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Abstract

1. Introduction

Catalysts play a crucial role in the synthesis of fine chemicals and immobilization of homogeneous catalysts for
fine chemical synthesis has attracted much attention from both academia and industry. This technology facilitates
catalyst separation from reaction mixtures and recovery/reuse of catalysts. In addition, the application of
immobilized catalysts to continuous-flow reactions has been shown to be a powerful synthetic method due to its
environmental compatibility, efficiency, and safety.!

2. Development of Ligand-Immobilized Heterogeneous Catalysts for Asymmetric Arylation Reactions

Asymmetric arylation catalyzed by Rh is highly useful in synthetic organic chemistry because it can create new
C—C bonds with high enantioselectivities. This reaction can transform readily available materials into chiral
molecules, and applications to the synthesis of active pharmaceutical ingredients or natural products are reported. I
developed ligand-immobilized heterogeneous Rh catalysts for asymmetric arylation reactions.

A chiral diene with a styryl moiety was co-polymerized with styrene and divinylbenzene to afford a chiral diene
ligand supported on cross-linked polystyrene (PS), and a heterogeneous chiral Rh complex (PS-diene Rh) was
successfully isolated by complexation of the ligand on the polymer with a Rh(I) salt. The asymmetric 1,4-addition
reactions of aryl boronic acids with a,-unsaturated ketones were investigated in a batch system using this catalyst
(Scheme 1 (a)). As a result, the target products were obtained with excellent enantioselectivities. The substrate scope
was investigated, and broad substrates, including ketones, esters, nitroolefins, amides, and imines, could be arylated
in high yields with excellent enantioselectivities. PS-diene Rh could be recovered and reused for several times.

To apply the catalyst to flow reactions, activation methods of the catalyst were investigated. It was found that the
treatment of PS-diene Rh with a base could enhance the catalytic activity significantly. The continuous-flow
reaction was then conducted with the base-treated PS-diene Rh (Scheme 1 (b)). A toluene solution of a substrate
and an aqueous solution of phenylboronic acid were mixed in a T-shape joint and the biphasic flow was passed
through a column packed with the catalyst. The product was continuously obtained in high yield with excellent

enantioselectivity.

Scheme 1. (a) Asymmetric Arylation Reaction with PS-Diene Rh Catalyst, (b) Asymmetric Arylation Reaction

in Continuous-Flow
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3. Development of Core/Shell-Type Supports for Catalyst Immobilization without Loss in Kinetics

A major common problem in current immobilized catalysts is the lower catalytic activities compared with the
corresponding homogeneous catalysts. Thus, catalyst immobilization methods that do not adversely affect the
kinetics are highly desired, and it is even listed as one of the Key Green Chemistry Research Areas.’

Cross-linked polystyrene, which is inert and  pjgyre 1. (a) Trade-off of stability and accessibility in cross-

commercially available, has been widely used for  jj5ed polystyrene and (b) general concept of this work.
immobilization of homogeneous catalysts. It is
(a) Trade-off of stability and accessibility in crosslinked polystyrene

acknowledged that active sites of immobilized

crosslinking degree

catalysts have limited accessibility, which leads high O O low

to diminished performance. While a high degree mechanically stable fragile
limited mass transport  smooth diffusion

of cross-linking leads to decreased mass transport )
(b) This work

efficiency, there is a lower limit of a cross-linking rigid core (silica)
high stability
degree below which the material becomes more o
——, soft shell (low-crosslinking polystyrene)
soluble and less mechanically stable (Figure 1 high accessibility

(a)). This trade-off has long been known since the first report of solid-phase synthesis. To address the issue, I have
designed a core/shell-type support in which low-cross-linking degree PS is attached on a rigid core material to keep
high mass transport efficiency and make the whole support insoluble, stable, and easy to handle (Figure 1 (b)).
Herein, I have successfully immobilized a chiral catalyst while maintaining catalytic activity and enantioselectivity
at levels comparable to those of the corresponding homogeneous catalyst in thodium—diene complex-catalyzed

asymmetric 1,4-addition reactions.

To synthesize a core/shell-type support, Scheme 2. Synthesis of SiO2/PS core/shell particles

I selected a spherical silica particle as a \ \ N
core material because rigid and highly Ej Ej\/

=
monodisperse particles can be obtained by 99675% 0.125%  0.2%

Ng N,
application of the well-established Stober EOH/H,0 = 7:3, 75 °C, 30 min

method. The surface of the silica particles

was functionalized with 3-

(trimethoxysilyl)propyl methacrylate to
attach low cross-linking degree PS shell
602.65nm

covalently. Copolymerization of styrene,

meta-divinylbenzene, and

azidomethylstyrene in the presence of the

852.27nm

core silica particles was conducted based
602.65nm

on a reported procedure to afford spherical

concentric core/shell particles (Scheme
2). Formation of uniform thin shell confirmed using scanning transfer electron microscopy analysis. The chiral
ligand L1, bearing bicyclo[6.1.0]nonyne (BCN) for immobilization, was synthesized as shown in Scheme 3. Readily

available BCN I was converted into bromide I1, which was treated with diene A in the presence of a phase-transfer



catalyst. The immobilization by strain- Scheme 3. Synthesis of SiO2/PS core/shell particles
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degradation. The immobilized ligand
was mixed with [Rh(C;H4).Cl]2 to
give the target immobilized chiral

catalyst (SiOQ2/PS—diene Rh) as a fine

powder.

This SiO2/PS—diene Rh and other control catalysts, those are corresponding homogeneous catalyst, the catalyst
on Merrifield resin, and PS—diene Rh without core shown above, were evaluated in the asymmetric 1,4-addition of
phenylboronic acid 2a to o,B-unsaturated ester 1a. Notably, plots of reaction progress clearly show that the
core/shell-type catalyst has much better performance than conventional catalysts and confirmed that even better
reaction rate than the homogeneous catalyst was achieved. Substrate generality including ketone, ester, amide,
nitroolefin, imine, and arylboronic acids was confirmed with high yields and excellent enantioselectivities.
Continuous-flow reactions using the core/shell-type catalyst were also conducted, where high efficiency (TOF >150
h™') was maintained until 260 min, where TON reached over 500.

4. Conclusion Figure 2. Comparison of the reaction rates.
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those on conventional supports, and even better than the corresponding homogeneous catalyst. This strategy would

be applicable to other immobilized catalysts and the catalytic activity could be improved.
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Chapter 1: General Introduction

Catalysts have been played a crucial role in synthetic organic chemistry. They can be categorized
into two parts. One is a homogeneous catalyst, and the other is a heterogeneous catalyst. Homogeneous
catalysts were used in a solution phase typically after dissolved in solvents. The catalysts for fine
chemical synthesis are mostly this type and many highly active and (enantio)selective catalysts have
been developed over hundred years. In most cases, recovery of the catalyst after the reaction is not
conducted because of its difficulty in separation. Although catalysts are used much less amount than
starting materials or solvent, the actual waste derived from the catalyst is much larger than the apparent
amount of the catalyst used in the reaction, because modern sophisticated catalysts require many
synthetic steps accompanied with environmental and economic costs. On the other hand,
heterogeneous catalysts can be easily separated by filtration and potentially reused many times.
Toward a sustainable society, paradigm shift from homogeneous catalysis to heterogeneous catalysis
is highly demanded in the viewpoint of green chemistry. However, there are not so many kinds of
heterogeneous catalysts that show high catalytic activity and (enantio)selectivity for fine chemical
synthesis. The realization of highly active and durable heterogeneous catalysts is still an unsolved
problem and a long-standing challenge for chemists.

The fine organic synthesis has mainly been carried out in a system called “batch reaction” in which
all reactants and solvents are mixed in a container such as a flask and reacted at once. On the other
hand, a reaction system called “flow reaction” in which a solution flows continuously through a
column or a tube has gathered much attention from both academia and industry because of its
environmental compatibility, efficiency, and safety. Flow “fine” synthesis, where complex molecules
are obtained in high yields with high selectivities using flow reactions, is a concept of an ideal synthetic
method of the next generation.! If the starting materials are flowed into the column packed with
heterogeneous catalysts, the desired product can be obtained continuously. Although it would be the
most ideal synthetic method, there are few highly active and durable heterogeneous catalysts that can
be used for this purpose, especially chiral C—C bond forming reactions.

Conventional heterogeneous catalysts, e.g. noble metal, metal oxide, zeolite, and so on, have been
highly sophisticated for bulk chemical industry. However, reactions catalyzed by these catalysts were
limited and were rarely utilized for the synthesis of fine chemicals such as agrochemicals or
pharmaceuticals, especially including chiral center. It may take further time and research to develop
these types of heterogeneous catalysts that meet the demand from modern chemical synthesis. On the
other hand, homogeneous catalysts have been widely developed and used for the synthesis of
elaborated compounds.

One of the methods to make heterogeneous catalysts based on homogeneous catalysts is

immobilization of homogeneous catalysts on insoluble material. Fortunately, there are many highly
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active homogeneous catalysts and some of them have been already used in industrial manufacturing
processes.” If these catalysts are physically or chemically adsorbed, encapsulated, or covalently
attached to heterogeneous supports, e.g. polymer, carbon black, or metal oxide, it may become the
catalyst with similar activity except its solubility.

Immobilization of catalysts has been reported from many groups and some of them have been
applied to asymmetric C—C bond formation reactions in the flow system.> Among them, immobilized
metal oxides or metal nanoparticle catalysts were out of the scope of the following review of previous
researches. I will summarize the successful examples of continuous-flow reactions for asymmetric
C—C bond formation by mainly focusing on immobilized metal complexes that have homogeneous
counterparts with similar reactivities.

Salvadori et al. synthesized a bis(oxazoline) (box) type ligand which has a styrene moiety, and it
was co-polymerized with styrene and divinylbenzene as a cross-linker to give the insoluble
polystyrene-immobilized box ligand (PS-box). Cu(OTf), was complexed with PS-box after the
polymerization and the catalyst was used in the continuous-flow enantioselective glyoxylate-ene
reaction.*

Scheme 1. Enantioselective glyoxylate-ene reaction with PS-box-Cu catalyst

Flow system
PS-box

o) Cu(OTf) OH
/g ) )J\ 2 JJ\/'\ 78% yield
Ph H” “CO,Et E—' Ph CO,Et 88% ee

2.6 eq. DCM, 0 °C, 15-25 pl/min

y z
X
PS-box {\j ,\}J
x:y:z = 45:52:2.8 *
Ph Ph

The series of research about asymmetric cyclopropanation were reported by Martinez-Merino,
Mayoral and co-workers. They have successfully synthesized Pybox type ligands which have a vinyl
group for polymerization and immobilized them onto polystyrene support.>® They prepared a
macroporous monolithic column for continuous flow reaction and have shown that the product was
obtained in moderate yields and selectivities under conventional or solventless conditions or in
supercritical carbon dioxide (Scheme 2).7 Also, they have synthesized related oxazoline-containing
ligands and corresponding heterogeneous Cu catalysts and succeeded in asymmetric cyclopropanation
in the flow system.®® The other groups reported similar heterogeneous catalysts supported on silica

which can be applied to flow synthesis.!®!!



Scheme 2. Asymmetric cyclopropanation with PS-Pybox-Ru catalyst

Flow system

0 PS-Pybox A A
: COOEt

[RuCly(p-cymene)l,  Ph" COOEt * Ph
pv’ + [ OFt _EEE’_, trans cis
N 42% yield 11% yield
6 eq. ? DCM, rt, 20 wlimin 799 e 48% 6

PS-Pybox "»,

xy:z =42:51:7 /\

Moberg et al. achieved enantioselective cyanation of benzaldehyde in a microreactor charged with

asymmetric polymeric catalysts (Scheme 3).'> They selected macroporous divinylbenzene beads as

solid support. The surface of the beads was modified with a hydrophilic coating and the terminal

hydroxy group was connected to a salen type ligand. Asymmetric cyanation of benzaldehyde using

TMSCN was conducted in a microreactor with flowing the reaction solution.

Scheme 3. Enantioselective cyanation with PS-salen-Ti catalyst
Flow system

0 PS-salen OTMS

)J\ . TMSCN TiCly /k 92% conv.
Ph” “H —EEE’—» Ph” OCN  72% ee
1.15 eq.

DCM, r.t., 0.8 pl/min

PS-salen
4C§:OH HO

Seayad, Ramalingam and coworkers reported that partially hydrolyzed titanium alkoxide and chiral

ligand worked as a homogeneous catalyst of enantioselective cyanation of imines.'>'* Considering

titanium alkoxides are readily hydrolyzable, they rationalized that hydrolyzing their catalyst can give

self-supported heterogeneous catalysts. They have successfully prepared self-supported chiral

titanium cluster (SCTC) catalysts and have shown the applicability of them to flow reactions (Scheme

4).15 Continuous-flow three-component reaction, where an imine formation from aldehyde and amine

was conducted in flow and was directly connected to the cyanation column, was also carried out.



Scheme 4. Asymmetric cyanation with self-supported chiral titanium cluster catalyst

Flow system
self-supported Ti
Nk n-BuOH (1.0 eq.) yn-B"

B 1
Ph” H 7 Ph

1.5 eq.
q toluene, r.t., 25 pl/min

>99% conv.
CN 65% ee

>.

self-supported Ti

/I -O

- n
Hashimoto et al. reported the immobilization of a chiral chlorinated dirhodium(II) complex and its
use for enantioselective ylide cycloaddition (Scheme 5).! They prepared a dirhodium complex-
containing monomer and co-polymerized it with a fluorinated styrene derivative and a crosslinker. The
polymer-supported complex was applied to continuous-flow reactions and the catalyst gave the desired
products in high yields and excellent enantioselectivities.

Scheme 5. Enantioselective carbonyl ylide cycloaddition with polymer-supported
dirhodium(II) catalyst

Flow System Ph
PS-TCPTTL-Rh

o}
0]
CO,tBu  74-78% vyield
N

CF3;CgHs, 23 °C, 0.5 mL/min

PS-TCPTTL-Rh
x:y:z = 94:5:1

5
*ﬂmz@“

Shibasaki’s group reported that a Nd/Na/amide-based ligand heterobimetallic catalyst can promote
the asymmetric nitroaldol reaction (Henry reaction) in an anti-selective manner.'”?° This catalytic
system forms precipitation in THF and catalytically active species were found to be heterogeneous.
They further refined this catalyst into an easily recoverable form, where the catalyst is confined in a
multiwalled carbon nanotube (MWNT) network, and apply it to continuous-flow asymmetric

nitroaldol reactions (Scheme 6).! They also utilized MWNT confinement technique to the other type
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of catalytic system, Er catalyzed asymmetric Mannich-type reaction, and have shown that flow
reaction is feasible.?

Scheme 6. Asymmetric nitroaldol reaction with MWNT-confined Nd/Na catalyst

Flow system

o MWNT-confined
MeO ( Nd/Na catalyst MeO I 91-97% conv.
e S antenet
10 eq NO, anti/syn = 96/4-97/3

THF, —40 °C, 3 ml/min
tBu

(0] H OH
HO N ,
” + NdO45(0iPr)135 + NaHMDS
(6]
F F

ligand:Nd:Na = 1:1:2

Hodge and co-workers selected thiol-containing polystyrene beads as a support and immobilized
cinchonidine onto them. A ketoester and methyl vinyl ketone were selected as substrates for their study.
The desired product was obtained in high yields but not with satisfactory enantioselectivities (Scheme
7).23
Scheme 7. Asymmetric 1,4-addition of ketoesters to methyl vinyl ketone with PS-cinchonidine

catalyst
Flow system

PS-cinchonidine CO,Me
COMe + V=0 —| j—] 92-97% yield
2 51-52% ee

toluene, 50 °C, o
o 1.06 eq. 5.0-7.2 mi/h o

Qs

PS-cinchonidine

HAN
Ny "0OH
N~

Asymmetric 1,4-addition of aldehyde was reported by Fiilop et al. using polystyrene-supported
proline catalysts (Scheme 8).2* The catalysts were prepared by a well-known solid-phase synthesis of
peptides. Without detaching the peptide from the solid support, the peptide containing beads can be
utilized as heterogeneous catalysts. They achieved high yields and high enantioselectivities for several
substrates. Subsequently, Wennemers’s group also reported a similar reaction in the continuous-flow

system using their original polymer-bound peptide catalyst.?’



Scheme 8. Asymmetric 1,4-addition of aldehydes to a nitroolefin with PS-peptide catalyst

0]
R,

5eq.

Flow system
PS-peptide

22-91% vyield
ANO, —| ———~ J\/v 02 91-93% ee
CHCI3/iPrOH, r.t.,
60 bar, 0.1 ml/min

PS-peptide

H
H—D-Pro—Pro—Asp—N—O

Our group reported that asymmetric 1,4-addition of 1,3-dicarbonyl compounds to o,-unsaturated

nitroolefins with a polystyrene-immobilized Pybox ligand and calcium chloride (Scheme 9).2¢ We

have also shown complex molecules can be synthesized by the multistep flow reaction. Rolipram, an

anti-inflammatory drug, was successfully synthesized in high yield with high selectivity by flowing a

solution of commercially available raw materials to multiple columns packed with heterogeneous

catalysts continuously (Scheme 10).?” The key step for constructing the chiral center of the final

product is the asymmetric 1,4-addition reaction.

Scheme 9. Asymmetric 1,4-addition with PS-Pybox-Ca

(0]

Flow system
PS-Pybox o 0

CaCI2-2H20 MeO)J\:/U\OMe

N N0, | —] '
NO : .
+ 2 88-98% yield
Ph
MeOJ\/U\OMe 1.2eq. EtsN, toluene, 0 °C /\NO 91-93% ee
100 pl/min 2
w X Z
® >
0 = o) >
Phid N 1 Ph
N N—/ y
Ph Polymer-Supported Pybox (PS-Pybox)

w:x:y:z = 13:83:3:1
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Scheme 10. Multistep continuous-flow synthesis of rolipram (from Kobayashi, S., et al. Nature
2015, 520, 329.)

Synthesis of Nitroalkene \symmetri Reduction & Cyclization
Si-NH,/CaCl,

H, S-COOH

Chiral Ca Catalyst

ArCHO Malonate
NO, Et;N

/@[OMe OMe
OHC o — | o —
G oaN @

As shown in above, there are many researches that led to the successful immobilization of catalysts.

However, almost all of them are far from practical probably due to lower activity and sometimes
criticized in the literature.?® Majority of such catalysts were negatively affected by its immobilization,
resulting in inferior activities and selectivities. Until now, there is no truly successful example of
immobilized catalysts that can compete with the chemical process based on corresponding
homogeneous catalysts.? Although many supports were utilized in the immobilization of various kinds
of catalyst, a deeper understanding of the factors which determine activity, selectivity, and durability
are still demanded. Recently the conference of pharmaceutical manufacturers selected “Catalyst
Immobilization without Significant Loss in Kinetics” as one of the “Key Green Chemistry Research
Areas”.?® Therefore, in my Ph.D. course, I decided to overcome the current situation of immobilized
catalysts by developing a general and reliable immobilization method without affecting activities and

selectivities.
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Chapter 2: Development of Ligand-Immobilized Heterogeneous
Catalysts for Asymmetric Arylation Reactions

Section 1: Introduction

Asymmetric 1,4-addition reaction to a,B-unsaturated carbonyl compounds has been known for a
long time using various organometallic reagents such as Grignard reagents, but due to their extremely
high reactivity application to asymmetric reactions, requiring precise control of reaction conditions,
was difficult. In 1999, however, Hayashi's group reported the asymmetric 1,4-addition of arylboronic
acids, which has lower reactivity compared with other organometallic reagents, to a,B-unsaturated
ketones with Rh catalyst and BINAP ligand (Scheme 11).3° Later, an example using a chiral diene
ligand was also discovered (Scheme 12).3! Since this chiral diene ligand can effectively construct a
chiral environment, it stimulated further development of arylation reactions with Rh catalysts. As a
result, it has become possible to apply to various kinds of substrates and the synthesis of intermediates
of useful compounds such as medicines has been shown.? Therefore, 1 selected this as a model
reaction for the development of the novel method of immobilization.

Scheme 11. Rhodium catalyzed asymmetric 1,4-addition
Rh(acac)(C,H4), (3 mol%)

(0] R O .
(S)-BINAP (3 mol%) up to >99% vyield
R1N)J\R2 * RB(OH), P o R1J\/U\R2 up to 99% ee
ioxane/H,
100 °C

Scheme 12. Rhodium catalyzed asymmetric 1,4-addition using chiral diene ligand

e} [RhCI(CzH4)2]2/|Igand R o)

(3 mol% Rh, ligand/Rh = 1.1) up to 96% yield
R‘I/\)J\RZ + RB(OH)2 R'IJ\/U\RZ up to 99% ee
KOH (50 mol%)

dioxane/H,0 = 10/1
20-50 °C

. Ph
ligand: Ph
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The use of immobilized Rh complex for asymmetric 1,4-addition was also reported from Hayashi’s
group (Scheme 13).33 They selected a polystyrene-poly(ethylene glycol) copolymer (PS-PEG) resin
as an immobilization partner and attached the BINAP ligand onto it. They showed asymmetric 1,4-
addition of phenylboronic acids to several a,p-unsaturated ketones in high yields with excellent
enantioselectivities. The catalyst could be recovered and reused four times during which the yields
and enantioselectivities were kept high.

Scheme 13. Asymmetric 1,4-addition to a.,B-unsaturated ketones with PS-PEG BINAP Rh
catalyst

o PS-PEG-BINAP (BINAP: 4.5 mol%) 0
:/§ Rh(acac)(CzH,)2 (3 mol%) up to 95% yield
: + PhB(OH) \ to 97%
/) 2 H,0, 100 °C, 3 h . up o 917 ee

Ph

0
Qomtofy (1
n H
PPh,
PS-PEG-BINAP OO PPh,

Supports for immobilization of the Rh complex are not limited to insoluble materials. Tunge et al.
have synthesized a polystyrene-based polymer having the low molecular weight and narrow molecular
weight distribution. The polymer is soluble in toluene but is insoluble in methanol. Therefore, the
polymer can be precipitated by the addition of methanol and it can be recovered by the filtration. They
incorporated biphephos ligand in the polymer and showed 1,4-addition of boronic acids to a,p-
unsaturated ketones with this polymer catalyst complexed with Rh (Scheme 14).34*5 In addition to this
reaction, they also applied their catalyst to various kinds of Rh catalyzed reactions.

Lipshutz’s group also adopted a soluble support. They attached BINAP to amphiphilic polyethylene
glycol ubiquinol sebacate (PQS), which undergoes spontaneous self-aggregation in water to give
nanomicelles. The hydrocarbon part of this polymer forms a lipophilic core, and the reaction is
designed to occur there. Asymmetric 1,4-addition of boronic acids to a,3-unsaturated ketones in water
were conducted and the products were collected by extraction while the catalyst remained in the

aqueous phase (Scheme 15).%¢
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Scheme 14. 1,4-Addition to o.,B-unsaturated ketones with JanaPhos Rh catalyst

o}
0 R-B(OH) JanaPhos (3 mol%) )
. 2 Rh(acac)(CO), (2 mol%) :’ up to 92% vield
. R=ayl.  ouene, 50 °C, 15-17 h, -
alkenyl " MeOH/H,O = 1:1
JanaPhos / \ / \
xiy = 10:1 (OINO) (OINO)

Scheme 15. Asymmetric 1,4-addition to o,f-unsaturated ketones with PQS-BINAP Rh catalyst
PQS-BINAP-Rh

o (Rh: 3 mol%) . o
) TEA (1.2 eq.) e up to 99% vyield
P . ArB(OH), Ot 12h N up to >99% ee
n\ 20, r.t., -//
Y 1.2 eq. Ar
0]
O-MPEG
O)W
PQS-BINAP 100 0
MeO N H

o
O 7
Ph,P
Ph,P l !
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In the above examples, phosphine ligands were immobilized on supports. However, phosphine
ligands are prone to be easily oxidized under air, which prevents facile recovery and reuse.
Furthermore, phosphine ligated Rh complexes are less reactive in the 1,4-addition reactions catalyzed
by Rh compared with chiral diene ligated ones.

The immobilization of a chiral diene-Rh complex was reported from Lin’s group (Scheme 16).3
They targeted the synthesis of the metal-organic framework (MOF) in which chiral diene ligands were
incorporated. They found that the catalyst was highly effective for asymmetric 1,4-addition of
arylboronic acids to o,B-unsaturated ketones with only 0.01-0.25 mol% catalyst loading. In the case
of the reaction of 2-cyclohexenone, the catalyst showed a very high turnover number (TON) of 13400,
which is comparable with that of a homogeneous control catalyst.

Scheme 16. Asymmetric 1,4-addition to o,B-unsaturated ketones with MOF-Rh catalyst
MOF-Rh 0O
0 (Rh: 0.01-0.25 mol%) .~ up to 97% yield
| up to 96% ee
3 / + ArB(OH), toluene/H,0,100°C,40h - up to 13400 TON
T Ar
§
N
Z H
e Gror>

Uozumi et al. succeeded in the immobilization of a chiral diene-Rh complex on amphiphilic PS-

MOF

PEG resin (Scheme 17).3 Their catalyst exhibited efficient reaction to cyclic or linear enones in water
under batch conditions. It was also applied in continuous flow reactions.

Scheme 17. Asymmetric 1,4-addition to o,f-unsaturated ketones with PS-PEG-diene-Rh
catalyst

O
0 PS-PEG-diene-Rh .

. (Rh: 2.5 mol%) J up to 99% vyield
g . ArB(OH), 0. 50°C. 31 up to 98% ee
|\ 50, o , = _//

. / 1.5eq. Ar

PS-PEG-diene

/ HA@O\%“\O/O
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These examples showed that a diene Rh complex could be successfully immobilized on insoluble
supports and they have good durability. However, no catalysts have sufficient catalytic activity, which
is measured by turnover frequency (TOF), and broad substrate scope. Therefore, the development of
highly active heterogeneous catalysts that show wide substrate generality for asymmetric arylation
reactions is desired. In our laboratory, we have developed tertiary alkyl amine derived secondary amide
substituted diene L1 for both chiral Rh complexes and chiral Rh nanoparticle systems, which show
outstanding reactivities and enantioselectivities for a wide variety of substrates.>® Considering our
previous investigations, the tertiary alkyl amine moiety in diene L1 is essential to achieve excellent
activity and enantioselectivity, probably because structurally rigid nature of the amide group that
restricts the rotation of the ‘BuNH group to fix the favored conformation. Therefore, I embarked on
the immobilization of diene L1 and the application to continuous-flow synthesis.

Scheme 18. Asymmetric 1,4-addition to unsaturated esters with PI/CB Rh/Ag catalyst

o PI/CB Rh/Ag (Rh: 0.25 mol%) Ar O o 7% vield
ArB(OH) diene L1 (0.05 mol%) < up to 97% yie
X + up to >99% ee
R1/\)J\OR2 20 eq. tquene/HZO, 100 °C. 16 h R1/\)J\OR2 p (4

(0] ><
diene L1 ; N
H
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Section 2: Results and Discussion

I selected polystyrene as a catalyst support because it is easily preparable and was successfully
applied to continuous-flow reactions. In my master course study, chiral diene Rh complex on
polystyrene was investigated and brief summary was shown in here.*%#! First, I synthesized the diene
with a styryl moiety according to the literature procedure. This diene L2 was co-polymerized with
styrene and divinylbenzene (DVB) to afford a chiral diene ligand supported on cross-linked
polystyrene (PS-diene). PS-diene was then mixed with [Rh(C2H4)2Cl], in toluene to afford yellow
powder, which is named PS-diene Rh (Scheme 19). Successful immobilization of Rh was assured by
ICP measurement.

Scheme 19. Representative procedure for the synthesis of PS-diene Rh

= PS-diene
diene L2 X y xyiz=96:25:13 z
styrene
DVB

AIBN (0.8 mol%)

(0] (0]
(0] ° (0]
7 ”%\/ toluene, 80 °C, 24 h 7 N%\/

H

_ target: 0.118 mmol/g

diene: actual: 0.154 mmol/g
S [Rh(C2H4)2Cl], (Rh: 1.0 eq.) PS-diene Rh A
PS-diene
toluene, r.t., 24 h Rh: 0.0948 mmol/g
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To check the catalytic activity of PS-diene Rh, I selected asymmetric 1,4-addition of phenylboronic
acid to 2-cyclohexenone as a model reaction (Table 1). When the reaction was conducted in toluene
and water biphasic system, the desired product was obtained in high yield and excellent
enantioselectivity and the leaching of Rh was low (entry 1). As decreasing the ratio of water led to a
decrease in yield, optimal toluene and water ratio was determined to 1:2 (entries 2-3). Decreasing the
catalyst loading gave the desired product in lower yields keeping the enantioselectivities high (entry
4-5), hence 1.0 mol% of PS-diene Rh was needed to achieve a full consumption of 2-cyclohexnenone.

Table 1. Reaction optimization (1)

0] 0

+ PhB(OH), PS-diene Rh A (Rh: x mol%)
1.5 eq. solv., 100 °C, 16 h .
‘Ph

1a 2a 3aa
PS-diene
X y xyiz=96:25:13 z
(0]
(0)
N%\/
Z H

entry cat. (mol%) solv. yield (%)*  ee (%)®  leaching (%)°
1 1.0 toluene/H,O = 1:2 96 99 1.3
2 1.0 toluene /H>O = 1:1 78 99 1.0
3 1.0 toluene /H>O = 2:1 67 99 2.2
4 0.50 toluene /H,O = 1:2 75 99 <2
5 0.25 toluene /H>O = 1:2 64 99 <4

2 Determined by '"H NMR analysis. ® Determined by HPLC analysis. ¢ Determined by
ICP analysis.
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I embarked on the optimization of the composition of monomers in PS-diene Rh to improve the
catalytic activity (Table 2). Increasing the amount of DVB led to an increase in yield though further
increase of DVB led to the almost same yield (entries 1-3). Next, I changed the ratio of diene in the
copolymer, which revealed that both increase and decrease of diene loading gave improved results and
the catalyst with a higher amount of diene is the best in the viewpoint of yield (entries 4-5).
Unfortunately, decreasing the catalyst loading of newly optimized PS-diene to 0.25 mol% led decrease
both in yield and enantioselectivity (entry 6), hence I selected the composition shown in entry 5 as the
optimal condition, and all the subsequent experiments were conducted with this catalyst if not
otherwise noted.

Table 2. Reaction optimization (2)
© ¢}

+ PhB(OH), PS-diene Rh (Rh: 0.5 mol%)
1.5 eq. tol/H,O0 = 1:2, 100 °C, 16 h )
"Ph

1a 2a 3aa
E 4\ PS-diene
X y z
(0]
N%\/ °
z H

entry cat. Xy:Z yield (%)? ee (%)° leaching (%)°
1 PS-diene Rh A 96:2.5:1.3 75 99 <2
2 PS-diene Rh B 95:3.6:1.3 86 99 0.18
3 PS-diene Rh C 93:6.0:1.3 74 99 <0.2
4 PS-diene Rh D 96:3.6:0.7 91 99 0.6
5 PS-diene Rh E 94:3.6:2.6 98 99 0.5
64 PS-diene Rh E 94:3.6:2.6 88 98 0.8

2 Determined by '"H NMR analysis. ® Determined by HPLC analysis. ¢ Determined by
ICP analysis. ¢ PS-diene Rh (Rh: 0.25 mol%) was used.
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With PS-diene Rh E (0.5 mol%), several reactions of boronic acids with o,-unsaturated carbonyl
compounds were examined (Table 3). Neither electron-withdrawing nor electron-donating groups at
the para-position of arylboronic acids (2b and 2¢) affected the catalytic activity, and high yields and
outstanding enantioselectivities of the desired products were obtained (entries 2 and 3). meta-
Methoxyphenylboronic acid (2d) was also a suitable substrate (entry 4). Arylboronic acid 2e, with a
substituent at the ortho-position, gave the desired product in lower yield (69%), presumably because
of a steric effect, but outstanding enantioselectivity was observed (entry 5). The yield was improved
to 92% by using 3 equiv. of 2e while keeping the same enantioselectivity. As previously reported,!?]
lower reactivity was observed for acyclic a,p-unsaturated ketones than for cyclic a,B-unsaturated
ketone. For example, acyclic a,p-unsaturated ketone 1b reacted with 2a to afford the product in only
5% yield, although the enantioselectivity was very high (entry 6). Other acyclic a,B-unsaturated
ketones 1¢ and 1d showed moderate to good yields, albeit with very high enantioselectivities (entries
7 and 8). These low-yield issues were solved by addition of cinnamyl alcohol or use of the catalyst
preactivated by base (PS-diene Rh-OH). The effects of these additives are discussed later (see below).
When acyclic o,p-unsaturated ester 1e was treated with 2a, the desired product was obtained in 76%
yield with 98% ee. Given that decomposition of the boronic acid was observed, 3.0 equiv. of 2a were
used and the yield was improved to 99% with the same enantioselectivity (entry 9). Other a,f3-
unsaturated esters, including heteroaromatics and even cyclic o,-unsaturated esters, also worked well
to afford the desired products in satisfactory yields with very high enantioselectivities (entries 10-15).
Finally, a,B-unsaturated amides were tested, and it was found that this type of compound was

acceptable to this catalytic system (entries 16 and 17).
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Table 3. Substrate scope (a,p-unsaturated carbonyl compounds)

PS-diene Rh E (Rh: 0.5 mol%)

o A
ArB(OH), 2 (1.5 eq.) =
R/\)J\X > R/\)J\x
1a-m

entry 1 2 yield (%)* ee (%)°
1 la 2a 98 99
2 la 2b 88 99
3 la 2¢ 90 99
4 1a 2d 94 99
5 1a 2e 69 (92 99
6 1b 2a 5874 99
7 1c 2a 25 (89)¢ 99
8 1d 2d 64 (90)° 96
9¢ le 2a 99 98
10° 1f 2d 89 98
11 1g 2d 80 98
12¢ 1h 2a 93 98
13¢ 1i 2a 76 98
14¢ 1j 2a 60 96
15¢ 1k 2a 95 95
16 11 2a 89 98
17 Im 2a 96 98

4 Isolated yield. ® Determined by HPLC analysis. ¢ ArB(OH), (3.0 equiv) was used. ¢ Cinnamyl alcohol
(1.0 mol%) was used as an additive. ° PS-diene Rh—OH was used.
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Recovery and reuse experiments of heterogeneous PS-diene Rh E were conducted (Table 4).
Although PS-diene Rh E can be recovered by simple filtration, centrifugation was adopted for
recovery to minimize the loss of the catalyst during the recovery operation. All the operation was
conducted under Ar carefully. The recovered catalyst was washed roughly and quickly. Even after the
10th cycle, no loss of either yield or enantioselectivity was observed.

Table 4. Recovery and reuse
O Ph O

. PS-diene Rh E (Rh: 1.0 mol%) 8
/©/\)J\0Et + PhB(OH), OEt
2.0 eq tol/H,0 = 1:2, 100 °C, 1 h

1e 2a 3ea

cycle  yield (%)* ee (%)°

1 99 99
2 98 99
3 99 99
4 98 99
5 97 99
6 97 99
7 98 99
8 99 99
9 98 99
10 98 99

aIsolated yield. » Determined by HPLC analysis.

We then investigated asymmetric 1,4-addition reactions of aryl boronic acids with nitroalkenes,
which are valuable because the resulting chiral nitro compounds can be converted into a range of
useful compounds such as chiral amines. However, because of the strong coordination ability of the
nitro group, stoichiometric to substoichiometric amounts of additives, such as KOH or KHF,, were
required to achieve an efficient catalytic turnover.*>* Moreover, reported examples of heterogeneous
catalysts for this asymmetric reaction have been very limited. We conducted several reactions of
boronic acids with nitroalkenes using PS-diene Rh E (Table 5). Nitrostyrene derivatives bearing either
electron-donating or electron-withdrawing substituents on the benzene ring worked well (entries 1-5).
Heteroarene-substituted nitroalkenes could react with 2a to afford the corresponding adducts in high
yields with high enantioselectivities (entries 6 and 7). Even aliphatic substrates could be utilized and
a high level of enantioselectivity was kept (entries 8 and 9). Notably, PS-diene Rh E gave the same
level or slightly higher enantioselectivities compared with the corresponding homogeneous Rh-diene

L1 complex system.

22



Table 5. Substrate scope (nitroalkenes)

PS-diene Rh E (Rh: 0.5 mol%) Ar
ArB(OH), 2 (1.5 eq.) B
N0, ANO2
R tol/H,O = 1:2, 100 °C, 16 h
4a-i 5ad-ia

F 4d Br 4e 4f
@/\/Noz Y\/Noz O/\/NOZ
S ag 4h 4i
entry 4 2 yield (%)* ee (%)°
1 4a 2d 38 94
2 4b 2a 91 93
3 4c 2a 95 95
4 4d 2a 92 93
5 4e 2a 94 93
6 4f 2a 93 96
7 4g 2a 93 93
8 4h 2a 90 90
9 4i 2a 94 89

a Jsolated yield. ® Determined by HPLC analysis.
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We also examined asymmetric addition reactions of arylboronic acids with imines using PS-diene
Rh E. Since the first report of asymmetric addition of arylboronic acids to aryl tosylimines catalyzed
by chiral Rh complexes in 2004,* many efforts have been made to develop this type of reaction to
provide chiral amines, which are found in many pharmaceutical skeletons.*> By using PS-diene Rh E
(0.5 mol%), several imines were treated with 2a under the optimal conditions (Table 6). Regardless of
the substituents, all aromatic (entries 1-5) and heteroaromatic imines (entries 6 and 7) worked well to
afford the corresponding amines in high yields with outstanding enantioselectivities. Although
aliphatic imines are usually unstable in aqueous media, imine 6 h could be smoothly converted to the
corresponding amine 7ha even in a water-rich co-solvent system (entry 8). These results indicated that
the immobilized catalyst maintained enough fast reaction rate to avoid hydrolysis of substrates.

Table 6. Substrate scope (imines)

PS-diene Rh E (Rh: 0.5 mol%) Ph
PhB(OH), 2a (1.5 eq.) H
RA ~Ts R/\N/TS
tol/H,O = 1:2, 100 °C, 16 h H
6a-h 7aa-ha

6

/@AN _Ts @N _Ts N1 /@AN ~Ts
MeO Cl
6a 6b
o )
Br
6e

N
c 6d
N _Ts @/\ N _Ts GK%N _Ts \N _Ts
\ (o) \ S
g 6h

6f 6
entry 6 yield (%)? ee (%)°
1 6a 95 99
2 6b 93 98
3 6¢ 98 99
4¢ 6d 98 98
5¢ 6e 89 97
6 6f 85 99
7 6g 90 99
8¢ 6h 78 99

2 Isolated yield. ® Determined by HPLC analysis.
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It is known that active spices in Rh catalyzed 1,4-addition reactions are Rh—OH complexes and
treatment of Rh—Cl complex with a base generates more active Rh—OH complex.*® Treatment of PS-
diene Rh E with KOH was found to activate the catalyst significantly; PS-diene Rh treated with the
base for 24 h (PS-diene Rh—OH) gave the desired product almost quantitatively within 10 minutes,
which corresponds to TOF of over 1000 h! (Table 7).

Table 7. Activation of PS-diene Rh with base

PS-diene Rh E PS-diene Rh—OH

THF/5 M KOH aq. = 10:1,
r.t., activation time

0O 0]

+ PhB(OH), PS-diene Rh—OH (Rh: 0.5 mol%)
1.5 eq. tol/H,0 = 1:2, 100 °C, )
‘Ph

reaction time

1a 2a 3aa
yield at each time (%)?
entry activation time 10 min 30 min 60 min
1 no activation <1 6 12
2 30 min 66 86 91
3 24 h 91 95 96 (99% ee)

aDetermined by '"H NMR analysis.

According to the analysis with scanning transmission electron microscopy (STEM), no aggregation
of Rh was observed and Rh existed on the whole polymer (Scheme 20 and Scheme 21). Therefore, Rh
worked as complex immobilized on the polymer, not nanoparticle. Almost the same observation
holded for PS-diene Rh—OH, and immobilization of Rh complex after the treatment with base was
verified (Scheme 22 and Scheme 23). According to the elemental analysis of PS-diene Rh E, the
almost same amount of Cl as Rh was detected and the amount of Cl was significantly decreased after
the treatment with base. Therefore, improvement of the catalytic activity of PS-diene Rh can be
ascribed to the formation of Rh—OH spices, excluding the possibility of the activation of boronic acids

by the residual base.
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Scheme 20. STEM image and EDS analysis of PS-diene Rh
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Scheme 21. EDS mapping of PS-diene Rh
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Scheme 22. STEM image and EDS analysis of PS-diene Rh—OH
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On the other hand, the rate acceleration by the base-treatment of the catalyst was not large in the
case of the reaction with ester 1e (Table 8). Therefore, I hypothesized that ester 1e was involved in the
transformation of Rh—Cl spices to Rh—OH spices. To check this hypothesis, the competitive reaction
experiments were conducted, where ketone 1a and ester 1e were reacted in the same pot (Table 9). In
the presence of ester 1e, ketone 1a reacted quickly even when PS-diene Rh E without activation was
used. Similar acceleration effect was also observed in the presence of amide 11 (Table 10). In the
presence of amide 11, the reaction rate of ketone 1a was slower than that in the presence of ester le
probably because amide 11 coordinated to active spices stronger than ester le to form a stable
intermediate. Therefore, it can be said that unsaturated carbonyl compounds are involved in the
generation of catalytically active spices and the rate of this process is slower in the reaction of 2-
cyclohexenone than that in the reaction of esters or amides. The observations can also be explained
that unsaturated carbonyl compounds accelerate the first transmetalation of phenylboronic acid to

Rh—Cl spices.
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Table 8. Reaction rate with ester

PS-diene Rh E PS-diene Rh—OH
THF/5M KOH aq. = 10:1,
rt., 24 h
o Ph O
t. (Rh: 0.5 mol%
N"Nogt * PhB(OH), & ( mol%) OEt
15eq.  tol/H;0=12,100°C
1e 2a 3ea
yield at each time (%)*
entry cat. 10min 30min 60min 16h
1 PS-diene Rh E 18 48 79 76
2 PS-diene Rh—OH | 24 55 70 73

aDetermined by "H NMR analysis.

Table 9. Competitive reaction with ketone and ester

(0]
X PS-diene Rh E (Rh: 0.5 mol%)
OFEt PhB(OH), 2a (1.5 eq.) products
1a Te toluene/H,0, 100 °C 3aa or 3ea
1 eq. each
yield at each time (%)?
product 10min 30min 60min 2.5h 5.5h 16 h
3aa 11 34 47 57 62 59
3ea 2.7 11 17 23 25 27

aDetermined by '"H NMR analysis.

Table 10. Competitive reaction with ketone and amide

(0]
(0]
AN N Ph PS-diene Rh E (Rh: 0.5 mol%)
H PhB(OH),2a(1.5eq)  Products
1a 1l toluene/H,0, 100 °C 3aa or 3la
1 eq. each
yield at each time (%)?
product I0min 30min 60min 2.5h 5.5h 16 h
3aa 4.1 16 27 50 53 63
3la 1.5 5.7 11 23 27 35

aDetermined by '"H NMR analysis.

Unsaturated ketones and esters are known to be more electrophilic than amides, which can be
explained by a higher LUMO energy of unsaturated amides. Therefore, in the above substrate scope

investigation, it is unexpected that amides gave the better yield than acyclic ketones and esters. Then,
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I investigated and compared the reaction rates of esters and amides.

In the comparison between aliphatic ester 1n and amide 1m, amide 1m reacted significantly faster
and almost quantitative yield was obtained within half an hour while the reaction of ester 1n resulted
in low yield (Table 11). The reaction using a homogeneous Rh-diene complex also ceased within half
an hour, and amide 1m reacted faster than ester 1n (Table 12). Therefore, the difference in yields of
aliphatic ester 1n and amide 1m is a common feature in both homogeneous and heterogeneous Rh-
diene catalytic systems.

Table 11. Comparison of reaction rate: aliphatic ester vs. amide

0 Ph O
N0kt /\)J\OEt
1n PS-diene Rh E (Rh: 0.5 mol%) 3na
or PhB(OH), 2a (1.5 eq.) or
o toluene/H,0, 100 °C Ph O
H
1m 3ma

yield at each time (%)?

entry substrate I0min 30min 60min 16h
1 1n 4.6 9.2 14 24
2 1m 39 73 93 96

aDetermined by "H NMR analysis.

Table 12. Comparison of reaction rate in homogeneous system: aliphatic ester vs. amide

A [Rh(C2Hy)Cll, -
1n OFt (Rh: 0.5 or 0.1 mol%) 3na OFt
or PhB(OH), 2a (1.5 eq.) o
0 toluene/H,0, 100 °C Ph O
/\)J\H/\Ph /\)J\N/\Ph
H
1m 3ma
yield at each time (%)?
entry substrate cat. (mol%) 10min 20min 30 min
1 In 0.5 57 59 62
2 1m 0.5 99 98 98
3 In 0.1 9.1 12 13
4 1m 0.1 42 - 54

aDetermined by 'H NMR analysis.
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In the comparison between aromatic ester 1e and amide 11, ester 1e reacted slightly faster than amide
11 (Table 13). Also, using the homogeneous Rh(I) complex under the same condition, the initial rate
in the reaction of ester 1e was faster than that of amide 11 (Table 14). Therefore, the tendency of
catalytic activity is not different between PS-diene Rh and homogeneous Rh (I) complex at the initial
stage. On the other hand, the final yield of the product from ester 1e was higher than that from amide
11, which is the opposite tendency compared with the homogeneous catalysis. The lower final yield in
the case of ester 1e reflected a quicker decomposition rate of phenylboronic acid because using the
double amount of phenylboronic acid can proceed the reaction to full conversion (vide supra). In the
case of amide 11, the coordination ability of amide 11 is stronger, and it may prevent the decomposition
of phenylboronic acid, which led slower reaction rate but higher final yield. Rh-diene complex was
known to mainly exist as a dimer in the solution phase, but in PS-diene Rh, stabilization through the
dimer formation was restricted. This difference between PS-diene Rh and homogeneous Rh-diene
complex probably led to the difference in the decomposition rate of phenylboronic acid and appeared
as the difference of final yields.

The competition reaction experiment between ester 1e and amide 11 was conducted (Table 15). In
this case, amide 11 reacted faster than ester 1e, which is the opposite trend when ester 1e and amide 11
were reacted independently (Table 13). It can be explained that amide 11 formed more a stable

intermediate and the catalytically active site was occupied.
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Table 13. Comparison of reaction rate: aromatic ester vs. amide

o] Ph O

x OEt OEt
1e PS-diene Rh E (Rh: 0.5 mol%) 3ea

or PhB(OH), 2a (1.5 eq.) or

« f toluene/H,0, 100 °C Ph O
N~ Ph N~ >Ph
H H

11 3la

yield at each time (%)*

entry substrate 10min 20min 30min 70min 16h
1 le 18 36 48 76 76
2 11 15 29 39 60 89

a Determined by 'H NMR analysis.

Table 14. Comparison of reaction rate in homogeneous system: aromatic ester vs. amide

o) Ph O
N0kt OFEt
1e [Rh(C5Hy4),Cl], (Rh: 0.1 mol%) 3ea
or PhB(OH), 2a (1.5 eq.) or

o Q toluene/H,0, 100 °C Ph 0
/©/\)J\N/\ph /@/\)J\N/\Ph
H H
11 3la

yield at each time (%)?

entry substrate 10min 30min 60min 16h
1 le 5.1 21 40 75
2 1 4.6 11 21 70

aDetermined by 'H NMR analysis.
Table 15. Competitive reaction with ester and amide
e} 0]

AN A N Ph PS-diene Rh E (Rh: 0.5 mol%)
OFt H PhB(OH), 2a (1.5 eq.) products
le 1 3eaor 3la

toluene/H,0, 100 °C

1 eq. each
yield at each time (%)?
product I0min 30min 60min 2.5h 55h 16 h
3ea 3.6 11 18 30 34 39
3la 34 19 28 45 52 57

aDetermined by '"H NMR analysis.
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In summary of mechanistic studies, I propose some modifications to the catalytic cycle originally
introduced by Hayashi’s group (Scheme 24).4 T found that the generation of catalytically active spices
from Rh-CI complex to Rh-OH complex, or the first transmetalation of phenylboronic acid to Rh-Cl
complex, is affected by the substrate and the rate of the decomposition of phenylboronic acid also
depends on the substrate. Based on these observations, I propose that a vacant site of Rh monomer
intermediates should be occupied with substrates in addition to solvent and the coordination of
substrates possibly changes the nature of Rh complexes. Based on these observations, I screened the
additives and found the use of 1 mol% of cinnamyl alcohol gave the improved yields in some cases
(see above). I assume that cinnamyl alcohol coordinates to Rh of PS-diene Rh—Cl to accelerate the
formation of PS-diene Rh—OH.

Scheme 24. Modified catalytic cycle
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To apply PS-diene Rh catalyst to flow reaction, several problems must be solved. One is the
miscibility of toluene and water inside a flow reactor. The other is the solubility of phenylboronic acid
2a in toluene/water solvent system. Phenylboronic acid 2a can be dissolved in toluene/water at 100 °C
but it is difficult to heat whole the flow system, not only the column packed with the catalyst but also
a tube or a pump. Therefore, some modifications may be needed for the flow reaction (Table 16). To
solve both miscibility and solubility issues, dioxane, which is miscible with water and common solvent
for Rh catalyzed 1,4-addition reaction, was used instead of toluene. However, only a small amount of
the desired product was obtained (entry 2). Next, I used phenylboronic acid ester 2f, which can be
dissolved in toluene, instead of phenylboronic acid 2a. In this case, a moderate amount of the desired
product was obtained (entry 3). High yield and excellent enantioselectivity were obtained using the
base for activation of phenylboronic acid ester 2f (entry 4). Using the base also improved the yield in
dioxane/water monophasic system and I adopted this condition for the further optimization of the PS-
diene Rh (entry 5).

Table 16. Optimization for flow reaction (1)

(0] (0]
+ PhB(OH), PS-diene Rh B (Rh: 2.0 mol%)
1.5€q. solv., 100 °C, 16 h .
‘Ph
1a 2a Jo 1aa
Ph—B\ j
(6]
21

entry solv. yield (%)* ee (%)°

1 toluene/H>O = 1:2 78 99

2 dioxane/ H,O = 1:2 8 99

3¢ toluene/H>O = 1:2 44 99

4ed toluene/H,O = 1:2 89 99

5d dioxane/ H,O =1:2 41 99

aDetermined by '"H NMR analysis. ® Determined by HPLC analysis. ¢ Phenylboronic acid ester 2f (1.5
eq.) was used instead of phenylboronic acid 2a. ¢K,COj3 (1.0 eq.) was added.
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Decreasing the amount of DVB resulted in the improved yield (Table 17, entry 1). On the other
hand, increasing the amount of DVB caused a slight decrease in enantioselectivity (entry 3). Varying
the loading of diene did not improve the yield (entries 4-5). Therefore, the catalyst used in entry 1 was
selected for the application to flow reaction.

Table 17. Optimization for flow reaction (2)

o PS-diene Rh (Rh: 2.0 mol%) O
+ PhB(OH), K,CO3 (1.0 eq.)
ij 1.5eq.  dioxane/H,0 = 1:2, 100 °C, 16 h é.,,Ph

1a 2a 3aa
entry cat. X:y:z yield (%)*  ee (%)°
1 PS-diene Rh A 96:2.5:1.3 53 99
2 PS-diene Rh B 95:3.6:1.3 41 99
3 PS-diene Rh C 93:6.0:1.3 47 96
4 PS-diene Rh F 96:2.5:2.6 53 99
5 PS-diene Rh G 96:2.5:3.9 43 99

aDetermined by 'H NMR analysis. "Determined by HPLC analysis.

The initial trial of flow reaction was conducted without pressure at the end of the column. In this
case, severe boiling of solvent was observed, and no product was flowed out. Applying the back
pressure could suppress the boiling of the solvent and the solution smoothly flowed. However, an only
small amount of the desired product was obtained though enantioselectivity was high (Scheme 25).
Scheme 25. Flow reaction (1)

column column

(0]
100 wl/min (:‘ggtfé (102 x 5 cm)
dioxane/Hz0 PS-diene Rh A 0
1a ' (x:y:z = 96:2.5:1.3) 3aa
+ +
Celite .,
PhB(OH), (1.5 eq.) ' ‘Ph
2a o | 1.5-2h
) backl;:ssure 5% yield
K,CO5 (1.0 eq. 999
2CO0;3 ( q.) (0.2 MPa) % ee
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I noticed that phenylboronic acid can be dissolved in a large amount of water at room temperature.
Therefore, the flow reaction with the more diluted condition was investigated. In addition, the
activation of PS-diene Rh in the column might not be efficient as batch condition. Therefore, I changed
the catalyst to activated PS-diene Rh-OH. A toluene solution of the substrate and an aqueous solution
of phenylboronic acid were mixed in a T-shape joint and the biphasic flow was passed through the
column with backpressure. The desired product was continuously obtained in high yield with excellent
enantioselectivity (Scheme 26). However, the catalyst was stacked at the end of the column after 3 h
and the improvement in the preparation of a column is needed.

Scheme 26. Flow reaction (2)
O

column column
. heater
30 pl/min (100 °C (109 x 5 cm)
toluene 0
1a (0.075 M) PS-diene Rh—-OH 3aa
(x:y:z = 94:3.6:2.6)
70 pl/min + ‘"
PhB(OH), H.O Celite Ph
2a 2
(0.05 M) — 2-3h
L 89% vyield
back pressure 99% ee
(0.1 MPa)

In conclusion, ligand immobilized heterogeneous catalysts for asymmetric arylation reactions have
been demonstrated. A wide variety of substrates, including ketones, esters, nitroolefins, amides and
imines, were suitable for the PS-diene Rh catalytic system. PS-diene Rh could be recovered and reused
several times without any decline in catalytic activity. Several new insights into the reaction
mechanism were also shown and the treatment with the base could enhance the catalytic activity
significantly. Finally, I successfully applied PS-diene Rh—OH catalytic system to the continuous-flow

reaction and the desired product was obtained in high yield with excellent enantioselectivity.
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Chapter 4: Conclusion
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Chapter 5: Experimental
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