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Summary of thesis contents

Development of highly efficient organic molecular transforming systems using
transition-metal catalysts has been widely recognized as one of major challenges in
modern organic chemistry. In particular, the social demand to realize
green-sustainable society has recently promoted chemists to develop green-sustainable
organic transformations with transition-metal catalysts for the synthesis of various
organic compounds including natural products, medicine, functional organic materials,
and so on. In conventional organic transformations with the transition-metal catalysts,
precious metals such as Pd, Pt, Rh, and so on which are expensive and limited on earth
have been utilized. The most reactions have been conducted under homogeneous
conditions. In order to realize high green-sustainability in the organic transformations,
it is desirable to recycle the catalysts and replace the limited precious metal species
with ubiquitous metal species such as Cu, Fe, and so on which are cheap and abundant
on earth.

Heterogeneous switching of homogenous transition-metal catalysis has been
attracted much attention as one of the key strategies to achieve the high
green-sustainability and provides considerable advantages in terms of the recovery
and reuse of the catalysts and the reduction of metal contamination of the resulting
products. Uozumi and co-workers have contributed to this research field and so far
developed a variety of transition-metal catalysts immobilized on polystyrene-based
resin-supports to realize various organic transformations with high efficiency.
However, most immobilized transition-metal catalysts require expensive precious
transition-metals (such as Pd, Pt, Rh, and Ir), and the use of cheaper ubiquitous
transition-metals such as Cu or Fe in the immobilized catalysts is yet immature. With
regard to 1improving the green-sustainability in organic transformations, the
development of immobilized catalysts containing ubiquitous transition-metals is
highly desirable. In this thesis, the author developed new heterogeneous copper
catalysts immobilized polystyrene-based resins which efficiently catalyzed the
oxidative homocoupling reaction of terminal alkynes, the Huisgen 1,3-dipolar
cycloaddition reaction, and the aerobic oxidation of alcohols with high recyclability.

This thesis consists of General introduction, Main subjects (Chapters 1-3), and
General conclusion.

In General Introduction, the author mentions the background for the heterogeneous
catalysts.

In Chapter 1, the author describes development of recyclable polystyrene
(PS)-supported copper(II) N,N,N'’,N-tetraethyldiethylenetriamine catalysts for the
aerobic oxidative homocoupling of terminal alkynes.

In Chapter 2, the author describes development of polystyrene-poly(ethylene glycol)
resin (PS-PEG)-supported copper(II)-triazine-based dendrimer catalyst
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(CuS04TD2.0@PS-PEG) and the application to the Huisgen 1,3-dipolar cycloaddition in
water.

In Chapter 3, the author describes the further application of PS-PEG-supported
copper(Il)-triazine-based dendrimer catalyst [Cu(OAc)2-TD2.0@PS-PEG] to the aerobic
oxidation of alcohols.

In General Conclusion, the author summarizes the work of the thesis.

Chapter 1

The author developed recyclable polystyrene-supported copper(II)
N,N,N',N*-tetraethyldiethylenetriamine [Cu(II)-TEDETA] complexes for the aerobic
oxidative  homocoupling of terminal alkynes. The polystyrene-supported
Cu(ID-TEDETA complexes were prepared by immobilization of
N,N,N',N*-tetraethyldiethylenetriamine (TEDETA) onto crosslinked polystyrene,
followed by complexation of copper salts (Scheme 1). The immobilized TEDETA and
copper-TEDETA catalysts were characterized by SR/MAS NMR, FT-IR spectroscopies
and ICP-AES.

EtoN._ o~~~ NEtz NEt, NEt,
H Y CUSO45H,0 Y
ol (TEDETA, 4.0 equiv) ./\N (1 5 equiv) ’/\ Cu S
Nal (10 mol%) @ L " E1OH, 50 °C, 6h L
DIPEA (4.0 equiv) NEL, NE,

MeCN, 80 °C, 72 h
PS-TEDETA-CuSO,

Scheme 1. Preparation of PS-TEDETA-CuSO4

When the polystyrene-immobilized CuSO4+-"TEDETA catalyst was applied to the
oxidative homocoupling of phenylacetylene at 60 °C for 24 h under air to give
1,4-diphenylbuta-1,3-diyne in 96% yield (eq. 1).

PS-TEDETA-CuSO,
_ (QU Io_afiing: 10 moIf%) </:\\/ R <\_/> )
piperidine (1.0 equiv) —

PhMe, 60 °C, air, 24 h

96% vyield

To demonstrate the extent of substrate tolerance in this catalytic system, the
reaction of various alkynes was investigated (Scheme 2). The reaction of
phenylacetylenes bearing various substituents at the para-position gave the
corresponding 1,3-diynes in up to 99% yield. The reaction of phenylacetylenes bearing
ortho- and meta-substituents also underwent the reaction to give the corresponding
products in good to excellent yields. Less reactive aliphatic alkynes were also
converted the corresponding 1,3-diynes, although longer reaction time (48 h) was
required. Recyclability of the immobilized copper catalyst was investigated. In the
oxidative homocoupling of phenylacetylene, the catalyst was recovered by simple

filtration and reused eight times without significant loss of catalytic activity. The
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effective copper species still remained in the polymer matrix after 9th cycle, although

ICP analysis showed slight leaching of copper for each recycling run.

PS-TEDETA-CuSO,
(Cu loading: 10 mol%) Ro— — R
- piperidine (1.0 equiv) -
(R = aryl, alkyl) PhMe, 60 °C, air, 24 h up to 99% vyield
(20 examples)

Typical results:

s e e SIS S O

R
R

96% yield 95% yield

99% vyield
Me Me
A==
MeO,C O —— O CO,Me =
95% yield 95% yield 97% yield
Me Me CFy F3C
96% yield 83% yield 86% vyield
Ore _ _ 50 _ -
= HO(H2C)3—==—"=—(CH>)30H Me(H2C);—=—=—(CH);Me
78% vield 58% yield (48 h) 65% yield (48 h)

Scheme 2. Oxidative homocoupling of terminal alkynes

Chapter 2

The author described development of polystyrene-poly(ethylene glycol)
resin-supported triazine-based dendrimer-copper catalyst and the application to the
Huisgen 1,3-dipolar cycloaddition. The polystyrene-poly(ethylene glycol) (PS-PEG)
resin-supported triazine-based dendrimer-copper sulfate (CuSO4TD2.0@PS-PEG) was
prepared according to Scheme 3. The PS-PEG-supported triazine-based dendrimer and
the supported copper catalyst were characterized by FT-IR spectroscopies, FE-SEM
and ICP-AES.

a

] R
/—(—\ /j—\ N= N=(
O g/ NHzi)»——H—(\ _fNﬂ.. H4\ N _b)_c). CuS0,-TD, (@PS-PEG
N4 N—(ﬂ -9,

cl
PS-PEG-NH, PS-PEG-TD ,
(R = -N{CH,CH2NH3),)

Conditions: a) cyanuric chloride, DIPEA, THF; b) diethylenetriamine, DIPEA, DMF; ¢) CuSO45H,0, MeOH

Scheme 8. Preparation of CuSO4-TD2.0@PS-PEG

When CuSO4-TD2.0@PS-PEG was applied to the Huisgen 1,3-dipolar cycloaddition of
phenylacetylene and benzyl azide in water at 25 °C for 12 h, the desired triazole was
obtained in 97% yield (eq. 2).

CuS0,-TD, (@PS-PEG
Ny . (Cu loading: 5 mol%) O/\Nm @
* ?Q sodium ascorbate (10 mol%) Ny
H0, 259C, Ny, 12 h
97% yield
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To demonstrate the substrate tolerance in this catalytic system, the substrate scope
was investigated (Scheme 4). Various aromatic and aliphatic alkynes bearing a wide
range of electronic properties and functionalities underwent the Huisgen 1,3-dipolar
cycloaddition reaction with  benzyl azide to give the corresponding
1,4-disubstituted-1,2,3-triazoles in up to 99% yield. Various aromatic, benzylic and
aliphatic azides were also applicable, giving the corresponding
1,4-disubstituted-1,2,3-triazoles in 85-99% yield. In the Huisgen 1,3-dipolar
cycloaddition reaction of phenylacetylene with ethyl azidoacetate, the catalyst was
recovered by simple filtration and reused seven times without significant loss of

catalytic activity.

CuS0,-TD, @PS-PEG A
2.0 N N
RN, . — R (Cu loading: 5 mol%) \ /\>—R'
sodium ascorbate (10 mol%) N=py
(R, R' = aryl, alkyl) H20, 25 °C, N3, 12 h

up to 99% yield
(18 examples)

Typical results:

@Wﬂ' Sy ©/\N' = @AW \, < > ©/\N )
U OMe { Me | CF. i
NtN N&N NcN 3 N&N

99% yield 99% yield 98% yield 97%yield ~ Me
N — Me(CH
o BN QL RS
N N:N N / N/\>_© N:N
Me' N¢N
98% yield 97% yield 99% yield 85% yield

Scheme 4. Huisgen 1,3-dipolar cycloaddition of organic azides with alkynes

CuSO04-TD2.0@PS-PEG also promoted the three-component reaction of alkynes, alkyl
bromides, and sodium azide to afford the corresponding 1,2,3-triazoles in up to 99%
yield (Scheme 5).

CuS0,-TD, (@PS-PEG s
(Cu loading: 5 mol%) RN N\ :
e

N —— -
R”™Br + NaNg + =—R sodium ascorbate (10 mol%)
H,0, 25 °C, Ny, 12 h
up to 99% yield
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (Bexamples) .
Results:
O UDCrme O SO0
N:N N:N N:N Me N:N
98% yield 99% yield 99% yield 99% yield
EtO,C™
L0 L0 000 =0
Cl N=y Br Nz O,N N=y N=y
98% yield 90% yield 94% yield 99% yield

Scheme 5. Three-component cyclization of alkyl bromides, sodium azide, and alkynes

Chapter 3

The author described further application of polystyrene-poly(ethylene glycol)
resin-supported triazine-based dendrimer-copper catalyst to the aerobic oxidation of
alcohols. The polystyrene-poly(ethylene glycol) (PS-PEG) resin-supported
triazine-based dendrimer-copper acetate [Cu(OAc)2-TD2.0@PS-PEG] was prepared with
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Cu(OAc)2 ‘H20 following the similar procedure in Scheme 3. The supported copper
catalyst was characterized by FE-SEM and ICP-AES.

Cu(OAc)2-TD2.0@PS-PEG exhibited high catalytic activity for selective aerobic
oxidation of alcohols to aldehydes in the presence of a catalytic amount of TEMPO
under air atmosphere (Scheme 6). Various benzylic alcohols bearing a wide range of
electronic properties and functionalities underwent the aerobic oxidation to give the
corresponding aldehydes in up to quantitative GC yield. Cinnamyl alcohol was also
applicable for the reaction, giving cinnamyl aldehyde in 79% yield. In the oxidation of
benzylic alcohol, the catalyst was recovered and reused four times without significant

loss of catalytic activity.

Cu(0AC),-TD, (@PS-PEG

ina- o o]
A~ (Cu loading: 20 mol%)
R™ OH TEMPO (20 mol%) H)LH
- oC, air, 24 h
1-heptane, 80 °C, air, 2 up to quant. (GC)
( 23 example)
r;,;,;-'c;.',’;e',i;,;.'sz """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
o
FsC
>99% GG yield 92% GC yield >89% GC yield 96% GC yield 96% GC yield >99% GC yield
e} Me O e} o o o]
Me H H N H <SJ)LH o T H S
N.__~ % \
>99% GC yield 90% GC yield 71% GC yield 76% GC yield 63% GC yield 79% GC yield

Scheme 6. Aerobic oxidation of alcohols to aldehydes

In conclusion, the author has developed polystyrene-based resin-supported copper
catalysts for the aerobic oxidative homocoupling of terminal alkynes, the Huisgen
1,3-dipolar cycloaddition reaction of alkynes with organic azides, and aerobic oxidation
of benzylic alcohols. The immobilized copper catalysts could be readily recovered and
reused for several times without significant loss of their catalytic activities. These
organic reaction systems using the heterogeneous copper catalysts supported
polystyrene-based resins achieved not only efficient organic transformations with high
recyclability, but also replacement of precious transition-metals with ubiquitous
transition-metals. The achievement of this research provides new methodology for the
synthesis of various organic compounds with high green-sustainability in academia

and industry.
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