 4.0 mmol
Ir loading (wt%, mol% as Ir Temperature Yield of 3aa
Reaction
in the parenthesis) (°C) (%)
1 0.10 (0.050) 150 7
2 160 8
3 170 6
4 0.20 (0.10) 160 10
5 170 17
6 0.4 (0.20) 160 16
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7 1.0 (0.50) 150 26

8 160 40
9 170 65
10 2.0 (0.50)? 170 42
11° 2.0 (1.0) 170 81

2 catalyst 50 mg. ® 2a 1.5 mmol.

To examine the material balance, double scale reaction of 1a (2.0 mmol) and 2a
(2.2 mmol) was performed for 18 h at 170 °C in the presence of the Ir/TIO-10 catalysts
prepared using [Ir(cod)Cl]2. As shown in Eq. 3, the conversions of 1a and 2a were 100%
and 97%, respectively, whereas the yield of 3aa was 72%, indicating the selectivity for
3aa was 72%. Benzaldehyde and its derivatives could not be detected in the reaction
mixture. GC-MS detected formation of small amounts of byproducts of m/z 197, 289,
and 287, which could be 2-(benzylideneamino)phenol, N,N-dibenzyl-2-aminophenol,
and an isomer of tribenzylamine, respectively. GC analysis detected evolution of 2.8
mmol of hydrogen gas, which is consistent with the acceptor-less dehydrogenation

pathway.

(0]
INTIO-10 ©EN/>_© + 2H; + Hy0
from [Ir(cod)Cl],, not
NH» ( 3aa 2.8 mmol .
OH 2.0 wt%, 1. 19 | determined
@[ 8 ©/\ 0 wt%, 1.0 mol% as Ir) Vield 72% )
OH 18 h, under Ar, o
; 3
1a 2a Mesitylene (2 cm®) + byproducts +

(2.0 mmol) (2.2 mmol)
Conv. 100% Conv. 97% m/z 197, 289 2b
not detected

Table 3 shows the activities of the Ir/TIO-10 catalyst for reactions with
representative benzylic alcohols and simple aliphatic alcohol. Both primary benzylic
alcohols bearing electron-donating and electron-withdrawing substituents could be

used as the substrates and the corresponding benzoxazoles were selectively formed in
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high yields using 2.0 wt% catalyst. Simple aliphatic alcohol, octan-1-o0l, was also
applicable and the desired product was formed in moderate yield. Unfortunately,

reaction of 1a with methanol at 100 °C (bath temp.) did not produce any benzoxazole.

Table 3. Activities of Ir/TIO-10 for the synthesis of 2-substituted benzoxazole.

Reaction Substrate Product Yield (%)
T O s 68

2 \o/©A e @EZ@ ! ac 99
AT "2 L0 3ad %0

4 F/QA OHZe C[:%O " 3ae »

S HO/\/\/\/\Zf QO\JW\ 3af 40

Reaction conditions: 2-Aminophenol (1a, 1.0 mmol), alcohols (1.5 mmol), mesitylene
(1 cm®), Ir/TIO-10 (prepared using [Ir(cod)Cl]z as an iridium source, 2.0 wt%, Ir: 1.0

mol%, 100 mg), 20 h, at 170 °C, in Ar.

Fig. 4 shows the effect of hot filtration on the time-course of the reaction of 1a and
2a to form 3aa over the Ir/TIO-10 catalyst at 170 °C. The catalytic reaction proceeded
smoothly, and the yield of the product increased linearly with time increasing without
hot filtration. The yield of the product showed almost no substantial increase after
reaction for 18 hours. This result suggests that the Ir/TIO-10 catalyst has high and
steady activity. To examine whether the catalysis occurs on the surface of the solid
catalysts, the effects of removal of the solid catalysts by hot filtration through a PTFE

filter (pore size 0.45 um) were examined after the reaction was continued for 1 h.

131



Formation of 3aa was completely stopped by the hot filtration. In addition, inductively
coupled plasma atomic emission spectroscopy (ICP/AES) analysis indicated that
leaching of iridium into the solution was negligible. These results suggest the

heterogeneous nature of the present catalysis.

80 4
69
67
60 (a) Without hot filtration
S
3 40 33
< (
20
201 11 (b) With hot filtration
A m e e e a 10
0 L] M 1 ) L] L 1 L]
2 6 10 14 18 22 26

Reaction time (h)
Fig. 4 The effect of hot filtration on the yield of 3aa over Ir/TIO-10.
Reaction conditions: 2-Aminophenol (1a, 1.0 mmol), benzyl alcohol (2a, 1.5 mmol),
mesitylene (1 cm?), Ir/TIO-10 (prepared using [Ir(cod)Cl]z, 1.0 wt%, 0.50 mol% as Ir,

100 mg), at 170 °C, in Ar.

To investigate the reusability of the catalyst, the used Ir/TIO-10 catalyst (prepared
using [Ir(cod)Cl]2, 2.0 wt%, 1.0 mol% as Ir) was simply separated from the reaction
solution by centrifugation and washed with THF after reaction at 170 °C for 18 h (3aa
yield; 81%). The resulting powder was reduced in a stream of 2% Ho/Ar gas at 500 °C
for 30 min and passivated at 50 °C for 5 min as usual. The treated catalyst gave 3aa in
69% vyield, indicating the catalyst is basically recyclable (Scheme 2). Further

optimization of the recovery procedure is ongoing.
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1. Washed by THF & acetone 3. Reduced at 500 °C
2. Calcined in air at 400°C under Hy/Ar for 30 min
for 30 min Ir/TIO-10

(from [Ir(cod)Cl],,
@NH2+ ©/\0H 2.0 wt%, 100 mg) ©:O
. . />—< >
OH |;I/|40-C|’18 h2, in Aér N
1a 2a esitylene (2 cm?) 3aa

(1.0 mmol) (1.5 mmol) fresh catalyst: 81% yield
recycled catalyst: 69% yield

Scheme 2. Recycle test of the catalyst.

Fig. 5 shows TEM images of TIO-10-supported iridium catalysts prepared from
Ir(acac)> and [Ir(cod)Cl]2, respectively, after reduction at 500 °C for 30 min. Most TIO-
10 secondary particles were in the range of 300-400 nm diameter as shown in Fig. 5(a),
and consisted of many smaller particles with 10-20 nm diameter. Fig. 5(b) and (c) and
the iridium particle distribution histograms indicate the formation of iridium
nanoparticles of less than 2 nm diameter on the surfaces of both Ir/TIO-10 catalysts,
which may explain the high activity of the Ir/TIO-10 catalyst. Note that much smaller
iridium nanoparticles were formed on the surface of TIO-7 than on TIO-10 (see Fig. 6),
as previously reported [32]. The size effect of metal nanoparticles is well known in
catalysis [44]. The activity of the catalyst is significantly promoted by decreasing the
size of metal nanoparticles, probably because the smaller nanoparticles have higher
surface area, more exposed surface atoms, and more surface defects, or affect the
surface atomic structure, electronic structure, and quantum size effect [45]. However,
iridium nanoparticles show different contradictory effects in specific catalytic reactions
[46], as this catalyst does not comply with the expected association of smaller size and
greater activity, because the iridium sub-nano cluster has stronger CO adsorption than
iridium single atoms, thus favoring the oxidation of CO with higher TOF [31].
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Fig. 5 (a), (b) TEM images and (d) Ir particle size distribution of Ir/TiO-10 (2.0 wt%)
prepared using Ir(acac)s and (c), (e) for Ir/TiO-10 (1.0 wt%) prepared

using [Ir(cod)Cl]».

.l.O 2.0 3.0
Diameter (nm)

Fig. 6 TEM image of Ir/TIO-7 (2.0 wt%). Iridium catalyst was prepared from

Ir(acac)s. Inset shows the iridium particle distribution histogram [32].

The reduction characteristics of the catalysts were studied by hydrogen
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temperature-programmed reduction (H2-TPR). Fig. 7 shows the H>—TPR profiles of the
present Ir/TiO; catalysts. The TPR profile of 2 wt% Ir/TIO-10 catalyst prepared using
[Ir(cod)Cl]2 showed a clear-defined peak at 123 °C, which was identified as reduction
of the iridium species, and a broad peak around 250 °C to 500 °C which was associated
with reduction of the surface Ti*" species to Ti**. Significant shift of the peak towards
high temperature (ca. 140 °C) for the Ir/TIO-7 catalyst suggested stronger interaction
between the iridium species and TIO-7 surface. The lower reducibility of iridium
species on TIO-7 is consistent with the lower CO adsorption, as discussed above [31].
Two reduction peaks appeared at around 200 °C for Ir/TIO-10 prepared using Ir(acac)s,
but no peaks in this region for the catalyst prepared from [Ir(cod)Cl]>. Formation of
such less reducible iridium species on the surface may account for the lower activities
of Ir/TIO-10 catalysts prepared from Ir(acac)s; as well as the Ir/TIO-7 catalyst (see

Tables 1 and 2).

Ir/TIO-10 2wt% using [Ir(cod)Cl],

Ir/TIO-10 2wt% using Ir(acac),

H, consumption (a.u.)

Ir/TIO-7 2wt% using Ir(acac);

T T T T T d T T T v
100 200 300 400 500 600

Temperature (°C)

Fig. 7 Effects of supports and iridium sources on the H»-TPR profiles.

The Ir 4f XP spectrum of the fully reduced Ir/TIO-10 catalyst (prepared from
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[Ir(cod)Cl]2, 1.0 wt%) is shown in Fig. 8. Considering the severe overlapping of the Ti
3s band, the Ir 4f spectrum consists of bands at 60.3 eV and 61.8 eV, which were
assigned to metallic Ir° (60.3 eV) and intermediate oxidation state Ir** (61.8 eV),
respectively, indicating iridium on titania is partially reduced. The ratio of I’ to Ir**
was ca. 0.7 to 0.3, which compares well to the reduced Ir/TIO-7 catalysts in which

partially oxidized iridium species are more predominant [31]. This result suggests the

reduced iridium species Ir” is responsible for the catalytic activity.

Intensity (a. u.)

68 ' 66 ' 64 ' 62 . 60 58
Binding energy (eV)

Fig. 8 XP spectra of Ir 4f of It/TIO-10 (prepared from [Ir(cod)Cl]2, 1.0 wt%)

Previous investigations of acceptor-less dehydrogenative synthesis of
benzimidazoles revealed that fully-reduced, well-dispersed small iridium nanoparticles
are responsible for the excellent catalytic activity [30,31,33]. The iridium nanoparticles
were smaller and better dispersed on titania than on other oxides such as silica or
alumina [30]. In addition, the crystalline structure of titania affected both the size and
reducibility of surface iridium species [31]. The present study showed suitable

interaction between iridium species and the TIO-10 surface would enable the formation
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of very small, well-dispersed, highly-reduced iridium nanoparticles, so further detailed
study is intended.

Scheme 3 shows a possible reaction mechanism for the dehydrogenative synthesis
of benzoxazole, as previously proposed [12]. The reaction is initiated by the abstraction
of hydrogen from alcohol to form a corresponding aldehyde, and successive reaction of
this aldehyde with 2-aminophenol proceeds to give an imine intermediate, followed by
dehydrogenative cyclization to form benzoxazole. Our GC measurement showed that
two equivalents of molecular hydrogen were formed after the reaction finished.
Dehydrogenative synthesis of benzimidazoles proceeds via a similar mechanism at a
significantly lower temperature around 100 °C [31]. The previous computational study
on the iridium complex-catalyzed N-alkylation of amines by alcohols revealed that
dissociation of the product from the metal, required to regenerate the catalyst, is
difficult, so this step may account for the high temperature required [47]. Similarly,
dissociation of the products from the catalytically active sites may be responsible for
the high temperature required in the present system. Further detailed kinetic study on

the reaction mechanism is ongoing.

o -
OH 1aa H,

cHo 2IMH 2] o

CEZ;“@# OO

2[ir]  2[Ir]-H 3aa
N/

Hy

Scheme 3. Proposed reaction mechanism.
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4.4 Conclusion

The present study developed titania-supported iridium catalysts with excellent
activity for the dehydrogenative synthesis of benzoxazoles from 2-aminophenol and
primary alcohols. The titania supports had marked effects on the activity of iridium
catalysts, with catalysts supported on TIO-10 showing the highest activity. The use of
[Ir(cod)Cl]2 as an iridium precursor instead of Ir(acac)s further promoted catalytic
activity. The present catalysts could be recycled without significant loss of activity. The
hot filtration test and ICP results clearly indicated the heterogeneous nature of the
present catalysis process. The catalysts reacted various benzylic alcohols with both
electron-withdrawing and donating substituents as well as a simple aliphatic primary
alcohol. Detailed characterization of the catalysts revealed that highly-dispersed, well-
reducible iridium particles in the range of 1-2 nm predominantly formed on the surface

of the Ir/TIO-10 catalysts were responsible for the high activity.
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Chapter V Summary

The synthesis protocol of nitrogen-containing chemicals from amines or ammonia
and alcohols has attracted extensive attention from academic and industrial viewpoints.
Various transition metal catalysts, especially homogeneous iridium complex catalysts,
had been reported to catalyze the synthesis of a wide range of nitrogen-containing
compounds via dehydrogenative or transfer hydrogenation (borrowing hydrogen)
mechanisms. On the other hand, reports on the heterogeneous catalysts for these
reactions were limited. Since our lab successfully developed titania-supported iridium
catalysts effective for the synthesis of benzimidazoles via both dehydrogenative and
hydrogen-transfer routes, application of these catalysts to other reactions was expected
as well as the further improvement of the catalytic activities.

In the present study, titania supported iridium catalysts were prepared by a facile
impregnation method. The catalysts are well applied to synthesize three valuable
nitrogen-containing compounds: tertiary amines, benzimidazoles, and benzoxazoles
from ammonia/amines and alcohols. The catalytic reactions proceeded efficiently under
mild conditions via hydrogen transfer or dehydrogenation route and produced only
water (and hydrogen) as byproducts, which are in accord with the green chemistry
principles. These results reveal that the titania-supported iridium catalyst has
extraordinary potential in heterogeneous catalysis. The main results of this study are
summarized as follows:

In chapter I, the general background and progress concerning the present study
were reviewed. The conception and evolution of green chemistry and its practices were

elucidated. The features and application of transition metals iridium catalysts, and
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titania support in catalytic organic synthesis, were introduced. The developments and
recent advances in the synthesis of our target product catalyzed by various catalyst
systems were described. Based on these studies, we proposed the purposes of the
present study.

Chapter II describes the development of titania-supported iridium catalysts with
high loading weight for the catalytic synthesis of amines by the multialkylation of
aqueous ammonia with primary and secondary alcohols. Neither additional solvent nor
high pressure of reduction atmosphere was required, and the reaction could be
performed readily in an air or argon atmosphere at relatively low temperature without
harmful output. Over Ir/TIO-10 catalyst, tertiary and secondary amines were
synthesized in a yield of over 90% within 6 hours. To the best of our knowledge, this is
the first example of a heterogeneous system that works under such very simple reaction
conditions. Moreover, the crystal structure of titania supports of the iridium catalysts
markedly affected their activities. Namely, the use of anatase as support showed the
best results. Detailed characterization of the catalysts revealed that highly dispersed
partially-reduced iridium nanoparticles of less than 2 nm in diameter would be
responsible for the excellent activity. The NH3-TPD and in-situ FTIR studies evidenced
the presence of titania support further improved the adsorption of ammonia. The
formation of the product smoothly proceeded in large-scale reactions. The catalyst
could be easily recovered and reused at least five times without a significant loss of
activity. The developed catalysis system surely meets the requirements of green
chemistry principles.

Chapter III demonstrates the promotional effects of the use of phosphorus-
modified titania as support of the catalysts for the synthesis of benzimidazoles. The
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phosphorus-modified titania supports were prepared by the hydrothermal and wet
impregnation methods. The use of these modified supports resulted in a marked
enhancement of the catalytic activity towards the synthesis of benzimidazoles from 2-
nitroaniline and primary alcohols via hydrogen transfer. The hydrothermal P-doping
realized ca. 5 times promotion of the catalytic activity. The modification of high surface
are titania such as JRC-TIO-7 with phosphoric acid by wet impregnation also increased
the activity of the iridium catalysts. The hot filtration study indicates that the catalysis
proceeded heterogeneously. These modified catalysts kept their activity even after the
additional supply of the substrate, indicating their fair durability. H>-TPR study
revealed that phosphorus-modification facilitated the formation of iridium species
reduced at higher temperatures and would stabilize the state of iridium species suitable
for the present catalysis.

In chapter IV, titania-supported iridium catalysts were developed for the
dehydrogenative synthesis of benzoxazoles from 2-aminophenol and primary alcohols.
The titania supports prominently affected the activity of supported iridium catalysts:
The catalysts supported on TIO-10 showing the highest activity. The use of [Ir(cod)Cl]>
as an iridium precursor instead of Ir(acac); further promoted the catalytic activity. The
present catalysts could be recycled without a significant loss of activity. The hot
filtration test and ICP results clearly indicated the heterogeneous nature of the present
catalysis process. The catalysts enabled the conversion of 2-aminophenol and various
benzylic alcohols with both electron-withdrawing and donating substituents as well as
a simple aliphatic primary alcohol. The byproducts were only water and molecular
hydrogen. Detailed characterization of the catalysts revealed that highly-dispersed,
well-reducible iridium particles in the range of 1-2 nm predominantly formed on the
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surface of the Ir/TIO-10 catalysts were responsible for the high activity.

As discussed above, titania-supported iridium catalysts that were successfully
developed in the present study enable the catalytic synthesis of nitrogen-containing
chemicals via hydrogen transfer and dehydrogenation pathways. The present results
provide a greener and more economical organic synthetic method for nitrogen-
containing chemicals. As expected, iridium catalysts exhibit excellent activity in the N-
alkylation of ammonia or amine with alcohols as well as N-heterocyclization. XPS and
TEM characterization reveals the high activity of iridium catalyst could be assigned to
the high dispersion of iridium nanoparticles with a small diameter less than 2 nm and
the suitable valence state of iridium species that were tunable by the selection of titania
support.

In addition, titania support also contributed to the activity of iridium catalysts.
NH;-TPD results suggest the presence of weak acid sites on the surface of titania, and
the weak adsorption and desorption of ammonia at low temperatures could promote the
N-alkylation of ammonia. In-situ FTIR spectra evidenced the efficient adsorption and
desorption of ammonia on the catalyst which realized rapid N-alkylation of ammonia
with benzylic alcohols. H>-TPR results indicate that the presence of phosphorus
enhanced the interaction between iridium and titania. By means of this strong
interaction, titania support promoted the dispersion of iridium species on its surface,
thus forming well-dispersed iridium species smaller than 0.5 nm.

Overall, the results described above evidence that titania supported iridium is a
promising catalyst for green organic synthesis. The catalyst can be used in hydrogen
transfer and dehydrogenation reactions involving activation of N-H bonds and
oxidation of alcohols. The particle size and valence state of iridium nanoparticles on
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the surface can be controlled by adjusting the iridium loading amount, by choosing
suitable titania support, and by modifying the surface of the support, so as to improve
their activity to the corresponding reaction. The present results will provide guidance
not only for further application of titania-supported iridium catalysts to various
reactions but also for the controlled preparation of other supported transition metal
catalysts.

In our next stages, we will proceed with the development of heterogeneous
catalysis in the following strategies. Firstly, based on the present research results, the
titania-supported iridium catalyzed hydrogen transfer route is green and efficient
method for the synthesis of N-containing chemicals. The expanding of substrates to
other environmentally benign nitrogen source is highly desired and reasonable.
Secondly, the strong interaction between metal and support has been disclosed to have
a significant effect on the distribution and size of iridium nanoparticles on the support
surface. Therefore, the development of a support that effectively promotes the
distribution of iridium nanoparticles is an attractive strategy. To this end, we will
challenge the application of new materials to iridium heterogeneous catalyst support.
Moreover, the application of iridium heterogeneous catalyst in the new green chemical

reactions is also worth expecting.
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