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ABSTRACT

According to the concept of green chemistry, catalysis is an importantdey f
ideal synthesis to prevent waste materials and increase atom econosgombept urges
chemist to develop new methodology to sustainable production of chemicals.
Acceptorless catalytic dehydrogenation of alcohols and amines is regarded a$ the
most important reactions for sustainable production of chemicals, because therrea
can give industrially important chemicals, carbonyl compounds and imines, without
additional reagents. However, most of the reports used homogeneous catalysts, which
have serious drawbacks of difficulties in product/catalyst separation aatystateuse
and needs of additives including expensive ligands. Also, dehydrogenation of alcohols
can be a key reaction in one-pot bond formation reaction from alcohols as an
atom-efficient synthetic method, but most of the reports have used homogeneoystsatal
Development of heterogeneous catalysts for these reactions addresses the issues of
homogeneous catalysts and consequently will provide practical methods for sustainabl
production of chemicals in industry. The objective of this thesis is to develop new
heterogeneous catalysts for acceptorless dehydrogenation of amines and dehydmgenati
one-pot bond formation reactions of alcohols. The thesis will show supported Pt
nanoparticles are efficient and reusable heterogeneous catalysts for @hesemeeunder
additive-free conditions. Characterization of catalysts and model reactimnsalso
studied to discuss catalyst design concept.

In chapter 2, the author investigated various metal loaded carbon catalysts and
various supported Pt catalysts for acceptorless dehydrogenatidrheferocycles under
additive-free conditions underNPt metal nanoparticles-loaded carbon (Pt/C) was the
best catalyst for the dehydrogenation of 6-methyl-1,2,3,4-tetrahydro-quinoline to
6-methyl-quinoline, and Pt/C was reusable. VarioNsheterocycles, derivatives of
tetrahydroquinoline and indoline, were converted to quinolines and indole with high
yields. For the dehydrogenation of 1,2,3,4-tetrahydroquinoline, turnover number (TON)
of Pt/C was more than one order of magnitude higher than those of the previous

homogeneous and heterogeneous catalysts. Additionally, the same catalysteetrgeef



for the reverse reaction, hydrogenation of quinoline under 3 bafkus, this catalytic
method may be useful for a organic halide—based hydrogen storage system.

In chapter 3, a series of transition metal-loaded metal oxide catalystsexamined
for the synthesis of indoles via acceptorless dehydrogenative cyclization of
2-(2-aminophenyl) ethanol. Pt/Nbs and Pt/HBEA were found to be effective
heterogeneous catalysts for the reaction. These catalysts showed higher TON tha
previously reported catalysts, and the P#Qi catalyst was reusable. The reaction
consists of dehydrogenation and cyclodehydration steps with elimination of asater
byproduct.

In chapter 4, the author examined various metal loaded-Sar@ supported Pt
catalysts for acceptorless dehydrogenative coupling of primary alcoholses estder
additive-free and solvent-free conditions. Among screened catalys8&)@@tivas most
active. The method was effective for various primary alcohols under additieeaine
solvent-free conditions, and the catalyst was reusable. IR study show thattiactiof
carbonyl groups in aldehydes is the primary important role of the >Sspport.
Combined with other mechanistic study a reaction pathway is proposed; theoreatti
alcohol with the aldehyde coordinated to“Shewis acid site to give a hemiacetal
intermediate followed by its dehydrogenation to the ester. This catalgtem is the first
example of heterogeneous catalyst for this reaction, which provides one of the most
atom-efficient and step-efficient catalytic routes to esters freadily available starting
materials, alcohols.

Chapter 5 is the general conclusion. Chapter 2-4 show systematic examples of new
heterogeneous catalysts for acceptorless dehydrogenation reactions of amines
(N-heterocycles) and alcohols for the synthesis of chemicals under additive-free
conditions with liberation of Has a byproduct. The heterogeneous catalysts developed in
this work have advantages over the previous homogeneous catalysts, including good
catalyst reusability and high TON, and hence will provide practical methods f

sustainable production of chemicals.
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Chapter 1

General Introduction



1. Introduction

Green chemistry is also known as sustainable chemistry, is an arearoisttyeand
chemical engineering focused on the design of products and processes that mihanize
use and generation of hazardous substahddw principle of green chemistry provide
the concept of an ideal synthesis in terms of catalytic activity, seigctatom efficiency,
step-efficiency and toxicity> Researchers get inspiration from this concept to develop

new atom-economical, environmentally benign synthetic methodology.

1.1. Catalytic Acceptor less Dehydrogenation of alcohols and cyclic amines

The dehydrogenation of alcohols (eqn.-1) and cyclic amines (egn.-2) is of
predominant importance in organic synthesis because of wide applications of carbonyl
compounds and nitriles as important intermediates in medicines, agriculhesalicals

and fragrance$’
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Catalytic dehydrogenation (CDH) is a very important reaction in the matufag
of vendible chemical® Although CDH offers considerable benefits with respect to atom
economy and environmental impact because of the avoidance of stoichiometric oxidants,
it has been much less used in the synthesis of fine chemicals, pharmalssuicd
agrochemicals. Inspite of sacrificial hydrogen acceptors and additiedseguently used,
CDH of amines and alcohols has been realized with metal complexes int ngears’
More recently, Fujita and Yamaguchi reported the first example of homogeneous



dehydrogenation of tetrahydroquinolines using a [Cp*Ir(2-hydroxypyridine)] catHlyst.
The limitation of this method is only a few examples of 1,2,3,4-tetrahydroquinolines we
demonstrated and the reaction conditions were relatively forcing [2 molétysator 20
h in refluxingp-xylene (bp 138 °C) or 5 h in mesitylene (bp 165 °C)].

Acceptorless Dehydrogenation (AD) reactions can result not only in simple rémova
of hydrogen gas from various substrates but also, importantly, in surprisiniityeet
and environmentally benign (“green”) synthetic methodologies when internesdiat
resulting from the initial dehydrogenation process undergo further reactions.
Conventionally, metal-based oxidants such as dichrofigiermanganate iof5sin the
presence of strong mineral acids, silver oxtéland lead tetraacetadfen stoichiometric
amount&'® are used for dehydrogenations of alcohols and amines. On the contrary, in
some cases precious metals have been used as efficient catalysts vatiulanobxygen
as main oxidant to effect this transformati® few reports are found by using organic
oxidants such as TEMPO (scheme 1), which is applied for the purpose of
dehydrogenation reactidf. For the above processes where accépte used, the
reactions generate excessive amounts of toxic metal salts “Wagtieh is undesirable
from both economical and environmental points of view or have difficulties to recover the

expensive metal catalysts.

OH TEMPO O
)\ + NaOCl > R)J\ 4+ NaCl + H,0
R R NaBr (10 mol%) R
CH,Cl,

Scheme 1: Acceptorless dehydrogenation of alcohols using accéptor.

To overcome the drawbacks of the dehydrogenation method using acceptor,
acceptorless method are also developed. The acceptorless dehydrogenatioha$ adc
an efficient and atom-economical method for the convertion of alcohols into carbonyl
compounds and other derivativ&s! Alcohol dehydrogenation are used in hydrogen



storage and production, as a selective and low-temperature route to genenatgehyd
from biomass-derived alcohols and carbohydrdtes. Zhang et al. reported
Co-complex® (scheme 2) catalyzed acceptorless dehydrogenation of alcohols, where no
oxidant was used and no byproduct were produced. But the reported method is

homogeneous, additives were used and showed lower turnover number.

@
Co-complex
R” O OH > R)J\H * H
1

Scheme 2: Co-complex catalyzed acceptorless dehydrogenation of alcéhols.

J. K. Bera et al. reported diruthenium-comptexcatalyzed acceptorless
dehydrogenation of alcohols (scheme 3). They have synthesized a dirutheniujn (11,11
complex incorporating a naphthyridine—diimine ligand. The ligand structure offers
accessible sites trans to the naphthyridine unit. They showed that the titf@oochwas
an excellent catalyst for acceptorless dehydrogenation of alcohols to tresponding
carbonyl compounds. That diruthenium assembly was surprisingly effective for e cle
conversion of primary alcohols to the corresponding aldehydes and no ester product was
found as side products. They give a possible explanation for the above mechéwisis, t
the generated aldehyde is rapidly extruded from the [Ru-Ru] core and hence the
hemiacetalyzation is hindered. The same catalyst was also used figticatizfination of
alcohols using ylides to react with the in situ produced aldehyde. They showickinet
experiments, isotope labeling studies, and DFT calculations point to a bimetal
cooperative mechanism that operates on the equatorial platform. A low-energtabicn

B-hydride elimination makes dehydrogenation process the rate-limiting step.



Acceptorless Alcohol Dehydrogenation

0O
R on Re-wl R)k}: HZT

Dehydrogenative Coupling for Alcohol Olefination

©® [Ru=Ruy H R
R

Scheme 3: [Ru=Ru] catalyzed acceptorless dehydrogenation of alcahols.

Recently William D. Jones et al. reported the acceptorless dehydrogeratibn
hydrogenation oN-heterocycles (scheme 4) with a single molecular iron catélyidtey
have demonstrated reversible dehydrogenation—hydrogenatiad-haterocycles with
earth-abundant iron-based molecular catalysts. Products from both the dehydoogenat
and hydrogenation reactions were isolated in good yields. They demonstreted t
penta-coordinated iron hydride species 3 (Scheme 5) and the proposed dehydrogenation
intermediate, was isolated by an independent route, which was directly invivlvibe
catalysis. The initial amine dehydrogenation step was supported by substvate-dr
mechanistic studies and provide evidence against direct alkane dehydrogenationgrom t

partially oxidized N-heterocycles. They found that presence of the N atom in the



molecule was critical for a successful catalytic dehydrogenation. On dh&ary, a
trans-dihydride species 4 (Scheme 5) was acted as the active catalyghefor
hydrogenation oN-heterocycles. The formation of such a catalyst species was supported
by NMR and trapping experiments. These homogeneous catalytic methods suffer from
drawbacks of difficulties in product/catalyst separation and no reusabilitiye catalyst,

lower turnover number and in some cases use of additive.

_BH,

F’('F’r ( \P(Prh BH;*THF _\\P(ipf)z
+ H H S (1.2 equiv) H N

N:/Fe CO —_— /| —“"C D ot \N—/||:e—CO

/N (_ I
—P —P H
(Pr), ( Pf)z (Pr),

3 4 1

Scheme 5: NMR and Trapping Experiments to Support the Formation of the
trans-Dihydride Intermediat®.

Now a days, several heterogeneous catalysts have been developed for
dehydrogenation of amines and alcohols into their corresponding dehydrogenated
products using various oxidizing agefAtdlowever the previous reported methodologies
were mostly involved in over oxidation of the dehydrogenated product and other

functional groups on the substrate due to high reaction temperatures which itibit i



utility for a wide substrate scogéMoreover, the formation of byproduct water, produced
during dehydrogenation could lead to catalyst deactivation and reusabilityeprsbl
Alternatively, several precious metal-based heterogeneous catalysts leavddweloped
to overcome these drawbacks and to achieve an efficient oxidant-free dehydrogenhat

wide range of alcohols and amin®s.

1.2. Acceptorless dehydrogenation of alcohols by heter ogeneous catalyst

Our group reported heterogeneous supported metal catalyzed dehydrogenation of
alcohols (scheme 69:3°3'Pt nanocluster-loaded metal oxides, in situ pre-reduced under
H> at 500 °C, were tested for the dehydrogenation of aliphatic secondary alcohols in the
liquid phase. According to the report, activity for dehydrogenation of 2-octanol depended
strongly on the acid-base character of the support oxide, and amphoteric oxides,
especiallyy-Al>0s,%° which gave high activity for this reaction. ADs supported Pt acted
as reusable heterogeneous catalyst for dehydrogenation of aliphatic secondiaojsatic
the corresponding ketones. P8k showed higher activity than other M/ADs; (Co, Ni,

Cu, Ru, Rh, Pd, Ag, Re, Ir, Au) catalysts and showed two orders of magnitude higher
turnover number (TON) than previously reported Pt catalysts for dehydrogenation of
alcohol to kitones.

Another report by our group showed that a series of transition metal(M)-loadd Ti
catalysts (M/TiQ) and Co-loaded catalysts on various support materials were prepared by
an impregnation method, followed by in sitw¥eduction at 400 °C and tested for the
acceptorless oxidation of cyclododecanol in the liquid phase. Among several supported
metal catalysts including noble metal catalysts, Cosl9&howed the highest activity for
acceptorless dehydrogenation of cyclododecanol.

For the oxidation of secondary alcoh8lgcceptorless dehydrogenation were studied
by alumina-supported Ni metal nano particles as a heterogeneous and reusdjt. cata
nickel-nanoparticle-loaded)-Al 0z (Ni/6-Al.03) was prepared by #Hreduction of
NiO/6-Al>0s, acts as an effective and reusable heterogeneous catalyst for acceptorless
dehydrogenation of alcohols in a liquid phase. Among various supports, amphoteric

supports (such ag-Al»03), having both acidic and basic sites, gave higher activity than



acidic or basic supports for this dehydrogenation reaction.

O

)O\H Catalyst )J\ + H,

Ri™ Ro R Ry

Scheme 6: Dehydrogenation of alcohols by heterogeneous cat&iy%g!

1.3. Acceptorless dehydrogenation of cyclic amines by heter ogeneous catalyst

Kaneda et al. showed that hydroxyapatite-bound pallatgfiwvas found as an
effective catalyst for the dehydrogenation of various types of indolines to give the
corresponding indoles. The catalyst was easy recoverable from the reactiemenadd
was reusable without any loss of its catalytic activity. They showed that the
dehydrogenation of various indolines in the presence of PAHAP (scheme 7) can also
proceed efficiently. In addition to advantages such as simple work-up procezhddbhe
ability to recycle the catalyst, the catalytic system describedih@xhibits high catalytic
activities as compared to other reported methods. However the method shows low
turnover number and substrate scope is limited.

Pravin R. Likhar et al. developed a simple and convenient process for the synthesis
of monodispersed and highly stable nanocoppét@) alumina from copper aluminum
hydrotalcite by a chemical reduction method for the dehydrogenation of amines to
imines/nitriles and alcohols to carbonyl compounds. The scope of the dehydrogenation
reactions were available for several amines such as benzylamines, langiiygamines,
heterocyclic amines and alcohols using Cu(Q)klas an efficient catalyst. The stability
of Cu(0)/ALO3 was demonstrated by studying its recovery and reuse properties in the
dehydrogenation of amines and alcohols. Thus, Cu(@pAtonstitutes a unique catalytic
system and opens up an attractive alternative to expensive noble metakhtsgsits for

the acceptorless and oxidant-free dehydrogenation of amines and alcohols.



Scheme 7: Acceptorless dehydrogenation of cyclic amifés.

1.4. Acceptorless Dehydrogenative Coupling of Alcohols

Ester can be synthesized by acceptorless dehydrogenative coupling of alcolst|s. Fir
metal accept hydrogen from alcohols and convert it to aldehyde. Then another molecule
of alcohol combine with aldehyde and a intermediate is formed. This intermediavert

to ester by losing another molecule of hydrogen (scheme 9).

A

Mo 2 Y 2
- 7’ a4
™~ MH, ™~ MH,

R1 Y R1
\:O > J\
R2” NOH Ry o7 TOH
i

Scheme 9: Catalytic acceptorless dehydrogenetive coupling of alcohols to esters.



Alcohols react with acyl chlorides and acid anhydrides to give estersnechi€)3*
The reactions are irreversible simplifying work-up. Since derivatives dimeylic acids
such as acyl chlorides and acid anhydrides also react with water, anisydonditions
are preferable for this reaction. This traditional method suffers from drekgbaf
stoichiometric amount of toxic reagents and/or promoters generation of wastetsapa

and purification of intermediates.

O
- O
Acid catalyst
Rl)kCI + R OH > )I\ ~_ + HC
R 07 R,

Scheme 10: Acid catalyzed ester synthesis from alcohols acid derivafives.

To overcome the drawbacks of traditional multisteps synthesis, several one-pot
acceptorless synthetic methods are developed. Literature showed that déptodess
catalytic dehydrogenation reactions are one-pot synthesis and most of the mataods
homogeneous. Ru-compfcatalyzed acceptorless dehydrogenetion of alcohols to esters
are reported by Milstein group. Recently, D. G. Gusev et al. also rep&tecompleX®
catalyzed acceptorless dehydrogenetion of alcohols to esters (scherié&ddsg one pot
catalytic method have several advantages such as this method is environmgmetaiy
no hazardous byproduct or waste is produced and the procedure is relatively safdl But sti
one-pot synthesis have some problems such as this homogeneous catalytic sysiesm suff
from difficulties in catalyst/product separation and no reusibility of tamlyst. In some

cases the method also shows low TON.

1C



Ru-complex Q
+ H
R/\OH » 1/2 )]\ A~ 2

Scheme 11: Acceptorless dehydrogenetion of alcohols to esters.

1.5. Concluding remarks

There is a need to develop heterogeneous catalysts for direct synthesis afathem
from alcohols and cyclic amines under additive-free and acceptorless dehydrogena
methodology. The reusable heterogeneous catalyst will provide practical methods for

sustainable production of chemicals with substrate scope and high TON.

1.6. Outlines of thesis

This thesis focuses on direct synthesis of chemicals from alcohols and ayaines
under additive-free and acceptorless dehydrogenation methodology. The objective of thi
thesis is to develop new heterogeneous catalysts for acceptorless dehydrogehation
cyclic amines and dehydrogenative one-pot bond formation reactions of alcohols. The
thesis will show supported Pt nanoparticles are efficient and reusable heteooge
catalysts for these reactions under additive-free conditions. Charatiterizd catalysts
and model reactions are also studied to discuss catalyst design concept.

In chapter 2, the author investigated various metal loaded carbon catalysts and
various supported Pt catalysts for acceptorless dehydrogenatidrheferocycles under
additive-free conditions under2NPt metal nanoparticles-loaded carbon (Pt/C) was the
best catalyst for the dehydrogenation of 6-methyl-1,2,3,4-tetrahydro-quinoline to
6-methyl-quinoline, and Pt/C was reusable. VarioNsheterocycles, derivatives of
tetrahydroquinoline and indoline, were converted to quinolines and indole with high
yields. For the dehydrogenation of 1,2,3,4-tetrahydroquinoline, turnover number (TON)

of Pt/C was more than one order of magnitude higher than those of the previous

11



homogeneous and heterogeneous catalysts. Additionally, the same catalysteotrgeef
for the reverse reaction, hydrogenation of quinoline under 3 baffkus, this catalytic
method may be useful for a organic halide—based hydrogen storage system.

In chapter 3, a series of transition metal-loaded metal oxide catalysésexamined
for the synthesis of indoles via acceptorless dehydrogenative cyclization of
2-(2-aminophenyl) ethanol. Pt/Nbs and Pt/HBEA were found to be effective
heterogeneous catalysts for the reaction. These catalysts showed higher TON tha
previously reported catalysts, and the P#®k catalyst was reusable. The reaction
consists of dehydrogenation and cyclodehydration steps with elimination of asater
byproduct.

In chapter 4, the author examined various metal loaded-Sar@ supported Pt
catalysts for acceptorless dehydrogenative coupling of primary alcoholsexs estder
additive-free and solvent-free conditions. Among screened catalys8&y@@tivas most
active. The method was effective for various primary alcohols under additieeainel
solvent-free conditions, and the catalyst was reusable. IR study shows ilatiactof
carbonyl groups in aldehydes is the primary important role of the >Ssdpport.
Combined with other mechanistic study a reaction pathway is proposed; theoreatti
alcohol with the aldehyde coordinated to“Siewis acid site to give a hemiacetal
intermediate followed by its dehydrogenation to the ester. This catalgtem is the first
example of heterogeneous catalyst for this reaction, which provides one of the most
atom-efficient and step-efficient catalytic routes to esters freadily available starting
materials, alcohols.

Chapter 5 is the general conclusion. Chapter 2-4 show systematic examples of new
heterogeneous catalysts for acceptorless dehydrogenation reactions of amines
(N-heterocycles) and alcohols by for the synthesis of chemicals under additve-fre
conditions with liberation of klas a byproduct. The heterogeneous catalysts developed in
this work have advantages over the previous homogeneous catalysts, including good
catalyst reusability and high TON, and hence will provide practical methods f

sustainable production of chemicals.
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Chapter 2

Acceptorless Dehydrogenation of N-heter ocycles by
supported Pt catalysts
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2.1. Introduction

Catalytic dehydrogenatiéfi and oxidatiof®2* of saturatedN-heterocycles are of
fundamental importance in the synthesis of nitrogen-containing aromaticsioise
method$’?! are based on the catalytic oxidation Nfheterocycles using an external
oxidant such as ©and stoichiometric oxidants, but use of the oxidant potentially limits
selectivity and functional group tolerance. An alternative method is thalytiat
dehydrogenation ofN-heterocycles in the absence of oxidahtsRecently reported
homogeneous catalytic methods with#/ Ru2 Cd® and F& catalysts were effective for
the reaction, but most of these methods have drawbacks such as low turnover number
(TON) and difficulties in catalyst/product separation and reuse of the hameogs
catalyst>® A few reports showed acceptorless dehydrogenatiohl-biterocycles with
heterogeneous catalyst3.For example, Kaneda et al. developed Rdd Cu catalysts
for dehydrogenation of indolines and tetrahydroquinoline, respectively. For a model
dehydrogenation of 1,2,3,4-tetrahydroquinoline, the previous homogéenédisand
heterogeneods catalysts showed limited turnover number (TON) in a range of 3.3-87.
Among these examples, a few studies have succeeded in the reversible
dehydrogenation-hydrogenation reactionsNoheterocycles with a single catalyst5°
This reversible transformation is of particular importance from a viewpoint garmic
hydrides for hydrogen storage system. As a part of our continuous studies in
heterogeneous catalysis for oxidant-free dehydrogenation reaétioves,report herein
dehydrogenation of saturatéheterocycles by a Pt/C catalyst, which shows higher TON
for dehydrogenation of tetrahydroquinoline than previous catalytic systems. Addiional
Pt/C is effective for the reverse reaction, that is hydrogenation of quinoline int

tetrahydroquinoline under 3 barH

2.2. Experimental

2.2.1. Catalyst Preparation

Commercially available organic and inorganic compounds (Tokyo Chemidaktry,
Kanto Chemical) were used without further purification. The standard carbon $uppor
Vulcan XC72 (210 ri g?), was commercially suppliedy-Al2Os (124 n? gt) was
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prepared by calcination gFAIOOH (Catapal B Alumina from Sasol) at 900 °C for 3 h.
SiO; (Q-10, 300 m g*') was supplied from Fuji Silysia Chemical Ltd. TIQURC-TIO-4,
50 n? g1), MgO (JRC-MGO-3, 19 rhg?), SiO-Al:03 (JRC-SAL-2, AbOs = 13.75 wt%,
560 nt g') and HBEA zeolite (SiQAI O3 = 2515, JRC-Z-HB25) were supplied from
Catalysis Society of Japan. s (54 n¥ g?'), ZrO, and SnQ were prepared by
calcination of NhOs.nHO (CBMM), ZrO..nHO and HSnG (Kojundo Chemical
Laboratory Co., Ltd.), respectively, at 500 °C for 3 h.

A precursor of the 5 wt% Pt/C catalyst was prepared by impregnation method; a
mixture of carbon (Vulcan-XC72) and aqueous HNGbolution of Pt(NH)2(NOs).
(Furuya Metal Co., Ltd.) was evaporated at 50 °C, followed by drying at 90 °C for 12 h.
The reduced Pt/C catalyst, designated as Pt/C, was prepared by reductierpoétursor
(Pt(NHs)2(NOs)2-loaded carbon) in a pyrex tube undes fbw (20 cn® min™?) at 300 °C
for 0.5 h. The other Pt catalysts were prepared by the same method as Pt/C.
Carbon-supported metal catalysts, designated as M/C (M = Rh, Pd, Ir, RGUNICo,

Ag), with metal loading of 5 wt% were prepared by impregnation method by thdasimi
manner as Pt/C using aqueous solution of metal nitrates (for Ni, Cu, Co, Ag) or
IrCls.nHO or aqueous HN® solution of Rh(NQ@)s (Furuya Metal Co., Ltd.) or
Pd(NHs)2(NOs). (Kojima Chemicals Co., Ltd.). These catalysts were reduced unger H
flow at 300 °C for 0.5 h. Platinum oxides-loaded carbon (PtOx/C) was prepared by
calcination of the Pt(NE)2(NOs)2-loaded C in air at 300 °C for 0.5 h.

2.2.2. Catalyst Characterization

Temperature programmed reduction by (f>-TPR) was carried out by BELCAT
(MicrotracBEL). PtOx/C (20 mg) in a quartz tube was heated with a teatper
ramp-rate of 10 °C mif in a flow of 5% HYAr (20 cm® mint). The effluent gas was
passed through a trap containing MS4A to remove water, then through the thermal
conductivity detector, which detected the amount efctblinsumed during the experiment.
The number of surface Patoms on Pt/C, pre-reduced ir ldt 300 °C for 0.5 h, was
estimated from the CO uptake of the samples at room temperature using the
pulse-adsorption of CO in a flow of He by BELCAT (MicrotracBEL). The average P



particle size was calculated from the CO uptake assuming that CO was atisoribee
surface of spherical Pt particles at a stoichiometry of CO/(surfacetd®h)a= 1/1.
Transmission electron microscopy (TEM) observation of Pt/C was caotiedly a JEOL
JEM-2100F TEM operated at 200 kV.

2.2.3. Catalytic tests

Typically, 5 wt% Pt/C was used as the standard catalyst. After thee¢tuction of the
catalyst at 300 °C, catalytic tests were carried out using a batch-sgetor without
exposing the catalyst to air as follows. A mixture of 6-methyl 1,2,3,4-tetrahydrodpénol
(2.0 mmol) andn-dodecane (0.29 mmol) i-xylene (1.5 mL) was injected to the
pre-reduced catalyst inside the reactor (cylindrical glass tube) througptansenlet,
followed by filling N2. Then, the resulting mixture in a 15 mL of closed reflux system
under 1 atm N was magnetically stirred and was heated to reflux temperature; the bat
temperature was 160 °C and reaction temperature gaasl44 °C. The yield of
6-methyl-quinoline was determined by GC (Shimadzu GC-14B with Ultra ALLOY
capillary column UA-1 of Frontier Laboratories Ltd., &l using n-dodecane as an
internal standard. Typically, the error in the yield determined by GC wh§%. To
determine the isolated yield of 6-methyl-quinoline, 6-methyl-quinoline wastedl by
column chromatography using silica gel 60 (spherical, 634290 Kanto Chemical Co.
Ltd.) with hexane/ethylacetate (90/10) as the eluting solvent, followed by asalyp
GCMS and!H and 3C NMR. The hydrogenation of quinoline was carried out by a
stainless autoclave (28 éjrat 160 °C under 3 bar H

2.2.4. NMR and GCMS analysis

H and'3C NMR spectra were recorded at ambient temperature by JEOL-ECX 600
operating at 600.17 and 150.92 MHz, respectively with tetramethylsilane aseanaht
standard. All chemical shift$) are reported in ppm and coupling constad}sirg Hz. Al
chemical shifts are reported relative to tetramethylsilanedasolvent peaks (77.00 ppm,
chloroform), respectively. Abbreviations used in the NMR experiments: s/esimly
doublet; t, triplet; m, multiplet. GC-MS spectra were recorded by SHIMADBQP2010.
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2.2.4.1. 6-Methyl-quinoline (Table 2.3, entry8)

T

~

N

IH NMR (600.17 MHz, CDGJ), TMS: 8 8.51 (d,J = 2.70 Hz, 1H ), 7.73 (dJ = 8.94 Hz,
1H), 7.54 (d,J = 7.56 Hz, 1H), 7.12 (d) = 8.22 Hz, 1H), 7.05 (s, 1H), 6.98-6.87 (m, 1H),

2.09 (s, 3H);1*C NMR (150.91 MHz, CDGJ) 6 148.63, 146.11, 135.36, 134.39, 130.82,
128.27,127.44,125.79, 120.17, 20.66; MS m/e 143.07.

2.2.4.2. Quinoline (Table 2.3, entry'2)

CO

—

N

IH NMR (600.17 MHz, CDCJ), TMS: & 8.89 (d,J = 2.76 Hz, 1H), 8.12-8.07 (m, 2H),
7.76 (d,J = 8.22 Hz, 1H), 7.68 (1) = 7.56 Hz, 1H), 7.50 (1) = 7.56 Hz, 1H), 7.33-7.32

(m, 1H); 3C NMR (150.91 MHz, CDGJ) § 150.15, 148.02, 135.81, 129.22, 129.19,
128.03, 127.57, 126.30, 120.83; MS m/e 129.04.

2.2.4.3. 2-Methyl-quinoline (Table 2.3, entry3)

L

7

IH NMR (600.17 MHz, CDGJ), TMS: § 8.03 (d,J = 8.28 Hz, 1H), 7.80 (dJ = 8.28 Hz,
1H), 7.59 (d,J = 7.56 Hz, 2H), 7.34 () = 6.90 Hz, 1H), 7.05 () = 6.18Hz, 1H), 2.64 (s,

3H); 13C NMR (150.91 MHz, CDGJ) $ 158.13, 147.18, 135.35, 128.68, 127.95, 126.82,
125.77,124.93, 121.22, 24.65; MS m/e 143.07.

2.2.4.4 Indole (Table 2.3, entry4)

0

H
IH NMR (600.17 MHz, CDCJ), TMS: § 8.09 (s, NH, 1H ), 7.65 (dJ = 8.28 Hz, 1H),
7.38 (d,J= 8.28 Hz, 1H), 7.19 (m, 2H), 7.12 @,= 7.20 Hz, 1H), 6.55 (s, 1H }3C NMR
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(150.91 MHz, CD@J) 6 135.74, 127.82, 124.10, 121.96, 120.71, 119.79, 111.00, 102.60;
MS m/e 117.10.

2.3. Result and discussion
2.3.1. Catalyst characterization

Fig. 2.1 shows temperature programmed.-reduction (H-TPR) profile of
Pt(NHs)2(NOs).-loaded carbon as the precursor of Pt/C. TheTRR profile shows ki
consumption peaks below 250 °C assignable to the reduction of Pt(ll) to metallibiBt.
indicates that the standard Pt/C catalyst pre-reduced at 300 °C containBcnidtafig.
2.2 shows a representative TEM image and Pt size distribution of Pt/C. Thagaver
diameter of Pt particles for 98 particles was 2.9 + 0.8 nm, and the volume-ar@a me
diameter of Pt particles was 3.5 £ 0.8 nm. The volume-area mean diametergnalkis)
was consistent with the mean diameter estimated by the CO adsorptionnexme(3.2
nm) within the experimental error of TEM analysis, which supprted the TEMtgeul
Summarizing the above characterization results, we conclude that Pt spedies

standard Pt/C catalyst are present as 3.5 nm sized Pt metal nanoparticles.

2.3.2. Catalytic tests

In order to optimize catalyst compositions and reaction conditions, we casted
dehydrogenation of 6-methyl-1,2,3,4-tetrahydroquinolide) (into 6-methyl-quinoline
(1b) under refluxing ofo-xylene in 1 atm N for 6 h in the presence of 1 mol% of Pt.
Table 2.1 shows the results of the Pt catalysts on various supports pre-reduced at 300 °C
Among the catalysts tested, Pt/C (entry 1) showed the highest yield (8126)OPand
Pt/HBEA (entries 4,5) showed 25% vyields, and Pi&| Pt/MgO, Pt/TiQ, Pt/NkOs,
Pt/Zr&, and Pt/Sn@ gave low yields of 6-19%. The platinum oxides-loaded carbon
(PtOx/C) catalyst showed no activity (entry 3). When the pre-reduced Pd&Cewposed
to air at room temperature for 0.5 h, the air-exposed catalyst (Pt/C-aitig 2) showed
lower yield (58%) than the as-reduced Pt/C catalyst (81%) possibly due to theioxida
of some of the surface Pspecies. These results indicates that metallidthe active

species in this catalytic system.
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Adopting carbon as the most effective support material, we next screened various
metal-loaded carbon (M/C) catalysts for the model dehydrogenatida ¢ mmol) using
only 0.1 mol% (0.001 mmol) of active metals (Pt, Ir, Ag, Pd, Rh, Ru, Cu, Ni, Co). Table
2.2 lists the yield oflb for the catalysts in the initial period of the reaction (6 h). The
yields changed in the order of Co/C < Ag/C < Cu/C < Ni/C < Ru/C < Ir/C < Pd/C < Rh/C
< Pt/C. Fig. 2.3 (left) compares the time course of the reaction for septative catalysts.
Among the catalysts, Pt/C catalyst showed the highest activity instefmthe initial rate
and the final yield (96%) after 50 h. The final yields for Ir/C (83 %), Pd/C (72l
Ru/C (70%) were moderately high, while the other catalysts showed low yield8%)
after 50 h. For the standard Pt/C catalyst, the time course profile in Figrigt®)(shows
that the conversions dfa and the yields oflb were nearly close to each other during the

reaction, which indicates thaa is selectively transformed tih.

Fig. 2.4 shows the results of catalyst reusability of Pt/C for the dehydrogenation of
la. After the first cycle, 2-propanol (1 mL) was added to the reaction mixtac the
catalyst was separated by centrifugation. Then, 6-methyl-quinolibgig the solution
was isolated by column chromatography. The yield of the isolated 6-methyl-quenoli
(94%) was close to the yield determined by GC (98%). The separated P#lgstatas
washed with acetone three times, followed by centrifugation and drying in @ueler
air) at 90 °C for 12 h and by reduction inpkdt 300 °C for 0.5 h. After the treatment, the
recovered Pt/C catalyst showed 96-98% GC yield&ofluring the next four recycle tests.

In a separate experiment, ICP-AES analysis of the filtrate aftefirgtaeaction with Pt/C
showed that the content of Pt in the solution was 0.35 ppm, corresponding to 0.024% of

Pt in the catalyst used.

Table 2.3 shows the substrate scope for dehydrogenation of védibeserocycles (1
mmol) in the presence of 0.1 mol% (0.001 mmol) of Pt/C. Derivatives of
tetrahydroquinoline, including 6-methyl-1,2,3,4-tetrahydroquinoline  (entry 1),
1,2,3,4-tetrahydroquinoline (entry 2) and 2-methyl-1,2,3,4-tetrahydroquinoline (entry 3)
were transformed to 6-methyl-quinoline, quinoline and 2-methyl-quinoline, resphct

with high yields (91-96%). Indoline (entry 4) was also converted to indole with figld



(97%). For the dehydrogenation of 1,2,3,4-tetrahydroquinoline (entry 2), 91% vyield of
quinoline corresponds to TON of 910, which is higher than those of the previous
homogeneous6°and heterogeneotiscatalysts (TON = 3.3-87). These results show

that the method is effective for the oxidant-free dehydrogenation of various

N-heterocycles.

Under 3 bar H, the same catalytic system was effective for hydrogenation of
quinoline. As shown in eqgn. (1), the hydrogenation reaction of quinoline by 1 mol% of
the Pt/C catalyst under 3 bar 2Hin an autoclave reactor at 160 °C gave
1,2,3,4-tetrahydroquinoline in  84% vyield together with 6% vyield of

trans-decahydroquinoline as an undesirable side product.

X 1 mol% Pt/C (:(j (Ij
NG *H 1 .5 mL o-xylene
160 °C
1 mmol 3 bar 24 h 84% yleld 6% yleld

Finally, we study the relationship between the electronic properties of vametels
and the catalytic activity of various metals loaded on carbon for the dehydrogenation of
la and discuss a possible reason why Pt/C gave higher activity than the othes metal
(Table 2.2). Fig. 2.5 plots the initial rate of the dehydrogenation (from TabRké) 28 a
function of the d-band centetd] relative to the Fermi energyef), eq - Er, for the clean
metal surface calculated by Hammer and Ngrskov using DFT méthbde d-band
center has been used as a descriptor of activity trends in various transiti@h me
surfaceg>2?” The result in Fig. 2.5 shows a typical volcano-type dependence of the
catalytic activity on the d-band center; the platinum-group-metals (PEdr Rh, Ru)
having intermediate d-band center show higher catalytic activity than thdsheta a
deeped levels (Ag, Cu) and the metals with d-band centers clogert{Ni, Co). Taking
into account a general tendency that the bond strength between a metal surfaoel (M
hydrogen atom (H) is weaker for a metal with deepeteveP® and that the catalytic
dehydrogenation oN-heterocycles can include the formation and dissociation of M-H

bonds, the result suggests that a moderate M-H bond strength is favorable for this
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catalytic system. The metals with a degpevels (Ag, Cu) may show low activity for the

C-H dissociation step than platinum-group-metals, while strong M-H bonds ondtasm

with d-band centers close & (Ni, Co) may show low activity for the M-H dissociation

step (B desorption step). Similar volcano-type dependence has been observed for several
catalytic system&%27

2.4. Conclusions

We found that Pt metal nanoparticles-loaded carbon (Pt/C) was effectiveasable
heterogeneous catalyst for oxidant-free dehydrogenatioN-loéterocycles. Derivatives
of tetrahydroquinoline and indoline were converted to quinolines and indole with high
yields. For the dehydrogenation of 1,2,3,4-tetrahydroquinoline, TON of Pt/C was more
than one order of magnitude higher than those of the previous homogeneous and
heterogeneous catalysts. Additionally, the same catalyst was effectivihd reverse
reaction, hydrogenation of quinoline under 3 bat Hhus, this catalytic method may be

useful for a organic halide—based hydrogen storage system.
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Table 2.1. Dehydrogenation ofa by supported Pt catalysts reduced at 300

Pt/support (0.01 mmol Pt) X
+2H,
N 1.5 mL o-xylene, reflux N/

1a H under Ny, 6 h 1b
1 mmol

Entry Catalyst Yield (%)
1 Pt/C 81
2 Pt/C-air 58
3 PtOx/C 0
4 PU/SIQ 25
5 Pt/HBEA 25
6 Pt/SiG-Al203 19
7 Pt/ALOs 19
8 Pt/MgO 18
9 PUTIO. 12
10 Pt/NbOs 16
11 PUY/ZrQ 9
12 Pt/SnQ

a PtOx/C was not reduced before the reaction.
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Table 2.2. Dehydrogenation ofa by carbon-supported metal catalysts reduced aPG00

metal/C (0.1 mol%) A
+2H,
N 1.5 mL o-xylene, reflux N/

1a H under N,, 6 h 1b

1 mmol
Entry Catalyst Yield (%)

1 Pt/C 36
2 Rh/C 28
3 Pd/C 26
4 Ir/C 22
5 Ru/C 17
6 Ni/C 11 (73
7 Cu/C 10
8 Ag/C 6
9 ColC 5 (77

a Catalyst reduction temperature was 300

Table 2.3. Dehydrogenation of saturatédheterocycles by Pt/€.

Entry Substrate Product t(h) Conv. (%) Yield (%)

ERe® D
' _ 50 100 96
N N

© ) b
\ _ 65 100 91
H N

3 X
\ m 60 100 93
H N

O U s ow e
N N
H H

b Conditions: 1 mmoN-heterocycles in 1.5 mb-xylene, reflux, 0.1 mol% Pt/C
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Fig. 2.2 A representative TEM image and Pt particle size distribution of Pt/C
(pre-reduced at 308C). The mean diameter of Pt particle was 2.9 + 0.8 nm, and the

volume-area mean diameter was 3.5+ 0.8 nm.
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Fig. 2.4. Catalyst reuse for dehydrogenation td (1 mmol) under N in refluxing
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Chapter 3

Synthesis of indoles via dehydrogenative

N-heter ocyclization by supported Pt catalysts
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3.1. Introduction

Indoles are important organic compounds, which are widely used for the syntheses of
pharmaceuticals and agrochemicafs.Various methods to prepare indoles were
reported® Oxidative or dehydrogenativéN-heterocyclization of 2-(2-aminophenyl)
ethanol alcohols is one of the most promising proto¢dlssince the starting alcohol is
easily prepared by the condensation of 2-nitrotoluene with formaldehyde in thenpees
of bases, followed by the reduction of a nitro functionality to an amino ®one.
Heterogeneous copper catalysts were reported to catalyze the reaction hat hig
temperatures (> 200 °C)Homogeneous transition metal catalysts, such as ruthérifum
and iridium*-14complexes and a copper/TEMPO systenatalyzed the reaction at lower
temperatures but have problems such as difficulties in catalyst/product sepaaad
catalyst reuse and needs of additives such as base or acceptor. A supportedlysi cat
also required basic additives (200 mol% of NBQ) and oxidant (©).** From a
viewpoint of sustainable chemistry, acceptorless dehydrogenative coupling
methodology®'8-2°under neutral conditions using a reusable catalyst is most attractive.
Recently, Wada and co-workéfsleveloped a new heterogeneous catalyst, RusCibat
was effective for acceptorless dehydrogenative synthesis of indole from
2-(2-aminophenyl)ethanol in the absence of any additives. As discussed in the previous

studies on this reaction, the reaction can proceeds via the following twpateway :

CC <00 —~
N
NH, O\/,\;/ @Eh?
M MH, H

2 H,O
pN—

Hy
where dehydrogenation of 2-(2-aminophenyl)ethanol by a metal (M) catalyst is
followed by condensation of the amino aldehyde intermediate to give indole. As afpar
our continuing interest in heterogeneous Pt catalysts for acceptorless dehydmygehat
alcohols! and acceptorless dehydrogenative coupling reactions of alc&élse report
herein the synthesis of indoles via acceptorless dehydrogenitiveterocyclization
2-(2-aminophenyl)ethanol under additive-free conditions by heterogeneous Pt catalysts,

which show higher TON than previous catalytic systems.
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3.2. Experimental
General

Commercially available organic compounds (from Tokyo Chemical Industryg wer
used without further purification. The GC (Shimadzu GC-14B) and GCMS (Shimadzu
GCMS-QP2010) analyses were carried out with Ultra ALLOY capillaryuooh UA*-1

(Frontier Laboratories Ltd.) using nitrogen and helium as the carrier gas.

Catalyst preparation

H*-type BEA zeolite (HBEA, SiQAI.Oz = 255, JRC-Z-HB25), Ce®
(JRC-CEO-3), MgO (JRC-MGO-3), T#O(JRC-TIO-4) and Si@Al-03 (JRC-SAL-2,
Al20s = 13.75 wt%) were supplied from Catalysis Society of Japan(illwas prepared
by calcination of niobic acid (CBMMI) at 500 °C for 3 h. SaQvas prepared by
calcination of HSnG; (Kojundo Chemical Laboratory Co., Ltd.) at 500 °C for 3 h. 2rO
was prepared by calcination of a hydroxide of Zr at 500 °C for 8 #Al.Os was
prepared by calcination of-AIOOH (Catapal B Alumina purchased from Sasol) at 900
°C for 3 h. Precursor of 5 wt% Pt/NOs was prepared by an impregnation method; a
mixture of NOs and an aqueous HNGolution of Pt(NH)2(NOs). was evaporated at 50
°C, followed by drying at 90 °C for 12 h. A pre-reduced catalyst, named RObllwas
prepared by pre-reduction of the precursor in a pyrex tube under a flowe ¢2Hcn?
min1) at 300 °C for 0.5 h. Platinum oxides-loaded A9 (PtO/Nb,Os), as a comparative
catalyst, was prepared by calcination of the precursor in air at 300 °C for § hsiBg
various supports, several pre-reduced Pt catalysts were prepared by the strod as
Pt/NOs. Nb,Os-supported metal catalysts, M/ds (M = Co, Cu, Ru, Pd, Ag, Re, Ir)
with metal loading of 5 wt% were prepared by impregnation method in a simiganer
as Pt/NhOs using an aqueous solution of metal nitrates (for Co, Cu, Ag), RUGTIs,
NHsRe(; or an aqueous HNgXsolution of Pd(NQ)e.

Catalytic tests
Typically, 5 wt% Pt/NhOs (39 mg, 0.01 mmol of Pt) was used as a standard catalyst.

After the pre-reduction at 300 °C, we carried out catalytic tests using a-bgte reactor



without exposing the catalyst to air as follows. A mixture of 2-(2-aminopherd)eil
(2.0 mmol) andn-dodecane (0.2 mmol) iro-xylene (1 mL) was injected to the
pre-reduced catalyst inside the reactor (cylindrical glass tube) througptansenlet,
followed by filling N2. Then, the resulting mixture was magnetically stirred for 5 h under
reflux condition; the bath temperature was 155 °C and reaction temperatureawbé4

°C. The yield of indole was determined by GC usimgodecane as an internal standard.
The analysis of the gas phase product)(kWas carried out by the mass spectrometer
(BELMASS). To determine the isolated yield of indole, indole was isoldtgatolumn
chromatography using silica gel 60 (spherical, 63-200, Kanto Chemical Co. Ltd.)
with hexane/ethylacetate (95/5) as the eluting solvent, followed by analyse<MSG
and'H and**C NMR (JEOL-ECX 600 operating at 600.17 and 150.92 MHz, respectively)
with tetramethylsilane as an internal standard.

NMR and GC/M S analysis

IH and'3C NMR spectra for synthesized compounds were assigned and reproduced
to the corresponding literaturéd and*3C NMR specta were recorded using at ambient
temperature on JEOL-ECX 600 operating at 600.17 and 150.92 MHz, respectively with
tetramethylsilane as an internal standard. All chemical shijtaie reported in ppm and
coupling constantsJf in Hz. All chemical shifts are reported relative to tetramethgisd
andd-solvent (CDC4 )peaks respectively. Abbreviations used in the NMR experiments: s,
singlet d, doublet; t, triplet; g, quartet; m, multiplet. GC-MS spectra tesn by
SHIMADZU QP2010.

3.3. Resultsand discussion
Catalyst screening

We started theN-heterocyclization of 2-(2-aminophenyl)ethanol undexylene
reflux conditions in N as a model system in order to optimize catalytic conditions. Table
3.1 (entries 1-8) summarizes the results of the initial catalyst screeestgumder the

same reaction conditions using various transition metal (Pt, Ir, Ru, Re, ®dC@ Ag)
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catalysts supported on Nbs pre-reduced in kFat 300 °C. Cu and Ag catalysts (entries
7,8) showed no activity and Ru, Re, Pd and Co catalysts (entries 3—-6) showed ldsv yie
Ir/Nb2Os (entry 2) gave a good yield of 68%. Among the catalysts tested, F@Nentry

1) showed the highest yield (82%) of indole. Entries 10-19 show the results of Pt
catalysts loaded on the other supports (HBEA zeolite, C&MYO, TiO,, ZrO,, Al,Os3,
SnQ,carbon, SiQ). Pt/NkOs (entry 1) and Pt/HBEA (entry 10) showed higher yields
(82-83%) than the other supported Pt catalysts. Pt#C&@MgO, Pt/TiQ Pt/ZrOy,
Pt/AlOs, Pt/SIQ-AI20s, Pt/C and Pt/Si@(entries 11-19) gave low to moderate yields
(9-69%). To study the effect of the oxidation state of Pt species on the actiatigsted

the activity of a pre-oxidized catalyst named Rt.Os, that is, a platinum
oxides-loaded NiDs catalyst. PtQNb.Os (entry 20) showed a lower yield (10%) than
with the pre-reduced catalyst, Pt/b@3 (entry 1). Taking into account the result that the
activity of the metal-unloaded NO®s was negligible (entry 9) and the result that the
activity depends strongly on the support, it is suggested that the co-presence it meta
Pt species and specific support materials Dior HBEA) is important factor of highly
active catalysts. Note that indole was not produced in the absence of a catatiysP(e.

Table 3.2 shows the effect of reaction conditions on the yield of indole for the
reaction of 2-(2-aminophenyl)ethanol by PtA@ls under reflux conditions for 7 h. The
reactions in toluene and hexane gave low yield (entries 3,4), and the reaction in
mesitylene gave 78% yield (entry 2). The reaction in refluoodylene gave the highest
yield of 93% (entry 1). After the reaction, the catalyst was removed from ikture and
indole was isolated by column chromatography, resulting in high isolated gietaioles
(88%). The reaction im-xylene at lower temperature (130 °C) gave low yield (29%) of
indole (entry 5). The reaction under latm i@ the gas phase (entry 6) gave lower yield
(82%) than that under N(93%), indicating that @ as a hydrogen acceptor does not
accelerate the catalytic reaction. For the reaction undewitth Pt/NOs, we carried out
mass spectrometry analysis of the gas phase products after 1 h. As shown ib)etire (
yields of gas phase H24%) was close to the yield of indole (32%).
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©\/VOH Pt/Nb,Os (1 mol%) @ 1)
N tH
NH, o-xylene, reflux, 1 h H 0.24 mmol

0.32 mmol (24% yield)
(32% yield)

1 mmol
Using Pt/NhOs and Pt/HBEA as two of the effective catalysts for this reaction, we
carried out detailed catalytic studies. We checked the time course of dbtore under
the standard conditions (Fig. 3.1). For Pté®, the yield of indole increased with time
and reached 93% after 7 h. For Pt/HBEA, the yield of indole reached 95% afterF1@. h.
3.2 shows the results of catalyst reusability of P#®#and Pt/HBEA. After completion
of the reaction, 2-propanol (1 mL) was added to the reaction mixture and the tatalys
separated by centrifugation. The recovered catalyst was washed witmadbkree times,
followed by centrifugation and drying in an oven (under air) at 90 °C for 12 h and then H
reduction at 300 °C for 0.5 h. The recovered P#@¥catalyst showed high yield for the
second and the third cycle. In contrast, the recovered Pt/HBEA catdigstesl low
yields in the second and third cycles. Thus, PtHowas found to be a better catalyst in
terms of reusability.

In order to evaluate TON of the catalytic system, next we carried outdhetion
with small amount of the catalysts. As shown in egn. (2), the reactions with 6% rof
Pt/NbOs and Pt/HBEA for 52 h resulted in 76% and 90% yields, corresponding to TONs
of 380 and 450, respectively. The TON by Pt/HBEA is 3~25 times larger than those by
homogeneo$s® and heterogeneotfscatalysts in the literature for the same reaction.
ICP-AES analysis of the filtrate after the reaction with Pt/HBE®wed that the content
of Pt in the solution was quite low (3.4 ppm).

N
NH, H

o-xylene, reflux, 52 h

1 mmol

cat. GC yield TON
Pt/Nb,Os 76% 380
Pt/HBEA 90% 450
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Cl Cl

Pt/HBEA
OH
(1 mol%) ) 3)
o-xylene (1 mL)
NH, reflux, 8 h N
1 mmol 71% isolated yield
Cl PYHBEA Cl
OH 1 mol%
ip, M) @)
o-xylene (1 mL) \
NO, 1 atm reflux, 12 h N
1 mmol ] H )
75% isolated yield
Pt/HBEA
OH 1 mol?
o (1 mol%) % (5)
o-xylene (1 mL) N
NO, 1 atm reflux, 12 h H
1 mmol 68% isolated yield

The present method was also effective for the synthesis of a functionatideli As
shown in eq. (3), the 2-aminophenethyl alcohol with a Cl- group on the aromatic rieg wa
converted to the corresponding indole in 71% isolated yield by 1 mol% of Pt/HBEA.

Since supported Pt catalysts can exhibit a catalytic activity for tdaateon of the
nitro group to an amino group with 2Hwe examined the synthesis of indoles from
2-nitrophenthyl alcohols. As shown in equations (4) and (5), Cl-functionalized
2-nitrophenthyl alcohol and 2-nitrophenthyl alcohol were selectively converted to the
corresponding indole derivatives in moderate isolated yields under ballogedsure
for 12 h in the presence of 1 mol% of Pt/HBEA.

3.4. Conclusion

We reported that Pt/NBs and Pt/HBEA acted as effective heterogeneous catalysts
for the synthesis of indoles via acceptorless dehydrogenative cyclization of
2-(2-aminophenyl)ethanol. These catalysts showed higher TON than previouslietepor

catalysts, and the Pt/NOs catalyst was reusable.
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Table 3.1. Catalyst screening for indole synthesis from 2-(2-amino-phenyl)-etfianol.

cat. (1 mol%)

@(vo“ LY +taemo
we e g :
1 mmol
Entry Catalyst Yield(%)
1 Pt/NBOs 82
2 Ir/Nb20s 68
3 Ru/NbOs 9
4 Re/NkOs 2
5 Pd/NRkOs 1
6 Co/NRkOs 1
7 Cu/NkOs 0
8 Ag/NbOs 0
op Nb2Os 1
10 Pt/HBEA 77
11 Pt/CeQ 69
12 Pt/MgO 69
13 PUTIQ 47
14 PtY/zZrG 42
15 Pt/AbOs 22
16  Pt/SiQ-Al03 15
17 PY/SnQ 9
18 Pt/C 15
19 Pt/SIQ 10
20 PtG/Nb2Os 10
21 blank 0

2Yield was determined by GC.

b Catalyst amount was 39 mg.
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Table 3.2. Indole synthesis from 2-(2-amino-phenyl)-ethanol by P+

Entry Solvent Conv.(%) Yield
(%)

1 o-xylene 100 93

2 mesitylene 100 78

3 hexane 74 5

4 toluene 65 23
5P o-xylene 44 29
6° o-xylene 99 82

a Conditions: 1 mol% Pt/NiDs, 1.0 mmol 2-(2-amino-phenyl)-ethanol, 1 mL solvent,
reflux, in Nz, 7 h. Yield was determined by GC.
bT =130 °C.

¢in 1 atm Q.

100

Yield (%)
B ()] (0]
o o o

N
o

Fig. 3.1 Yields of indolevs time for N-heterocyclization of 2-(2-aminophenyl)ethanol
undero-xylene reflux conditions in Blby Pt/NkOs (R) or PYHBEA ().
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Fig. 3.2. Reuse of Pt/N#Ds (gray bars) or Pt/HBEA (black bars) féi-heterocyclization
of 2-(2-aminophenyl)ethanol unde+xylene reflux conditions in bifor 7 h.
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NMR and GC-M S analysis

Indole:!

g
N
H
IH NMR (600.17 MHz, CDGJ, TMS): § 7.91 (brs, 1H), 7.64 (d) = 8.28 Hz, 1H),
7.31 (d,J = 8.22 Hz, 1H), 7.19-7.16 (m, 1H), 7.13-7.09 (m, 2H), 6.53Jd; 2.04 Hz,
1H); 13C NMR (150.92 MHz, CDCgJ) 0 135.65, 127.73, 124.12, 121.90, 120.66, 119.74,
111.01, 102.45; GC-MS m/e 117.055.

4-Chloro-1H-indole:!
cl

oy

H
IH NMR (600.17 MHz, CDGJ, TMS): § 8.25 (brs, 1H), 7.29 (d) = 7.56 Hz, 1H),

7.25-7.22 (m, 1H), 7.13-7.09 (m, 2H), 7.13-7.09 (m, 2H), 6.66 (t likd€3.42 Hz, 1H);
13 NMR (150.92 MHz, CDGJ)) § 136.42, 126.73, 126.12, 124.63, 122.57, 119.57,
109.62, 101.35; GC-MS m/e 151.020.

2-(2-Chloro-6-nitro-phenyl)-ethanol:?
cl

@\/\/OH
NO

2

A typical reaction procedure is described for the synthesis of
2-(2-Chloro-6-nitro-phenyl)-ethanol. 2-chloro-6 nitro toluene (6.3 g, 36.5 mmol),
paraformaldehyde (91  mmol), DMSO (20 mL), and  Triton B
( Benzenetrimethylammonium hydroxide, 40% solution of MeOH, 1.0 mL), were ¢hlace
in a 100-mL three necked round bottomed flask equiped with a reflux condenser. The
reaction mixture was stirred for 8 h at 9Q. Then the reaction mixture was quenched
with saturated NECI solution, the organic compounds were extracted with ehtylacetate.



The combined organic layers were washed with brine and dried ove8ONR After
removal of the solvent, the residue was subjected to column chromatography
(n-hexane:AcOEt = 4:1) to give 2-(2-Chloro-6-nitro-phenyl)-ethanol ( 88%). Mp 60-61
°C (n-hexane/AcOEt), light yellowish solidH NMR 6 7.70 (dd, 1HJ=7.2, 1.2 Hz, 1H),

7.62 (dd, 1HJ=7.2,1.0 Hz, 1H), 7.33 (1) = 8.10 Hz, 1H), 3.94 (t) = 6.8 Hz, 2H), 3.27

(t, J = 6.8 Hz, 2H), 2.01 (brs, 1H)}:3C NMR 6 151.97, 136.64, 133.74, 130.99, 127.90,
122.90, 61.07, 32.62; GC-MS m/e 201.02.

2-(2-Amino-6-chloro-phenyl)-ethanol ;2
Cl

NH

2
A typical reaction procedure is described for the synthesis of

2-(2-amino-6-chloro-phenyl)-ethanol. 2-(2-Chloro-6-nitro-phenyl)-ethanol (2.016 g, 10
mmol), Pd/C (5 wt %, 1 mol%), ethylacetate (5.0 mL) were placed in a 100-euhd
bottomed flask equiped with a Hydrogen balloon . The reaction mixture wasdsfor 6

h at room temperature. Then the catalyst was filtered off and after rérabtlee solvent,

the residue was purified by column chromatographyhéxane:AcOEt = 3:1) to give

2-(2-amino-6-chloro-phenyl)-ethanol ( 90%).
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Chapter 4

Acceptorless Dehydrogenative Coupling of Primary
Alcoholsto Esters by Heterogeneous Pt Catalysts
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4.1. Introduction

The synthesis of esters is one of the most fundamental and important transémsnati
in organic synthesis.Both in industry and in laboratories, esters are conventionally
produced by condensation of a carboxylic acid or activated acid derivatived (aci
chlorides or anhydrides) with excess amounts of an alcohol in the presence oflan ac
catalyst or a dehydrating agent, which results in a significant amount déwRecently,
green catalytic methods such as condensation of an equimolar amount of carboixylic a
and alcohd and esterification of aldehydes with alcohidishave been developed.
However, the development of a novel catalytic system for the direct estetsesigmfrom
stable and readily available substrates still remains a major chall@ugesidering that
alcohols are less corrosive and more accessible than acids or aldehydes¢haetpbic
oxidation of alcohols to esters is an important alternative, which has beemptshed
with several homogeneotisand heterogeneotfs'’ catalytic systems. From a viewpoint
of safety, anaerobic transformation of alcohols to esters in the presence of a
stoichiometric amount of acceptér?® (ketone or olefin) is more preferable. The most
attractive method is the esterification of primary alcohols in the absehes oxidant
(acceptor) via acceptorless dehydrogenative couglifidne most attractive methodology
is the esterification of primary alcohols in the absence of an oxidant (acgeptor
Homogeneous R%;230s3* Re*® and IP®  catalysts were reported to be effective for this
atom-efficient reaction. However, these systems suffer from diffesilt in
catalyst/product separation and catalyst reuse. Many of them also Boffenecessities
of basic co-catalyst in the soluti@f?833-35 Although heterogeneous Cu catalysts are
effective for gas-phase dehydrogenation of ethanol to ethyl acgététthey suffer from
low yield and need of high temperature. Cu-based heterogeneous catalysepenrted
to be effective for acceptorless lactonization of di8l® SancheZ® first reported
silica-immobilized pincer-type Ru complex as a reusable catalyst foydtegenation of
a primary alcohol to ester, but the system required basic additive (KOHhanslbstrate
scope was limited only to hexanol. Herein we report the first example of reusabl
heterogeneous catalyst for the acceptorless dehydrogenative coupling of variouy primar
alcohols to esters under additive-free and solvent-free conditions usingstp@orted Pt
catalyst (Pt/Sne).
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4.2. Experimental
General

Commercially available organic compounds (from Tokyo Chemical Industry or
Kanto Chemical) were used without further purification. The GC (Shimadzul &g)-
and GCMS (Shimadzu GCMS-QP2010) analyses were carried out with Ultk2DXL
capillary column UA-5 (Frontier Laboratories Ltd.) using nitrogen and He as the carrier

gas.

Catalyst preparation

SnQ was prepared by calcination of.8hQ (Kojundo Chemical Laboratory Co.,
Ltd.) at 500 °C for 3 h. NEOs was prepared by calcination of niobic acid (CBMMI) at
500 °C for 3 h. SiQ (Q-10, 300 m g?') was supplied from Fuji Silysia Chemical Ltd.
HBEA zeolite (JRC-Z-HB25, Si@Al.0s= 25+5), MgO (JRC-MGO-3), Ti@
(JRC-TIO-4), Ce@(JRC-CEO-3) was supplied from Catalysis Society of Japai.Os
was prepared by calcination ¢fAIOOH (Catapal B Alumina purchased from Sasol) for
3 hat 900 °C. ZrQwas prepared by calcination (500 °C for 3 h) of Z2n@H.O prepared
by hydrolysis of zirconium oxynitrate 2-hydrate in water by agueous®HH solution,
followed by filtration of precipitate, washing with water three timasd drying at 100 °C
for 12 h.

Precursor of Pt/SnOwas prepared by an impregnation method; a mixture of ,SnO
and an aqueous HNGolution of Pt(NH)2(NOz3)> was evaporated at 50 °C, followed by
drying at 90 °C for 12 h. Before each catalytic experiment, the Pt#®a@lyst (with Pt
loading of 5 wt%) was prepared by in situ pre-reduction of the precursor in a pybex
under a flow of H (20 cn® mint) at 150 °C for 0.5 h. Other supported Pt catalysts (Pt =5
wt%) were prepared by the same method. S#0pported metal catalysts, M/ShM =
Ni, Cu, Co, Ag, Pd, Ru, Rh, Re, Ir) with metal loading of 5 wt% were preparechby t
impregnation method in the similar manner as Pt/5n06ing aqueous solution of metal
nitrates (for Ni, Cu, Co, Ag), RuG| IrClz.nH>O or NHiReQ: or aqueous HN@solution
of PA(NQ).. A commercial Pt-loaded carbon catalyst (Pt/C, Pt = 5 wt%) was puechas

from N.E. Chemcat, Corporation.



Catalytic reactions

Pt/SnQ was used as a standard catalyst. After the pre-reduction at 150 °C, wedcarri
out catalytic tests using a batch-type reactor without exposing the catalyait as
follows. The mixture of alcohol (1 mmol) and n-dodecane (0.2 mmol) was injected to the
pre-reduced catalyst inside the reactor (cylindrical glass tube) througptansenlet,
followed by filling 1 atm N. Then, the resulting mixture was stirred and heated at 180 °C.
Conversion and yields of products were determined by GC using n-dodecane as an
internal standard adopting the GC-sensitivity estimated using the isglateldict. The
products were identified by GC-MS equipped with the same column as GC. GC ianalys
of the gas phase product {Hwas carried out by the mass spectrometer (BELMASS).
Another sets of catalytic experiments were carried out to determinetadolaelds of
ester as follows. After the reaction, the catalyst was removed bgtidh and the reaction
mixture was concentrated under vacuum evaporator to remove the volatile compounds.
Then, the esters in Table 4.3 were isolated by column chromatography usingysiliéé
(spherical, 63-21@m, Kanto Chemical Co. Ltd.) with hexane/ethylacetate (2/98 or 5/95)
as the eluting solvent, followed by analyses'bByNMR, 13C NMR and GCMS.

InsitulR

In situ IR spectra were recorded at 40 °C using a JASCO FT/IR-4200 with@h M
detector. The sample was pressed into a 30 mg of self-supporting wafe2(cm) and
mounted into the quartz IR cell (Cafvindows) connected to a conventional flow
reaction system. Spectra were measured accumulating 15 scans aluticef 4 cm.
A reference spectrum of the catalyst wafer in He taken at 40 °C was s#atrfaom each
spectrum. Prior to the experiment the disk of Sr{@r SiG,) was heated in Hflow (20
cn® mint) at 300 °C for 0.5 h, followed by cooling to 40 °C and purging with He. Then,
1 uL of benzaldehyde was injected to He flow preheated at 200 °C, which was ted to
IR cell. Then, the IR disk was purged with He for 1000 s, and IR measurement was

carried out.
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NMR and GCM S analysis

H and 13C NMR spectra were recorded using at ambient temperature on JEOL-ECX
600 operating at 600.17 and 150.91 MHz, respectively with tetramethylsilane as an
internal standard. All chemical shift8)(are reported in ppm and coupling constadsrg
Hz. All chemical shifts are reported relative to tetramethylsilamel d-solvent peaks
(77.00 ppm, chloroform), respectively. Abbreviations used in the NMR experimgnts:
singlet d, doublet; t, triplet; m, multiplet. GC-MS spectra were recotue&HIMADZU
QP2010.

4.3. Results and discussion
Catalyst screening

We chose the esterification of 1-octanol under solvent-free conditions &t N8O °C
as a model system in order to optimize catalytic conditions. Table 4.1 (eritri€y
summarizes the results of the initial catalyst screening test under the szamtion
conditions using various transition metal (Pt, Pd, Ir, Re, Ni, Rh, Cu, Ag, Co, Ru,)
catalysts supported on Sp@re-reduced in BHat 150 °C. Among the catalysts tested,
Pt/SnQ showed the highest yield (26%) of the corresponding ester. Entries 12-21 show
the results of Pt catalysts loaded on the other supports(280Q, Nb,Os, TiO,, C,
Al203, Si0;, HBEA zeolite, MgO). Pt/Sn@(entry 1) showed higher yield of the ester
(98%) than these Pt catalysts. Ptib, Pt/CeQ, and Pt/TiQ (entries 12-15) gave low
yields (8-14%), and the Pt loaded on C,.®&, SiC;, HBEA, MgO were completely
inactive (entries 16-20). The ester was not produced in the absence of any sqtyst
21).

Using Pt/SnQ@as the most effective catalyst for this reaction, we carried out detailed
catalytic studies. We checked time course of the reaction of 1-octanol unddeatitasi
conditions at 180 °C (result not shown). During the reaction, the conversion of 1-octanol
and the vyield of the ester were nearly the same, and no byproducts or possible
intermediates such as n-octanal were observed by GC and GCMS analysessdVe al

carried out mass spectrometry analysis of gas phase products after 5 heldseofigas
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phase H (25%) and the ester (26%) were nearly identical to the conversion of 1-octanol
(28%), indicating that B was generated quantitatively during the dehydrogenative

coupling of 1-octanol to the ester (eq. 1).

0 O
R OH Pt/SnO, (1 mol%) i L £ H, )
R =n-heptyl neat, 180 °C, 5h R" O R
1 mmol 0.13 mmol 0.25 mmol
28% conv. 26% yield 25% yield

After 36 h, full conversion of 1-octanol and 98% yield of the ester were observed.
ICP-AES analysis of the solution confirmed that the content of Pt in the solutian wa
below the detection limit and that of Sn was quite low (0.62 ppm, 0.006% of Sn in the
catalyst used). Then, we tested reusability of Pt/Sidter completion of the reaction,
2-propanol(1 g)/acetone (1 g) was added to the reaction mixture and catalgst wa
separated by centrifugation. For each successive use, recovered catdystshed by
acetone three times, followed by centrifugation and drying in oven (under &0 a€C
for 3 h, followed by H-reduction at 150 °C for 0.5 h. The recovered catalyst was reused
at least three times without a marked loss of its catalytic activitgufé 4.1). These

results indicate that Pt/Sn@cts as reusable heterogeneous catalysts for this reaction.

Table 4.2 shows the effect of solvent on the yield of the ester for the standard
reaction of 1-octanol for 36 h. The reaction under the solvent-free conditions gave the
highest yield (98%). Reactions in a polar solvent (diglyme) and in a non-poleersol
(dodecane) were also successful, but mesitylene gave lower yield. Unde\tbatsree
conditions, the reaction at lower temperature (150 °C) resulted in lower coonwérssult
not shown). Under the optimized conditions with the most effective catalystn®i)S
we studied general applicability of the present catalytic system (Table l4r®ar and
cyclic aliphatic primary alcohols (entries 1-5) were effectively corsertto the
corresponding ester in high yield. Benzylalcohol (entry 7) and 4-fluoro benzghalc
(entry 6) were also converted to the corresponding ester with moderats.yidtdr the

reactions in Table 4.3, the catalyst was removed from the mixture and the esters
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isolated by column chromatography, resulting in moderate to high isolatddsyie
(53-91%) of the esters.

Finally, we discuss a possible mechanism of the present catalytic system. A
discussed in the previous papers on homogeneous Ru catalysts for this ré&aGtion,
dehydrogenative coupling of primary alcohols to esters by PtSn@y, in principle,
proceed through two possible pathways: (a) the dehydrogenation to aldehyde which
reacts with alcohol to give hemiacetal followed by its dehydrogenation toester
(Scheme 4.1) or (b) aldehyde disproportionation so called Tishchenko reaction. The
hypothesis (a) is evidenced by the following results. The reaction of 1 mmmwsbefanal
under the standard conditions in Table 4.3 resulted in no formation of the corresponding
ester. This result rules out an aldehyde disproportionation pathway as the mairtoroute
ester. Instead, the reaction of a 1:1 mixturenedctanal and 1-octanol under;h the

presence of Pt/Snt 150 °C gave the corresponding ester in 48% yield after 5 h.

SnQ is a well-known promoter on platinum-group-metal catalysts for selective
hydrogenation ofu,B-unsaturated aldehydes to unsaturated alco¥dfsGenerally, the
addition of SnQ significantly increase the selectivity of C=0 bond reduction. On the
basis of the IR result that co-loading of Sn@n a supported Rh catalyst led to a red shift
in the C=0 stretching band of the adsorbed propionaldehyde species via Lewis seid-ba
interaction between Sn cations and oxygen atoms of carbonyl groups, Nishgtaatf&
showed that the Sn cation acted as a Lewis acid site that activate t®eg@ups.
Recently, they studied selective hydrogenation of unsaturated aldehyde bydirech
silica-coated Pt catalysts and proposed that the high selectivity in @@ reduction
than C=C bond reduction was caused by cooperation between Pt andisn@ich H is
dissociated by Pt and C=0 bond of aldehyde is activated by.$#dr hydrogenation of
esters with SnOx-promoted Rh catalysts, Ru is believed to activasméi Sn species are
believed to activate carbonyl group/s’® Lewis acid assisted C=0 bond activation in
heterogeneous metal catalysis has been also reported for various catafginsty>! To
evaluate the Lewis acid-base interaction between Sn cation and carbonylnogfge

aldehyde, we carried out IR experiment of benzaldehyde adsorbed on. $h®



spectrum in Figure 4.2 shows the C=0 stretching band of the benzaldehyde at lower
wavenumber (1686 cr) than that for benzaldehyde adsorbed on non Lewis acidic oxide,
Si0; (1693 cmt). This indicates charge transfer from the oxygen atom of carboxyl group
(Lewis base) to the Shcation (Lewis acid site) of SnOOn the basis of these results,
combined with the facts that Hwas quantitatively observed (eq. 1), we propose a
possible mechanism of the present catalytic system in Scheme 4.1. Note thgtdalsle
are not observed by GC during the catalytic reaction, suggesting that adsorblegbalde
species can be intermediates instead of free aldehydes. The reactios batly the
Pt-catalyzed dehydrogenation of primary alcohol to adsorbed aldehyde acceohjgni
the generation of H Then, nucleophilic attack of another alcohol to the aldehyde species
coordinated to SH (Lewis acid site) gives hemiacetal adspecies, which undergoes
Pt-catalyzed dehydrogenation to ester. Enhanced electrophilicity ofattb@myl groups

in aldehydes via Lewis acid-base interaction of the Sn cation and carboxyl oxpgene

the primary important role of the Sn@upport, which should promote the nucleophilic

attack of alcohols to the adsorbed aldehyde species*o Sn

4.4. Conclusion

We developed the first example of heterogeneous catalysts for the acceptor-free
dehydrogenative coupling of various primary alcohols to esters under additive-free and
solvent-free conditions using the Sp8upported Pt catalyst. The method was effective
for various primary alcohols under additive-free and solvent-free conditions, and the
catalyst was reusable. Therefore, the method provides one of the most atcienetind
step-efficient catalytic routes to esters from readily availatdetisiy materials, alcohols.
The reaction pathway can consist of the reaction of adsorbed aldehyde enw#hO
alcohol to give hemiacetal intermediate followed by its dehydrogenation testee. On
the basis of the IR evidence on Lewis acid-base interaction between thees8riamation
and carboxyl oxygen of the adsorbed aldehyde, we propose that activation of carbonyl

groups in aldehydes is the primary important role of the Ssupport.

54



References

1. B. R. Davis and P. J. Garratt, omprehensive Organic Synthesesl. B. M. Trost

and I. Fleming, Pergamon Press, Oxford, 1991, vol. 2, p. 799.

K. Ishihara, S. Ohara and H. Yamamdajence2000, 290, 1140-1142.

W.-J. Yoo and C.-J. LiTetrahedron Letf.2007,48, 1033-1035.

T. Yasukawa, H. Miyamura and S. Kobayasbhem. — Asian.J2011,6, 621-627.

C. Liu, S. Tang, L. Zheng, D. Liu, H. Zhang and A. LAngew. Chem., Int. Ed2012,

51, 5662-5666.

S. Arita, T. Koike, Y. Kayaki and T. lkariyaChem. — Asian J2008, 3, 1479-1485.

A. lzumi, Y. Obora, S. Sakaguchi and Y. Ishiletrahedron Lett 2006, 47,

9199-9201.

8. S. Gowrisankar, H. Neumann and M. Bell&mgew. Chem., Int. Ed 2011, 50,
5139-5143.

9. C. Liu, J. Wang, L. Meng, Y. Deng, Y. Li and A. Lengew. Chem., Int. EJ2011,
50, 5144-5148.

10. I. S. Nielsen, E. Taarning, K. Egeblad, R. Madsen and C. H. ChristeGaéa, Lett,
2007,116, 35-40.

11. F.-N. Su, J. Ni, H. Sun, Y. Cao, H.-Y. He and K.-N. F&hem. — Eur. J 2008,14,
7131-7135.

12. R. L. Oliveira, P. K. Kiyohara and L. M. Ros$ireen Chem 2009,11, 1366—-1370.

13. H. Miyamura, T. Yasukawa and S. Kobayashieen Chem 2010,12, 776-778.

14. T. Ishida, Y. Ogihara, H. Ohashi, T. Akita, T. Honma, H. Oji and M. Haruta,
ChemSusChen012,5, 2243-2248.

15. K. Suzuki, T. Yamaguchi, K. Matsushita, C. litsuka, J. Miura, T. Akaogi and H.
Ishida,ACS Catal.2013,3, 1845-1849.

16. R. V. Jagadeesh, H. Junge, M.-M. Pohl, J. Radnik, A. Brickner and M. BElkem.
Chem. So¢ 2013,135, 10776-10782.

17. A.B. Powell and S. S. Stalrg. Lett, 2013,15, 5072-5075.

18. N. Yamamoto, Y. Obora and Y. Ishil, Org. Chem 2011,76, 2937-2941.

19. T. Suzuki, T. Matsuo, K. Watanabe and T. KatSfnletf 2005, 1453—-1455.

20. N. A. Owston, T. D. Nixon, A. J. Parker, M. K. Whittlesey and J. M. J.l\fihs,

ok~ 0N

o



21.
22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.

35.

36.
37.
38.
39.
40.

Synthesis2009, 1578-1581.

C. Gunanathan and D. Milsteicience2013, 249-260.

S. Murahashi, K. Ito, T. Naota and Y. Maeda&etrahedron Letf 1981, 22,

5327-5330.

J. Zhang, G. Leitus, Y. Ben-David and D. Milsteth,Am. Chem. So0c2005,127,

10840-10841.

S. Musa, I. Shaposhnikov, S. Cohen and D. Gelmagew. Chem., Int. Ed2011,
50, 3533-3537.

A. Sglvhgj and R. Madse@rganometallics2011,30, 6044—6048.

C. del Pozo, M. Iglesias and F. SGnchemyanometallics2011,30, 2180-2188.

M. Nielsen, H. Junge, A. Kammer and M. Bell&ngew. Chem., Int. EJ2012,51,

5711-5713.

D. Spasyuk, S. Smith and D. G. Gus@vganometallics2012,31, 5239-5242.

G. Zeng, T. Chen, L. He, T. Pinnau, Z. Lai and K.-W. Hua@bgem. — Eur. J.2012,
18, 15940-15943.

M. H. G. Prechtl, K. Wobser, N. Theyssen, Y. Ben-David, D. Milsteid ¥. Leitner,
Catal. Sci. Technal2012,2, 2039-2042.

D. Srimani, E. Balaraman, B. Gnanaprakasam, Y. Ben-David and D.eMi/#tdv.
Synth. Catal 2012,354, 2403—-2406.

P. P. M. Schleker, R. Honeker, J. R. Klankermayer and W. Lei@iemCatChem
2013,5, 1762-1764.

I. S. Makarov and R. Madseh, Org. Chem 2013,78, 6593-6598.

D. Spasyuk, S. Smith and D. G. Guséwmgew. Chem., Int. Ed 2012, 51,

2772-2775.

P. P. M. Schleker, R. Honeker, J. R. Klankermayer and W. Lei@iemCatChem
2013,5, 1762-1764.

K. Fujita, W. Ito and R. YamaguchGhemCatChen2014,6, 109-112.

N. Iwasa and N. Takezawull. Chem. Soc. Jpn1991,64, 2619-2623.

K. Inui, T. Kurabayashi and S. Satappl. Catal., A 2002,237, 53-61.

K. Inui, T. Kurabayashi and S. Sath,Catal, 2002,212, 207-215.

S. W. Colley, J. Tabatabaei and K. C. WaugiCatal, 2005,236, 21-33.

5€



41

42.

43.

44,

45.

46.

47.

48.

49
50
51

M. H. Zhang, G. M. Li, H. X. Jiang and J. Y. Zhan@atal. Lett, 2011, 141,
1104-1110.

Y. Mikami, K. Ebata, T. Mitsudome, T. Mizugaki, K. Jitsukawa and K. Kaneda

Heterocycles2010,80, 855-861.

D. W. Hwang, P. Kashinathan, J. M. Lee, J. H. Lee, U.-H. Lee, J.-S. Hwang,
Hwang and J.-S. Chan@reen Chem 2011,13, 1672-1675.

S. Nishiyama, T. Kubota, K. Kimura, S. Tsuruya and M. Masai, J. \daltal. A:
Chem, 1997,120, 17-22.

S. Nishiyama, T. Hara, S. Tsuruya and M. MashkiPhys. Chem. B1999, 103,
4431-4439.

K. Taniya, H. Jinno, M. Kishida, Y. Ichihashi and S. NishiyatheCatal, 2012,288,
84-91.

Y. Kojima, S. Kotani, M. Sano, T. Suzuki and T. Miyakle Jpn. Pet. Inst 2013,56,
133-141.

M. Toba, S. Tanaka, S. Niwa, F. Mizukami, Z. Koppany, L. Guczi, K. ChesmhTa
Tang,Appl. Catal., A 1999,189, 243—-250.

. A. Primo, P. Concepcion and A. Corn@zhem. Commun2011,47, 3613-3615.

. A. Boffa, C. Lin, A. T. Bell and G. A. Somorjal. Catal, 1994,149, 149-158.

. H. Yoshitake and Y. lwasawa, Catal, 1990,125, 227-242.

57



Table 4.1. Catalyst screening for dehydrogenative esterification of 1-octanol.

R™ OOH cat. (1 mol%) O

_ . 12 L +hy
R = n-heptyl neat, in N, R” 07 "R

1 mmol 180°C,5h

Entry Catalyst Yield

(%) 2
1 PY/SnQ 26
2 Rh/SnQ 15
3 Ir/'SNG 10
4 Pd/SnQ 5
5 Re/SnQ@
6 Ru/SnQ <1
7 Ag/SnG 0
8 NI/SNnG 1
9 Co/SnQ 0
10 Cu/SnQ 0
11° SnG 0
12 PYZIQ 14
13 Pt/CeQ 8
14 Pt/NBhOs 8
15 PUTIO 6
16 Pt/C 0
17 Pt/AkO3 0
18 Pt/SIQ 0
19 Pt/HBEA 0
20 Pt/MgO 0
21 blank 0

2Yield was determined by GC.

b Catalyst amount was 50 mg.
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Table 4.2. Solvent screening for Pt/Sn®

Yield
Solvent
(%)
no solvent 98
diglyme 95
dodecane 90
mesitylene 70

aConditions: 1 mol% Pt/Sngj0.01 mmol Pt), 1 mmol 1-octanol, 0 or 1 g solvent, 180
36 h. Yield was determined by GC.

Table 4.3. Synthesis of esters from various alcohols by Pt/SnO

R OH Pt/SnOz.(1 mol%) )OJ\ o H
neat, in N, 12 o N ™R 2
tmmol 4g50c 36h
Yield? (%)
Entry Alcohols Products
1 o \/\/\/\/Om/\/\/\/ 98 (91)

3 e~ OH e S 92 (81)

4 PN, b S 84 (69)
Q” or O)LAO 89 (79)
6 e F @*“@ 62 (53)
e @iﬁ@ 68 (60)

7

aGC yields. Isolated yields are in parentheses.
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Figure 4.1. Catalyst reuse for esterification of 1-octanol by Pt/2nOonditions are

shown in Table 4.3.
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Figure 4.2. IR spectra of benzaldehyde adsorbed on Sat@ SiQ at 40°C.
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Scheme 4.1. Proposed pathway of dehydrogenative esterification of primary alcohols by
Pt/SnQ.
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NMR and GCM S analysis
Octanoic acid octyl ester (C16Hz202) :*

Mo\/\/\/\/
O
'H NMR (600.17 MHz, CDG), TMS: 5 4.04 (t,J = 6.84 Hz, 2H ), 2.28 (t) = 7.56 Hz,
2H), 1.62-1.58 (m, 4H), 1.33-1.24 (m, 18H), 0.86Jt 6.90 Hz, 6H);*3C NMR (150.91
MHz, CDCk) 6 174.37, 64.53, 34.41, 31.90, 31.76, 31.64, 29.19, 29.16, 29.08, 28.90,

28.60, 25.91, 25.00, 22.61, 22.57, 14.01; GC-MS m/e 256.24.

Decanoic acid decayl ester (C2oH400>) :?
\/\/\/\/\H/O\/\/\/\/\/
(e}
'H NMR (600.17 MHz, CDQ), TMS: 6 4.05 (t,J = 6.84 Hz, 2H ), 2.28 (t) = 7.56 Hz,
2H), 1.63-1.60 (m, 4H), 1.32-1.19 (m, 26H), 0.88 Jt= 6.90, 6H):°C NMR (150.91
MHz, CDCk) 6 173.91, 64.36, 34.41, 31.97, 29.75, 29.58, 29.48 (Cx2), 29.35, 29.32

(Cx2), 29.31, 29.20 (Cx2), 28.70, 25.98, 25.06, 25.86, 22.70 (Cx2); GC-MS m/e 312.41.

Heptanoic acid heptyl ester (C14H2502) 3

/Mgow

'H NMR (600.17 MHz, CDQ), TMS: 6 4.05 (t,J = 6.90 Hz, 2H ), 2.27 (t) = 7.56 Hz,

2H), 1.64-1.57 (m, 4H), 1.34-1.24 (m, 14H), 0.98-0.85 (m, 6}, NMR (150.91 MHz,
CDCls) 6 173.88, 64.30, 34.34, 31.69, 31.43, 28.88, 28.79, 28.63, 25.86, 24.94, 22.53,

22.45, 13.99, 13.94; GC-MS m/e 228.20.

Hexanoic acid hexyl ester (C12H2402) :*

MOW
(0]

IH NMR (600.17 MHz, CDGJ), TMS: § 4.05 (t,J = 6.90 Hz, 2H ), 2.28 (t) = 6.90 Hz,
2H), 1.66-1.56 (m, 4H), 1.38-1.19 (m, 10H),0.88-0.83 (m, 61 NMR (150.91 MHz,
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CDCl) 6 173.95, 64.33, 34.32, 31.39, 31.28, 28.57, 25.55, 24.67, 22.49, 22.28, 13.93,
13.86; GC-MS m/e 200.10.

Cyclohexane methanoic acid cyclohexane methyl ester (CisH202) :#
O

0

IH NMR (600.17 MHz, CDGJ); TMS: § 3.86-3.84(m, 2H), 2.30-2.26 (m, 1H), 1.90-1.88
(m, 2H), 1.72-1.62 (m, 8H), 1.45-1.39 (m, 2H), 1.29-1.11 (m, 6H), 0.98-0.92 (m,%€));
NMR (150.91 MHz, CDQJ) 6 176.18, 69.23, 43.31, 37.15, 29.65 (Cx2), 29.06 (Cx2),
26.36, 25.76, 25.68 (Cx2), 25.46; GC-MS m/e 224.20.

4-Fluro benzoic acid 4-fluro benzyl ester (C1sH10F202) :°

Jonasch

IH NMR (600.17 MHz, CDGJ); TMS: § 8.11-8.06 (m, 2H), 7.42 (d] = 5.52 Hz, 2H),
7.12-7.05 (m, 4H), 5.31 (s, 2H¥*C NMR (150.91 MHz, CDGJ) § 165.84 (d,J = 254.50
Hz), 165.39, 162.70 (d] = 247.58 Hz), 161.88, 132.23 (d,= 9.20 Hz), 131.70 (dJ =
3.1 Hz), 130.27 (dJ) = 8.07), 126.24 (d,) = 3 Hz), 115.56 (d,J = 21.88 Hz), 66.12;
GC-MS m/e 248.19.

Benzoic acid benzyl ester (C14H1205) :©

WS

(0]

IH NMR (600.17 MHz, CDGJ); TMS: § 8.10-8.09 (m, 2H), 7.56 (t) = 6.90 Hz, 1H),
7.47-7.44 (m, 4H), 7.40 (4 = 7.50 Hz, 2H), 7.37-7.34 (m, 1H), 5.36 (s, 2H¥C NMR
(150.91 MHz, CDCJ) § 166.38, 136.01, 132.98, 130.09, 129.66 (Cx2), 128.55(Cx2),
128.33(Cx2), 128.20, 128.12(Cx2), 66.64; GC-MS m/e 212.16.
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Chapter 5

General Conclusion



Heterogeneous Pt catalyzed direct synthesis of chemicals by acceptorless
dehydrogenation of alcohols and cyclic amines give atom efficient routes undealneutr
conditions. Chapter 2-4 show systematic examples of new heterogeneous catalysts f
acceptorless dehydrogenation reactions of amiieketerocycles) and alcohols under
additive-free conditions with liberation of Has a byproduct. Comparing with
organometallic catalysis, heterogeneous Pt catalysts do not requires addigaesl, (
acid or base) which increases atom economy. The concept of catalyst design is
multifunctionality of the metal loaded acid/neutral support in which acids sitemetal
oxide selectively catalyzes dehydrogenative coupling and neutral support watsveffec

for the dehydrogenation of amines.

The heterogeneous catalysts developed in this work have advantages over the
previous homogeneous catalysts, including good catalyst reusability and high Ti@N, a
hence will provide practical methods for sustainable production of chemicals.hievac
more sustainable chemical process, this work will help for the rational develupaof

new heterogeneous catalysts for this type of multistep reactions without additive
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