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DESCRIPTION
Invention Title
CATALYST FOR ASYMMETRIC HYDROGENATION OF CARBON-
CARBON DOUBLE BOND-CONTAINING COMPOUND

Technical Field

The present invention relates to a catalyst for asymmetric
hydrogenation of a carbon-carbon double bond-containing compound.
More specifically, the present invention relates to a catalyst for
asymmetric hydrogenation that may be used to produce enantiomers

from a carbon-carbon double bond-containing compound.

Background Art

Studies on methods of synthesizing a levorotatory enantiomer
and a dextrorotatory enantiomer from a prochiral carbon-carbon
double bond-containing compound by using asymmetric
hydrogenation have attracted the attention of many researchers since
the 1990s because of the usefulness and economics of these methods.

As many studies on asymmetric hydrogenation have been
conducted by various researchers, a great technological breakthrough
development has been made, and these studies are still underway.
Most of the technologies that make this possible have mainly used
ruthenium metal or rhodium metal complex catalysts, and have

resulted in a satisfactory asymmetric induction of 98% ee or more.
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Asymmetric hydrogenation reactions using these catalysts are as
shown in the following Reaction Scheme 1 and Reaction Scheme 2:
[Reaction Scheme 1]

R, R:

e H- / Asymmetric Catalyst™ ,.«“H
R; o R; oy X
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[Reaction Scheme 2]
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In Reaction Scheme 1 above, X represents OH, NH>, NRH, COzH,
CONH2, CONR: or the like, and in Reaction Scheme 2 above, Y
represents O, S, NH or the like. These carbon-carbon double bond-
containing compounds generally have a polar functional group capable
of bonding with the catalyst for asymmetric hydrogenation. Indeed,
ruthenium metal or rhodium metal complex catalysts have shown
poor reactivity in the asymmetric hydrogenation of carbon-carbon
double bond-containing compounds containing no polar functional
group.

Meanwhile, as catalysts for effectively carrying out the
asymmetric hydrogenation of carbon-carbon double bond-containing
compounds containing no polar functional group, iridium metal
complexes have been mainly used instead of ruthenium metal or

rhodium metal complexes. An iridium metal complex catalyst that is
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typically used is a type of Crabtree's catalyst in which N-donor and-P
donor ligands are coordinated to the iridium metal center.

However, even when asymmetric hydrogenation is performed
using the iridium metal complex, a recrystallization process needs to
be repeated several times in order to obtain highly pure enantiomers,
and in this case, a problem may arise in that the enantioselectivity
decreases.

Meanwhile, the present inventors synthesized (S)-3-phenyl-
2,3,4,8,9,10-hexahydropyrano[2,3-f]Jchromene or (R)-3-phenyl-
2,3,4,8,9,10-hexahydropyrano[2,3-flchromene derivatives from a
compound of the following Formula by asymmetric hydrogenation
using an iridium metal complex catalyst (Korean Patent Application No.

10-2017-0124941):

[Formula]

wherein
Rz and R4 are each independently a hydrogen atom, a hydroxyl

group, a substituted or unsubstituted, straight or branched Ci-Ce alkyl
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group, a halogen atom, a substituted or unsubstituted, straight or
branched Ci-Cs alkoxy group, a substituted or unsubstituted, straight
or branched Ci-C4 thioalkyl group, a substituted or unsubstituted
allyloxy group, a substituted or unsubstituted aryloxy group;

Rs is a hydrogen atom, a C:-C; alkyl group or a Ci-C> alkoxy
group;

Re and Re' are each independently a hydrogen atom or a Ci-Ce
alkyl group;

P represents a protecting group of a substituted or
unsubstituted, straight or branched C1-C4 alkyl group, a substituted or
unsubstituted benzyl group, a a substituted or unsubstituted allyl
group, a t-butyldimethylsilyl group, a t-butyldiphenylsilyl group, a
methylphenylsilyl group, a trimethylphenylsilyl group, MeSO;, or p-
TsSOy;

nis1to 3;

when OP is plural in number, they are the same or different;
and

the substituent in the substituted alkyl group, substituted
alkoxy group and substituted thioalkyl group is a halogen atom, a
straight or branched Ci-Cs alkyl group, a straight or branched Ci-Cs
alkoxy group, or a straight or branched C;-Cs thioalkyl group.

In this case, the (R)-enantiomer or the (S)-enantiomer could
be synthesized with an enantioselectivity of 88% ee to 92% ee, and

as the recrystallization process was repeated by using various organic
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solvents, the enantioselectivity of the obtained compound decreased
rather than increased in some cases.

Thus, in order to produce large amounts of (S)-3-phenyl-
2,3,4,8,9,10-hexahydropyrano[2,3-flchromene or (R)-3-phenyl-
2,3,4,8,9,10-hexahydropyrano[2,3-f]lchromene derivatives as highly
pure enantiomers, there has been an urgent need for a catalyst
having excellent effects, which is capable of synthesizing enantiomers
with high enantioselectivity even by only asymmetric hydrogenation

without an additional recrystallization process.

DISCLOSURE
Technical Problem

The present invention intends to provide a catalyst for
asymmetric hydrogenation, which is capable of resolving enantiomers
with excellent enantioselectivity from a carbon-carbon double bond-
containing compound.

However, problems to be solved by the present invention are
not limited to the above-mentioned problem, and other problems
which are not mentioned will be clearly understood by those skilled in

the art from the following description.

Technical Solution
One embodiment of the present invention provides a catalyst

for asymmetric hydrogenation of a carbon-carbon double bond-
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containing compound, including: an iridium cation; and a ligand of the
following Formula 1, which is bonded to the iridium cation:

[Formula 1]

wherein

Riis a hydrogen atom, a substituted or unsubstituted, straight
or branched Ci-Cs alkyl group, or a substituted or unsubstituted,
straight or branched C;-C3 alkoxy group;

R2 and Ry are each independently a hydrogen atom, a
substituted or unsubstituted, straight or branched Ci-Cs alkyl group,
or a substituted or unsubstituted, straight or branched Ci-Cs alkoxy
group; and

the substituent in the substituted alkyl group and substituted
alkoxy group is a halogen atom, a straight or branched Ci-Csz alkyl

group, or a straight or branched C:-C3 alkoxy group.

Advantageous Effects
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The catalyst for asymmetric hydrogenation according to one
embodiment of the present invention is capable of producing
enantiomers with high enantioselectivity from a carbon-carbon double
bond-containing compound.

The effects of the present invention are not limited to the
above-described effects, and the effects which are not mentioned will
be clearly understood by those skilled in the art from the present

specification and the accompanying drawings.

Best Mode

Hereinafter, the present invention will be described in more
detail.

Unless otherwise defined, all terms used herein, including
technical and scientific terms, have the same meaning as commonly
understood by one of ordinary skill in the art to which the present
invention belongs. In addition, although preferred methods or
samples are described in the present specification, those similar or
equivalent thereto are also included within the scope of the present
invention. The contents of all publications described herein by
reference are incorporated herein by reference in their entirety.

Throughout the present specification, it is to be understood that,
when any part is referred to as “including” any component, it does not
exclude other components, but may further include other

components, unless otherwise specified.



In the present specification, when the atomic groups of the
formula are depicted by wedges or thick lines, assuming that the
compound is viewed by eyes, the dotted wedge means that the
atomic group is positioned away from the viewer, and the thick line

5 and the solid wedge mean that the atomic group is positioned close to
the viewer.

One embodiment of the present invention provides a catalyst
for asymmetric hydrogenation of a carbon-carbon double bond-
containing compound, including: an iridium cation; and a ligand of the

10 following Formula 1, which is bonded to the iridium cation:

[Formula 1]

wherein
Riis a hydrogen atom, a substituted or unsubstituted, straight
15 or branched Ci-C3 alkyl group, or a substituted or unsubstituted,
straight or branched Ci-C3 alkoxy group;
R and R are each independently a hydrogen atom, a

substituted or unsubstituted, straight or branched Ci-Cs alkyl group,
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or a substituted or unsubstituted, straight or branched Ci-Cs alkoxy
group; and

the substituent in the substituted alkyl group and substituted
alkoxy group is a halogen atom, a straight or branched Ci-Csz alkyl
group, or a straight or branched Ci1-Cs alkoxy group.

The catalyst for asymmetric hydrogenation according to one
embodiment of the present invention is capable of producing
enantiomers with excellent enantioselectivity from a carbon-carbon
double bond-containing compound without performing a separate
purification process.

According to one embodiment of the present invention, Ri, Rz
and Rz in Formula 1 above may each be a hydrogen atom.

According to one embodiment of the present invention, in
Formula 1 above, R1 may be a hydrogen atom, and Rz and R> may be
each independently methyl, ethyl, n-propyl, isopropyl, 2-methylpropyl,
or 2-ethylpropyl.

According to one embodiment of the present invention, in
Formula 1 above, R1 may be a hydrogen atom, and Rz and R, may be
each independently methoxy, ethoxy, n-propoxy, isopropoxy, 2-
methylpropoxy, or 2-ethylpropoxy.

According to one embodiment of the present invention, R, and
R>' may each be a hydrogen atom, and Ri1 may be methyl, ethyl, n-

propyl, isopropyl, 2-methylpropyl, or 2-ethylpropyl.
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According to one embodiment of the present invention, R> and
R2' may each be a hydrogen atom, and Ri1 may be methoxy, ethoxy,
Nn-propoxy, isopropoxy, 2-methylpropoxy, or 2-ethylpropoxy.

According to one embodiment of the present invention, R> and
R>' may each be a hydrogen atom, and Ri may be chlorine- or
fluorine-substituted methyl, chlorine- or fluorine-substituted ethyl,
chlorine- or fluorine-substituted n-propyl, chlorine- or fluorine-
substituted isopropyl, chlorine- or fluorine-substituted 2-methylpropyl,
or chlorine- or fluorine-substituted 2-ethylpropyl.

According to one embodiment of the present invention, the
ligand of Formula 1 may be an enantiomeric compound represented
by the following Formula 2a or 2b:

[Formula 2a]

[Formula 2b]

10



In Formulas 2a and 2b above, Ri, R2 and Rz’ may be the same
as Ri, Rz and Ry’ in Formula 1, respectively.
In Formulas 2a and 2b above, the dotted wedge, solid wedge
5 and thick lines depict the three-dimensional positions of the atomic
groups of the compound as defined above.
According to one embodiment of the present invention, the
enantiomeric compound represented by Formula 2a may be any one

of the following compounds:

10

<Compound 2a-1> <Compound 2a-2>

11



<Compound 2a-5> <Compound 2a-6>

5 Fa

<Compound 2a-7>

According to one embodiment of the present invention, the use
of a catalyst for asymmetric hydrogenation including at least one of
the ligands represented by Compounds 2a-1 to 2a-7 is capable of

10 optically resolving (R)-enantiomer with excellent enantioselectivity

12
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from a carbon-carbon double bond-containing compound. In addition,
the catalyst for asymmetric hydrogenation makes it possible to obtain
(R)-enantiomer in high yield from a carbon-carbon double bond-
containing compound even when the catalyst is used in small amounts
as described below.

According to one embodiment of the present invention, the
enantiomeric compound represented by Formula 2b may be any one

of the following compounds:

Q! S Q g e
7 \P\/O _,5 O\P/o
\ .
o5 ~ :

( U L OO

<Compound 2b-1> <Compound 2b-2>

<Compound 2b-3> <Compound 2b-4>

13
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<Compound 2b-5> <Compound 2b-6>

<Compound 2b-7>

According to one embodiment of the present invention, the use
of a catalyst for asymmetric hydrogenation including at least one of
the ligands represented by Compounds 2b-1 to 2b-7 is capable of
optically resolving a (S)-enantiomer with excellent enantioselectivity
from a carbon-carbon double bond-containing compound. In addition,
the catalyst for asymmetric hydrogenation makes it possible to obtain
a (S)-enantiomer in high yield from a carbon-carbon double bond-
containing compound even when the catalyst is used in small amounts

as described below.

14
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According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation may further include, in
addition to the ligand represented by Formula 1, an additional ligand
that may be coordinated to the iridium cation. Specifically, the
additional ligand may be cycloocta-1,5-diene.

According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation may include a complex of the
following Formula 3:

[Formula 3]

wherein Ri, Rz and R;' may be the same as Ri, Rz and Ry in
Formula 1 above, respectively.

According to one embodiment of the present invention, in the
complex represented by Formula 3, the P atom and N atom of the
ligand represented by Formula 1 may form coordination bonds with

the iridium cation. In addition, in the complex represented by

15
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Formula 3, the double bond of cycloocta-1,5-diene may form a
coordination bond with the iridium cation.

According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation including the complex
represented by Formula 3 may more stably perform asymmetric
hydrogenation. Specifically, the catalyst for asymmetric
hydrogenation including the complex represented by Formula 3 may
optically resolve (R)-enantiomer or (S)-enantiomer with excellent
enantioselectivity from a carbon-carbon double bond-containing
compound in a more stable manner.

According to one embodiment of the present invention, the
complex represented by Formula 3 may be any one of the following

compounds:

16



<Compound 3a-3>

<Compound 3a-4>

5 <Compound 3a-7>

<Compound 3a-6>

According to one embodiment of the present invention, the

complex represented by Formula 3 may be any one of the following

compounds:

(o] OO

§
\P< &

10 < Compound 3b-1>

< Compound 3b-2>

17
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<Compound 3b-3> <Compound 3b-4>
Qf oC
5 “ 20
> il
<Compound 3b-5> <Compound 3b-6>

<Compound 3b-7>

According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation may include a coordinating

anion.

18



According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation may further include a
coordinating anion of the following Formula 4:

[Formula 4]
F4C CF3
FsC \©/ CF,
i > B
FaC /@\ Fa
F4C CF,
That is, the catalyst for asymmetric hydrogenation may include

a compound represented by the following Formula 5:

[Formula 5]

10 wherein R1, R2 and Rz may be the same as Ri, Rz and Rz in Formula 1

above, respectively.



According to one embodiment of the present invention, the
compound represented by Formula 5 may be a compound represented
by the following Formula 5a:

[Formula 5a]

Rz
F4C CF4
FaC CF3
F;;C CF3

5 - —
wherein Ri, Rz and Rz’ may be the same as Ri, R2 and Rz in Formula 5
above, respectively.

According to one embodiment of the present invention, the
compound represented by Formula 5a may be any one of the

10 following compounds:

F4C CFq

FiC CF3

FiC Fs

FsC CFa

<Compound 5a-1>

20



<Compound 5a-3>

21



<Compound 5a-4>

FsC CF,
FaC O CF;
|
|
FaC O Fs
FsC CF,
- P -
<Compound 5a-5>
FiC CFa
FaC CF;
FsC Fs
FiC CFa

<Compound 5a-6>

22
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F4C CF,

FiC CF;

FiC CF3

FsC CF,

<Compound 5a-7>

According to one embodiment of the present invention, the use
of the catalyst for asymmetric hydrogenation including at least one of
the compounds represented by Compounds 5a-1 to 5a-7 is capable of
optically resolving (R)-enantiomer with excellent enantioselectivity.
In addition, the catalyst for asymmetric hydrogenation makes it
possible to obtain (R)-enantiomer in high yield from a carbon-carbon
double bond-containing compound even when the catalyst is used in
small amounts as described below.

In addition, according to one embodiment of the present
invention, the compound represented by Formula 5 may be a

compound represented by the following Formula 5b:

[Formula 5b]

23



F4C CFa

FaC CF4

FiC F3

FsC CFa

wherein Ri, R2 and R2' may be the same as Ri, R2 and Rz in Formula 5
above, respectively.

According to one embodiment of the present invention, the
compound represented by Formula 5b may be any one of the

following compounds:

O Q FaC CFs
o 0

(\ /o
/ .... : IF ...... O e
;\/ FaC ’

Fi:C CF;

<Compound 5b-1>

24



<Compound 5b-2>

F3

<Compound 5b-3>

25



<Compound 5b-4>

<Compound 5b-5>
o0 e
T = U s
‘ °\ /0
é\f L

<Compound 5b-6>

26

F3



10

FiC CF3

F4C CF;

<Compound 5b-7>

According to one embodiment of the present invention, the use
of the catalyst for asymmetric hydrogenation including at least one of
the compounds represented by Compounds 5b-1 to 5b-7 is capable of
optically resolving (S)-enantiomer with excellent enantioselectivity
from a carbon-carbon double bond-containing compound. In addition,
the catalyst for asymmetric hydrogenation makes it possible to obtain
(S)-enantiomer in high yield from a carbon-carbon double bond-
containing compound even when the catalyst is used in small amounts
as described below.

According to one embodiment of the present invention, the
compound of Formula 5a may be produced according to the following
Reaction Scheme 1la:

[Reaction Scheme 1a]

27
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Formula 7a Formula 8a

1. MC, [Ir(COD)Cl]2,
reflux

2. NaBARF, rt
3.H,0

Formula 5a

According to one embodiment of the present invention, the
compound of Formula 5b may be produced according to the following

Reaction Scheme 1b:

[Reaction Scheme 1b]

Formula 7b Formula 8b

1. MC, [Ir(COD)Cl12,
reflux

P,
9} 2. NaBARF, rt
3.H,0

Formula 2b -

Formula 5b

28
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However, the methods for producing the compounds of
Formulas 5a and 5b are not limited thereto, and the compounds of
Formulas 5a and 5b may be produced by any methods used in the art.

According to one embodiment of the present invention, the
carbon-carbon double bond-containing compound may be a prochiral
compound. Specifically, the use of the catalyst for asymmetric
hydrogenation makes it possible to obtain (R)-enantiomer and (S)-
enantiomer with high enantioselectivity from a carbon-carbon double
bond-containing prochiral compound, for example, a prochiral olefinic
compound. In addition, the catalyst for asymmetric hydrogenation
makes it possible to obtain (R)-enantiomer and (S)-enantiomer in
high yield from a prochiral olefinic compound even when the catalyst
is used in relatively small amounts.

According to one embodiment of the present invention, the
carbon-carbon double bond-containing compound may be a compound

represented by the following Formula 6:

[Formula 6]
Ra1 Ra2
PN X
/ /
Y2
Rs Y,
wherein

X is oxygen (O) or carbon (C);
Rai and Ra2 are each independently a hydrogen atom, a
substituted or unsubstituted alkyl group having 1 to 3 carbon atoms,

29
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a substituted or unsubstituted alkoxy group having 1 to 3 carbon
atoms, or a substituted or unsubstituted aryloxy group or aralkyloxy
group having 6 to 15 carbon atoms, or

Ra1 and Raz together form a substituted or unsubstituted cyclic
or heterocyclic group having 4 to 10 carbon atoms;

Rs is a hydrogen atom or a Ci1-Cz alkyl group or a C:-C> alkoxy

group;

Y1 and Y2 are different from each other and are each
independently a hydrogen atom, a substituted alkyl group having 1 to

3 carbon atoms, a substituted alkoxy group having 1 to 3 carbon

(OP),
>
| g
>
atoms, or a Rq group,
wherein

R3 and R4 are each independently a hydrogen atom, a hydroxyl
group, a substituted or unsubstituted, straight or branched Ci-Ce alkyl
group, a halogen atom, a substituted or unsubstituted, straight or
branched Ci:-Cs alkoxy group, a substituted or unsubstituted, straight
or branched Ci-Cs4 thioalkyl group, a substituted or unsubstituted
allyloxy group, or a substituted or unsubstituted aryloxy group;

P represents a protecting group of a substituted or
unsubstituted, straight or branched C:-C4 alkyl group, a substituted or
unsubstituted benzyl group, a substituted or unsubstituted allyl group,

a t-butyldimethylsilyl group, a t-butyldiphenylsilyl group, a

30



10

15

20

methylphenylsilyl group, a trimethylphenylsilyl group, MeSO;, or p-
TsSOy;

nis1to 3;

when OP is plural in number, they may be the same or
different; and

the substituent in the substituted alkyl group, substituted
alkoxy group, substituted thioalkyl group, substituted aryloxy group,
substituted aralkyloxy group, substituted cyclic group and substituted
heterocyclic group is a halogen atom, a straight or branched Ci-Cs
alkyl group, a straight or branched Ci-Cs alkoxy group, or a straight
or branched C:-Cs thioalkyl group.

According to one embodiment of the present invention, in
Formula 6 above, X may be O;

Rai and Ra2 may together form a substituted or unsubstituted

heterocyclic group having 4 to 10 carbon atoms;

Y1 may be a hydrogen atom;
e
>
R4 group,

wherein R3, R4, P and n are as defined above.

(OR),

Rs
and Y2 may be a
According to one embodiment of the present invention, the

carbon-carbon double bond-containing compound may be a compound

represented by the following Formula 7:

[Formula 7]

31
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wherein

R3z and Rs are each independently a hydrogen atom, a hydroxyl
group, a substituted or unsubstituted, straight or branched C1i-Cs alkyl
group, a halogen atom, a substituted or unsubstituted, straight or
branched Ci-Ce alkoxy group; a substituted or unsubstituted, straight
or branched Ci-Cs thioalkyl group; a substituted or unsubstituted
allyloxy group, or a substituted or unsubstituted aryloxy group;

Rs is a hydrogen atom, a C:-C; alkyl group or a Ci-C> alkoxy
group;

Re and Re' are each independently a hydrogen atom or a Ci-Ce
alkyl group;

P represents a protecting group of a substituted or
unsubstituted, straight or branched C:-C4 alkyl group, a substituted or
unsubstituted benzyl group, a substituted or unsubstituted allyl group,
a t-butyldimethylsilyl group, a t-butyldiphenylsilyl group, a
methylphenylsilyl group, a trimethylphenylsilyl group, MeSO,, or p-
TsSOy;

32
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25

nis1to3;

when OP is plural in number, they are the same or different;
and

the substituent in the substituted alkyl group, substituted
alkoxy group and substituted thioalkyl group is a halogen atom, a
straight or branched Ci-Cs alkyl group, a straight or branched Ci-Cs
alkoxy group, or a straight or branched C;-Cs thioalkyl group.

According to one embodiment of the present invention, the
catalyst for asymmetric hydrogenation of the carbon-carbon double
bond-containing compound is capable of effectively and optically
resolving (R)-enantiomer and (S)-enantiomer  with high
enantioselectivity from the compound represented by Formula 7.

In addition, the catalyst for asymmetric hydrogenation makes it
possible to obtain (R)-enantiomer and (S)-enantiomer in high yield
from the compound represented by Formula 7 even when the catalyst

is used in relatively small amounts.

Mode for Invention

Hereinafter, the present invention will be described in more
detail with reference to the following examples. However, these
examples are merely to help understand the present invention, and
the scope of the present invention is not limited by these examples in
any way.

Unless otherwise indicated, reagents purchased from Sigma-

Aldrich(USA) were used in the following examples.

33
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The full names of indicated abbreviations of the reagents used
in the following examples and comparative examples are as follows:

[Ir(COD)CI]2 : Bis(1,5-cyclooctadiene)diiridium(I) dichloride;

NaBArF : sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

Example 1: Synthesis of [(2-((S)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite)](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Compound 5a-1)

1-1. Synthesis of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
diphenylpropan-2-ol

132.6 g (0.877 mol) of benzylmagnesium chloride was added
to 400 ml of tetrahydrofuran and cooled to 0°C, and then a solution of
40 g (0.195 mol) of (S)-methyl 4,5-dihydro-2-phenyloxazole-4-
carboxylate in 100 ml of tetrahydrofuran was added thereto at the
same temperature, followed by stirring at the same temperature for
30 minutes. After completion of the reaction, 40 ml of purified water
was added to the reaction solution, followed by vigorous stirring for 1
hour. After stirring, the solid was filtered and the filtrate was
concentrated. The concentrate was purified by column
chromatography to obtain 29.3 g (42.0% vyield) of 2-((S)-4,5-dihydro-
2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol.

'H-NMR (CDCI3) : 7.99-7.21 (m, 15H, aromatic H), 4.44-4.39
(t, 1H, oxazoline ring CH2), 4.30-4.19 (m, 2H, oxazoline ring CH,

34
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oxazoline ring CH2), 3.04-3.01 (d, 1H, benzyl CH2), 2.88 (d, 2H,
benzyl CH2), 2.71-2.67 (d, 1H, benzyl CH2), 1.93 (s, 1H, -OH).

1-2. Synthesis of (2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite

29.3 g (0.082 mol) of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-ol produced in Example 1-1 above and 32.4 g
(0.41 mol) of pyridine were added to 80 ml of toluene and stirred at
room temperature for 20 minutes.

Then, 48.8 g (0.139 mol) of (S)-1,1'-binaphthyl-2,2'-
dioxychlorophosphine and 55.0 g (0.695 mol) of pyridine were added
to 160 ml of toluene and stirred at room temperature for 20 minutes.
The two reaction solutions were mixed with each other and stirred
under reflux for 13 hours. After completion of the reaction, the
reaction solution was concentrated and purified by column
chromatography to obtain 37.5 g (68.2% yield) of (2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-y)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite.

IH-NMR (CDCl3) : 8.06-7.02 (m, 27H, aromatic H), 4.49-4.44
(t, 1H, oxazoline ring CH), 4.13-4.10 (dd, 2H, oxazoline ring CH2),
3.81-3.76 (d, 1H, benzyl CH2), 3.20-3.17 (d, 1H, benzyl CH2), 3.08-
2.98 (dd, 2H, benzyl CH2);

13C-NMR(CDCl3) : 165, 148.31, 148.29, 136.50, 135.80,
131.41, 131.35, 131.16, 131.12, 130.98, 129.99, 129.41, 128.52,
128.34, 128.27, 128.04, 127.98, 127.81, 126.94, 126.68, 126.06,
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125.91, 124.76, 124.64, 124.30, 124.28, 123.95, 123.01, 122.50,
121.96, 86.13, 71.33, 68.13, 43.63, 43.55.

1-3. Synthesis of [(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)
phosphite)](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-1)

10.0 g (14.88 mmol) of (2-((S)-4,5-dihydro-2-phenyloxazol-4-
yD-1,3-diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite produced in Example 1-2 above and 5.0 g (7.44 mmol)
of [Ir(COD)Cl]> were added to 500 ml of dichloromethane, stirred
under reflux for 1 hour, and then cooled to room temperature. 14.5
g (16.31 mmol) of NaBArF was added to the reaction solution,
followed by stirring at room temperature for 20 minutes. After
completion of the reaction, 500 ml of purified water was added to the
reaction solution, and the organic layer was collected by layer
separation. Magnesium sulfate anhydrous was added into the organic
layer with stirring, followed by filtration to remove solids. This step
was further performed twice, and then the filtrate was concentrated
and dried under a high vacuum to obtain 24.7 g (90.4% vyield) of [(2-
((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-
1,1'-binaphthalene)-2,2'-diyl)phosphite)](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (Compound 5a-1).

Example 2: Synthesis of [(2-((R)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((R)-1,1'-
binaphthalene)-2,2'-diyl)phosphite)](1,5-COD)iridium(I)
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tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Compound 5b-1)

2-1. Synthesis of 2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
diphenylpropan-2-ol

2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-
ol was obtained by performing the same method as Example 1-1
above, except that (R)-methyl 4,5-dihydro-2-phenyloxazole-4-
carboxylate was wused instead of (S)-methyl 4,5-dihydro-2-
phenyloxazole-4-carboxylate.

IH-NMR (CDCI3) : 7.99-7.20 (m, 15H, aromatic H), 4.36-4.32
(t, 1H, oxazoline ring CH2), 4.29-4.25 (t, H, oxazoline ring CH), 4.22-
4.18 (dd, 1H, oxazoline ring CH2), 3.00-2.96 (d, 1H, benzyl CH2),
2.87 (s, 2H, benzyl CH2), 2.70-2.67 (d, 1H, benzyl CH2), 1.99 (s, 1H,
-OH).

2-2. Synthesis of (2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite

(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-
2-yD(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite was obtained by
performing the same method as Example 1-2 above, except that 2-
((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol
produced in Example 2-1 above was used instead of 2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol and that (R)-
1,1'-binaphthyl-2,2'-dioxychlorophosphine was used instead of (S)-
1,1'-binaphthyl-2,2'-dioxychlorophosphine.
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IH-NMR (CDCl3) : 8.05-7.01 (m, 27H, aromatic H), 4.48-4.44
(t, 1H, oxazoline ring CH), 4.05-3.97 (m, 2H, oxazoline ring CH2),
3.75-3.72 (d, 1H, benzyl CH2), 3.20-3.17 (d, 1H, benzyl CH2), 3.04-
2.94 (dd, 2H, benzyl CH2).

2-3. Synthesis of [(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5b-1)

[(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5b-1) was obtained by
performing the same method as Example 1-3 above, except that (2-
((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((R)-
1,1'-binaphthalene)-2,2'-diyl)phosphite produced in Example 2-2
above was used instead of (2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

Example 3: Synthesis of [(2-((R)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-dip-tolylpropan-2-yl)(((R)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Compound 5b-2)

3-1. Synthesis of 2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-

dip-tolylpropan-2-ol
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2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-dip-tolylpropan-2-
ol was obtained by performing the same method as Example 1-1
above, except that 4-methylbenzylmagnesium chloride was used
instead of benzylmagnesium chloride and that (R)-methyl 4,5-
dihydro-2-phenyloxazole-4-carboxylate was used instead of (S)-
methyl 4,5-dihydro-2-phenyloxazole-4-carboxylate.

IH-NMR (CDCI3) : 7.98-7.07 (m, 13H, aromatic H), 4.37-4.33
(t, 1H, oxazoline ring CH), 4.29-4.20 (m, 2H, oxazoline ring CH2),
2.96-2.92 (d, 1H, benzyl CH2), 2.83 (d, 2H, benzyl CH2), 2.67-2.64
(d, 1H, benzyl CH2), 2.33 (s, 3H -CH3), 2.30 (s, 3H, -CH3), 1.91 (s,
1H, -OH);

13C-NMR (CDCl3) : 164.45, 136.05, 136.01, 133.91, 133.75,
131.41, 130.82, 128.96, 128.43, 128.32, 127.81, 75.89, 72.13,
68.57, 41.90, 41.69, 21.11, 21.10.

3-2. Synthesis of (2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-dip-tolylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite

(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-dip-tolylpropan-
2-yD(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite was obtained by
performing the same method as Example 1-2 above, except that 2-
((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-dip-tolylpropan-2-ol
produced in Example 3-1 above was used instead of 2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol and that (R)-
1,1'-binaphthyl-2,2'-dioxychlorophosphine was used instead of (S)-
1,1'-binaphthyl-2,2'-dioxychlorophosphine.
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IH-NMR (CDCl3) : 8.05-6.79 (m, 25H, aromatic H), 4.46-4.42
(t, 1H, oxazoline ring CH), 4.00-3.97 (m, 2H, oxazoline ring CH2),
3.73-3.70 (d, 1H, benzyl CH2), 3.19-3.15 (d, 1H, benzyl CH2), 2.98-
2.90 (dd, 2H, benzyl CH2), 2.28 (s, 3H, -CH3), 2.26 (s, 3H, -CH3).

3-3. Synthesis of [(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-dip-tolylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5b-2)

[(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-dip-tolylpropan-
2-yD(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-
COD)iridium(I) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(Compound 5b-2) was obtained by performing the same method as
Example 1-3 above, except that (2-((R)-4,5-dihydro-2-phenyloxazol-
4-yl)-1,3-dip-tolylpropan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite produced in Example 3-2 above was used instead of
(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-
yD(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

Example 4: Synthesis of [(2-((S)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-bis(4-methoxyphenyl)propan-2-
yD(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-
COD)iridium(I) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
catalyst (Compound 5a-4)

4-1. Synthesis of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-

bis(4-methoxyphenyl)propan-2-ol
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2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(4-
methoxyphenyl)propan-2-ol was obtained by performing the same
method as Example 1-1 above, except that 1-(4-
methoxyphenyl)methylmagnesium chloride was used instead of
benzylmagnesium chloride.

IH-NMR (CDCl3) : 7.98-6.80 (m, 13H, aromatic H), 4.35-4.32
(t, 1H, oxazoline ring CH), 4.30-4.16 (m, 2H, oxazoline ring CH2),
3.86 (s, 3H -OCH3), 3.79 (s, 3H, -OCH3), 2.94-2.92 (d, 1H, benzyl
CH2), 2.81 (s, 2H, benzyl CH2), 2.65-2.61 (d, 1H, benzyl CH2), 1.93
(s, 1H, -OH);

13C-NMR (CDCl3) : 164.43, 158.30, 158.27, 131.77, 131.76,
131.38, 128.91, 128.72, 128.59, 128.35, 128.25, 127.64, 113.89,
113.60, 113.57, 75.82, 71.98, 68.50, 55.17, 55.15, 41.40, 41.11.

4-2. Synthesis of (2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-bis(4-methoxyphenyl)propan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite

(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(4-
methoxyphenyl)propan-2-y)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite was obtained by performing the same method as
Example 1-2 above, except that 2-((S)-4,5-dihydro-2-phenyloxazol-4-
yD-1,3-bis(4-methoxyphenyl)propan-2-ol produced in Example 4-1
above was used instead of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-ol.

IH-NMR (CDCl3) : 8.05-6.51 (m, 25H, aromatic H), 4.40-4.39

(t, 1H, oxazoline ring CH), 4.04-3.96 (m, 2H, oxazoline ring CH2),
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3.81-3.66 (m, 7H, benzyl CH2, -OCH3), 3.11-3.08 (d, 1H, benzyl
CH2), 2.95-2.86 (dd, 2H, benzyl CH2).

4-3. Synthesis of [(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-bis(4-methoxyphenyl)propan-2-yl) (((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-4)

[(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(4-
methoxyphenyl)propan-2-y)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-4) was obtained by
performing the same method as Example 1-3 above, except that (2-
((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(4-
methoxyphenyl)propan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite produced in Example 4-2 above was used instead of
(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-
yD(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

Example 5: Synthesis of [(2-((R)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-bis(3,5-dimethylphenyl)propan-2-
yD)(((R)-1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-
COD)iridium(I) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
catalyst (Compound 5b-3)

5-1. Synthesis of 2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
bis(3,5-dimethylphenyl)propan-2-ol

2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(3,5-

dimethylphenyl)propan-2-ol was obtained by performing the same
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method as Example 1-1 above, except that 3,5-
dimethylbenzylmagnesium bromide was used instead of
benzylmagnesium chloride and that (R)-methyl 4,5-dihydro-2-
phenyloxazole-4-carboxylate was used instead of (S)-methyl 4,5-
dihydro-2-phenyloxazole-4-carboxylate.

IH-NMR (CDCl3) : 7.98-6.84 (m, 11H, aromatic H), 4.34-4.29
(m, 2H, oxazoline ring CH, oxazoline ring CH2), 4.25-4.21 (m, 1H,
oxazoline ring CH2), 2.95-2.91 (d, 1H, benzyl CH2), 2.84-2.76 (dd,
2H, benzyl CH2), 2.67-2.63 (d, 1H, benzyl CH2), 2.28 (s, 6H, -CH3),
2.26 (s, 6H, -CH3);

13C-NMR (CDCl3) : 164.37, 137.62, 137.57, 136.86, 136.73,
131.36, 128.78, 128.76, 128.41, 128.27, 128.20, 128.14, 127.83,
75.77,72.32, 68.62, 42.29, 42.27, 21.33, 21.30.

5-2. Synthesis of (2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-bis(3,5-dimethylphenyl)propan-2-y)(((R)-1,1'-binaphthalene)-
2,2'-diyl)phosphite

(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(3,5-
dimethylphenyl)propan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite was obtained by performing the same method as
Example 1-2 above, except that 2-((R)-4,5-dihydro-2-phenyloxazol-4-
yD-1,3-bis(3,5-dimethylphenyl)propan-2-ol produced in Example 5-1
above was used instead of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-ol and that (R)-1,1'-binaphthyl-2,2'-
dioxychlorophosphine was used instead of (S)-1,1'-binaphthyl-2,2'-

dioxychlorophosphine.
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!H-NMR (CDCI3) : 8.06-6.80 (m, 23H, aromatic H), 4.50-4.45
(t, 1H, oxazoline ring CH), 4.09-4.07 (m, 2H, oxazoline ring CH2),
3.59-3.56 (d, 1H, benzyl CH2), 3.10-3.03 (t, 2H, benzyl CH2), 2.90-
2.86 (d, 1H, benzyl CH2), 2.10-2.09 (m, 12H, -CH3).

5-3. Synthesis of [(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-bis(3,5-dimethylphenyl)propan-2-y)(((R)-1,1'-binaphthalene)-
2,2'-diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5b-3)

[(2-((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(3,5-
dimethylphenyl)propan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5b-3) was obtained by
performing the same method as Example 1-3 above, except that (2-
((R)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-bis(3,5-
dimethylphenyl)propan-2-yl)(((R)-1,1'-binaphthalene)-2,2'-
diyl)phosphite produced in Example 5-2 above was used instead of
(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-
yD(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

Example 6: Synthesis of [(2-((S)-4,5-dihydro-2-(4-
methoxyphenyl)oxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-
1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Compound 5a-5)

6-1. Synthesis of 2-((S)-4,5-dihydro-2-(4-

methoxyphenyl)oxazol-4-yl)-1,3-diphenylpropan-2-ol

44



10

15

20

25

2-((S)-4,5-dihydro-2-(4-methoxyphenyl)oxazol-4-yl)-1,3-
diphenylpropan-2-ol was obtained by performing the same method as
Example 1-1 above, except that (S)-methyl 4,5-dihydro-2-(4-
methoxyphenyl)oxazole-4-carboxylate was used instead of (S)-methyl
4,5-dihydro-2-phenyloxazole-4-carboxylate.

IH-NMR (CDCl3) : 7.94-6.91 (m, 14H, aromatic H), 4.34-4.31
(t, 1H, oxazoline ring CH), 4.27-4.17 (m, 2H, oxazoline ring CH2),
3.85 (s, 3H, -OCH3), 3.00-2.97 (d, 1H, benzyl CH2), 2.88 (s, 2H,
benzyl CH2), 2.70-2.67 (d, 1H, benzyl CH2), 1.99 (s, 1H, -OH);

13C-NMR (CDCl3) : 164.39, 162.22, 137.09, 136.89, 130.91,
130.16, 128.20, 126.52, 126.49, 113.67, 75.95, 72.08, 68.42, 55.39,
42.37, 42.06.

6-2. Synthesis of (2-((S)-4,5-dihydro-2-(4-
methoxyphenyl)oxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite

(2-((S)-4,5-dihydro-2-(4-methoxyphenyl)oxazol-4-yl)-1,3-
diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
was obtained by performing the same method as Example 1-2 above,
except that 2-((S)-4,5-dihydro-2-(4-methoxyphenyl)oxazol-4-yl)-1,3-
diphenylpropan-2-ol produced in Example 6-1 above was used instead
of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol.

1H-NMR (CDCI3) : 8.00-6.90 (m, 26H, aromatic H), 4.46-4.41
(t, 1H, oxazoline ring CH), 4.02-3.98 (m, 2H, oxazoline ring CH2),
3.81 (s, 3H, -OCH3), 3.73-3.69 (d, 1H, benzyl CH2), 3.18-3.15 (d,
1H, benzyl CH2), 3.03-2.91 (dd, 2H, benzyl CH2).
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6-3. Synthesis of [(2-((S)-4,5-dihydro-2-(4-
methoxyphenyl)oxazol-4-yl)-1,3-diphenylpropan-2-y)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-5)

[(2-((S)-4,5-dihydro-2-(4-methoxyphenyl)oxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I)tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-5) was obtained by
performing the same method as Example 1-3 above, except that (2-
((S)-4,5-dihydro-2-(4-methoxyphenyl)oxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
produced in Example 6-2 above was used instead of (2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-y)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite.

Example 7: Synthesis of [(2-((S)-4,5-dihydro-2-p-
tolyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Compound 5a-6)

7-1. Synthesis of 2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-
diphenylpropan-2-ol

2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-diphenylpropan-2-
ol was obtained by performing the same method as Example 1-1

above, except that (S)-methyl 4,5-dihydro-2-p-tolyloxazole-4-
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carboxylate was wused instead of (S)-methyl 4,5-dihydro-2-
phenyloxazole-4-carboxylate.

1H-NMR (CDCI3) : 7.86-7.18 (m, 13H, aromatic H), 4.32-4.32
(t, 1H, oxazoline ring CH2), 4.26-4.21 (t, 1H, oxazoline ring CH),
4.18-4.13 (dd, 1H, oxzoline ring CH2), 2.98-2.94 (d, 1H, benzyl CH2),
2.86 (s, 2H, benzyl CH2), 2.68-2.65 (d, 1H, benzyl CH2), 2.37 (s, 3H,
-CH3), 2.07 (s, 1H, -OH);

13C-NMR (CDCl3) : 164.70, 141.87, 137.15, 136.95, 130.98,
130.96, 129.07, 128.43, 128.23, 128.22, 126.56, 126.54, 76.02,
72.19, 68.44, 42.42, 42.13, 21.64.

7-2. Synthesis of (2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite

(2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-diphenylpropan-
2-yDh(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite was obtained by
performing the same method as Example 1-2 above, except that 2-
((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-diphenylpropan-2-ol
produced in Example 7-1 above was used instead of 2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol.

IH-NMR (CDCl3) : 7.49-7.00 (m, 26H, aromatic H), 4.47-4.43
(t, 1H, oxazoline ring CH), 4.04-3.97 (m, 2H, oxazoline ring CH2),
3.73-3.70 (d, 1H, benzyl CH2), 3.19-3.15 (d, 1H, benzyl CH2), 3.03-
2.92 (dd, 2H, benzyl CH2), 2.38 (s, 3H, -CH3).

7-3. Synthesis of [(2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-
1,3-diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)
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phosphite](1,5-COD)iridium(I)tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-6)
[(2-((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)
phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl) borate (Compound 5a-6) was obtained by
performing the same method as Example 1-3 above, except that (2-
((S)-4,5-dihydro-2-p-tolyloxazol-4-yl)-1,3-diphenylpropan-2-y)(((S)-
1,1'-binaphthalene)-2,2'-diyl)phosphite produced in Example 7-2
above was used instead of (2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-
1,3-diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.
Example 8: Synthesis of [(2-((S)-2-(4-
(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate catalyst (Compound 5a-7)
8-1. Synthesis of 2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-
dihydrooxazol-4-yl)-1,3-diphenylpropan-2-ol
2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-yl)-
1,3-diphenylpropan-2-ol was obtained by performing the same
method as Example 1-1 above, except that (S)-methyl 2-(4-
(trifluoromethyl)phenyl)-4,5-dihydrooxazole-4-carboxylate was used
instead of (S)-methyl 4,5-dihydro-2-phenyloxazole-4-carboxylate.
IH-NMR (CDCl3) : 8.09-7.12 (m, 14H, aromatic H), 4.40-4.37

(t, 1H, oxazoline ring CH), 4.31-4.22 (m, 2H, oxazoline ring CH2)
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3.01-2.98 (d, 1H, benzyl CH2), 2.87 (s, 2H, benzyl CH2), 2.72-2.70
(d, 1H, benzyl CH2), 1.90 (s, 1H, -OH).

8-2. Synthesis of (2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-
dihydrooxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite

(2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-yl)-
1,3-diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
was obtained by performing the same method as Example 1-2 above,
except that 2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-
yD-1,3-diphenylpropan-2-ol produced in Example 8-1 was used
instead of 2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
diphenylpropan-2-ol.

IH-NMR (CDCI3) : 8.15-6.99 (m, 26H, aromatic H), 4.51-4.46
(t, 1H, oxazoline ring CH), 4.03-3.98 (m, 2H, oxazoline ring CH2),
3.84-3.80 (d, 1H, benzyl CH2), 3.24-3.20 (d, 1H, benzyl CH2), 2.99
(s, 2H, benzyl CH2).

8-3. Synthesis of [(2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-
dihydrooxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Compound 5a-7)

[(2-((S)-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-yl)-
1,3-diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl) borate (Compound 5a-7) was obtained by

performing the same method as Example 1-3 above, except that (2-
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((S)-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazol-4-yl)-1,3-
diphenylpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
produced in Example 8-2 above was used instead of (2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite.

Comparative Example 1: Synthesis of [(2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)propan-2-yl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Comparative Compound 1)-(Ref. M. Diiguez et al. JACS, 2009
(131), 12344-12353)

1-1. Synthesis of 2-((S)-4,5-dihydro-2-phenyloxazol-4-
yDpropan-2-ol

2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)propan-2-ol was
obtained by performing the same method as Example 1-1 above,
except that methylmagnesium bromide was used instead of
benzylmagnesium chloride.

IH-NMR (CDCl3) : 7.98-7.26 (m, 5H, aromatic H), 4.44-4.40
(dd, 1H, oxazoline ring CH2), 4.36-4.32 (t, 1H, oxazoline ring CH),
4.25-4.20 (dd, 1H, oxazoline ring CH2), 2.03 (s, 1H, -OH), 1.34 (s,
3H, -CH3), 1.18 (s, 3H, -CH3)

13C-NMR (CDCl3) : 164.96, 131.47, 128.33, 128.28, 127.49,
75.67, 71.56, 68.78, 26.76, 25.04.

1-2. Synthesis of (2-((S)-4,5-dihydro-2-phenyloxazol-4-
yDpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
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(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)propan-2-yl)(((S)-
1,1'-binaphthalene)-2,2'-diyl)phosphite was obtained by performing
the same method as Example 1-2 above, except that 2-((S)-4,5-
dihydro-2-phenyloxazol-4-yl)propan-2-ol produced in Comparative
Example 1-1 above was used instead of 2-((S)-4,5-dihydro-2-
phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol.

IH-NMR (CDCl3) : 7.99-7.20 (m, 17H, aromatic H), 4.48-4.41
(dd, 1H, oxazoline ring CH2), 4.36-4.27 (m, 2H, oxazoline ring CH,
oxazoline ring CH2), 1.67 (s, 3H, -CH3), 1.62 (s, 3H, -CH3).

1-3. Synthesis of [(2-((S)-4,5-dihydro-2-phenyloxazol-4-
yhpropan-2-y)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-
COD)iridium(I) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(Comparative Example 1)

[(2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)propan-2-y)(((S)-
1,1'-binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate which is Comparative
Compound 1 shown below was obtained by performing the same
method as Example 1-3 above, except that (2-((S)-4,5-dihydro-2-
phenyloxazol-4-yl)propan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite produced in Comparative Example 1-2 above was used
instead of (2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-
diphenylpropan-2-yl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

[Comparative Compound 1]
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F4C CF4

F1C CFa

F4C CF3

Comparative Example 2: Synthesis of [(((S)-4,5-dihydro-
2-phenyloxazol-4-yl)diphenylmethanyl)(((S)-1,1'-
binaphthalene)-2,2'-diyl)phosphite](1,5-COD)iridium(I)
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate catalyst
(Comparative Example 2)-(Ref. M. Diiguez et al. JACS, 2009 (131),
12344-12353)

2-1. Synthesis of ((S)-4,5-dihydro-2-phenyloxazol-4-
yhdiphenylmethanol

2-((S)-4,5-dihydro-2-phenyloxazol-4-yl)propan-2-ol was
obtained by performing the same method as Example 1-1 above,
except that phenylmagnesium bromide was used instead of
benzylmagnesium chloride.

1H-NMR (CDCI3) : 7.94-7.18 (m, 15H, aromatic H), 5.49-5.45
(t, 1H, oxazoline ring CH), 4.27-4.19 (m, 2H, oxazoline ring CH2),
2.60 (s, 1H, -OH);
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13C-NMR (CDCl3) : 166.58, 145.96, 144.13, 131.25, 128.51,
128.27, 128.21, 128.13, 127.37, 127.03, 127.00, 126.87, 125.74,
78.20, 73.14, 69.22.

2-2. Synthesis of (((S)-4,5-dihydro-2-phenyloxazol-4-
yDdiphenylmethany)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite

(((S)-4,5-dihydro-2-phenyloxazol-4-
yDdiphenylmethanyl)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
was obtained by performing the same method as Example 1-2 above,
except that ((S)-4,5-dihydro-2-phenyloxazol-4-yl)diphenylmethanol
produced in Comparative Example 2-1 above was used instead of 2-
((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-ol.

IH-NMR (CDCl3) : 7.99-6.51 (m, 27H, aromatic H), 5.65-5.60
(t, 1H, oxazoline ring CH), 4.40-4.36 (t, 1H, oxazoline ring CH2),
4.25-4.20 (t, 1H, oxazoline ring CH2).

2-3. Synthesis  of  [(((S)-4,5-dihydro-2-phenyloxazol-4-
yDdiphenylmethanyl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (Comparative Compound 2)

[(((S)-4,5-dihydro-2-phenyloxazol-4-
yDdiphenylmethanyl)(((S)-1,1'-binaphthalene)-2,2'-
diyl)phosphite](1,5-COD)iridium(I) tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate which is Comparative Compound 2
shown below was obtained by performing the same method as
Example 1-3 above, except that (((S)-4,5-dihydro-2-phenyloxazol-4-
yDdiphenylmethany)(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite
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produced in Comparative Example 2-2 above was used instead of (2-
((S)-4,5-dihydro-2-phenyloxazol-4-yl)-1,3-diphenylpropan-2-yl)
(((S)-1,1'-binaphthalene)-2,2'-diyl)phosphite.

[Comparative Compound 2]

FiC CF,
F1C CFa
F3C CF,
F4C CF3
5 - —
Comparative Example 3 (Comparative Compound 3)
Comparative Compound 3 shown below was purchased from
Solvias AG. (CAS No. 583844-38-6).
[Comparative Compound 3]
O FsC CF4
FsC CF4
0 B
0
_N\ . @7
NP FsC CF3
Ir
< C
e > FsC CF4
0 N~

Test for Asymmetric Hydrogenation Activit
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Test Examples 1 to 6 and Comparative Test Examples 1

to 3

In order to confirm the asymmetric hydrogenation activities of
the catalysts for asymmetric hydrogenation, a test was performed as
follows. Specifically, as shown in the following Test Reaction Scheme
1, asymmetric hydrogenation of Compounds a-1 to a-3, which are
prochiral carbon-carbon double bond-containing compounds, was
performed using the asymmetric hydrogenation catalysts produced in
the Examples and the Comparative Examples, thereby obtaining
Compounds b-1 to b-3, respectively.

Next, debenzylation of Compounds b-1 to b-3 was performed to
obtain Compounds c-1 to c-3, respectively, which are asymmetrically
hydrogenated compounds.

[Test Reaction Scheme 1]

55



H2

asymmetric hydrogenation catalyst

R

R = Propoxy : compound a-1 R =Propoxy compound b-1

Ethexy : compound a-2 Ethoxy : compound b-2

Ethyl : compound 5.3 Ethvi  : compound b-3

H2, Pd/C

E.=Propoxy: compound -1
ELhc;x}-'_ - compound ¢-2

Ethyl o compound -3

Table 1 below shows the S/C weight ratio for 100% conversion,
(R)-enantiomer and (S)-enantiomer yields and % enantiomeric excess
(ee) of the final compounds obtained using the asymmetric

5 hydrogenation catalysts produced in the Examples and the
Comparative Examples.

% ee in Table 1 below was calculated using the following
equation:

% ee = (moles of one enantiomer - moles of other

10 enantiomer)/total moles of both enantiomers X 100
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In addition, in *S/C weight ratio for 100% conversion" in Table
1 below, "S" denotes each of Compounds a-1 to a-3, "C" denotes each
of the asymmetric hydrogenation catalysts, and “S/C weight ratio”
denotes the weight ratio of Compound a to the asymmetric
hydrogenation catalyst, measured when Compound a reached an

exhausted state by complete asymmetric hydrogenation of Compound

a.
[Table 1]
Test Example No. Starting S/C ratio Content (%) | Content (%) % ee
(asymmetric compound/final (%) for of (R)- of (S)-
hydrogenation catalyst compound 100% enantiomer enantiomer
used) conversion
Test Example 1-1 Compound a- 70 99.2% 0.8% (R)-
(Compound 5a-1 of 1/Compound c- enantiomer
Example 1) 1 98.4
Test Example 1-2 Compound a- 40 97.7% 2.3% (R)-
(Compound 5a-1 of 2/Compound c- enantiomer
Example 1) 2 95.4
Test Example 1-3 Compound a- 40 99.4% 0.6% (R)-
(Compound 5a-1 of 3/Compound c- enantiomer
Example 1) 3 98.8
Test Example 2-1 Compound a- 50 0.5% 99.5% (S)-
(Compound 5b-1 of 1/Compound c- enantiomer
Example 2) 1 99
Test Example 2-2 Compound a- 70 1.0% 99.0% (S)-

57




(Compound 5b-1 of 2/Compound c- enantiomer
Example 2) 2 98.0
Test Example 2-3 Compound a- 40 0.8% 99.2% (S)-
(Compound 5b-1 of 3/Compound c- enantiomer
Example 2) 3 98.4
Test Example 3 Compound a- 50 98.9% 1.1% (R)-
(Compound 5a-4 of 1/Compound c- enantiomer
Example 4) 1 97.8
Test Example 4 Compound a- 40 1.5% 98.5% (R)-
(Compound 5b-3 of 1/Compound c- enantiomer
Example 5) 1 97.0
Test Example 5 Compound a- 40 97.7% 2.2% (R)-
(Compound 5a-5 of 1/Compound c- enantiomer
Example 6) 1 95.5
Test Example 6 Compound a- 40 97.3% 2.7% (R)-
(Compound 5a-6 of 1/Compound c- enantiomer
Example 7) 1 94.6
Comparative Test Compound a- 28 95.4% 4.6% (R)-
Example 1 1/Compound c- enantiomer
(Comparative 1 90.8
Compound 1 of
Comparative Example
1)
Comparative Test Compound a-1/ N.A. N.A. N.A. N.A.
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Example 2
(Comparative
Compound 2 of
Comparative Example

2

Comparative Test Compound a- 25 96.4% 3.6% (R)-
Example 3 1/Compound c- enantiomer
(Comparative 1 92.8

Compound 3 of

Comparative Example

3)

(N.A.: not attained)

R in the above formulas is as defined in the Test Reaction
Scheme.

Referring to the (R)-enantiomer and (S)-enantiomer yields
and % ee values shown in Table 1 above, it can be seen that the use
of the asymmetric hydrogenation catalyst according to one
embodiment of the present invention makes it possible to easily
achieve optical resolution of (R)-enantiomer and (S)-enantiomer with
high optical purities from Compound a, which is a prochiral carbon-
carbon double bond-containing compound, compared to the
comparative compound catalyst. In addition, from the S/C ratio
values shown in Table 1 above, it was confirmed that the asymmetric

hydrogenation catalysts of Examples 1, 2 and 4 to 7 of the present
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invention could achieve complete asymmetric hydrogenation of
Compound a, even when they were used in smaller amounts than the
asymmetric hydrogenation catalysts of Comparative Examples 1 and 2.

In particular, in the asymmetric hydrogen reaction performed
using Comparative Compound 2 produced in Comparative Example 2,
Compound b-1, an intermediate produced by reaction of only one of
two carbon-carbon double bonds, was produced in a yield of not more
than about 29%, and the amount of Compound a-1 that remained
was 47% or

more, and hence the enantioselectivity of the

enantiomers could not be confirmed.

Test Examples 7 and 8

Final compounds shown in Table 2 below were obtained by
performing the same method as Test Example 1-1 above, except that
instead of

the compounds shown in Table 2 below were used

Compound a-1. The S/C ratio and R/S selectivity of the final
compounds are shown in Table 2 below.

[Table 2]

Test Example
No.
(asymmetric
hydrogenation
catalyst used)

Starting compound

Final compound

S/C weight
ratio (%)
for 100%

conversion

(R)-
enantiomer
yield

(S)-
enantiomer
yield

% ee
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Test Example O O 25 98.2% 1.8% (R)-

7 enantiomer

(Compound 96.4
Sach) SRS

O
©A Ho

Test Example O 10 99.1% 0.9% (R)-
8 O on enantiomer

(Compound 98.2

[¢]
oC
(0 e
e

As shown in Table 2 above, it can be confirmed that the use of
the asymmetric hydrogenation catalyst of the present invention
makes it possible to obtain enantiomers with excellent
enantioselectivity and in high yield.

That is, it can be seen that the asymmetric hydrogenation
catalyst according to one embodiment of the present invention can
easily achieve optical resolution of (R)-enantiomer and (S)-
enantiomer with excellent enantioselectivity, even when an additional
process such as a recrystallization process is not performed.

Therefore, it can be seen that the asymmetric hydrogenation
catalyst according to one embodiment of the present invention can
easily achieve optical resolution of (R)-enantiomer and (S)-
enantiomer with excellent enantioselectivity and in high yield, even
when it is used in small amounts.

The present invention has been described above with reference
to preferred embodiments. Those skilled in the art will appreciate
that the present invention may be implemented in modified forms

without departing from the essential features of the present invention.
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Therefore, the disclosed embodiments should be considered in
descriptive sense only and not for purposes of limitation. The scope
of the invention is indicated by the claims rather than the foregoing
description, and all changes which come within the range of
equivalence of the claims will be construed as being included in the

present invention.
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CLAIMS
1. A catalyst for asymmetric hydrogenation of a carbon-
carbon double bond-containing compound, comprising:
an iridium cation; and
5 a ligand of the following Formula 1, which is bonded to the
iridium cation

[Formula 1]

wherein
10 Riis a hydrogen atom, a substituted or unsubstituted, straight
or branched Ci-Cs alkyl group, or a substituted or unsubstituted,
straight or branched Ci-C3 alkoxy group;
R2 and Ry are each independently a hydrogen atom, a
substituted or unsubstituted, straight or branched Ci-Cs alkyl group,
15 or a substituted or unsubstituted, straight or branched Ci-Cs alkoxy

group; and
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the substituent in the substituted alkyl group and substituted
alkoxy group is a halogen atom, a straight or branched Ci-Csz alkyl
group, or a straight or branched C;i-Cs alkoxy group, and
wherein the catalyst further comprises a coordination anion of
5 the following Formula 4:

[Formula 4]

FsC CF4
FiC CF,
F4C /@L Fa
FisC CF»
2. The catalyst of claim 1, wherein the ligand of Formula 1
15 is an enantiomeric compound represented by the following Formula 2a

or 2b:

[Formula 2a]
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[Formula 2b]

wherein

Riis a hydrogen atom, a substituted or unsubstituted, straight
or branched Ci-Cs alkyl group, or a substituted or unsubstituted,
straight or branched C;-C3 alkoxy group;

R and Ry are each independently a hydrogen atom, a
substituted or unsubstituted, straight or branched C;i-Cs alkyl group,
or a substituted or unsubstituted, straight or branched Ci-Cs alkoxy
group; and

the substituent in the substituted alkyl group and substituted
alkoxy group is a halogen atom, a straight or branched Ci-C3z alkyl
group, or a straight or branched C;:-C3 alkoxy group.

3. The catalyst of claim 1, wherein the ligand of Formula 1

is any one of the following compounds:
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<Compound 1-1> <Compound 1-2>

<Compound 1-4>
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<Compound 1-5>

<Compound 1-6>

Fs

<Compound 1-7>

4. The catalyst of claim 1, wherein the catalyst comprises a

complex of the following Formula 3:
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[Formula 3]

wherein

Riis a hydrogen atom, a substituted or unsubstituted, straight
or branched Ci-Cs alkyl group, or a substituted or unsubstituted,
straight or branched Ci-C3 alkoxy group;

R and Ry are each independently a hydrogen atom, a
substituted or unsubstituted, straight or branched Ci-Cs alkyl group,
or a substituted or unsubstituted, straight or branched Ci-Cs alkoxy
group; and

the substituent in the substituted alkyl group and substituted
alkoxy group is a halogen atom, a straight or branched Ci-C3z alkyl
group, or a straight or branched C1-C3 alkoxy group.

5. The catalyst of claim 1, wherein the carbon-carbon
double bond-containing compound is represented by the following
Formula 6:

[Formula 6]
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Ra'l

\/%/RaZ X

/ /
Y2
Rs Y,
wherein

X is oxygen (O) or carbon (C);

Rai and Ra2 are each independently a hydrogen atom, a
substituted or unsubstituted alkyl group having 1 to 3 carbon atoms,
a substituted or unsubstituted alkoxy group having 1 to 3 carbon
atoms, or a substituted or unsubstituted aryloxy group or aralkyloxy
group having 6 to 15 carbon atoms, or

Rai and Raz together form a substituted or unsubstituted cyclic
or heterocyclic group having 4 to 10 carbon atoms;

Rs is @ hydrogen atom or a Ci-C, alkyl group or a C:-C; alkoxy

group,

Y1 and Y2 are different from each other and are each
independently a hydrogen atom, a substituted alkyl group having 1 to

3 carbon atoms, a substituted alkoxy group having 1 to 3 carbon

N (OP)n
et
>

atoms, or a R4 group,

Rs3

wherein
R3 and R4 are each independently a hydrogen atom, a hydroxyl

group, a substituted or unsubstituted, straight or branched Ci-Ce alkyl
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group, a halogen atom, a substituted or unsubstituted, straight or
branched C;-Ces alkoxy group, a substituted or unsubstituted, straight
or branched Ci-Cs thioalkyl group, a substituted or unsubstituted
allyloxy group, or a substituted or unsubstituted aryloxy group;

P represents a protecting group of a substituted or
unsubstituted, straight or branched C:-C4 alkyl group, a substituted or
unsubstituted benzyl group, a substituted or unsubstituted allyl group,
a t-butyldimethylsilyl  group, t-butyldiphenylsilyl group, a
methylphenylsilyl group, a trimethylphenylsilyl group, MeS0O2, or p-
TsSOy;

nis1lto 3;

when OP is plural in number, they are the same or different;
and

the substituent in the substituted alkyl group, substituted
alkoxy group, substituted thioalkyl group, substituted aryloxy group,
substituted aralkyloxy group, substituted cyclic group and substituted
heterocyclic group is a halogen atom, a straight or branched Ci-Cs
alkyl group, a straight or branched C;-Cs alkoxy group, or a straight
or branched C:-Cs thioalkyl group.

6. The catalyst of claim 5, wherein the carbon-carbon
double bond-containing compound is a compound represented by the
following Formula 7:

[Formula 7]
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wherein

R3 and R4 are each independently a hydrogen atom, a hydroxyl
group, a substituted or unsubstituted, straight or branched Ci-Ce alkyl
group, a halogen atom, a substituted or unsubstituted, straight or
branched Ci1-Cs alkoxy group; a substituted or unsubstituted, straight
or branched Ci-Cs thioalkyl group; a substituted or unsubstituted
allyloxy group, or a substituted or unsubstituted aryloxy group;

Rs is a hydrogen atom, a Ci:-C; alkyl group or a Ci-Cz alkoxy
group;

Re and Re¢' are each independently a hydrogen atom or a C1-Ce
alkyl group;

P represents a protecting group of a substituted or
unsubstituted, straight or branched C:-C4 alkyl group, a substituted or
unsubstituted benzyl group, a substituted or unsubstituted allyl group,
a t-butyldimethylsilyl group, t-butyldiphenylsilyl group, a
methylphenylsilyl group, a trimethylphenylsilyl group, MeS0O;, or p-
TsSOy;
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nis1to 3;

when OP is plural in humber, they are the same or different;
and

the substituent in the substituted alkyl group, substituted
alkoxy group and substituted thioalkyl group is a halogen atom, a
straight or branched Ci-Cs alkyl group, a straight or branched Ci-Cs

alkoxy group, or a straight or branched C;-Cs thioalkyl group.
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