Organocatalytic Asymmetric Synthesis of
Imidazolidines, Pyrrolidines, Oxazolidines and
Dihydroquinolones

A Dissertation
Submitted in partial fulfilment of the

Requirements for the Degree of
Doctor of Philosophy
by
SOUMENDRA NATH MUKHOPADHYAY

Roll No0.136122009

Department of Chemistry

Indian Institute of Technology Guwahati

Guwahati-781039

INDIA

January 2019

TH-2028_136122009



TH-2028_136122009



Dedicated
to
My Parents and Sisters

TH-2028_136122009



TH-2028_136122009



IR

& 2
i %
i 2
f Ef’ INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
E".:l:.:, .tf Department of Chemistry
U.I“]'g.;hﬂ“"ﬁ

STATEMENT

I, hereby declared that the work comprised in this thesis entitled “Organocatalytic
Asymmetric  Synthesis of Imidazolidines, Pyrrolidines, Oxazolidines and
Dihydroquinolones” is the outcome of the research work carried out by me under the
supervision of Dr. Subhas Chandra Pan, Department of Chemistry, Indian Institute of

Technology Guwahati, India, for the award of the degree of Doctor of Philosophy.

In harmony with the general practice of reporting scientific observations, due
acknowledgements have been made if the work is established on the findings of other

investigators.

Guwahati Soumendranath Mukhopadhyay
Roll No: 136122009

January, 2019
Department of Chemistry,

T Guwahati, Assam, India-
781039

TH-2028_136122009



TH-2028_136122009



IR

& 2
i %
i 2
f Ef’ INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
E".:l:.:, .tf Department of Chemistry
U.I“]'g.;hﬂ“"ﬁ

CERTIFICATE

This is to certify that the work incorporated in the thesis entitled “Organocatalytic
Asymmetric  Synthesis of Imidazolidines, Pyrrolidines, Oxazolidines and
Dihydroquinolones” which is being submitted to the Indian Institute of Technology
Guwabhati for the award of Doctor of Philosophy in Chemistry by Mr. Soumendranath
Mukhopadhyay (Roll No: 136122009) was carried out by him under my supervision at

this institute. The work presented in his thesis is original and that has not been submitted

elsewhere for a degree.

Guwahati Dr. Subhas Chandra Pan

January, 2019 Supervisor

TH-2028_136122009



TH-2028_136122009



~Acknowledgements~

I would like to appreciate all the supportive individual around me who have
assisted me directly or indirectly during this journey of my PhD career.

First of all, I would like to express my wholehearted gratitude to my PhD
supervisor Dr. Subhas Chandra Pan for his constant guidance, support and
insightful advises throughout my research work. I am deeply grateful to him for
inspiring me towards scientific research and also thankful for giving me the
opportunity to work under his guidance.

I would like to acknowledge my doctoral committee members Prof. Bhisma
Kumar Patel (Chairman), Prof. Parameswar K. Iyer, Dr. Debapratim Das for
their valuable and productive suggestions which helped a lot to improve my
research work.

I am thankful to IIT Guwahati for providing fellowship and also thankful to
Department of Chemistry and Central Instruments Facilities (CIF) for providing
research facilities and instrumental facilities. I will always remain thankful to the
staff members of CIF and department of chemistry.

I am delighted to have this opportunity to thank my dear lab mates Buddhadeb
Mondal, Subas Chandra Sahoo, Chandan Gharui, Megha Balha, Amit Shikari,
Chandrakanta Parida, Purnadas Ghosh and Priyam Ghosh for their great
support during my PhD period. Their constant help definitely smoothen this
journey. My deepest gratitude to my dear past lab members Dr. Utpal Nath, Dr.
Keshab Mondal, Dr. Rajendra Maity for their constant guidance and support
during this PhD journey. Also I am I would like to express my deep gratitude to
them for their valuable suggestions and advice during thesis writing. I am
heartily thankful to Utpal Nath for helping me in my project. Also I would like
thank my junior Chandan Gharui for his constant help during X-ray
crystallography analysis. 1 sincerely thank Anirban Maity, Suman Sarkar,
Ranajit Barman, Ranajit Mal, Ankana Roy, Pradeep Nagar and Rajat Raut for
their contribution in my works. I would like to thank all my PhD batch mates,
seniors and juniors of IIT Guwahati who helped during my work and for
making a friendly environment. I am grateful to all my BSc. and MSc. friends
Finally, my PhD endeavor could not have been completed without the endless
love, support and blessings from my parents. My deepest gratitude to my
parents and my sisters for their constant support during my PhD career. I would
like to express my gratitude to them for their faith in me. I am always thankful to
the almighty God for everything in my life.

Sincerely,
Soumendranath Mukhopadhyay

TH-2028_136122009


http://www.iitg.ac.in/chemistry/fac/pki/

TH-2028_136122009



CONTENTS

Page
Chapter 1  General Introduction 1
1.1 Asymmetric synthesis 3
1.2 Asymmetric organocatalysis 3
1.3 Hydrogen-bonding catalysis 5
1.4 Bifunctional thiourea and squaramide catalysts 5
15 Organocatalytic cascade or domino reaction 6
1.5.1. Domino reactions operates via iminium-enamine 7
activation mode
1.5.2. Domino reactions using bifunctional thiourea and 9
squaramide catalysts
1.6 Organocatalytic asymmetric Michael reaction leading 13
to the construction of stereogenic quaternary centre
1.7 Organocatalytic asymmetric Mannich reaction leading to the 16
construction of Stereogenic quaternary centre
1.4 References 19

Chapter 2  Organocatalytic Asymmetric Synthesis of 2,4-Disubstituted 23
Imidazolidines via Domino Addition-aza-Michael Reaction

2.1 Introduction 25
2.2 Reported strategies for the synthesis of chiral imidazolidines 26
2.3 Previous reports on domino aza-Michael reaction for the 28
construction of heterocyclic compounds
2.4 Concept 30
2.5 Result and discussion 31
2.5.1. Solvent screening 33
2.5.2. Substrate scope 34
2.5.3. Synthetic transformation 37
2.5.4. Absolute configuration 38
2.5.5. Proposed mechanism 38
2.6 Conclusion 39
2.7 Experimental section 39
2.8 References 43
2.9 Characterization data of products 46
2.10 Selected NMR Spectra and HPLC Chromatograms 62

Chapter 3 Organocatalytic ~ Asymmetric  Synthesis of Highly 75

TH-2028_136122009



3.1
3.2
3.3
3.4

3.5
3.6
3.7
3.8
3.9

Chapter 4

4.1
4.2
4.3

4.4
4.5

4.6
4.7
4.8
4.9
4.10

Chapter 5

5.1
5.2

Substituted Pyrrolidines Bearing Stereogenic Quaternary
Centre at 3- Position

Introduction

Reported strategies for the synthesis of chiral pyrrolidines
Concept

Result and discussion

3.4.1. Solvent screening

3.4.2. Substrate scope

3.4.3. Synthetic transformation

3.4.4. Absolute configuration

3.4.5. Proposed mechanism

Conclusion

Experimental section

References

Characterization data of products

Selected NMR Spectra and HPLC Chromatograms

Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted
Oxazolidines

Introduction

Reported strategies for the synthesis of chiral oxazolidines
Selective tandem or cascade reactions of aldehydes for the
construction of heterocyclic compounds

Concept

Result and discussion

4.5.1. Solvent screening

4.5.2. Substrate scope

4.5.3. Synthetic transformations of chiral products

4.5.4. Absolute configuration of 3¢

4.5.5. Proposed mechanism

Conclusion

Experimental section

References

Characterization data of products

Selected NMR spectra and HPLC chromatograms

Organocatalytic Asymmetric Synthesis of 3,3-Disubstituted
3,4-Dihydro-2-Quinolones via Michael Addition Strategy

Introduction
Reported strategies for the synthesis of chiral

TH-2028_136122009

77
78
82
83
85
86
89
90
90
91
92
96
99
114

123

125
126
129

130
131
133
134
137
138
138
139
139
143
145
159

171

173
174



5.3
5.4

5.6
5.7
5.8
5.9
5.10

Chapter 6
6.1
6.2
6.3

6.4
6.5

6.6
6.7
6.8
6.9

6.10

TH-2028_136122009

dihydroquinolones

Concept

Result and discussion

5.4.1. Michael reaction of dihydro-3-cyano-2-quinolone
with vinyl ketones

5.4.1.1. Solvent screening

5.4.1.2. Subtrate scope

5.4.2. Michael reaction of dihydro-3-carbomethoxy-2-
quinole with nitroolefins

5.4.2.1. Solvent screening

5.4.2.2. Subtrate scope

5.4.3. Synthetic transformations of 3c and 6n

5.4.4. Absolute configurations of 3f and 60

5.4.5. Proposed mechanism

Conclusion

Experimental section

References

Characterization data of products

Selected NMR Spectra and HPLC Chromatograms

Organocatalytic Asymmetric Mannich Reaction for the
Synthesis of 3,3-Disubstituted-3,4-dihydro-2-quinolones

Introduction

Selective approaches for the synthesis of chiral
dihydroquinolones

Previous reports on Mannich reaction with in situ generated
N-Boc imines from amidosulfones

Concept

Result and discussion

6.5.1. Solvent screening

6.5.2. Substrate scope

6.5.3. Synthetic transformations of 3a

6.5.4. Absolute configuration of 3u

6.5.5. Proposed mechanism

Conclusion

Experimental section

References

Characterization data of products

Selected NMR Spectra and HPLC Chromatograms

List of Publications and Presentations

176
177
177

179
180
182

185
185
188
188
189
190
190
196
198
221

245

247
247

249

250
251
253
255
257
258
258
259
259
264
266

279

291



Abbreviation

APCI

Ar
Bn
br
Bu

CCDC

COSY

CH.Cl,

CHCL;
CPME

Cy

°C

dd

ddd

DCE
DCM

DMF

Atmospheric pressure DMSO Dimethylsulfoxide

chemical ionization

Angstrom dr Diastereomeric ratio
Aryl group EtOAc Ethyl acetate

Benzyl ee Enantiomeric excess
Broad equiv. Equivalent

Butyl ESI Electrospray ionization
Cambridge crystallographic Et Ethyl

data centre

Correlation spectroscopy EWG  Electron withdrawing group

Dichloromethane FT-IR  Fourier transform infrared
spectroscopy

Chloroform g Grams

Cyclopentyl methyl ether h Hours

Cyclohexyl HPLC  High performance liquid
chromatography

Degree celsius HRMS High resolution mass
spectrometry

Doublet or day Hz Hertz

Doublet of doublet i Iso

Doublet of doublet of J Coupling constant

doublet

Chemical shift or delta KBr Potassium Bromide

1,2-Dichloroethane m Multiplet

Dichloromethane m meta

N,N-Dimethylformamide mCPBA  meta-Chloroperoxybenzoic acid

iv

TH-2028_136122009



Me
mg
mL
mmol
Mp
MS

MTBE

NMR

NOESY

NBS

ORTEP

Ph
Pr
ppm

p-TSA

rt

TH-2028_136122009

Methyl THF
Miligram t
Mililitre TMS
Milimole Tol
Melting point Ts
Molecular seive uv
Methy tertiary butyl ether XRD
Normal

Nuclear magnetic resonance

Nuclear overhauser

enhancement spectroscopy
N-Bromo succinamide
ortho

Oak ridge thermal ellipsoid

plot program

Para

Phenyl

propyl

Parts per million
p-Toluenesulfonic acid
Quartet

Room temperature

Singlet

Tetrahydrofuran
tert
Tetramethylsilane
Tolyl

Tosyl

Ultra violet

X-ray diffraction



Abstract

The present thesis, entitled as “Organocatalytic Asymmetric Synthesis of
Imidazolidines, Pyrrolidines, Oxazolidines and Dihydroquinolones” have been divided
into six chapters based on the results achieved from the experimental works performed

during the entire course of the PhD research programme.

Chapter 1 narrates a brief introduction and the literature review about asymmetric
organocatalysis. The reactive nature of different H-bonding catalysts including
bifunctional thiourea and squaramide catalysts has been discussed, since these catalysts
were mainly used in the works demonstrated in the thesis. Also a detailed discussion
about the organocatalytic cascade reactions, hetero Michael cascade reaction using
thiourea and squaramide catalysts have been done here. Finally a preliminary idea about
the organocatalytic asymmetric Michael and Mannich reactions leading to the

construction of quaternary stereogenic centres has been elaborated here.

Chapter 2 demonstrates first highly diastereo- and enantioselective synthesis of 2,4-
disubstituted imidazolidinines via a domino addition-aza-Michael reaction. Bidentate
aminomethyl enones and N-tosyl imines have been used as substrates in this cyclization
reaction. Bifunctional squarmide catalysts were successfully employed to achieve
excellent enantio- and diastereoselectivities for the substituted imidazolidines. Synthetic
utility of the methodology has been explored by performing few reaction including
Baeyer-Villiger oxidation. The mild reaction conditions and operational simplicity are
the key features for this methodology to be applied in the synthesis of natural product

catalyst %
H N

bearing chiral imidazolidine motifs.

Ts catalyst R2 Ts

up to 92% ee

(0] N~ |
(10 mol%) N i
Rzﬂ\/\/NHR1 . )J\ _ Z/\[ >——R i
R H toluene, rt N ! | N NH
R'= Ts, Bs, 48 h Ri ! N~ Ar
R2= Ar R = Ar, Alkyl 27 examples up to 82 % i (@) NH
up to >20:1dr

Chem. Commun. 2018, 54, 964. Ar = 3,5-(CF3),CgH3

Vi
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Chapter 3 describes bifunctional squaramide mediated organocatalytic asymmetric
cascade reaction for the construction of highly substituted pyrrolidines having
stereogenic quaternary centre at 3-position. Bidentate N-tosyl aminomethyl enone and
trans-a-cyano-a,f-unsaturated ketone were utilized as the reaction partners in this
reaction. Pyrrolidine derivatives having cyano and keto functionalities were isolated with
high diastereo- and good to high enantioselectivities. Synthetic utility of our reaction
have been explored by performing the Baeyer-Villiger oxidation. This methodology is a

mild and simple protocol for the synthesis of biologically important pyrrolidine

molecules.
i catalyst o
0 |
q N—Ph | H—&N
o CN catalyst R ACN
Ph (10 mol%) i 1
R)J\/\/NHTS + 70]/\|\/I§<R | | S NH
H” "R' MTBE, rt, 48 h, N NF N
R=Ar R'=Ar, Akyl _ 4AMS | H
24 examples up to 82% yield | o)
up to 16:1 dr Ar = 3,5-(CF3),CgH5
0, |
Org. Biomol. Chem. 2018, 16, 9349. e |

Chapter 4 revels an unprecedented organocatalytic asymmetric synthesis of 2,5-
disubstituted oxazolidines proceeds through hemiaminal formation followed by
intramolecular oxa-Michael reaction between alkyl aldehydes and N-tosyl aminomethyl
enones. Bifunctional squaramide catalyst derived from quinine amine furnished the
oxazolidine derivatives with excellent enantio- and diastereoselectivities. The

significance of this reaction have been shown by performing few reactions including the

catalyst —
OMe %
catalyst R? H—&N

O o) (10 mol%) |
R1ﬂ\/\/NHTs +R21J\H 77/\[ d—=R2 N NH

synthesis of linear 1,2-aminoalcohol.

CH2C|2 rt N__~ /Ar
R' = Ar, HetAr R? = Alk 2d upto 77% yield o NH
23 examples  ypto >20:1 dr

o)

upto 99% ee
plo =57 Ar = 4-CF3CgH,

Adv. Synth. Catal. 2019, 361, 1028.
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Chapter 5 illustrates first organocatalytic asymmetric Michael reaction for the synthesis
of biologically important 3,3-disubstituted-3,4-dihydro-2-quinolones. Cinchona alkaloid
derived bifunctional amino-thiourea catalysts were found to be the best catalysts and the
products were isolated in high enantio- and good diastereoselectivities. By substrate
tuning, both vinyl ketones and nitroolefins were employed in the reaction. Also, the
usefulness of our methodology was shown via important synthetic operations of the
products. Dihydroguinolones having stereogenic quaternary centres are significant

intermediates in many natural products and pharmaceutical agents.

H?‘J N\ H
=
N NH A
| HN
N__~ S)\N,Ar Ar\N/gS | _N

(10 mol%) H H (10 mol%)
Ar = 3,5-(CF3)2C6H3

R3 0 R?.
R \)L ) R NO,
.,IEW8 R3 R EWG RZ/\/NOZ TEWG
N~ 0 EWG =CN, @\/I EWG = CO,Me, CO,Et N® O
H N (6] 21, 25

, H
SO,Ph H CO,Pr, CO,Bn ,
upgp 85%eRPId R'=H,F, CI R'= H, Re= Ar EE o 2-01%:13%“
0, ) . !
up to 957 R%= Ar, Alkyl 19 examples up to 96% ee

15 examples
Adv. Synth. Catal. 2017, 359, 3911.

Chapter 6 delineates the first organocatalytic asymmetric Mannich reaction for the
synthesis of optically active 3,3-disubstituted-3,4-dihydro-2-quinolones. This method is
potent for the synthesis of biologically important 3,3-disubstituted-dihydro-2-quinolones.
N-Boc imine precursor amidosulfones were used for this purpose. Cyclohexyldiamine
derived bifunctional amino-thiourea catalyst was quite efficient to provide the products
in high enantio- and good diastereoselectivities. Few synthetic transformations have been

performed to strengthen the synthetic potential of our methodology.

BocHN E catalyst CFs
“ _R
1 catalyst R i s
p CN  NHBoc (10 mol%) N | g
+ )\ e i ; N~ °N CF3
N” 0 R™ "SO,Ph benzene, rt N~ 0 E S H H
H 24 examples . 7';;0/ ” !
R1 = 6-F,6-Cl, _ up to b yie i \ /
6-OMe, 5.c1 = An Alkyl upto&:1dr
up to 98% ee !
Org. Biomol. Chem. 2018, 16, 5407.
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Each of these chapters contain introduction, previous reported works, present result and
discussion, experimental section, references, along with characterization data of products
including few selective spectral data. Overall, this thesis discussed some new and
efficient strategies for the enantioselective synthesis of different heterocyclic compounds

using amino methyl enones and substituted dihydroquilones.
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Chapter 1
General Introduction
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CHAPTER 1

1.1. Asymmetric synthesis:

Asymmetric synthesis or enantioselective synthesis established as highly demanding in
the field organic synthesis over the few decades. Enantiomerically pure compounds such
as different enantiomers or diastereomers of a molecule exhibit different biological
activities. For example (S)-dopa is effective for restoring nerve function and used as drug
for the treatment of Parkinson disease while the other enantiomer (R)-dopa is quite toxic
in nature (Figure 1). Due to such unique properties of the isomers, synthesis of optically
pure compounds is highly desirable, particularly in pharmaceutical industries. The
widely-known methods for the synthesis of different chiral compounds are resolution
techniques, using chiral pool reagents strategies, chiral auxiliary approaches and
generation of asymmetry by means of chiral catalysts. Among all these methods,
catalytic asymmetric reactions are the efficient strategies in the field of asymmetric
synthesis since it does not require the addition of chiral reagents and also atom
economical as it avoids the addition-elimination of chiral auxiliaries. The leading
methods to achieve catalytic asymmetric syntheses are bio-catalysis, transition metal

catalysis and organocatalysis.*

HOD/YCOZH HOD/\/C(DzH
HO N2 HO NH
(S)-Dopa (R)-Dopa

Figure 1: Structural description of (S)-Dopa and (R)-Dopa

1.2. Asymmetric organocatalysis:

In past few years enzyme and metal based catalysts have been applied for the synthesis
of different enantiomerically enriched compounds.! Though enzyme based catalysts are
highly efficient and enantioselective but these catalysts have some drawbacks such as
low specificity, instability at higher temperature and pH dependent. These are applicable
for limited number of reactions.? On the contrary, transition metal based catalysts are
used effectively to perform a number of asymmetric transformations for examples,
asymmetric hydroxylation and epoxidation. However, metal based catalyst may leave
toxic of traces in the product.? Recently, purely small organic molecules have emerged as

highly selective and efficient catalysts in addition to metal based catalysts and

3
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General Introduction

biocatalysts in many catalytic reactions. As a result, organocatalysts got tremendous
importance for the synthesis of different enantiomerically enriched compounds. The term
asymmetric organocatalysis describes the advancement of reaction rate through the
addition of substoichiometric amount of chiral organic compounds consisting of carbon,
hydrogen, nitrogen and other non-metals.® In the case of organocatalysis the use of
organic molecules as chiral catalysts complement the conventional organometallic and
biological approaches for asymmetric catalysis. In 1912, Bredig group first reported
organocatalytic enantioselective reaction of aldehydes with HCN using cinchona alkaloid
catalyst.* In general, organocatalysis can be classified as: (i) Lewis base, (ii) Lewis acid,
(iii) Bragnsted acid and (iv) Bragnsted base catalysis (Scheme 1.1).1b

£ fg
P

Lewis Base Catalysis - Lewis Acid Catalysis
B P o8,
P-H
Brgnsted Base Catalysis Brgnsted Acid Catalysis

Scheme 1.1: Classification of organocatalysts

For a Lewis base catalyzed reaction, at first the catalyst undergoes nucleophilic addition
to the substrate (S) to form an intermediate and the resulting intermediate reacts further
to provide the product (P) leaving the catalyst for further turnover.*® On the other hand
Lewis acid catalyst accelerates the reaction through the coordination to the nucleophilic

substrates (S:) resulting in the formation of intermediates. Then the resulting

4
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CHAPTER 1

intermediate will be converted to the desired product with the regeneration of catalyst.'®
For Brensted base catalysis, catalytic cycle initiates through deprotonation of the
substrate (S) followed by chemical transformation of the activated complex to furnish the
product (P) and the catalyst becomes free for another catalytic cycle.!® Bransted acid
catalyst forms an intermediate through the protonation of the of substrates (S) and the

corresponding ion pair reacts further to deliver the product (P).¢

1.3. Hydrogen-bonding catalysis:

Catalysis through H-bonding plays a pivotal role in the field of non-covalent
organocatalysis. In recent times H-bonding catalysis emerged as a powerful and efficient
approach in asymmetric catalysis. H-bonding catalysts use to play major role in
molecular recognition and also participate in the activation of substrates in large number
of enantioselective transformation reactions. Generally, small organic molecules having
H-bond donor ability are fruitful for the activation of electrophiles by lowering the
LUMO of the substrates.® This type of catalysis is generally classified as acid catalysis.
Phosphoric acid, urea, thiourea, and squaramide catalysts are well known H-bonding
catalysts. In 1960, Curran group first introduced urea catalyzed allylation of cyclic a-
sulfinyl radicals with allyltributylstannane.® Later, Sigman and Jacobsen reported chiral
thiourea mediated enantioselective Strecker reaction of N-allyl aldimines.” Schreiner and
coworkers first showed the effects on the activity of thiourea catalyst by simply changing
N-aryl substituent to N-trifluoromethyl phenyl substituent.® Very recently, squaramide
catalysts have been used as an effective alternate to previously known urea and thiourea
catalysts. After the first report by Rawal’s group, squaramide catalysis has established as

a new branch of H-bonding catalysis.®

1.4. Bifunctional thiourea and squaramide catalysts:

Bifunctional thiourea and squaramide catalysts are the combination of Brgnsted acid and
base in the same molecular framework. These type of catalysts can play dual role to
activate both nucleophiles and electrophiles synergistically.® In recent years the use of
these bifunctional catalysts became one of the leading approaches to achieve various
enantioselective transformations.!! In 2003, Takemoto group successfully explored the

idea of hydrogen bonding catalysis through conjugate addition of malonates to

5

TH-2028_136122009



General Introduction

nitroolefins in the presence of cyclohexyl derived bifunctional thiourea catalyst.'?
Connon and co-workers also disclosed the concept of hydrogen bonding catalysis by
performing similar type of reactions in the presence of cinchona alkaloid derived
bifunctional thiourea catalyst.’® Deng et al. efficiently applied bifunctional thiourea
catalyst to perform enantioselective Mannich reaction.'* Earlier Rawal group introduced
a new class of bifunctional catalyst by replacing thiourea moiety by bis-amides of
squaric acid.® Since then squaramide catalysts became the useful replacement for
thiourea catalyst. Chiral thiourea and squaramide catalysts are effectively used in a
number of asymmetric reactions such as aldol reactions, conjugate additions, Mannich

reactions and domino or tandem reactions. °

1.5. Organocatalytic cascade or domino reaction:

Over the last few years enantioselective cascade or domino reaction became one of the
most powerful and widely used technique for the synthesis of different optically active
compounds having multiple stereogenic centres with varied structural frameworks.®
According to Tietze, domino or cascade reaction can be classified as the type of reactions
that involve two or more bond forming reactions under the same reaction conditions
without further addition of catalysts and reagents in the next step.!’ It is worth
mentioning that organocatalytic domino or cascade reaction strategies are the leading
methods for the construction of carbocycles as well as heterocycles having different
functionalities in a single or stepwise manner.*® Organocatalytic asymmetric hetero-
Michael cascade reactions such as aza-Michael,*® oxa-Michael® and sulfa-Michael®!
reactions are considered to be potent methods for the synthesis of highly substituted
chiral heterocyclic compounds. Due to such unique properties of organocatalytic
asymmetric cascade or domino reactions, it got immense importance in pharmaceutical
industries for the synthesis of drugs.?? Many research groups are involved for the
development of new and efficient strategies for domino reactions which are atom
economical to avoid the use of time consuming protection deprotection steps as well as

the isolation of intermediates.?®

Earlier in 1970 Hajos, Parrish at Hoffmann-La Roche and Eder, Sauer and Wiechert at

Schering simultaneously reported proline-catalyzed intramolecular enantioselective aldol

6
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CHAPTER 1

reaction of 2,2-disubstituted cyclic 1,3-diketones for the synthesis of bicyclic diketones.
These two reports can be regarded as the pioneering works in the field of organocatalytic

asymmetric domino reactions (Scheme 1.2). %42

COH
o Lo

HsC N HeC P
HsC
3 \”/\///‘i§ (3 mol%) N m
@] )

o DMF, 20 °C OH

up to 99% yield
up to 93% ee

Scheme 1.2: Proline catalyzed intramolecular aldol reaction

Later in 2000, Barbas group developed chiral secondary amine catalyzed

enantioselective annulation for the synthesis of Weiland-Meischer ketone (Scheme

1.3).26
O—COZH

@]
L b e m N 4(%
DMSO, 15-25 °C , benzene, heat

up to 70% yield
up to 76% ee

Scheme 1.3: Secondary amine catalyzed enantioselective annulation

1.5.1. Domino reactions operate via iminium-enamine activation mode:

Berner group reported a Michael-Michael cascade reaction approach for the
enantioselective synthesis of highly substituted fused carbocycles via iminium-enamine
mode of activation between conjugated esters and o,f-unsaturated aldehydes. Chiral
secondary amines were found to be effective to achieve high enantioselectivities
(Scheme 1.4).%7
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Ph
O{—Ph

o H OTMS OH
]
R (10 mol%) CO:R
T\ ,
X' comrt  cHO  cRicHOH, "R
rt CHO
Major, Minor
a=aCHO
b =CHO

up to 87% yield
up to 97:3 dr
up t0 99% ee
Scheme 1.4: Secondary amine catalyzed Michael-Michael cascade reaction
A chiral secondary amine catalyzed highly enantioselective synthesis of functionalized
octahydro-6-oxo0-1-phenylnapthalene-2-carbaldehydes via domino Michael-Michael

technique has been developed by Liao and coworkers (Scheme 1.5).28

Ph
Ph
” OTMS
(20 mol%) Ay
0 ° oy OHC( A~ R
OHC AcOH (20 mol? -
/\/\/\f +Ar\/\CHO c (20 mo /02
R p-TsOH (2 equiv.), o
CH4CN, rt H

up to 86% yield
up to > 99% ee

Scheme 1.5: Secondary amine catalyzed domino Michael-Michael reaction
Jorgensen group developed enantio- and diastereoselective synthesis of substituted
cyclohexanones through an organocatalytic asymmetric cascade reaction between S-keto

esters and a, 8- unsaturated ketones (Scheme 1.6).%°

Me
N
i $anCO,H Q
Bn N R%.
9 o 10 mol% HO,,
2 _(—°L> ¥ 1
A SR coR EtOH, rt Ar Ar

CO,R
up to 85% yield
up to >97:3 dr
up to 99% ee

Scheme 1.6: Enantioselective synthesis of cyclohexanone
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CHAPTER 1

1.5.2. Domino reactions using bifunctional thiourea and squaramide catalysts:

In the past few years, bifunctional thiourea and squaramide catalysts were enormously
applied to perform different enantio- and diastereoselective domino or cascade reactions
for efficient syntheses of various highly functionalized carbocycles and heterocyclic

compounds.

In 2011 Barbas et al. demonstrated thiourea catalyzed domino Michael-aldol reaction for

the synthesis of bispirooxindoles with good stereoselectivities (Scheme 1.7).%°

o9 3
NH, "
N_ N,
1 e
/
(

]
y R® O s OMe N
oye SOaL TS
/ 10 mol%)
0 *R3 o) ,
N N CH,Cl,, rt [«
Bn Ac

up to 76% yield
up to >99:1 dr
up to 96% ee

Scheme 1.7: Thiourea mediated domino Michael-aldol reaction
A highly enantioselective cascade reaction for the synthesis of five membered
spirocarbocyclic oxindoles has been reported by Quintavalla group. Takemoto catalyst

was found to be the best catalyst to achieve high enantiomeric excess (Scheme 1.8).%!
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EtO,C
0N >N COE COEt
catalyst (10 mol%)
CH2C|2, rt \B CF
oc
3
EtO,C up to 73% yield
y/ up to 85:15 dr S
] up to 98% ee -
o HJ\H\
i3 oc OZN/\/\ catalyst N
CO,Et
catalyst (10 mol%) _
CH2C|2, rt

up to 52% yield
up to 90:10 dr
up to 99% ee

Scheme 1.8: Enantioselective synthesis spirocarbocyclic oxindoles
Enders group introduced squaramide catalyzed asymmetric synthesis  of
tetrahydronapthalenes via domino Michael/Henry reaction with good diastereo and

enantioselectivities (scheme 1.9).%

/—

5 §

? OH
» . Ar=35- (CFg, 2CeHs 1 NO,
27X NO; (5 mol%) ., R )
R CHCl,, -20 °C ‘R,
NO2 N02

up to 84% yield

up to >95:5dr

up to 94% ee
Scheme 1.9: Enantioselective synthesis tetrahydronapthalenes
Xu group reported a convenient route for the synthesis of highly substituted
terahydroquinolones via quinidine derived thiourea catalyzed domino Michael/aza-

Henry reaction strategy (Scheme 1.10).33
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OMe
Ny H
=

HN N 0
A
N H NO2
R Ar Ar = 3,5-(CF3)206H3 A
~_, + CH3NO, (20 mol%) R
N R N '/R1
toluene, rt H
up to 98% yield
up to 20:1 dr

up to 99% ee
Scheme 1.10: Synthesis of tetrahydroquinolones
An efficient approach for the enantioselective synthesis of spiro [pyrrolidine-3,3"-
oxindole] has been explored by Du and coworkers. Reaction proceeds through
squaramide catalyzed aza-Michael/Michael cascade reaction to provide the expected

products in good stereoselctivities (Scheme 1.11).%

A

N NH
N~
\ o) NH TSN
MK J Ar R 0,Cr.. o)
R2 / Ar = 3 5 CF3)2C6H3 W "’//U\R4
O+ TsHN N& (5mol%) 0
N N
h?’ CH2C|2, -10 °C ‘R3

up to 99% vyield

up to >99:1 dr

up to 99% ee
Scheme 1.11: Squaramide catalyzed aza-Michael/Michael cascade reaction
Mao et al. successfully applied domino oxa/aza-Michael Michael reaction technique for
the construction of substituted spiro [chroman-3,3"-oxindole] derivatives. Quinine
derived bifunctional squaramide catalyst was used to obtain the products with good

diastereo- and enantioselectivities (Scheme 1.12).°
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| X NH
N~
o} N\H\
R102C 5 Ar
y/ HO Ar = 3,5-(CF3),CgH3
) (5 mol%)
R O + R3 -
N\B 0N CH,Cl,, 0°C
oC

up to 80% yield
up to 13:1 dr
up to 94% ee

Scheme 1.12: Squaramide catalyzed domino oxa/aza-Michael Michael reaction

Recently, a highly enantioselective oxa-Michael-Michael cascade reaction protocol for
the construction of substituted chromans has been explored by Singh and coworkers.
Substituted chromans were obtained with high enantiomeric excess in the presence of a

cinchona alkaloid derived bifunctional thiourea catalyst (Scheme 1.13).%
H %
N "NH R?
JAr
o N~ S)\H 3

NNR Ar = 3,5-(CF3),CgH3 ~NO;
R’ . N R3/\/N02 (10mol%) R
OH o~ “R®

toluene, 50 °C ,
up to 95% yield
up to 5:1dr
up to >99% ee

Scheme 1.13: Enantioselective synthesis of chromans
Wang group reported chiral bifunctional thiourea mediated sulfa Michael-Michael
cascade reaction for the synthesis of highly functionalized thiochromans with excellent

enantio- and diastereoselectivities (Scheme 1.14).%7
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OMe%
H—&N

| A NH
N
CO,Et Z s NH CO,Et
| (2 mol%) Ar \NO,
Ar = 3,5-(CF3),CgH
+ 3)2LeM3
Xx_NO,
R/\/ >
SH toluene, rt S R
up to 99% yield
up to 30:1 dr

up to 99% ee
Scheme 1.14: Thiourea mediated synthesis of thiochromans
A chiral bifunctional squaramide catalyst induced enantioselective sulfa-Michael cascade
reaction between 1,4-dithiane-2,5-diol and chalcones for the construction of

tetrahydrothiophenes has been introduced by Xu and coworkers (Scheme 1.15).%8

OMe?~7
H—&N

| N NH
N~
(0] N\H
Ar
R2

(0]
OH (0] Ar=3 5-(CF3)2C6H3
S 4 ol HO o
HO):/\S( + Rzlk/\R1 (1 mol%) > g

toluene, 60 °C IR

up to 91% yield

up to >20:1 dr

up to 96% ee
Scheme 1.15: Squaramide catalyzed sulfa-Michael cascade reaction
1.6. Organocatalytic asymmetric Michael reaction leading to construction of
stereogenic quaternary centres:
Michael addition is widely recognized as one of the most general and versatile methods
for the construction of C-C bonds in organic synthesis. It is mainly the conjugate
addition of a carbanion or a nucleophile to o,-unsaturated compounds. Organocatalytic
asymmetric Michael reactions play a pivotal role for the synthesis of bioactive and

naturally occurring compounds.®® The first pioneering report on organocatalytic
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asymmetric Michael reaction was introduced by Wynberg group.3%® Later Connon and
Takemoto group individually reported thiourea catalyzed enantioselective conjugate
addition of malonates to nitroolefins.!2,*® Organocatalytic asymmetric Michael reactions
of trisubstituted carbonyl compounds to vinyl ketones and nitroolefins are powerful
approaches for the construction of valuable structural motifs having a quaternary
centre.*® A diverse range of carbonyl compounds such as oxindoles, 1,3-dicarbonyls,
malonates have been engaged to the Michael addition reaction with vinyl ketones and

nitroolefins.

Cheng and coworkers reported bifunctional thiourea catalyzed Michael addition of N-
Boc oxindoles with vinyl ketones for the construction of quaternary stereogenic centre
(Scheme 15).%

CF,

Ph S
Ph\;)\NJ\N CF4
R g H H

0 PN
20 mol%
N toluene, -60 °C

\

Boc

up to 99% yield
up to 85% ee

Scheme 1.16: Thiourea catalyzed Michael addition of N-Boc oxindoles

Very recently Enders group has explored bifunctional squaramide catalyzed Michael
addition for the desymmetrization of prochiral cyclopent-4-ene-1,3-diones with good
stereoselectivities. Substituted N-Boc oxindoles and prochiral cyclopent-4-ene-1,3-
diones were employed as the substrates and corresponding products were obtained with

two stereogenic quaternary centres (Scheme 1.17).42
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om?\7
H—&N

ST NH
NNZ
(@] N\H (e R1
Ar a1Me
o)
Ar Q. Ar = 3,5-(CF3),CgHs A
R %y ©
(10 mol%) N
R O + "’M > R O
N e CH20|2, rt N
\
Boc o Boc

up to 95% yield

up to >20:1 dr

up to 94% ee
Scheme 1.17: Squaramide catalyzed desymmetrization reaction
A highly enantio and diastereoselective Michael addition of nitrophosphonate to
nitroolefins has been demonstrated by Mukherjee and coworkers. Quinine derived

bifunctional thiourea catalyst furnished the product bearing adjacent quaternary and

OMe}J
H—&N

tertiary centres (Scheme 1.18).4

N NH
N
Z s)\rTJH
O (10 mol%) Ar n-Pent O
11 _OEt n-Pent Ar = 3.5-(C I _OEt
Me. _PZ r=3,5-(CF3),CeH3 O,N <
~oEt * JI/ > 2 SN M\OEt
NO, O,N PhCF3, -10 °C 2 e
up to 79% yield
up to 20:1 dr
up to >99 ee

Scheme 1.18: Thiourea catalyzed Michael reaction of nitrophosphonate
Chen et al. reported an enantioselective Michael addition of 3-substituted 2-oxindoles to
nitroolefins. A combination of bifunctional thiourea and benzoic acid catalyst was used

to achieve good stereoselectivities (Scheme 1.19).44
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N NH
N
= S&I\ITIH
CO,R! Ar
(10 mol%),
0+ R\/\N% PhCO,H (10 mol%)
N\ CH,Cl,, -70 °C

\
up to 99% yield
up to 95:5dr
up to 98% ee

Scheme 1.19: Enantioselective Michael addition of oxindoles

1.7. Organocatalytic asymmetric Mannich reaction leading to construction of

stereogenic quaternary centres:

Asymmetric Mannich reaction is one of the well-known C-C bond forming methods that
can be performed in enantio- and diastereoselective fashion. Nowadays, organocatalytic
asymmetric Mannich reaction® is a potent method for the synthesis of chiral -
aminocarbonyl compounds. Since the first report on organocatalytic asymmetric
Mannich reaction by Barbas group,”* tremendous efforts have been made by many
research groups for the development of enantioselective Mannich reactions. Deng and
coworkers delineated bifunctional thiourea mediated asymmetric Mannich reaction of
malonates and N-Boc imines.** A vast range of activated carbonyl compounds such as -
ketoesters, 1,3-dicarbonyls, oxindoles and malonate esters have been engaged in the
reaction providing valuable building blocks.*®

One of the earliest report on thiourea mediated enantioselective Mannich reaction was
introduced by Dixon and coworkers. Cinchona alkaloid derived bifunctional thiourea
catalyst was successfully employed for the direct Mannich reaction between cyclic -

keto esters and N-Boc imines (Scheme 1.20).%’
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Ar\ >L

o
N . HN
o )J\ (10 mol%) R
é/( NI 0 Ar = 3,5-(CF3),CeH3 U";OzMe
OMe + R)\ toluene, -78 °C

up to 97% yield
up to 20:1 dr
up to 87% ee

Scheme 1.20: Thiourea mediated enantioselective Mannich reaction

Yixin Lu group unfolded thiourea catalyzed asymmetric Mannich reaction of a-fluoro-g-
keto ester for the construction of amino carbonyl compounds having fluorinated
quaternary carbon stereocentre. A novel tryptophan derived bifunctional thiourea catalyst
was engaged in the reaction to achieve good enantio- and diastereoselectivities (Scheme

1.21).48
(10 mol%) O _20O
o 0 NBoc Ar = 3,5—(CF3)2C6H3 3 \\”\ PN
R * 111\ 7 ~J©
2 RY H toluene, -50 °C 1

R NHBoc
up to 96% yield

up to 19:1 dr

up to 96% ee
Scheme 1.21: Enantioselective Mannich reaction of a-fluoro-5-keto ester
A direct enantio and diastereoselective Mannich reaction for the synthesis of chiral g-
fluoroamines with adjacent quaternary carbon stereocentre via cooperative cation-anion

binding catalysis has been explored by Song group (Scheme 1.22).4°
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()40 )

(@]
(g L

OH HO

0 O . NHBoc
Y ! ' Y

NHBoc ©flj/'\Ar

(R)-1 (10 mol%)/ KF

Y -
(Xn

(X)n Ar~ "SOyPh o-xylene, 25-100 °C
X =-CHy- (n =0-2) up to 99% yield
X=0,S(n=1) up to >20:1 dr
Y =F, Cl, Br up to >99% ee

Scheme 1.22: Enantioselective Mannich reaction for the construction of quaternary centre

Very recently Kaur et al. reported a chiral squaramide catalyzed decarboxylative
Mannich reaction between p-keto acid and isatin derived N-Boc imines for the

generation of stereogenic quaternary centre (Scheme 21).%°

OMe?J
H—&N

N NH
N~
o] NH
Boc, Ar
N o]
R? /
O O (20 mol%)
O+ M Ar = 3,5-(CF3),CgHs
N\ HO R 1,4-dioxane, rt, N
R’ 4 AMs R’

up tp 91% yield
up to 98% ee

Scheme 1.23: Enantioselective decarboxylative Mannich reaction
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Chapter 2
Organocatalytic Asymmetric Synthesis of 2,4-

Disubstituted Imidazolidines via Domino Addition-aza-
Michael Reaction

Abstract: The first highly diastereo and enantioselective synthesis of 2,4-disubstituted
imidazolidines has been developed via a formal [3+2] cyclization reaction. Bidentate
aminomethyl enones and N-tosyl imines were used as the reaction partners in the
reaction. Bifunctional squaramide catalysts were found to be efficient for this reaction

and few transformations of the products have been demonstrated.

o N Ts catalyst R2 H ?5

Rzﬂ\/\/NHR1 )]\ (10mo|% 7]/\[ >—-R

* R H toluene rt | o NH
R'=Ts, Bs, 48 h N~ Ar
R2= A R=Ar, Ayl 57 examples up to 82 % vyield O%%NH
up to >20:1 dr
up to 92% ee o

Ar = 3,5-(CF3)2C6H3
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Organocatalytic Asymmetric Synthesis of 2,4-Disubstituted Imidazolidines

2.1. Introduction:

Chiral imidazolidine motifs are widely used in organic and bioorganic chemistry.
Molecules having chiral imidazolidine scaffolds are prevalent intermediates and
frequently found in many natural products and in a range of biologically active
compounds.! Besides, it has well- known application as synthetic reagents such as chiral
catalysts and ligands.? Imidazolidine moieties could introduce unique benefits to drug
discovery and thus have valuable applications in medicinal chemistry. Optically active
imidazolidines are important intermediates with board applications in organic synthesis.
Fumiquinazoline A and B | are natural alkaloids, compounds Il and Ill possess
antipyretic and anticonvulsant and aldose reductase inhibitory activities respectively?
(Figure 1). Apart from these, chiral imidazolidines are well known organocatalysts and

ligands to achieve various enantioselective transformations? (Figure 1).

CH,

N

Fumiquinazoline A and B | Antipyratic Il Anticonvulsant lll  Inhibiting aldose reductase
Me ',V'e Ph
Oy -N_ Me N /g
>< >,WCOZH Ph . l\ "IPh
N Me N S
Bn H Bn H
MacMillan's catalyst Jgrgenson's catalyst Pybldlne ligand

Figure 1: Biologically active compounds, organocatalysts and ligands containing chiral

imidazolidines scaffolds

Due to these impressive activities and significant applications, a number of scientists are
engaged in the synthesis of imidazolidines. Thus it is highly desirable to prepare chiral
imidazolidines in efficient ways. Representative strategies for the synthesis of
imidazolidines are 1,3-dipolar cycloaddition* of azomethine ylides and imines. Initially,

the enantioselective synthesis relied on the use of optically active starting materials such
25
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as chiral imines or chiral azomethine ylides.® Though few catalytic asymmetric

approaches have been documented,®° organocatalytic versions are still less.

2.2. Reported strategies for the synthesis of chiral imidazolidines:

Gong et al. first developed chiral phosphoric acid catalyzed three component reaction for
the synthesis of tetra-substituted imidazolidines. This is a simple methodology for the
preparation of substituted chiral imidazolidine moieties via Brensted acid catalyst

activation (Scheme 2.1).°6

CHO

>

CO,Et

T H,NT TCO,Et
NH,

Ar
),

(10 mol%)

N

7\
O OH

OC(CHzs)s l ! Ar

3, .

toluene, -10 °C

Ar = 2,4 6-('Pr)3CgH,

e L5
N

EtO,C H

up to 77% yield

up to 75:25 dr
up to 90%ee

Scheme 2.1: Phosphoric acid catalyzed enantioselective three component reaction

Tu and coworkers reported catalytic asymmetric homo-1,3-diploar cycloaddition of
azomethine ylides to obtain tetrasubstituted imidazolidines. SPINOL-derived chiral
phosphoric acid catalyst provided the best result with good enantio- and excellent

diastereoselectivities (Scheme 2.2).’

CHO
CO,Et
2 + 2 HoN
CO,Et

OH

G = 9-phenantrenyl
(10 mol%)

CHCl,, 40 °C,
4 AMS

up to 81% yield
up to 20:1 dr
up to 93%ee

Scheme 2.2: Phosphoric acid catalyzed cycloaddition for the synthesis of substituted

imidazolidines
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Cu(l)-catalyzed enantioselective exo-selective 1,3-dipolar cycloaddition  protocol
between azomethine ylides and imines has been explored by Wang group. Cu(l)/(S,Rp)-
PPFOMe catalyst afforded trans-2,4-imidazolidines with good selectivities (Scheme
2.3)8

HsCO
o]
2N cu(l)/ L \©\ CF, N
N"" CFs (3 mol%) N/g PPh, -
SN CO,Me  EtsN (15 mol%), /d\ +1CO,Me é/ “OMe

) N
Fe
Et,0, -20 °C H |
Cl - <®>
up to 90% yield L
up to 98:2 dr

up to 97% ee

Scheme 2.3: Cu (I)-catalyzed 1,3-dipolar cycloaddition for the preparation of chiral

imidazolidines

Very recently, Shi group has developed a catalytic enantioselective 1,3-dipolar
cycloaddition of azomethine ylides with isatin derived imines for the construction of
spiro[imidazolidine-2,3-oxindole]-motifs in a chemoselective fashion (Scheme 2.4).°

G
OO

N

P
ey
G 2
1 B . Ar
N—Ar G = 2,4,6-(-Pr)3CeH Arl CO,Et
) . COLEt (35 mol% N ’
e e e
R (o) + |
N CHO HoN™ "COzEt  toluene, 0°C, H o0aEt
\ N
R1 MgSO4 Rﬁ (0]
up to 76% yield
up to 95:5dr

up to 94% ee
Scheme 2.4: Catalytic enantioselective cycloaddition for the synthesis of spiro[imidazolidine-

2,3-oxindole]motifs
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2.3. Previous reports on domino aza-Michael reaction for the construction of

heterocyclic compounds:

Organocatalytic domino reactions are efficient methods for the synthesis of different
carbocycles, heterocycles, fused compounds and spiro compounds in a concerted way.
Organocatalytic enantioselective domino reaction is an elegant protocol for the
construction of different optically active complex molecules in a single operation. These
chiral molecules have potential biological activities and are prevalent moieties in many

natural products.

Organocatalytic asymmetric domino aza-Michael cyclization reaction! is one of the
well-known methodologies for the synthesis of different chiral N-containing heterocyclic
compounds, such as, isoxazolines, 1,2-oxazines, pyrrolidines, amino indanols in a simple
way. Due to such importance of domino aza-Michael reaction, recently many groups are

engaged for the development of different organocatalytic domino aza-Michael reactions.

For example, Cordova et al. reported an organocatalytic asymmetric synthesis of 1,2-
dihydroquinolines using 2-amino benzaldehydes and cinnamaldehydes as the reaction
partners. Diphenyl prolinol TMS ether catalyst was found to be the best catalyst for this
reaction and delivered the corresponding products with good vyields and high

[—>*~§Fh
N Ph

enantioselectivities. (Scheme 2.5)!2

H OTMS
(20 mol%)
benzoic acid
RﬁCHO R3 (20 mol%) R X CHO
+ \—— — |
R2 NH, CHo DMF, -25°C R2 H R3

up to 90% yield
up to 99% ee

Scheme 2.5: Organocatalytic asymmetric synthesis of 1,2-dihydroquinolines

In 2008, Wang and coworkers reported diphenylprolinol TMS ether catalyzed highly
enantionselective synthesis of substitituted pyrrolidines via domino aza-Michael addition
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strategy. The reaction outcome was very good and the products were isolated with high

enantio and diastereoselectivities (Scheme 2.6).:

(&Ph
N Ph

H OTMS COOEt
o R NaOAc (1.0 equiv) ~
fio AT CHO R
CHC|3, rt '\Il
Ts
up to 94% vyield
up to 30:1 dr

up to 99% ee

Scheme 2.6: Secondary amine catalyzed domino aza-Michael addition for the synthesis of

substituted pyrrolidines

Enders group demonstrated an enantioselective cascade reaction including Diels-
Alder/aza-Michael/Aldol condensation for the synthesis of tetracyclic pyridocarbazole
derivatives. Excellent enantio- and diastereoselectivities were obtained using diphenyl
prolinol TMS ether as the catalyst (Scheme 2.7).14

CHO  cHcl,, 1t

R"  cHO

up to 84% yield
up to 20:1 dr
up to 99% ee

Scheme 2.7: Enantioselective cascade reaction for the synthesis of tetracyclic pyridocarbazole

derivatives
Very recently Du et al. reported epi-hydroquinine squaramide catalyzed highly enantio
and diastereoselective synthesis of spiro[pyrrolidine-3,3"-oxindole]s. The reaction

proceeds through domino aza-Michael/Michael addition reaction (Scheme 2.8).%°
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| X NH
N~
0] N!—|
0) Ar
R? ©
o) . / Ar = 3,5-(CF3)2C6H3
R (5 mol%)
RAK/\/NHTS + 0
N\ CH,Cl,, -10 °C |
R3 R3
up to 99% yield
up to 99:1 dr

up to 99% ee

Scheme 2.8: Squaramide catalyzed domino addition for the synthesis of spiro[pyrrolidine-3,3’-

oxindole]s

2.4. Concept:

Chiral imidazolidines have wide spread application in bioorganic chemistry and also
used as chiral catalyst and ligands. Thus it is highly advisable to prepare different chiral
imidazolidine derivatives in a simple way. There are only few reports for the synthesis of
chiral imidazolidines, however catalytic asymmetric synthesis of 2,4-disubstituted
imidazolidines have never been reported. Realizing the significance of chiral
imidazolidines, here in we wish to report bifunctional thiourea and squaramide catalyzed
efficient protocol for the synthesis of 2,4-disubstituted imidazolidines. We used N-tosyl
amino methyl enone and tosyl imines as the substrates. Imines bond could be activated
by thiourea or squaramide moiety. Tertiary amine functionality of catalyst will
deprotonate the amino methyl enones and the corresponding addition followed by aza-

Michael reaction will afford the imidazolidine products (Scheme 2.9).

Ph H

Ts
o _Ts  Bifunctional catalyst ~ Ph N
N *
NHTs + I W/\E ) Ph
Ph)vv )\ O N\
Ts
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Chiral scaffold |« j [ O
2 N N Ph
R/ A (\
R™-N ;
\\\ \\ // @ TS

Scheme 2.9: Proposed route for the synthesis of chiral imidazolidines

2.5. Result and discussion:

Initially, the optimization of the reaction was started by performing a reaction between
N-tosyl aminomethyl enone 1a'® and (E)-N-benzylidine-4-methyl benzenesulfonamide
2a in presence of quinine derived bifunctional thiourea catalyst | in toluene solvent at
room temperature (Table 1). Pleasingly, the domino addition to the imine followed by
aza-Michael reaction proceeded smoothly to deliver the expected imidazolidine product.
After 48 hours the desired cis-2,4-disubstituted imidazolidine product 3a was isolated in
70% vyield with 10:1 diatereomeric ratio and 43% ee (entry 1). To improve the
enantioselectivity of desired product other bifunctional thiourea catalysts were employed
in the reaction. Cinchonidine derived thiourea catalyst Il provided the product 3a with
slight improvement in enantioselectivity and with similar diastereomeric ratio (entry 2).
Inferior results were obtained in case of quinidine and cinchonine derived thiourea
catalysts Il and IV in both cases enantioselectivities decreased though
diatereoselectivities remained same (entries 3-4). To enhance the enantio- and
diastereoselectivity for the product, different bifunctional squaramide catalysts were
engaged in the reaction (entries 5-7). Delightfully, in the case of quinine derived
squaramide catalyst V, both the diastereomeric ratio and enantiomeric excess got
improved. The product 3a was isolated in 75% yield with 16:1 diatesreomeric ratio and
70% ee (entry V). Enantioselectivity got enhanced to 77% in the presence of
cinchonidine derived squaramide catalyst VI (entry 6). Finally the enantioselectivity
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increased to 90% with cinchonidine derived catalyst VII having bis-

trifluoromethylphenyl moiety (entry 7).

Table 1. Catalyst screening

catalyst
o) ~Ts (10 mol%)

Ts
N
Ph)V\/NHTS Pl = ?)]/\[N}‘Ph

Ph H toluene, rt
48 h Ts

| ~ NH | S NH | ~ NH
NINZZ H N~ H NIRGZ H
o N o) N (@] N_
Ar
ﬁ [©¢ E (&4 ﬁ
Y CF3 Vi CF3 vil
Ar = 3,5-(CF3)206H3
entry? catalyst yield (%)° dre ee (%)
1 | 70 10:1 43
2 | 72 10:1 51
3 1 70 10:1 28
4 v 68 10:1 40
5 V 75 16:1 70
6 \V4| 79 16:1 77
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7 Vil 82 16:1 90

@Reaction conditions: 0.05mmol of 1a and 0.075 mmol 2a in 0.2 mL solvent using 10 mol% catalyst at
rt for 48 h. PIsolated yield after silica gel column chromatography. ‘Determined by *H NMR. 9Determined

by HPLC using stationary phase chiral column.

2.5.1. Solvent screening:

In order to improve the enantio- and diastereoselectivity of the product further, the
reaction was performed with catalyst VII in different solvents. Enantiomeric excess
decreased to 84% in MTBE solvent but diastereomeric ratio remain unchanged (Table 2,
entry 2). Then the effect of other ethereal solvents was investigated (entries 3-5).
Enantioselectivity did not improve in diisopropyl ether solvent (entry 3). In diethyl ether
solvent the product was obtained in 16:1 dr with 85% ee (entry 4). Enantiomeric excess
further got enhanced to 89% in diphenyl ether solvent (entry 5). Slightly lesser
enantioselectivity was obtained in dichloromethane solvent (entry 6). Trifluorotoluene
solvent delivered the product with decrease in enantiomeric excess. Thus toluene was the

best solvent (82% yield, 16:1 diastereomeric ratio and 90% ee).

Table 2. Solvent screening

o T catalyst H 7’\‘5
S 5
N~ 10 mol%)
Ph)J\/\/NHTS + >_-Ph
N~
O N\H
3 Ar

Ph H solvent rt
o)
Vi

48 h
Ar = 3,5-(CF3)2C6H3

/
zZ
T

1a 2a a

entry? solvent yield (%)° dre ee (%)¢
1 toluene 82 16:1 90
2 MTBE 79 16:1 84
3 diisopropyl 76 16:1 84
ether
4 diethyl ether 75 16:1 85
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5 diphenyl ether 80 16:1 89
6 CH:Cl2 78 16:1 88
7 PhCFs 79 16:1 86

@Reaction conditions: 0.05mmol of 1a and 0.075 mmol 2a in 0.2 mL solvent using 10 mol% catalyst at rt
for 48 h. Plsolated yield after silica gel column chromatography. ‘Determined by *H NMR. 9Determined

by HPLC using stationary phase chiral column.

2.5.2. Substrate scope:

After identifying the best optimized reaction conditions, the scope and generality of the
reaction was studied. Initially different tosyl imines 2 were prepared and engaged in the
reaction (Table 3). Delightfully, high enantioselectivities were achieved in most of the
cases excellent enantio and diastereoselectivities were maintained. A variety of electron
donating, electron withdrawing and electron neutral substitutions at the ortho-, meta- and
para- positions of the aryl groups were well tolerated. Initially different 4-alkyl
substituted N-tosyl imines were investigated in the reaction and the outcome was very
promising. Imine 2b having para-methyl substituent provided the desired product 3b in
79% yield with 18:1 diastereomeric ratio and 92% enantiomeric excess. 4-'pr Substituted
imine 2c afforded product 3c with good yield and with high enantio and diastereomeric
excess. The expected product was isolated with similar enantioselectivity from 4-tert-
butyl substituted imine 2d. Smooth conversion was achieved with 4-halosubstituted
imines and pleasingly, the products were isolated with excellent diastereo- and
enantioselectivities. To our delight, imine 2e bearing 4-F substituent provided product 3e
as a single diastereomer and with 90% enantiomeric excess. For 4-Cl and 4-Br
substituted imines the desired products 3f and 3g were obtained in high enantiomeric
excess and only single diastereomer was detected. Interestingly imines 2h and 2i having
electron withdrawing substituents responded well and delivered products 3h and 3i with
good diastereomeric ratios and high enantiomeric excesses. Then different meta
substituted imines were tested in the reaction and here also good results were maintained.
3-Methyl substituted imine 2j provided product 3j with 76% yield, 15:1 diastereomeric
ratio and 89% enantiomeric excess. Surprisingly, meta halo substituted imines delivered

products 3k, 3l and 3m as single diastereomer and enantioselectivity values were 90%,
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90% and 88% respectively. The reaction outcome remain unaltered for ortho substituted
imines 2n and 20 respectively and the products 3n and 3o were isolated with good

enantioselectivities.

Product 3p derived from 1-napthaldehyde derived imine 2p was isolated with acceptable
enantioselectivity. Interestingly, imines containing different aliphatic groups such as
cyclohexyl, n-propyl and n-butyl participated well in the reaction. However, the
enantioselectivities of the products 3g-3s slightly decreased.

Table 3. Scope of N-tosyl imines2b<d

o \-TS catalyst VI Ph 18
10 mol%) N
M A NHTs & i, 10 MO R
Ph R)\H toluene, g N>‘
48 h Ts
1a 2a 3a-s
Ts Ts Ts
/ ! /
Ph N>‘ Ph\[]/\EN Ph7]/\|:N |
Ph ><< >7Me >—< >—’Pr
0] o) o)
N N N

Ts Ts :I's

3a, 82%, 16:1 dr, 90% ee
Ts
/
H: >—tBu
O
%
Ts
3d, 72%, 15:1 dr, 91% ee
Ts
/
Br
(0] > < >
N
Ts
39, 78%, >20:1 dr, 85% ee
Ts CH3
/
Ph N
(0]
N
Ts

3j, 76%, 15:1 dr, 89% ee

3b, 79%, 18:1 dr, 92% ee

Ts
/
Ph\ﬂ/\EN
O
A
Ts

3e, 80%, >20:1 dr, 90% ee
Ts
/
H: >—CN
(0]
N
Ts
3h, 77%, 10:1 dr, 90% ee

Ts F
/
Ph N
(0]
N
Ts

3k, 80%, >20:1 dr, 90% ee

3c, 75%, 15:1 dr, 90% ee
Ts
/
>—< >—CI
O
bt
Ts
3f, 80%, >20:1 dr, 90% ee
Ts
/
H: >—NO
'e) 2
N
Ts
3i, 80%, 15:1 dr, 89% ee
Ts Cl
/
Ph N
(0]
N
Ts

31, 80%, >20:1 dr, 90% ee
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Ts Br T Ts E
Ph / S /S
0 ) < § 0 >% >
N o Ly b N
Ts Ts Ts

3m, 82%, >20:1 dr, 88% ee 3n, 70%, 17:1 dr, 87% ee 30, 80%, 15:1 dr, 87% ee
Ts Ts Ts
Ph N, Ph\”/\[Nf PhY\[“ Ph N
—~ ) )—CsHy 7]/\[ )—CaHo
mN () o by °oN °N
Ts Ts Ts Ts

3p, 72%, 15:1 dr, 84% ee 3q, 71%, 10:1 dr, 73% ee 3r, 75%, 15:1 dr, 79% ee 3s,72%, 15:1 dr, 80% ee

aReaction conditions: 0.1 mmol of 1a and 0.15 mmol 2 in 0.4 mL solvent using 10 mol% catalyst at rt for
48 h. Plsolated yield after silica gel column chromatography. ‘Determined by *H NMR. 9Determined by

HPLC using stationary phase chiral column.

The scope of the reaction was further extended by varying amino methyl enone motif.
Different amino methyl enones were prepared and examined under the optimized
reaction conditions (Table 4). For examples, enone having para-tolyl group delivered
product 3r in 81% vyield, 18:1 diastereomeric ratio and 91% enantiomeric excess. The
desired product 3s was isolated in 92% ee and excellent diastereomeric ratio 20:1 from
enone containing 4-anisyl group. Then different 4-halo substituted amino methyl enones
were introduced in the reaction. To our delight, 4-fluoro substituted enone provided
product 3t with excellent enantio and diastereoselectivity. Slight diminution in
enantioselectivity was observed for 4-chloro substituted product 3u. For 4-bromo
substituted enone the enantioselectivity of the product 3v was similar to that of the 4-
chloro substituted product 3u. Pleasingly, enone having biphenyl motif participated well
in the reaction and furnished product 3w in 79% yield, 15:1 diastereomeric and 91%
enantiomeric excess. Promising result was also obtained for 2-napthyl substituted enone.
Then the scope was further elaborated by changing the tosyl group of the amino methyl
enone to brosyl group and the reaction outcome was very satisfactory. The desired

product 3y was obtained with 15:1 diastereomeric ratio and 89% enantiomeric excess.
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Table 4. Scope of amino methyl enones?.¢d

Ts
;
0 NS C(?Ba'%itr}/ﬁ')' R N
A NHR?Z + | — 0 )—Ph
R Ph~ H toluene, N
48 h R?
1a 2 3r.y
Me MeO F. Cl
Ts Ts /Ts Ts
N N N N
o >—=Ph a >—Ph S >—=Ph 3 S=Ph
N N\ N N
TS lI's

3r, 81%, 18:1dr, 91% ee 3s, 80%, 20:1 dr, 92% ee 3t ,79%, 18:1dr, 91% ee 3u, 82%, 15:1 dr, 86% ee

it DA e A

3v, 81%, 15:1 dr, 86% ee 3w, 79%, 15:1dr, 91% ee  3x, 78%, 15:1 dr, 92% ee 3y, 60%, 15:1 dr, 89% ee

aReaction condition: 0.1 mmol of 1a and 0.15 mmol 2 in 0.4 mL solvent using 10 mol% catalyst at rt for
48 h. Plsolated yield after silica gel column chromatography. °Determined by *H NMR. 9Determined by
HPLC using stationary phase chiral column.

2.5.3. Synthetic transformation of 3a and 3s:

To demonstrate the synthetic usefulness of our methodology, few reactions were
performed with the chiral products. First the treatment of 3a with N-bromosuccinamide
in acetonitrile solvent at 60 °C provided monobrominated product 4 in 60% yield, 15:1 dr
and 88% enantiomeric excess. The relative structure was confirmed from 1D NOE. Then
Baeyer-Villiger oxidation on 3s was carried out with m-CPBA and the desired ester 5

was isolated with retention of both enantio and diastereoselectivity (Scheme 2.10).

Br
Ph N/TS NBS (12 equiv.),  pp s
p-TsOH (20 mol%) N
?)]/\[ )—Ph - o >—Ph
N CH4CN, 60 °C N
Ts :
3a, 82%, 16:1 dr, 90% ee 4,60%, 15:1 dr, 89% ee
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MeO
m-CPBA (2.5 equiv.),

Ts
) Na,HPO, (2.5 eq) /©/ 7{\[

N >—=Ph
>—=Ph

DCM, rt

o]
Ts
3s, 80%, 20:1 dr, 92% ee 5, 65%, 20:1 dr, 93% ee
Scheme 2.10: Synthetic transformations
2.5.4. Absolute configuration 3p:
The absolute structure of product 3p was determined to be (2S,4R) by X-ray
crystallography!’ and the configuration of other products are expected to be same by

X cae S
analogy. css/\w—fc-\mw e

C“J\ chw “cs c7 k‘\‘u\ﬂ C3

034 N \52/ A}H”\?‘CJSN" ,‘?‘"’/CA
TS 014(\93 /\ - 9°1 ‘35
Ph / o C?Acz 3 ;
N CISQ c12f; C11 C1047 ‘_; )
c21(( #-\_ con“ <C73)f_ s
c22 027
O N 016’ /ch 3’31\
\

C17 C|8

3p

2.5.5. Proposed mechanism:

Based on the absolute structure, a plausible transition state has been drawn, which
dictates a bifunctional mode of activation by the catalyst. Since the Re face of C=N bond
of 2a is blocked by the squaramide moiety, the addition of deprotonated 1la will take
place only from the Si face to provide intermediate A. Next the intermediate A undergo
aza-Michael addition from the Re face of the enone moiety to provide product 3a
(Scheme 2.11).

Scheme 2.11: Proposed mechanism
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2.6. Conclusion:

In conclusion, this report reveals the first catalytic asymmetric synthesis of 2,4-
disubstituted imidazolidines. This method depicts an unprecedented amine addition to
imines followed by aza-Michael reaction. This is an operationally simple and mild
procedure for the synthesis of chiral imidazolidines in good to high yields with high
diastereo and enantioselectivities. Also few derivatizations of the chiral products
including diastereoselctive bromination have been carried out. Thus our methodology
could be useful for the synthesis of natural products and bioactive compounds having

imidazolidine moieties.
2.7. Experimental section:
General information:

All commercial reagents were purchased with the highest purity grade. They were used
without further purification unless specified. All reactions were carried out in oven dried
glassware with magnetic stirring. Dichloromethane was distilled over CaH, under argon
and stored over 4A molecular sieves. All other solvents and reagents were purified
according to standard procedures. Organic solvents were dried over anhydrous Na>SO4
and concentrated in a rotary evaporator under reduced pressure. Reactions were
monitored by TLC on silica gel GF-254 using a combination of hexane and ethyl acetate
as eluents. For column chromatography silica gel (60-120 mesh size) was used.

'H NMR spectra were recorded on a 400 MHz, 500 MHz and 600 MHz spectrometer at
295 K in CDCl3; chemical shift values (6, ppm) were reported in the standard fashion
with reference to either tetramethylsilane (TMS) (6(H) 0.00 ppm) or CHCIlz (6(H) 7.26
ppm). ¥C NMR spectra were recorded on a 100 MHz, 125 MHz and 150 MHz
spectrometer at 298 K in CDCls; chemical shifts (6, ppm) were reported relative to
CHCIs (8(C) 77.23 ppm, central line of triplet. Multiplicities were given as: s (singlet), d
(doublet), t (triplet), g (quartet), m (multiplets), dd (doublet of doublets), dt (doublet of
triplets), and br (broad). Coupling constants (J) were recorded in Hertz (Hz).
Enantiomeric excesses were determined by HPLC analysis using Dionex (Ultimate
3000) instrument with chiral columns in comparison with authentic racemic compounds.

High resolution mass spectra (HRMS) were recorded in Q-TOF using electron spray
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ionization (ESI) technique. IR spectra were recorded on Perkin Elmer Instrument at
normal temperature by making KBr pellet and grinding the sample with KBr (IR Grade).
Melting points were measured with a Mel-Tem capillary melting point apparatus.

Single crystal X-ray data were collected using Bruker SMART APEXIlI CCD
diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation (A =
0.71073 A) at 298(2) K and the structure was solved by direct methods using SHELXS-
2014 (Géttingen, Germany) and refined with full-matrix least-squares on F? using
SHELXL-2014.

A. General procedure for the synthesis of tosyl imines 2a-2s:

Tosyl imines were prepared following literature procedures.*®

B. General procedure for the synthesis of amino methyl enones la-1i:

Amino methyl enones were prepared according to the reported procedure.®

C. General procedure for the preparation of thiourea and squaramide catalysts (I-
VII):

Thiourea catalysts (I-1V) were prepared according to the reported procedure.®
Squaramide catalyst was prepared according to the reported procedure.?

D. General procedure for the synthesis of chiral imidazolidines:

Under argon atmosphere, compound N-tosyl aminomethyl enone 1 (0.05 mmol), tosyl
imines 2 (0.075 mmol) and catalyst V11 (10 mol %) were added in a round bottom flask
and toluene 0.2 mL was added to it. Then the reaction mixture stirred at room
temperature under argon atmosphere for 48 hours. After the reaction was completed as
monitored by TLC. The product was purified by column chromatography using 13-15 %
ethyl acetate in hexane as eluent.

E. General procedure for the synthesis of compound 4:

To a solution of 3a (0.1 mmol) in 0.4 mL CH3CN was added N-bromosuccinimide (NBS,
0.12 mmol) and p-toluenesulfonic acid (p-TsOH, 0.02 mmol). The reaction mixture was
stirred at 60 °C for 4 hours. Then the reaction mixture was diluted with ether, washed
successively with H20, saturated NaHCO3 solution, brine, dried over anhydrous Na>SO4
and evaporated under reduced pressure. The crude product was purified by column

chromatography using 12% ethyl acetate in hexane.
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F. General procedure for the synthesis of compound 5:

To a solution of 3s (0.1 mmol) in CH2Cl, (4 mL), was added disodium hydrogen
phosphate (0.25 mmol) and m-CPBA (0.25 mmol). The reaction mixture was stirred at
room temperature for 6 hours. The mixture was poured into water (2 mL) and saturated
sodium hydrogen carbonate (2 mL), the organic layer was separated and the aqueous
layer was extracted with CH2Cl, twice. The combined organic layers were dried over
Na>SOs and evaporated. The crude product was purified by column chromatography

using 15% ethyl acetate in hexane.

Crystal structure of compound 2-((2S,4R)-2-(41aphthalene-1-yl)-1,3
ditosylimidazolidin-4-yl)-1-phenylethanone 3p

5
& /'{/
& Gl ~C2
e 04 y HC3
T 7 . Cc8 C7 )
;S Nszfa—A0; e
U \Uca
N by YO
50 c24cg5(\hcza
o) C15(3] fon £ (;104)3__@_\
N ? Hi a3y A/ C26
Ll_ NT\ \
S c16) P
3p c19 (’% sy
NA® 02
c17 €18

Empirical formula C35H32N20582
Formula weight 623.74

CCDC Number 1581446

Crystal habit, colour Needle, White
Crystal size, mm? 0.16 x 0.10 x 0.08
Temperature, T 293(2)
Wavelength, A(A) 0.71073

Crystal system orthorhombic
Space group P 212121

Unit cell dimensions

a = 8.2494(10)A
b=13.4963(14)A

¢ =27.994(4)A
a=90.00°, = 90.00°

7=90.00°
Volume, ¥ (A3) 3116.8(7)
Z 4
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Calculated density, Mg-m

Absorption coefficient,

p (mm™)

F(000)

O range for data collection
Limiting indices
Reflection collected/unique

Completeness to 6
Max. and min. transmission

Refinement method

Data/restraints/parameters

Goodness—of—fit on F>
Final R indices [/>2sigma(/)]

1.329
0.217

1308.0
2.89 to 25.00°

-8<h<9,-16<k<15,-33<1<31

11414/5461[R(int)=0.1085]

99.8% (6= 25.00°)
0.613/0.418

‘SHELXL-97(Sheldrick, 1997)’
2816/0/217

1.074
R1=0.1019, wR2 =0.1368

R indices (all data) R1=0.2380, wR2 =0.1818
Largest diff. peak and hole 0.50and -0.31e-A-3
Flack parameters 0.11
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2.9. Characterization Data of Products:
1-phenyl-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3a):
This compound was prepared according to the general
MTS procedure D. White sticky solid (44.8 mg, yield: 82%):
o ﬂ Diastereomeric ratio: 16:1; H NMR (600 MHz,
Ts CDClsz): 6 7.84 (d, J = 7.2 Hz, 2H), 7.77 (d, J = 8.3 Hz,
2H), 7.60 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 7.4 Hz, 1H), 7.53 (d, J = 7.3 Hz, 2H), 7.44 (t, J
= 7.8 Hz, 2H), 7.37 — 7.32 (m, 5H), 7.25 (d, J = 8.2 Hz, 2H), 6.60 (s, 1H), 4.29 (dt, J =
17.7, 8.9 Hz, 1H), 4.02 — 3.95 (m, 2H), 3.03 — 2.98 (m, 1H), 2.93 (dd, J = 12.1, 7.3 Hz,
1H), 2.46 (s, 3H), 2.42 (s, 3H), 2.31 (s, 1H), 2.26 (s, 1H); *C NMR (100 MHz,
CDClz):6 197.7, 144.7, 144.3, 139.2, 136.1, 135.5, 133.9, 133.9, 130.2, 130.0, 128.9,
128.7, 128.7, 128.5, 128.2, 127.9, 127.1, 76.1, 56.6, 52.3, 45.0, 21.9, 21.8; FT-IR (thin
film): 1678, 1601, 1568, 1452, 1352, 1215, 1161, 1088, 766 cm™*; HRMS (+ESI): Calc
for Cs1H31N20sS; [M+H]" 575.1669; found: 575.1676; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 13.7 mMin, zminor = 19.0 min); Enantiomeric
excess: 90%.
1-phenyl-2-((2S,4R)-2-(p-tolyl)-1,3-ditosylimidazolidin-4-yl)ethanone (3b )

This compound was prepared according to the
Ts

/
o S?—@—CHs yield: 85%); Diastereomeric ratio: 18:1; 'H NMR

s (600 MHz, CDCls): 6 7.85 (d, J = 7.4 Hz, 2H),

7.75(d, J =8.2 Hz, 2H), 7.58 (dd, J = 12.0, 7.8 Hz, 3H), 7.45 (t, J = 7.7 Hz, 2H), 7.41 (d,
J=8.0 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 7.16 (d, J = 7.9 Hz,
2H), 6.53 (s, 1H), 4.32 — 4.23 (m, 1H), 4.02 — 3.91 (m, 2H), 3.03 (dd, J = 17.9, 10.5 Hz,
1H), 2.94 (dd, J = 12.0, 7.2 Hz, 1H), 2.46 (s, 3H), 2.42 (s, 3H), 2.35 (s, 3H), 2.33 (s, 1H),
2.28 (s, 1H), 2.26 (s, 1H); *C NMR (100 MHz, CDCls): 6 197.7, 144.6, 144.3, 138.6,
136.3, 136.1, 135.5, 134.0, 133.9, 130.2, 129.9, 129.4, 128.9, 128.5, 128.2, 127.9, 127.0,
76.1, 56.6, 52.3, 45.0, 21.9, 21.8, 21.3; FT-IR (thin film): 1675, 1601, 1566, 1450,
1352, 1216, 1161, 1088, 805 cm™; HRMS (+ESI): Calc for Cs2H33N20sS; [M+H]*
589.1825; found: 589.1826; The enantiomeric ratio was determined by HPLC analysis

general procedure D. White sticky solid (46.5 mg,
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using Daicel Chiralpak 1A column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tmajor= 13.9 mMin, zminor = 23.0 min); Enantiomeric excess: 92%.

2-((2S,4R)-2-(4-isopropylphenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3c)

Ph Ts This compound was prepared according to the general
mN@,Pr procedure D. White sticky solid (46.2 mg, yield: 85%);
NT Diastereomeric ratio: 15:1; H NMR (600 MHz,

S

CDClIz): 6 7.86 (d, J = 7.4 Hz, 2H), 7.76 (d, J = 8.2 Hz,
2H), 7.57 (t, J = 7.5 Hz, 3H), 7.44 (dd, J = 18.0, 8.0 Hz, 4H), 7.34 (d, J = 8.1 Hz, 2H),
7.23 (d, J =8.1 Hz, 2H), 7.20 (d, J = 8.1 Hz, 2H), 6.55 (s, 1H), 4.34 — 4.23 (m, 1H), 4.03
—3.96 (m, 2H), 3.04 (dd, J = 17.9, 10.4 Hz, 1H), 2.93 (ddd, J = 20.7, 12.9, 7.1 Hz, 2H),
2.46 (s, 3H), 2.41 (s, 3H), 1.25 (d, J = 7.0 Hz, 6H); 13C NMR (125 MHz,CDCls): &
197.7, 149.5, 144.6, 144.2, 136.5, 136.2, 135.6, 134.0, 133.9, 130.2, 129.9, 128.9, 128.5,
128.3, 127.9, 127.1, 126.8, 76.1, 56.6, 52.3, 45.0, 34.0, 24.2, 24.2, 21.9, 21.8; FT-IR
(thin film): 1683, 1600, 1569, 1457, 1353, 1215, 1161, 789 cm™; HRMS (+APCI):
Calc for CasH37N20sS; [M+H]* 617.2138; found: 617.2139; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 10.1 min, zminor = 14.8 min); Enantiomeric

excess: 90%.

2-((2S,4R)-2-(4-(tert-butyl)phenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3d)

Ph Ts This compound was prepared according to the general
mN@tBu procedure D. White sticky solid (45.4 mg, vield: 72%);
N\T Diastereomeric ratio: 15:1; 'H NMR (600 MHz,

S

CDCla): & 7.87 (d, J = 7.3 Hz, 2H), 7.76 (d, J = 8.2 Hz,
2H), 7.60 — 7.54 (m, 3H), 7.44 (dd, J = 17.0, 8.2 Hz, 4H), 7.37 — 7.32 (m, 4H), 7.22 (d, J
= 8.1 Hz, 2H), 6.55 (s, 1H), 4.32 — 4.23 (m, 1H), 4.01 (ddd, J = 8.9, 7.4, 4.7 Hz, 2H),
3.05 (dd, J = 17.9, 10.4 Hz, 1H), 2.94 (dd, J = 12.1, 7.4 Hz, 1H), 2.46 (s, 3H), 2.41 (s,
3H), 2.28 (s, 1H), 2.24 (s, 1H), 1.32 (s, 9H); 3C NMR (125 MHz, CDCls): § 197.8,
151.7, 144.6, 144.2, 136.2, 136.1, 135.7, 134.0, 133.9, 130.2, 129.9, 128.9, 128.6, 128.3,
127.9, 126.8, 125.6, 76.1, 56.6, 52.3, 45.1, 34.8, 31.5, 21.9, 21.8; FT-IR (thin film):
1680, 1600, 1567, 1457, 1352, 1216, 1161, 1089, 789 cm’; HRMS (+ESI): Calc for
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CasH3oN205S, [M+H]" 631.2295; found: 631.2295; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 9.2 MiN, zminor = 12.11 min); Enantiomeric
excess: 91%.

2-((2S,4R)-2-(4-fluorophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3e)
Ts This compound was prepared according to the general
Z;/\EN: C - procedure D. White sticky solid (47.4 mg, yield: 80%);
Diastereomeric ratio:> 20:1; ‘H NMR (600 MHz,
CDClgs): 6 7.85 (d, J = 7.2 Hz, 2H), 7.74 (d, J = 8.2 Hz,
2H), 7.58 (d, J = 8.3 Hz, 3H), 7.52 (dd, J = 8.5, 5.3 Hz, 2H), 7.46 (t, J = 7.8 Hz, 2H),
7.34 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 7.7 Hz, 2H), 7.04 (t, J = 8.6 Hz, 2H), 6.52 (s, 1H),
4.33 - 4.22 (m, 1H), 4.00 — 3.91 (m, 2H), 3.01 (dd, J = 17.9, 10.4 Hz, 1H), 2.95 (dd, J =
12.1, 7.1 Hz, 1H), 2.47 (s, 3H), 2.43 (s, 3H); ¥*C NMR (100 MHz, CDCls): & 197.6,
163.0 (d, J = 246 Hz), 144.9, 144.5, 136.0, 135.2, 135.1, 134.0, 133.7, 130.2, 130.0,
129.0, 129.0, 128.5, 128.2, 127.9, 115.7, 115.5, 75.6, 56.6, 52.3, 44.9, 21.9, 21.8; FT-IR
(thin film): 1682, 1601, 1565, 1463, 1377, 1225, 1162, 1088, 792 cm'; HRMS (+ESI):
Calc for C31H30FN20sS, [M+H]* 593.1575; found: 593.1572; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 13.3 min, zminor = 20.9 min); Enantiomeric

excess: 90%.

2-((2S,4R)-2-(4-chlorophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3f)

Ph Ts This compound was prepared according to the general
Z]/\[N><©7C| procedure D. White sticky solid (48.7 mg, yield: 80%);
N\T Diastereomeric ratio: > 20:1; 'H NMR (600 MHz,

S

CDCla): 8 7.85 (d, J = 7.3 Hz, 2H), 7.74 (d, J = 8.2 Hz,
2H), 7.58 (d, J = 8.2 Hz, 3H), 7.46 (dd, J = 17.6, 8.1 Hz, 4H), 7.33 (dd, J = 10.9, 8.4 Hz,
4H), 7.25 (d, J = 6.8 Hz, 2H), 6.50 (s, 1H), 4.31 — 4.23 (m, 1H), 3.98 — 3.92 (m, 2H),
3.00 (dd, J = 17.9, 10.4 Hz, 1H), 2.93 (dd, J = 12.1, 7.1 Hz, 1H), 2.46 (s, 3H), 2.43 (s,
3H); 3C NMR (125 MHz, CDCls): & 197.6, 144.9, 144.6, 137.9, 136.1, 135.3, 134.8,
134.0, 133.7, 130.3, 130.1, 129.0, 128.9, 128.6, 128.5, 128.2, 127.9, 75.6, 56.7, 52.3,
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44.9, 21.9, 21.8; FT-IR (thin film): 1680, 1601, 1566, 1461, 1356, 1215, 1160, 791 cm"
1 HRMS (+ESI): Calc for C31H30CIN20sS; [M+H]* 609.1279; found: 609.1277; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 13.7 Min, Zminor = 23.9

min); Enantiomeric excess: 90%.

2-((2S,4S)-2-(4-bromophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3g)

Ph Ts This compound was prepared according to the general
Z}/\EN >—@m procedure D. White sticky solid (5.09 mg, yield: 78%):;
N\T Diastereomeric ratio:> 20:1; 'H NMR (600 MHz,

S

CDCls): & 7.85 (d, J = 7.4 Hz, 2H), 7.74 (d, J = 8.2 Hz,
2H), 7.58 (d, J = 8.3 Hz, 3H), 7.46 (dd, J = 16.5, 8.2 Hz, 4H), 7.41 (d, J = 8.4 Hz, 2H),
7.34 (d, J =8.1 Hz, 2H), 7.25 (d, J = 7.0 Hz, 2H), 6.48 (s, 1H), 4.30 — 4.22 (m, 1H), 3.99
—3.90 (m, 2H), 3.00 (dd, J = 17.9, 10.4 Hz, 1H), 2.93 (dd, J = 12.0, 7.1 Hz, 1H), 2.47 (s,
3H), 2.43 (s, 3H); 3C NMR (100 MHz, CDCIl3): 3 197.6, 144.9, 144.6, 138.5, 136.1,
135.3, 134.0, 133.7, 131.9, 130.3, 130.1, 129.0, 128.9, 128.5, 128.3, 127.9, 123.0, 75.6,
56.7, 52.4, 44.9, 21.9, 21.8; FT-IR (thin film): 1679, 1598, 1569, 1448, 1346, 1213,
1162; 1092, 792 cm; HRMS (+ESI): Calc for CsiHzoBrN2OsS, [M+H]*653.0774;
found: 653.0776; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 14.2
min, Tminor = 26.0 Min); Enantiomeric excess: 85%.
4-((2S,4R)-4-(2-0x0-2-phenylethyl)-1,3-ditosylimidazolidin-2-yl)benzonitrile (3h)

Ts This compound was prepared according to the general
?)]/\EN@—CN procedure D. White sticky solid (46.1 mg, yield: 77%);
\ Diastereomeric ratio: 10:1; 'H NMR (600 MHz,

CDCls): & 7.84 (d, J = 7.4 Hz, 2H), 7.74 (d, J = 8.2 Hz,
2H), 7.70 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.2 Hz, 3H), 7.46 (t, J
= 7.8 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 6.54 (s, 1H), 4.29 -
4.23 (m, 1H), 3.98 — 3.93 (m, 2H), 2.95 (ddd, J = 19.3, 15.0, 8.8 Hz, 2H), 2.47 (s, 3H),
2.44 (s, 3H); 3C NMR (125 MHz, CDCls): § 197.4, 145.2, 144.9, 144.7, 136.0, 134.9,
134.1, 133.4, 132.6, 130.4, 130.2, 129.0, 128.6, 128.2, 128.0, 127.9, 118.7, 112.8, 75.4,
56.8, 52.5, 44.8, 22.0, 21.9; FT-IR (thin film): 2230, 1678, 1599, 1567, 1453, 1351,
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1303, 1214, 1160, 1093, 802 cm?; HRMS (+ESI): Calc for Cs2H3oN3OsS;
[M+H]*600.1621; found: 600.1621; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IA column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25

°C, 254 nm, tmajor= 22.7 MiN, tminor = 55.4 min); Enantiomeric excess: 90%.

2-((2S,4S)-2-(4-nitrophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3i)

o Ts This compound was prepared according to the general
\N/\EN>—©7NO procedure D. White sticky solid (49.5 mg, yield: 80%);
O 2
N Diastereomeric ratio: 15:1; 'H NMR (600 MHz,
Ts

CDCls): 6 8.22 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 7.3 Hz,
2H), 7.76 (t, J = 8.3 Hz, 4H), 7.59 (dd, J = 10.2, 7.9 Hz, 3H), 7.46 (t, J = 7.8 Hz, 2H),
7.36 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 6.56 (s, 1H), 4.29-4.25 (m, 1H), 3.99 —
3.92 (m, 2H), 3.01-2.92 (m, 2H), 2.47 (s, 3H), 2.44 (s, 3H), 2.33 (s, 1H), 2.24 (s, 1H);
13C NMR (125 MHz, CDCls): § 197.4, 148.3, 146.5, 145.2, 144.9, 136.0, 134.9, 134.1,
133.3,130.4, 130.2, 129.0, 128.6, 128.3, 128.2, 128.0, 124.0, 75.3, 56.9, 52.5, 44.8, 22.0,
21.9; FT-IR (thin film): 1678, 1601, 1570, 1525, 1450, 1348, 1213, 1162, 1091, 790
cm™; HRMS (+ESI): Calc for C31H3oN307S2 [M+H]620.1520; found: 620.1521; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 23.9 MiN, Zminor = 68.11

min); Enantiomeric excess: 89%.

1-phenyl-2-((2S,4R)-2-(m-tolyl)-1,3-ditosylimidazolidin-4-yl)ethanone (3j)

oh Ts CH, This compound was prepared according to the general
\[]/\[N@ procedure D. White sticky solid (44.7 mg, yield: 76%);
o]
N Diastereomeric ratio: 15:1; H NMR (600 MHz, CDCls):
Ts

5 7.85 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.58
(dd, J = 14.1, 7.8 Hz, 3H), 7.45 (t, J = 7.7 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 7.30 (d, J =
7.7 Hz, 1H), 7.27 — 7.20 (m, 4H), 7.12 (d, J = 7.5 Hz, 1H), 6.55 (s, 1H), 4.32 — 4.24 (m,
1H), 3.99 (ddd, J = 21.1, 14.9, 5.3 Hz, 2H), 3.01 (dd, J = 17.9, 10.4 Hz, 1H), 2.95 (dd, J
= 12.0, 7.3 Hz, 1H), 2.46 (s, 3H), 2.42 (s, 3H), 2.31 (s, 3H); 3C NMR (100 MHz,
CDCls): 8 197.7, 144.7, 144.3, 139.1, 138.4, 136.1, 135.7, 134.0, 133.9, 130.2, 129.9,
129.5, 128.9, 128.6, 128.5, 128.2, 127.9, 127.7, 124.1, 76.2, 56.7, 52.2, 45.0, 21.9, 21.8,
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21.7; FT-IR (thin film): 1678, 1602, 1566, 1450, 1350, 1216, 1160, 1089, 785 cm™;
HRMS (+ESI): Calc for CsH3sN20sS, [M+H]* 589.1825; found: 589.1827; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 12.2 min, tminor = 15.9

min); Enantiomeric excess: 89%.

2-((2S,4R)-2-(3-fluorophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3k)
Ts g This compound was prepared according to the general
Ph\ﬁ/\EN/@ procedure D. White sticky solid (47.4 mg, yield: 80%);
° Diastereomeric ratio:>20:1; '*H NMR (600 MHz, CDClz): 8
7.78 (d, J = 7.3 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.51 (dd, J =
13.7, 7.8 Hz, 3H), 7.38 (t, J = 7.8 Hz, 3H), 7.32 (s, 1H), 7.28 (d, J = 8.1 Hz, 2H), 7.24 —
7.20 (m, 2H), 7.19 (d, J = 8.1 Hz, 2H), 4.24 — 4.15 (m, J = 10.4, 7.3, 3.7 Hz, 1H), 3.97 -
3.86 (m, J=21.1, 15.0, 5.3 Hz, 2H), 2.93 (dd, J = 17.9, 10.4 Hz, 1H), 2.86 (dd, J = 12.1,
7.3 Hz, 1H), 2.39 (s, 3H), 2.35 (s, 3H); 3*C NMR (100 MHz, CDCls): & 197.4, 162.8 (
d, J = 245 Hz), 144.7, 144.4, 141.9 (d, J = 6 Hz), 135.9, 135.2, 133.8, 133.5, 130.2,
130.1, 130.1, 129.9, 128.8, 128.4, 128.1, 127.7, 122.6, 122.6, 115.7, 115.5, 114.2, 114.0,
75.3, 56.5, 52.2, 44.7, 21.7, 21.6; FT-IR (thin film): 1678, 1601, 1566, 1450, 1353,
1214, 1160, 1089, 789 cm™*; HRMS (+ESI): Calc for C31H30FN20sS; [M+H]* 593.1575;
found: 593.1576; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor= 12.2

min, zminor = 15.9 min); Enantiomeric excess: 90%.

2-((2S,4R)-2-(3-chlorophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3I)

Ph Ts Ccl  This compound was prepared according to the general
Z/\EN@ procedure D. White sticky solid (49.9 mg, yield: 80%);
N\T Diastereomeric ratio:>20:1; *H NMR (600 MHz, CDCls):

S

§7.88 (d,J =7.3Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.63 (t, J
= 6.7 Hz, 2H), 7.60 (d, J = 7.4 Hz, 1H), 7.48 (t, J = 7.8 Hz, 2H), 7.41 — 7.33 (m, 4H),
7.29 (d, J = 8.1 Hz, 2H), 7.25 (d, J = 9.8 Hz, 1H), 7.05 (t, J = 7.7 Hz, 1H), 6.58 (s, 1H),
4.33 — 4.26 (m, 1H), 4.07 — 3.97 (m, 2H), 3.03 (dd, J = 18.0, 10.4 Hz, 1H), 2.94 (dd, J =
12.2, 7.3 Hz, 1H), 2.49 (s, 3H), 2.45 (s, 3H), 2.36 (s, 1H), 2.29 (s, 1H); 13C NMR (100
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MHz, CDCls): 6 197.5, 144.9, 144.6, 141.4, 136.0, 135.2, 134.7, 134.0, 133.6, 130.3,
130.1, 130.0, 128.9, 128.5, 128.2, 127.8, 127.2, 125.5, 75.5, 56.7, 52.3, 44.8, 22.0, 21.8;
FT-IR (thin film): 1679, 1600, 1567, 1451, 1353, 1248, 1162, 1088, 788 cm™*; HRMS
(+ESI): Calc for C31H30CIN205S, [M+H]"609.1279; found: 609.1271; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmaor= 12.6 mMin, tminor= 15.9 min);

Enantiomeric excess: 90%.

2-((2S,4R)-2-(3-bromophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3m)

Ph Ts Br This compound was prepared according to the general
\IO]/\EN procedure D. White sticky solid (53.5 mg, vyield: 82%);
N\T Diastereomeric ratio: >20:1; *H NMR (600 MHz, CDCl3):

S

5788 (d,J=7.3Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.61 (dd,
J=11.7, 79 Hz, 3H), 7.56 — 7.51 (m, 2H), 7.47 (dd, J = 13.8, 6.0 Hz, 3H), 7.38 (d, J =
8.1 Hz, 2H), 7.30 — 7.24 (m, 3H), 6.52 (s, 1H), 4.35 — 4.26 (m, 1H), 4.02 (ddd, J = 21.1,
15.0, 5.3 Hz, 2H), 3.03 (dd, J = 17.9, 10.4 Hz, 1H), 2.96 (dd, J = 12.1, 7.2 Hz, 1H), 2.49
(s, 3H), 2.45 (s, 3H); *C NMR (100 MHz, CDCls): § 197.5, 145.0, 144.6, 142.0, 136.0,
135.3, 134.0, 133.6, 131.9, 130.3, 130.2, 130.1, 130.0, 129.0, 128.5, 128.2, 127.8, 126.0,
122.8, 75.5, 56.8, 52.3, 44.8, 21.9, 21.8; FT-IR (thin film): 1678, 1600, 1567, 1449,
1352, 1161, 1090, 789 cm?; HRMS (+ESI): Calc for CziH3oBrN20sS; [M+H]*
653.0774; found: 653.0775; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tmajor = 20.9 MIN, Tminor = 22.2 Min); Enantiomeric excess: 88%.

1-phenyl-2-((2S,4R)-2-(o-tolyl)-1,3-ditosylimidazolidin-4-yl)ethanone (3n)

Ts This compound was prepared according to the general
Phw/\[’“/@ procedure D. White sticky solid (412 mg, yield: 70%);
© Diastereomeric ratio: 17:1; 'H NMR (600 MHz, CDCls): §
7.98 - 7.93 (m, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.61 (t, J = 7.4
Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.43 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.24
(d, J=7.7 Hz, 1H), 7.19 (t, J = 7.3 Hz, 1H), 7.15 (dd, J = 12.9, 7.7 Hz, 3H), 7.05 (t, J =

7.2 Hz, 1H), 6.59 (s, 1H), 4.29 — 4.23 (m, 1H), 4.20 (dd, J = 17.6, 3.1 Hz, 1H), 4.07 (dd,
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J =120, 7.1 Hz, 1H), 3.26 (dd, J = 17.6, 10.3 Hz, 1H), 3.13 (dd, J = 12.0, 7.8 Hz, 1H),
2.64 (s, 3H), 2.45 (s, 3H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCIls): 8 197.6, 144.6,
144.1, 137.1, 137.0, 136.2, 135.1, 134.0, 133.9, 131.3, 130.1, 129.8, 129.0, 128.9, 128.3,
128.2, 127.7, 127.6, 126.1, 74.1, 56.2, 52.4, 44.3, 21.9, 21.7, 19.8; FT-IR (thin film):
1678, 1601, 1566, 1450, 1349, 1216, 1159, 1088, 792 cm™*; HRMS (+ESI): Calc for
Ca2H33N205S, [M+H]" 589.1825; found: 589.1828; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IA column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 16.0 Min, zminor = 19.2 min); Enantiomeric

excess: 87%.

2-((2S,4R)-2-(2-fluorophenyl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (30)

Ph Ts R This compound was prepared according to the general
\[O]/\EN>_© procedure D. White sticky solid (47.3 mg, yield: 80%);
N\T Diastereomeric ratio: 15:1; *H NMR (600 MHz, CDCls): &

S

7.96 (d, J = 7.1 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.61 (t, J =
7.4 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H), 7.52 — 7.46 (m, 4H), 7.29 (d, J = 8.0 Hz, 2H), 7.18
(d, J =8.0 Hz, 3H), 7.03 — 6.97 (m, 1H), 6.23 (s, 1H), 4.31 — 4.23 (m, 1H), 4.08 (dd, J =
17.9, 3.0 Hz, 1H), 3.76 (dd, J = 11.1, 7.3 Hz, 1H), 3.41 (dd, J = 17.9, 10.4 Hz, 1H), 3.23
(dd, J = 11.3, 6.4 Hz, 1H), 2.44 (s, 3H), 2.40 (s, 3H); 3C NMR (150 MHz, CDCls): &
197.8, 160.7 (d, J = 249 Hz), 144.7, 144.2, 136.2, 134.0, 133.9, 133.2, 131.0, 130.9,
130.2, 129.7, 129.0, 128.3, 128.0, 126.6 (d, J = 3 Hz), 124.3 (d, J = 4.5 Hz), 116.2,
116.0, 72.7, 56.3, 52.7, 44.5, 21.9, 21.8; FT-IR (thin film): 1678, 1602, 1566, 1456,
1358, 1162, 1089, 789 cm™*; HRMS (+ESI): Calc for CaiH3oFN20sS; [M+H]* 593.1575;
found: 593.1580; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 20.3

MmN, Tminor = 26.3 Min); Enantiomeric excess: 87%.

2-((2S,4R)-2-(53aphthalene-1-yl)-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3p)
T 0 This compound was prepared according to the general
S

F’hw/\[N’ procedure D. White sticky solid (44.9 mg, vyield: 72%);
0 N O Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCl3): §
Ts 8.80 (d, J = 8.6 Hz, 1H), 7.98 (d, J = 7.4 Hz, 1H), 7.87 (dt, J =
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16.7, 8.3 Hz, 2H), 7.66 (t, J = 7.3 Hz, 1H), 7.62 (t, J = 6.9 Hz, 1H), 7.56 (t, J = 7.4 Hz,
1H), 7.50 (t, J = 7.7 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 7.43 (s, 1H), 7.38 (d, J = 8.1 Hz,
1H), 7.13 (d, J = 8.2 Hz, 1H), 4.46 (dd, J = 17.5, 3.0 Hz, 1H), 4.44 — 4.37 (m, 1H), 4.02
(dd, J = 13.0, 6.7 Hz, 1H), 3.31 (dd, J = 17.5, 10.2 Hz, 1H), 2.82 (dd, J = 13.1, 8.7 Hz,
1H), 2.46 (s, 1H), 2.32 (s, 1H); 13C NMR (100 MHz, CDCls): & 197.7, 144.7, 144.5,
136.3, 135.3, 134.3, 134.1, 134.0, 133.7, 131.2, 130.1, 130.0, 129.8, 129.0, 128.9, 128.8,
128.4,128.2, 126.8, 126.2, 126.0, 124.9, 124.3, 74.4, 56.8, 52.3, 44.2, 21.9, 21.7; FT-IR
(thin film): 1686, 1601, 1566, 1449, 1348, 1272, 1158, 1088, 813 cm™*; HRMS (+ESI):
Calc for CssH3sN30s5S, [M+NH4]7642.2091; found: 642.2095; The enantiomeric ratio
was determined by HPLC analysis using Daicel Chiralpak IA column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 15.4 min, tmajor = 21.4 min);

Enantiomeric excess: 84%.

2-((2S,4R)-2-cyclohexyl-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3q)
This compound was prepared according to the general

N,TS procedure D. White sticky solid (41.2 mg, yield: 70%);
o w Diastereomeric ratio: 10:1; ‘H NMR (600 MHz, CDCls):
Ts 87.94 (d, J=7.3Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.57 (d,

J=8.3 Hz, 3H), 7.48 (t, J = 7.8 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.2 Hz,
2H), 5.42 (d, J = 6.5 Hz, 1H), 4.15 — 4.09 (m, 2H), 4.04 —3.92 (m, J = 10.6, 3.1 Hz, 1H),
3.05 (dd, J = 17.9, 10.2 Hz, 1H), 2.85 (dd, J = 13.0, 8.9 Hz, 1H), 2.46 (s, 3H), 2.39 (s,
3H), 1.97 (d, J = 9.2 Hz, 1H), 1.84 (d, J = 8.9 Hz, 1H), 1.75 (d, J = 8.7 Hz, 3H), 1.70 -
1.57 (m, 4H), 1.15 (d, J = 14.2 Hz, 2H); 3C NMR (100 MHz, CDCls):  197.9, 144.6,
144.1, 136.2, 136.2, 133.9, 133.6, 130.1, 129.9, 129.0, 128.9, 128.3, 127.9, 79.5, 77.6,
56.2, 52.9, 45.4, 44.8, 29.9, 28.4, 26.3, 26.1, 21.9, 21.8; FT-IR (thin film): 2854, 1680,
1601, 1566, 1451, 1350, 1217, 1160, 1088, 886 cm™; HRMS (+ESI): Calc for
Ca1H37N20sS, [M+H]" 581.2138; found: 581.2133; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 11.5 min, tminor = 13.6 min); Enantiomeric

excess: 73%.
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1-phenyl-2-((2S,4R)-2-propyl-1,3-ditosylimidazolidin-4-yl)ethanone (3r)

This compound was prepared according to the general

Ts

N procedure D. White sticky solid (40.5 mg, yield: 75%);
o} H Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCls):

Ts §7.92 (d, J = 7.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.59 (t,

J=7.4Hz, 1H), 7.51 (d, J = 8.3 Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 7.29 (d, J = 8.0 Hz,
2H), 7.22 (d, J = 8.0 Hz, 2H), 5.34 (t, J = 6.2 Hz, 1H), 4.07 — 4.00 (m, 1H), 3.97 (dd, J =
17.9, 3.1 Hz, 1H), 3.74 (dd, J = 11.8, 7.4 Hz, 1H), 3.16 (dd, J = 17.9, 10.3 Hz, 1H), 3.01
(dd, J =11.9, 7.3 Hz, 1H), 2.45 (s, 3H), 2.42 (s, 3H), 1.90 — 1.79 (m, 2H), 1.52 (dd, J =
14.3, 7.1 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H). 3C NMR (150 MHz, CDCls): § 197.8,
144.4, 144.2, 136.2, 135.2, 134.0, 133.8, 130.1, 129.9, 129.0, 128.3, 128.3, 127.9, 75.5,
55.8,51.8, 45.5, 39.7, 21.9, 21.8, 18.4, 13.9; FT-IR (thin film): 2960, 2927, 2873, 1680,
1600, 1589, 1451, 1349, 1216, 1162, 1091, 816 cm™; HRMS (+ESI): Calc for
CasH33N205S; [M+H]" 541.1825; found: 541.1829; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IA column (85:15 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 15.7 mMin, zminor = 18.7 min); Enantiomeric
excess: 79%.

2-((2S,4R)-2-butyl-1,3-ditosylimidazolidin-4-yl)-1-phenylethanone (3s)

This compound was prepared according to the general

MTS procedure D. White sticky solid (39.9 mg, yield: 72%);
0 Diastereomeric ratio: 15:1; 'H NMR (600 MHz,
Ts CDCls): § 7.93 (d, J = 7.2 Hz, 2H), 7.67 (d, J = 8.3 Hz,

2H), 7.60 (t, J = 7.4 Hz, 1H), 7.52 (d, J = 8.3 Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 7.30 (d, J
= 8.0 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 5.33 (t, J = 6.2 Hz, 1H), 4.07 — 4.01 (m, 1H),
3.98 (dd, J =17.9, 3.1 Hz, 1H), 3.76 (dd, J = 11.8, 7.4 Hz, 1H), 3.16 (dd, J = 17.9, 10.3
Hz, 1H), 3.02 (dd, J = 11.9, 7.3 Hz, 1H), 2.45 (s, 3H), 2.42 (s, 3H), 1.91 — 1.79 (m, 2H),
1.49 — 1.42 (m, 2H), 1.41 — 1.35 (m, 2H), 0.93 (t, J = 7.2 Hz, 3H); *C NMR (150 MHz,
CDCl3): 8 197.8, 144.4, 144.2, 136.2, 135.2, 134.0, 133.8, 130.1, 129.9, 129.0, 128.3,
128.3, 127.9, 75.7, 55.8, 51.8, 45.5, 37.3, 27.1, 22.5, 21.9, 21.8, 14.2; FT-IR (thin film):
2956, 2927, 2865, 1680, 1601, 1567, 1451, 1350, 1216, 1161, 1091, 785 cm™*; HRMS
(+ESI): Calc for Co9H3zsN20sS, [M+H]* 555.1982; found: 555.1973; The enantiomeric
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ratio was determined by HPLC analysis using Daicel Chiralpak 1A column (85:15 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 15.1 mMin, tminor = 18.1 min);

Enantiomeric excess: 80%.

2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)-1-(p-tolyl)ethanone (3t)
HsC This compound was prepared according to the general
\©\Y/\[|\1TS procedure D. White sticky solid (47.6 mg, yield:
o ﬂ 81%);Diastereomeric ratio: 18:1;'H NMR (600
it MHz, CDCls): 6 7.75 (dd, J = 14.1, 8.2 Hz, 2H), 7.59
(d, J=8.3 Hz, 1H), 7.53 (d, J = 7.3 Hz, 1H), 7.37 — 7.32 (m, 2H), 7.24 (dd, J = 7.9, 4.7
Hz, 2H), 6.59 (s, 1H), 4.31 — 4.23 (m, 1H), 4.01 — 3.91 (m, J = 21.0, 15.0, 5.3 Hz, 1H),
3.03-2.89 (m, J = 19.3, 15.0, 8.9 Hz, 1H), 2.46 (s, 1H), 2.42 (s, 1H), 2.40 (s, 1H); 13C
NMR (100 MHz, CDCls): 6 197.3, 144.9, 144.7, 144.3, 139.3, 135.5, 134.0, 133.7,
130.2, 130.0, 129.6, 128.7, 128.7, 128.5, 128.4, 127.9, 127.1, 76.1, 56.7, 52.3, 44.9, 21.9,
21.8; FT-IR (thin film): 1675, 1601, 1565, 1353, 1161, 811 cm™; HRMS (+ESI): Calc
for Cz2HasN20sS; [M+H]" 589.1825; found: 589.1826; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-

PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 14.6 min, zminor = 21.7 min); Enantiomeric
excess: 91%.

1-(4-methoxyphenyl)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3u)
H,CO This compound was prepared according to the
Ts general procedure D. White sticky solid (48.3 mg,
\©\'O/\E>_@ yield: 80%); Diastereomeric ratio: 20:1; *H NMR
e (600 MHz, CDCls): 6 7.82 (d, J = 8.9 Hz, 2H), 7.76
(d, J = 8.2 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.53
(d, J =7.3 Hz, 2H), 7.37 — 7.31 (m, 4H), 7.24 (d, J = 8.1 Hz, 2H), 6.90 (d, J = 8.8 Hz,
2H), 6.58 (s, 1H), 4.32 — 4.23 (m, 1H), 3.97 (dd, J = 12.0, 7.4 Hz, 1H), 3.91 (dd, J =
17.6, 3.2 Hz, 1H), 3.86 (s, 3H), 3.00 — 2.91 (m, 2H), 2.46 (s, 3H), 2.41 (s, 2H); 3C NMR
(125 MHz, CDCls): 6 196.2, 164.2, 144.7, 144.3, 139.3, 135.6, 134.0, 130.6, 130.2,

130.0, 129.3, 128.7, 128.7, 127.9, 127.1, 114.1, 76.1, 56.8, 55.7, 52.3, 44.6, 21.9, 21.8;
FT-IR (thin film): 1668, 1601, 1566, 1458, 1350, 1306, 1161, 1092, 826 cm™; HRMS
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(+ESI): Calc for C32H36N306S2 [M+NH.]* 622.2040; found: 622.2040; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IA column (70:30 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor= 17.6 MiN, tminor = 27.7 min);
Enantiomeric excess: 92%.
1-(4-fluorophenyl)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3v)
F This compound was prepared according to the general
IS procedure D. White sticky solid (46.8 mg, yield: 79%);
I '}_@ Diastereomeric ratio: 18:1; H NMR (600 MHz,
\ CDCls): 6 7.87 (dd, J = 8.8, 5.4 Hz, 2H), 7.76 (d, J = 8.2
Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 7.2 Hz,
2H), 7.37 — 7.33 (m, 4H), 7.25 (d, J = 8.2 Hz, 2H), 7.11 (t, J = 8.5 Hz, 2H), 6.59 (s, 1H),
4.33 — 4.23 (m, 1H), 4.04 — 3.91 (m, J = 21.2, 15.0, 5.3 Hz, 2H), 3.03 - 2.89 (m, J =
19.3, 15.0, 8.8 Hz, 2H), 2.46 (s, 3H), 2.42 (s, 3H); 3C NMR (125 MHz, CDCls):5
196.1, 166.3 (d, J = 253.75 Hz) 144.8, 144.4, 139.2, 135.5, 133.9, 133.1 (d, J = 2.5 Hz),
131.0, 130.9, 130.2, 130.0, 128.8, 128.7, 128.6, 127.9, 127.1, 116.2, 116.0, 76.1, 56.6,
52.3,44.9, 21.9, 21.8; FT-IR (thin film): 1680, 1600, 1568, 1459, 1370, 1159, 790 cm™;
HRMS (+ESI): Calc for CaiHasFN3OsS; [M+NH.]* 610.1840; found: 610.1846; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Zmajor = 14.2 Min, tminor = 20.2
min); Enantiomeric excess: 91%.
1-(4-chlorophenyl)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3w)
Cl This compound was prepared according to the general
I8 procedure D. White sticky solid (49.8 mg, yield: 82%);

N
I & Diastereomeric ratio: 15:1; *H NMR (600 MHz,

e CDCI3): § 7.77 (t, J = 8.9 Hz, 4H), 7.60 (d, J = 8.3 Hz,
2H), 7.52 (d, J = 7.2 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.35 (dd, J = 7.7, 3.8 Hz, 5H),
7.25(d, J = 8.1 Hz, 2H), 6.59 (s, 1H), 4.31-4.23 (m, J = 7.2, 5.6 Hz, 1H), 4.02-3.90 (m, J
=21.2,15.0, 5.3 Hz, 2H), 3.01-2.98 (m, J = 19.4, 15.0, 8.7 Hz, 2H), 2.46 (s, 3H), 2.42 (s,
3H); 3C NMR (100 MHz, CDCls): § 196.5, 144.8, 144.4, 140.4, 139.2, 135.5, 134.4,
133.8, 130.2, 130.0, 129.7, 129.3, 128.8, 128.7, 128.6, 127.9, 127.1, 76.1, 56.6, 52.2,

44.9, 21.9, 21.8; FT-IR (thin film): 1680, 1601, 1566, 1353, 1249, 1159 cm™; HRMS
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(+ESI): Calc for C31H30CIN20sS; [M+H]"609.1279; found: 609.1277; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IA column (75:25 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 24.7 MiNn, minor = 38.2 min);
Enantiomeric excess: 86%.
1-(4-bromophenyl)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3x)
Br This compound was prepared according to the general
r\fTS procedure D. White sticky solid (52.9 mg, yield: 81%);
3 ﬂ Diastereomeric ratio: 15:1; 'H NMR (400 MHz,
s CDCl3): 6 7.76 (d, J = 8.2 Hz, 2H), 7.69 (d, J = 8.5 Hz,
2H), 7.59 (t, J = 8.4 Hz, 4H), 7.53 (d, J = 7.5 Hz, 2H), 7.35 (d, J = 7.1 Hz, 5H), 7.25 (d, J
= 9.1 Hz, 2H), 6.59 (s, 1H), 4.33 — 4.21 (m, 1H), 3.95 (ddd, J = 21.2, 14.9, 5.3 Hz, 2H),
3.03 — 2.88 (M, 2H), 2.46 (s, 3H), 2.42 (s, 3H); *C NMR (100 MHz, CDCl3): § 196.7,
144.8, 144.4,139.2, 135.5, 134.8, 133.8, 132.3, 130.2, 130.0, 129.7, 129.1, 128.8, 128.7,
128.5, 127.9, 127.1, 76.1, 56.6, 52.2, 44.9, 21.9, 21.8; FT-IR (thin film): 1680, 1602,
1566, 1461, 1352, 1212, 1162, 1089, 790, 590 cm?; HRMS (+ESI): Calc for
Cs1H33BrNsOsS, [M+NH4]" 670.1040; found: 670.1020; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IA column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 25.6 Min, zminor = 41.1 min); Enantiomeric

excess: 86%.

1-([1,1-biphenyl]-4-yD)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3y)
Ph This compound was prepared according to the general
I\fTS procedure D. White sticky solid (51.3 mg, yield: 79%);

] ﬂ Diastereomeric ratio: 15:1; 'H NMR (500 MHz,

s CDClIs): 6 7.93 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 8.3 Hz,

2H), 7.68 (d, J = 8.4 Hz, 2H), 7.65 — 7.61 (m, 4H), 7.57 (d, J = 7.1 Hz, 2H), 7.49 (t, J =
7.5 Hz, 2H), 7.43 (d, J = 7.3 Hz, 1H), 7.39 — 7.35 (m, 4H), 7.27 (d, J = 8.3 Hz, 2H), 6.63
(s, 1H), 4.38 — 4.29 (m, 1H), 4.07 — 3.98 (m, 2H), 3.02 (ddd, J = 19.3, 15.0, 8.8 Hz, 2H),
2.48 (s, 3H), 2.44 (s, 3H); *C NMR (125 MHz, CDCl3): 6 197.3, 146.6, 144.7, 144.4,
139.8, 139.3, 135.6, 134.8, 134.0, 130.2, 130.0, 129.2, 128.9, 128.8, 128.7, 128.6, 128.6,
127.9, 127.5, 127.5, 127.1, 76.1, 56.7, 52.3, 45.0, 21.9, 21.8; FT-IR (thin film): 1676,

1602, 1566, 1492, 1451, 1404, 1351, 1217, 1161, 1090, 791, 670 cm™*; HRMS (+ESI):
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Calc for C37H3sN20sS, [M+H]* 651..1982; found: 651.1987; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IA column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 21.4 Min, zminor = 52.7 Min); Enantiomeric
excess: 91%.

1-(59aphthalene-2-yl)-2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (3z)

This compound was prepared according to the general

O procedure D. White sticky solid (48.6 mg, yield: 78%);
O r\fTS Diastereomeric ratio: 15:1; 'H NMR (500 MHz,
o CDCls): 6 8.37 (s, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.88 (dd,

s J =126, 5.1 Hz, 1H), 7.79 (d, J = 8.3 Hz, 1H), 7.63 —

7.59 (m, 1H), 7.59 — 7.54 (m, 1H), 7.36 (dd, J = 10.0, 7.8 Hz, 2H), 7.24 (d, J = 8.0 Hz,
1H), 6.63 (s, 1H), 4.39 — 4.29 (m, 1H), 4.14 (dd, J = 17.7, 3.3 Hz, 1H), 4.05 (dd, J =
12.1, 7.4 Hz, 1H), 3.13 (dd, J = 17.7, 10.4 Hz, 1H), 2.99 (dd, J = 12.1, 7.3 Hz, 1H), 2.46
(s, 1H), 2.41 (s, 1H); 1*C NMR (125 MHz, CDCls): 6 197.7, 144.8, 144.4, 139.3, 136.0,
135.6, 133.9, 133.4, 132.6, 130.4, 130.2, 130.0, 129.9, 129.1, 128.9, 128.7, 128.8, 128.6,
128.0, 127.9, 127.2, 127.1, 123.5, 76.1, 56.9, 52.3, 45.1, 21.9, 21.8; FT-IR (thin film):
1677, 1602, 1566, 1472, 1353, 1161, 1088 790 cm?; HRMS (+ESI): Calc for
Ca3H3sN205S, [M+H]" 625.1825; found: 625.1829; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 16.0 mMin, zminor = 26.8 min); Enantiomeric
excess: 92%.

2-((2S,4R)-1,3-bis((4-bromophenyl)sulfonyl)-2-phenylimidazolidin-4-yl)-1-

phenylethanone(3z’)
This compound was prepared according to the general
MTS procedure D. White sticky solid (38.3 mg, yield: 60%);
5 ﬂ Diastereomeric ratio: 15:1; 'H NMR (600 MHz,
Bs CDCls) & 7.84 (d, J = 7.2 Hz, 2H), 7.75 (d, J = 8.3 Hz,

2H), 7.59 — 7.56 (m, 2H), 7.54 (d, J = 8.8 Hz, 1H), 7.49 (d, J = 6.5 Hz, 2H), 7.45 (t, J =
7.8 Hz, 2H), 7.35 (dd, J = 7.8, 3.0 Hz, 4H), 6.54 (s, 1H), 4.32 — 4.27 (m, 1H), 4.01 (dd, J
=11.9, 7.5 Hz, 1H), 3.95 (dd, J = 18.0, 3.2 Hz, 1H), 3.01 (ddd, J = 15.0, 13.8, 8.8 Hz,
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2H), 2.48 (s, 2H); 3C NMR (150 MHz, CDCls): & 197.7, 145.0, 138.9, 137.5, 136.0,
134.0, 133.8, 132.7, 130.3, 129.3, 129.0, 128.9, 128.8, 128.6, 128.5, 128.3, 127.0, 76.3,
56.6, 52.4, 45.0, 21.9; FT-IR (thin film): 1678, 1601, 1566, 1389, 1353, 1304, 1160,
1095, 798 cm*; HRMS (+ESI): Calc for CsoH2sBrN20sS, [M+H]* 639.0618; found:
639.0616; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 16.4

min, Tminor = 24.0 min); Enantiomeric excess: 89%.

(S)-2-bromo-1-phenyl-2-((2S,4S)-2-phenyl-1,3-ditosylimidazolidin-4-yl)ethanone (4)

This compound was prepared according to the general

Br
N/TS procedure E. White sticky solid (38.1 mg, yield: 60%);
0 x Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCls):
Ts 8779 (d, J=7.5Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.70 (d,

J=8.2 Hz, 2H), 7.61 — 7.57 (m, 3H), 7.45 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 8.0 Hz, 3H),
7.30 (dd, J = 8.0, 2.4 Hz, 4H), 6.70 (s, 1H), 5.89 (d, J = 4.2 Hz, 1H), 4.17 (td, J = 7.2, 4.2
Hz, 1H), 4.08 (dd, J = 12.4, 7.1 Hz, 1H), 3.58 (dd, J = 12.5, 7.2 Hz, 1H), 2.45 (s, 3H),
2.44 (s, 3H); 3C NMR (100 MHz, CDCls): & 192.6, 145.2, 144.6, 138.6, 135.4, 134.4,
133.9, 133.3, 130.2, 130.1, 129.1, 129.1, 128.9, 128.6, 128.5, 128.1, 127.5, 75.7, 60.4,
50.2, 48.6, 21.9, 21.8; FT-IR (thin film): 1683, 1599, 1569, 1493, 1452, 1404, 1349,
1210, 1161, 1089, 788 592 cm™; HRMS (+ESI): Calc for C31Hz3BrN3OsS, [M+NH.]*
670.1040; found: 670.1041; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tmajor = 16.4 MiN, 7minor = 24.6 min); Enantiomeric excess: 88%.
4-methoxyphenyl 2-((2S,4R)-2-phenyl-1,3-ditosylimidazolidin-4-yl)acetate (5)

o Ts This compound was prepared according to the

y CO/©/ \[O]/\EN>_© general procedure F. White sticky solid (40.3 mg,

’ N\TS yield: 65%); Diastereomeric ratio: 20:1; H

NMR (600 MHz, CDCls): 6 7.77 (d, J = 8.2 Hz,

2H), 7.60 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 6.8 Hz, 2H), 7.34 (dd, J = 7.5, 4.9 Hz, 5H),

7.25 (d, J = 8.3 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 6.87 (d, J = 9.0 Hz, 2H), 6.57 (s, 1H),

4.24 — 4.16 (m, 1H), 3.89 (dd, J = 12.2, 7.3 Hz, 1H), 3.79 (s, 3H), 3.40 (dd, J = 17.2, 4.1
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Hz, 1H), 3.05 (dd, J = 12.2, 7.5 Hz, 1H), 2.67 (dd, J = 17.2, 9.8 Hz, 1H), 2.45 (s, 3H),
2.42 (s, 3H); 3C NMR (101 MHz, CDCls): § 169.7, 157.7, 144.8, 144.5, 143.9, 138.9,
135.3, 134.1, 130.2, 130.1, 128.8, 128.7, 128.5, 128.0, 127.1, 122.3, 114.7, 76.5, 56.2,
55.8, 51.9, 40.0, 21.9, 21.8; FT-IR (thin film): 1752, 1601, 1570, 1504, 1455, 1351,
1249, 1163, 1094, 818 cm™; HRMS (+APCI): Calc for CsHasN207S; [M+H]
621.1724; found: 621.1724; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1B column (87:13 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tmajor = 24.2 MiN, minor = 29.8 min); Enantiomeric excess: 93%.
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2.10. Selected NMR spectra and HPLC chromatogram:
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SSS-P3-R
750 $5s-p3-R #4 [modified by user, 4 peaks manually assigned] UV VIS 2 MA 089 001
~ mAU WVL:254 nm)
1 >
60.0-] 3 "
- N
A ' ~
- 2 \
) 1 o Ts
40.0+ |‘ ' 3arac
1 ‘I ~
’ I (-
] \ | 3 8
20.0 I I 3
1 [ (o @
1 1 e 2
|
1 n A p
T N o NN R
SO0 7 L R E Y
00 50 10.0 15.0 20.0 250 300 350 40.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1A 14.09 20.89646 4117071749 4586199 n.a.
2B 19.36 21.00237 41.37938791 34.75123 n.a.
3C 22.30 4.370546 8.610956681 6.537 n.a.
4D 33.48 4.486 8.838937923 4273 n.a.
SSS-P3-C
400 sss-p3-R #14 [modified by user, 4 peaks manually assigned] UV_VIS 2
|mAU WVL:254 nm
| ™
o
| ~
©
- Ts
30&_ “ N
1 H‘ s
200+ ‘| 3a chi
1 l
7 | r~
100+ I g g 8
1 i " N 3
] I @ o o
| | \ ~ - <
'107'77ﬁ%77 1 T 1 1 " —
0.0 5.0 10.0 15.0 20.0 25.0 30.0 38.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1A 13.79 97.35032 92.7899128 243.0535 n.a.
2B 19.06 4.889236 4660198289 9.51786 n.a.
3C 21.93 2463203 2347813715 4.28139 n.a.
4D 33.08 0.212  0.2020751991 0.190 n.a.
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SSS-P3-4ME-R
50 0 sss-p3-R #20 [modified by user, 4 peaks manually assigned] Uv VIS 2
~ JmAU - WVL:254 nm
1 5
- ™
40.0 < 18
] < N
] ,‘_ " i) Hi :%Me
30.04 \‘ = Ts
4 ” ' 3b rac
B o
20.0 | g o
] g | N
1 I S g
10.04 I Sl :
. ~ | a
] | Nl +
] " | A
1o~ ol N N
-5.0 \ \ R \ 0
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 43.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min - % mAU
1A 13.97 12.65595 37.58155158 31.90634 n.a.
2B 20.69 4.217285 12.52312798 6.65758 n.a.
3C 23.02 12.60138 37.41951527 18.05942 n.a.
4D 39.48 4.201 12.47580517 3.505 n.a.
SSS-P3-4ME-C
130 sss-p3-R #21 [modified by user, 4 peaks manually assigned] UV VIS 2
—{mAU § WVL:254 nm
] 8
] <
100 ' Ts
] " N
| | IO
7 | .
] H 3b chi
1 H 5 g g
25 i § 8 8
] I @ Q o
il | \ o~ © "'
e —~— N Ay
s B R R S L R L S L AL AL B
0.0 5.0 10.0 16.0 20.0 250 300 35.0 43.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1A 13.97 36.53821 92.76407318 92.31777 n.a.
2B 20.74 1.334463 3.387966453 2.24736 n.a.
3C 23.05 1.425202 3.618335473 242352 n.a.
4D 39.43 0.090 0.2296248909 0.084 n.a.
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SSS-P3-4Me-B-1H
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300 S§88-6.6.16 #106 [modified by user, 4 peaks manually assigned] UVv_VIS_1
mAU WVL:254 nm
B Me
1 Ts
—_ 1-A-14.740 M
O
£ °
8 | Ts
§ | 2-B-21.733 3t rac
S
£ 1004
< m
] 3-C-25210 4-D-38.267
in|
-10 " " " T T T T
0.0 10.0 20.0 30.0 40.0 45.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 1474 88.20984 4536735369 204.7969 n.a.
2B 2173 87.5794 45.04311403 136.2966 n.a.
3C 2521 9.840288 5.06097545 13.55916 n.a.
4D 38.27 8.805 4.528556826 7.799 n.a.
350 $88-6.6.16 #108 [modified by user, 4 peaks manually assigned] UV_VIS_1_MA_055_001
mAU WVL:254 nm
1-A-14.667
4 Me
2 &
£ 200 m
© (o]
2 \
g Ts
5 3t chi
8
< 100+
2-B-23728.
e $.728.25.075 4-D '37'395min
0.0 16.0 2(5.0 36.0 46.0 45.0
Retention Time [min]
No. Peak Name Ret. Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min - % mAU
1A 14.67 111.8147 93.03225451 260.1686 n.a.
2B 21.73 5.237236 4.357492409 8.87564 n.a.
3C 2508 3.131598 2605556513 4.83081 n.a.
4D 37.90 0.006 0.004696566882 0.016 n.a.
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Comparison J value of the adjacent proton for compound 4:
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S355-P3-NB3-R
200 S55-6.6.16 #124 [modified by user, 4 peaks manually assigned] Uv WIS _1
mAU WWVL:254 nm
4 1= A-13.857
2-B-16.395

3

Br

Absorbance [mAU]
@)
=z b4

100 4 rac L['s,
1 JL 3-C-13.892 4.D-33
= -t VAN, mir
0.0 5.0 100 15.0 20.0 250 30.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAL
1A 13.86 102.2678 47.44828049 270.6064 n.a.
2B 16.40 100.8053 46.76982225 216.7069 n.a.
ic 19.89 6.49185 3.012018459 11.6778 n.a.
4D 32.22 5.870 2.769878803 6.444 na.
S55-P3-NBS-C
100 S55-6.6.16 #1258 [modified by user, 4 peaks manually assigned] UV WIS 1 MA_0S5 001
JmAU WWL:254 nm
80

1-A-13.260

60 Ts

Absorbance [mAU]
o
z zZ

] \
1 4 chiral Tg
201
) 2-B-13332- 18.780
] 4+ D - 32.467]
& TTiT
0.0 5.0 10.0 15.0 20.0 250 0.0 ' aro
Retention Time [min]
MNo. Peak Name Ret.Time (detected) Area Rel Areaiident.) Height Amount
min mAU*min % mALl
1A 13.26 29.20714 B6.49584898 T75.16062 n.a.
2B 15.83  1.79941 5.328945192  4.23263 n.a.
ic 18.78 2.713036 B.034647878  4.03434 n.a.
4D 32.47 0.047  0.1395579529 0.045 n.a.
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385-P3-BV-R
10.0 555-6.6.16 #120 [modified by user, 4 peaks manually assigned] UY WIS 1
JmAU WWVL:254 nm
8.0-
J Ts
= . O N 3.C-24.420
2 a0 77/\[ >@
E 4 H3CO o N 4.D-29.227
g 4 5Srac LI's
T 4.0
5 i
A
= i
2.0+
] A-14.023
min|
B S T T T T T S SIS
0.0 5.0 10.0 15.0 20.0 250 300 35.0 42.0
Retention Time [min]
Mo. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 14.02 0.555169 4.323580805 0.93296 n.a.
ZB 2112 0.567634 4.420650888 1.0885 n.a.
3cC 2442 5.761318 4486833296 5.72664 n.a.
4D 28.23 5.856 46.38743535 4.701 n.a.
855-P3-BV-c
40.0 555-6.6.16 #121 [modified by user, 4 peaks manually assigned] UV _VIS_1_MA_055_001
o mAU WWL254 nm
30.0+
] o NfTs
§ /©/ \/7/\[ 3-C-24210
T ] HsCO o] N
g 2007 5 chiral Ts
2 ]
8
Q
ki
=z
B T T e T T I
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0 42.0
Retention Time [min]
Mo. Peak Name Ret.Time (detected) Area Rel.Arealident.) Height Amount
min mAU*min - % mAU
1A 14.43 0.011724 0.04107684871 0.10592 n.a.
2B 21.23 1.366432 478746524  2.89477 n.a.
3c 2421 26.50578 92.86629921 26.13889 n.a.
4D 28.87 0.658 2.305158703 0.682 n.a.
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Chapter 3

Organocatalytic Asymmetric Synthesis of Highly
Substituted Pyrrolidines Bearing Stereogenic Quaternary

Centre at 3- Position

Abstract: An organocatalytic asymmetric cascade reaction has been developed for the

synthesis of highly substituted pyrrolidines having stereogenic quaternary centre at 3-

position. N-tosyl aminomethyl enone and trans-a-cyano-a,f-unsaturated ketone were

utilized as the reaction partners in this method. Cinchonidine derived bifunctional amino-

squaramide catalyst was the best to provide the products in high enantio- and

diastereoselectivities.

(0]

0 N\—Ph

0 CN catalyst R :»CN
Ph (10 mol%) ;

RJ\/\/NHTS + 1 mR

H™ R MTBE,rt, 48 h, L
R = Ar R' = Ar, Alkyl 4A Ms
24 examples up to 82% yield
up to 16:1 dr

up to 96% ee

TH-2028_136122009

catalyst 1
H N

N NH

Ar = 3,5-(CF3)206H3
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3.1. Introduction:

Highly functionalized optically active pyrrolidines are versatile structural motifs which
are prevalent in many biologically active natural products and are present in range of
pharmaceutical agents (Figure 1).! Optically active highly substituted pyrrolidine
moieties are the core structures of many natural products and drugs.? Compounds
containing chiral pyrrolidine motifs have impressive biological activities such as
neuroexcitatory amino acid antagonist, antidiabetic, antimicrobial activities and used as
local anesthetic drugs.? Moreover, optically active pyrrolidines have numerous

applications in asymmetric synthesis.

MeO,C oMe

—== _,,// MeO
HN. S COoH
. ~—CO,Me &
P coH
CO5Me

N\
H H O OH nC5H11
Acromelic acid A (-)-Kainic acid Mesembrine  Lepadiformine
OMe
OAc
HO,,
NH, N
Benzohydrindan (-)-Slaframine  (-)-Anisomycin

Figure 1: Reprensetative naturally occurring alkaloids having pyrrolidine skeleton

They are widely used as ligands in metal mediated reactions® and as organocatalysts for a
variety of enantioselective transformations.® Thus pyrrolidine motif has drawn
significant attention from synthetic organic chemists, and a variety of enantioselective
methods have been developed. In recent years both transition metal catalyzed and
organocatalytic approaches have been documented.>® Despite so many methods,
pyrrolidines having a stereogenic quaternary centre’ have been less reported though such

skeleton is present in mesembrine, lepadiformine and benzohydrindan etc.®
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3.2. Reported strategies for the synthesis of chiral pyrrolidines:

Jose L. Vicario and coworkers reported «,a-diphenylprolinol catalyzed organocatalytic
enantioselective [3+2] cycloaddition reaction between a,f-unsaturated aldehydes with
azomethine ylides for the synthesis of enantiomerically enriched pyrrolidines with good
yields and high enantiomeric excesses (Scheme 3.1).°

Ph
B

N OH
H

OHC,,
Ph\?NYCOZEt . /\)OJ\ (20 mol%) , C(C):éEtEt
CO,Et Ny , N 2
H,0 (4 equiv.), Ph H
THF, 4 °C up to 93% yield

up to 95:5 endo/exo
up to 99% ee

Scheme 3.1: Enantioselective [3+2] cycloaddition reaction for the synthesis of pyrrolidines

In 2011, Gong et al. explored a [3+2] cycloaddition reaction between maleic ester and in
situ generated azo-methine ylides from aldehydes and a-arylglycine methyl esters to
generate highly substituted pyrrolidines having a stereogenic quaternary centre at 2-

position (Scheme 3.2).1°

)

O~p=0 O;F%\/O MeO,C  CO,Me
Ph CO,Me  HO —
(10 mol%)  OH Ph
ArCHO ;2N COZM;[ A SN oM
COzMe CH2C|2, rt H olVie

up to 97% yield
up to 99% ee

Scheme 3.2: Phosphoric acid mediated cycloaddition for the construction of chiral pyrrolidines
A highly enantio and diastereoselective domino aza-Michael addition approach for the
synthesis of highly substituted pyrrolidines had been developed by Wang group (Scheme
3.3).1
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Ph
N Ph
H OTMS COOEt
(20 mol%) CHO
o] R NaOAc (1.0 equiv.) 3
£ M A NHTs 4 A >
o CHO  chely, rt N R
Ts
up to 94% yield
up to 30:1 dr

up to 99% ee
Scheme 3.3: Secondary amine catalyzed enantioselective domino addition for the synthesis of

pyrrolidines

Dieter Enders et al. revealed bifunctional thiourea catalyzed domino Mannich/aza-
Michael reaction of y-malonate substituted a,f-unsaturated esters and N-protected
aldimines for the synthesis of polysubstituted pyrrolidines with excellent
enantioselectivites (Scheme 3.4).1?

CF,

21 0
FsC N~ NV
MeO,C
! GO;Me Ho Ho \Me, 2\ _Co,Me
. boC
)'N + 7 "COzMe (10 mol%) Bog !
MeO,C -~
Ar 4 CH,Cly, rt A {''CO,Me
COyMe CO,Me

up to 95% yield
up to 94% ee

Scheme 3.4: Thiourea catalyzed domino Mannich/aza-Michael reaction for the synthesis of

pyrrolidines

Cordova group disclosed [3+2] cycloaddition reaction between aldehydes, protected o-
cyanoglycine esters and enals for the synthesis of polysubstituted pyrrolidines. A
combination of chiral secondary amine catalyst and hydrogen bond donating catalyst
were found to be effective to achieve high diastereo and enantioselectivities (Scheme
3.5).13
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i
o NC_ _NH, O—%

)J\ . \( ” OTES OHC R2

R™ H CO,R! (10 mol%) U\\\\COZW
2"\ CHO NC.__CO,Me R N" YN
THF, 4 °C
NOH up to 88% yield
up to 19:1 dr

up to 99% ee

Scheme 3.5: [3+2] cycloaddition for synthesis of polysubstituted pyrrolidines

An enantioselective organo-SOMO cycloaddition strategy for the synthesis of chiral
substituted pyrrolidines derivatives has been proposed by MacMillan group. A new
method of SOMO-activated enantioselective [3+2] couplings of aldehydes and
conjugated olefins has been explored to furnish the desired pyrrolidine moieties which
were isolated with moderate to good diastereomeric ratio and good enantioselectivities
(Scheme 3.6).1

TFA
t Bn @)
Bu H H’/// R
H
pog) N (0mol%) Fg
O NHNs Fe(phen)s(SbFe)s N AT
|
DME, Na,HPO, Ns
-10°C, 12 h up to 81% yield

up to 20:1 dr
up to 96% ee

Scheme 3.6: Enantioselctive organo-SOMO cycloaddition

Herbage and coworkers have described Pd-catalyzed asymmetric [3+2] cycloaddition of
trimethylenemethanes for the synthesis of substituted pyrrolidines bearing all carbon

quaternary centres (Scheme 3.7).1°
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CpPd(n3-C3Hs)

T (5 mol%) TsN
@S%JJ\/TMS * NI/ S L (6 mol%) S\%
R R1J\H toluene, 60 °C R’ NG R
up to 92% yield
up to 19:1 dr
up to 93% ee
Ph Me Me Ph Ph Me Me l?h
N/, _-Ph
O s L
N™ >ph
Ph
L2

Scheme 3.7: Pd- catalyzed asymmetric synthesis of substituted pyrrolidines
He and coworkers manifested a phosphoric acid catalyzed one-pot three component 1,3-
dipolar cycloaddition reaction of an aldehyde, a-aminomalonate, and nitroolefin for the

enantioselective synthesis of structurally diverse pyrrolidine derivatives (Scheme 3.8).1

Ar
so o
\
oy N
Ar R2

CO,Et NO, Ar = 9-anthracenyl  O,N, CO,Et
Py + RICHO + ~/ (10 mol%) ' CO,E

CO,Et 2 \
2 R CHCls, -10 °C, RN

3AMS
up to 90% yield
up to 84% ee

Scheme 3.8: Phosphoric acid catalyzed synthesis of pyrrolidine derivatives

A chiral bifunctional squaramide catalyzed synthesis of chiral polysubstituted
pyrrolidines via domino aza-Michael/Michael addition between tosyl amino methyl
enones and nitroolefins has been reported by Du et al. epi-Hydroquinine derived
bifunctional squaramide catalyst afforded the desired products in good diastereo and

enantioselectivities (Scheme 8).’
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| A NH
N _~ /AI"
(0] NH
(0] R2
o Ar = 3,5-(CF3)2C6H3 OZN/
X _NO, + (10 mol%) / 0]
R1/\/ TsHN NJ\Rz > ;
CH2C|2, rt R N
I
Ts
up to 99% yield
up to 91:9 dr

up to > 99% ee

Scheme 3.9: Squaramide catalyzed synthesis of chiral pyrrolidines

3.3. Concept:

Chiral polysubstituted pyrrolidines are important structural intermediates present in
many natural products and frequently observed in a plethora of pharmaceutical agents.
Besides, pyrrolidine cores are widely used both as organocatalysts and as ligand in many
enantioselective transformations. However, simple pyrrolidines having stereogenic
centre at 3-position was hardly reported.’® Realizing the potential of pyrrolidines in
bioactive compounds, we embarked in a convenient synthesis of highly substituted
pyrrolidines having stereogenic centre at 3-position. We used tosyl amino methyl enone
and trans-a-cyano-a,f-unsaturated ketone as the substrate. The carbonyl functionality of
trans-a-cyano-a,f-unsaturated ketone would be activated by the thiourea or the
squaramide motifs. Tertiary amine part of catalyst would abstract the proton from the
amino methyl enones and the corresponding cascade reaction would take place to deliver
the desired product (Scheme 3.10).

0]

0
Ph
Ph)v\/NHTs + |

CN Bifuncttional catalyst Ph

Ph
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0] 0]
Chiral scaffold |~ j i /O
R2 N N Ph.__0O o
/ | | (ko o)

Scheme 3.10: Plausible route for the synthesis of pyrrolidines
3.4. Result and discussion:

We started an experiment by performing a model cascade reaction between N-tosyl
aminomethyl enone 1a'® and trans-a-cyano-a,S-unsaturated ketone 2a in the presence of
quinine derived bifunctional thiourea catalyst I in toluene solvent at room temperature
(Table 1). To our delight, after stirring for 2 days, the expected pyrrolidine product 3a
was obtained in 60% yield and 10:1 diastereomeric ratio in moderate enantiomeric
excess (entry 1). Similar enantioselectivity was detected with cinchonidine derived
catalyst 11 (entry 2). Enantioselectivity slight decreased with quinidine derived thiourea
catalyst 111 (entry 3). Interestingly the enantioselectivity got slightly enhanced to 45% ee
with tert-leucine derived bifunctional thiourea catalyst 1V (entry 4) though
diastereomeric ratio remained same. To improve the enantio and diastereoselectivity for
the product, we turned our attention to employ different squaramide catalysts in the
reaction. For example, with cyclohexyl derived squaramide catalyst V, the
diastereomeric ratio for the product got improved to 15:1 but enantioselectivity did not
improve (entry 5). Then different cinchona alkaloid derived squaramide catalysts were
employed in the reaction (entries 6-8). Gratifyingly, these catalysts were found to be
effective for our reaction and a higher diastereo- as well as enantioselectivities were
attained. Quinine derived squaramide catalyst VI bearing 4-trifluoromethyl moiety
provided the product in 72% yield, 15:1 diastereomeric ratio and 50% enantiomeric
excess (entry 6). The enantioselectivity was slightly improved to 55% with cinchonidine
derived squaramide catalyst V11 (entry 7). Finally the best catalyst was found to be VIII
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having bis trifluoromethyl substituted aryl group and the product 3a was obtained in 78%
yield with 15:1 dr and 60% ee (entry 8).
Table 1. Catalyst screening

0
0 Q catalyst Ph \E/Ph
Ph CN (10 mol%) ZaCN
)]\/\/NHTS + | —_ > Ph
Ph toluene, rt (0]
Ph4gh N
Ts
1a
OCH3 OCHs
}—NH
NH NH
N AT N AT Ar\
OCH3
Q /@ N / NE /] N; /]
NM62
O O
v Vi CF3 VI CF3 Fszm
Ar = 3,5-(CF3)2C6H3
entry? catalyst yield(%)°® dr® ee(%)°
1 | 60 10:1 30
2 1| 62 10:1 31
3 11 65 10:1 25
4 v 68 10:1 45
5 V 70 15:1 45
6 VI 72 15:1 50
7 VI 75 15:1 55
8 VI 78 15:1 60

@Reaction condition: 0.05 mmol of 1a with 0.075 mmol of 2a in 0.2 mL solvent using 10 mol% catalyst at
room temperature for 2 days. Plsolated combined yield after silica gel column chromatography.
*Determined by *H NMR. “Determined by chiral HPLC. ¢With 4A MS.
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3.4.1. Solvent screening:

To enhance the enantioselectivity, the reaction was carried out with catalyst VIII in
different solvents (Table 2). In trifluorotoluene solvent the desired product was isolated
with similar enantio and diastereoselectivity (entry 2). Mixed results were obtained in
halogenated solvents (entries 3-5). For example, enantioselectivity got decreased in
dichloromethane solvent (entry 3). In 1,2-dichloroetane solvent the product was isolated
with 15:1 diastereomeric ratio and 50% enantiomeric excess (entry 4). Interestingly,
with choloroform solvent the enantioselectivity got improved to 63% with similar
diastereomeric ratio (entry 5). Then we became interested to screen different ether
solvents. Diethyl ethyl ether solvent provided 3a in 79% yield with 68% ee (entry 6).
Gratifyingly, the enantioselectivity for the product 3a got promoted to 89% in MTBE
solvent (entry 7). Finally, the best result was obtained in MTBE solvent using 4A
molecular sieves and 3a was isolated in 80% yield with 15:1 dr and 91% ee (entry 8).

Table 2. Solvent screening

0 O\\\s/Ph !
o) CN catalyst VI Ph Z.CN ' | AN NH
PN Ph*[ (10mol%) mph ! e
Ph + O |
Ph solvent, N\ ! o N\H
48 h Ts : Ar
1a 2a 3a i o)
i Ar = 3,5-(CF3),CgH3
entry? solvent yield (%)P dre ee(%)?
1 toluene 78 15:1 60
2 TFT 78 15:1 61
3 CH.Cl; 75 15:1 43
4 DCE 71 15:1 50
5 CHCI3 76 15:1 63
6 Et.O 79 15:1 68
7 MTBE 80 15:1 89
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8¢ MTBE 80 151 91

@Reaction condition: 0.05 mmol of 1a with 0.075 mmol of 2a in 0.2 mL solvent using 10 mol% catalyst at
room temperature for 2 days. Plsolated combined vyield after silica gel column chromatography.
Determined by *H NMR. Determined by chiral HPLC. ®With 4A MS.

3.4.2. Substrate scope:

Having established the optimal conditions for the corresponding cascade reaction, the
scope and generality of the reaction has been explored. Initially the olefin substitution of
trans-a-cyano-enone 2 was varied and examined under the reaction conditions with la
(Table 3). In general, the diastereoselectivity remained very high (10:1 to 15:1 dr) for
different aryl substituted a-cyano-enones. Delightfully, different substitutions on the aryl
groups were tolertated to affored the desired pyrrolidine derivatives with good to
excellent enantiomeric excesses. Intially different 4-alkylsubstituted aryl group
containing enones were engaged in the reaction. Enone having para-tolyl moiety
delivered product 3b with 80% vyield, 12:1 diastereomeric ratio and 96% enantiomeric
excess. Then enones having 4-‘Bu group and 4-'Pr group reacted smoothly to provide the
expected products 3c and 3d respectively. In case of 4-'Pr substituted enone the product
3c was obtained with slight diminution in enantioselectivity. But 4'Bu substituted enone
provided the product 3d with excellent enantioselectivity. Similarly, different 4-halo
substituted enones reacted smoothly to provide products 3e-3g in acceptable yields with
good enantioselectivities. 4-Fluoro substituted enone took part readily and delivered the
product 3e in 82% yield with 16:1 diastereomeric ratio and 84% enantiomeric excess. In
case of 4-Cl and 4-Br substituted enones, the desired products 3f and 3g were obtained in
good enantioselectivities and as single diastereomer. In case of 4-Cl and 4-Br substituted
enones the desired products 3f and 3g were obtained with excellent diastereomeric ratios
and good enantiomeric excesses. In the next part of the substrate scope study different
meta-substituted enones were investigated. Pleasingly, excellent enantio and
diastereoselectivities were obtained for products 3h-3k. For example, enone bearing
meta-tolyl substituent provided the product 3h in 76% yield, 15:1 diastereomeric ratio
and 96% enantiomeric excess. Notably, product 3i having meta-fluoro phenyl group was
isolated in 81% yield with 15:1 dr and 99% ee. Enone having meta-chloro motif reacted

smoothly to deliver product 3j with high enantio and diastereomeric ratio. Promising
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result was obtained for meta-bromo substituted enone. Then ortho-substituted enones 2I-
2n were screened and gratifyingly very staisfactory results were achieved. Though
excellent enantioselectivities were detected for products 3m-3n having 2-halo
substitutions, slight lower enantioselectivity was detected for 3l having ortho-tolyl
group.  Naphthyl substituted enones 20-2p also participated well in the reaction to
provide the products with good results. Interestingly, the scope of the reaction was
further explored by employing an enone with disubstituted aryl moiety; 2,4-dimethyl
phenyl substituted enone gave the product 3q with high enantio and diastereoselectivity.
Then we became interested to employ an aliphatic enone in our reaction. Delightgtfully
the reaction progressed well with cyclohexyl substituted enone 2r to afford acceptable

yields of the product 3r albeit moderate enantiomeric excess was obatined.

Table 3. Scope of a-cyano-enone in pyrrolidine formation 20.cd

o)
a 0 catalyst VIII Q \"pp,
CN (10 mol%) S
Ph)v\/NHTs . Ph)J\[ L ~ Ph CN
MTBE, rt, 48 h N~ R
R 4A MS Ts
1a 2 3a-r

3d, 80%, 15:1 dr, 95% ee 3e, 82%, 16:1 dr, 84% ee 3f, 80%, 15:1 dr, 82% ee

39, 77%, 15:1 dr, 84% ee 3h, 79%, 15:1 dr, 96% ee 3i, 81%, 15:1 dr, 99% ee
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3m, 75%, 15:1dr, 96% ee  3n, 74%, 15:1 dr, 97% ee

3p, 81%, 16:1 dr, 88% ee 3q, 78%, 15:1 dr, 91% ee

@Reaction conditions: 0.1 mmol of 1a with 0.15 mmol of 2a in 0.4 mL MTBE using 10 mol% VIII and
100 mg 4A MS. Plsolated yield after silica gel column chromatography. °Determined by 'H NMR.
dDetermined by chiral HPLC.

In the next, we prepared a range of aryl substituted N-tosyl aminomethyl enones 1 and
employed in the reaction with trans-a-cyano-enones 2a and 2i (Table 4). It turned out
that the reaction outcome varied significantly except diastereomeric ratios and only para-
substitutions on the aryl group resulted in acceptable enantioselectivities. For example
para-tolyl substituted N-tosyl aminomethyl enone 1b reacted smoothly with 2a to deliver
the corresponding product 3s in 80% vyield with 15:1 dr and 91% ee. A decrease in
enantioselectivity was observed with 4-anisyl substituted N-tosyl aminomethyl enone 1c.
Also, moderate enantiomeric excesses were obtained for products 3u-3v having 4-halo
substituted aryl groups. Interestingly, the enantioselectivities got enhanced when 2i was
used as the reaction partner. For example, aminomethyl enone 1c reacted with 2i to

deliver product 3x in 75% yield with 7:1 dr and 90% ee. The outcome was also excellent
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with 4-chloro substitituted enone 1d where the product 3y was obtained in 93% ee with
10:1 dr.

Table 4. Employment of different N-tosyl aminomethyl enone in the reaction2?cd

@)

o o catalyst VIII Q \"—pp
CN (10 mol%) “2CN
N — NHTs Ph | — ' Ar 1
Arl MTBE, t, 48 h N~ AT
1 4A MS 3 Ts
Ar'=Ph, 2a

Ar'= 3FCgHy, 2i

MeO

3s, 80%, 15:1 dr, 91% ee 3t, 79%, 15:1 dr, 56% ee

3v, 78%, 15:1 dr, 60% ee 3w, 75%, 7:1 dr, 90% ee

@Reaction conditions: 0.1 mmol of 1a with 0.15 mmol of 2a in 0.4 mL MTBE using 10 mol% V111 and
100 mg 4A MS. PIsolated yield after silica gel column chromatography. °Determined by H NMR.
dDetermined by chiral HPLC.

3.4.3. Synthetic transformation of 3x:

The usefulness of our method was further shown by performing a synthetic
transformation of the chiral product. Baeyer-Villiger oxidation of 3x was carried out with
m-CPBA to furnish the desired ester 4 in perfect preservation of diastereo and

enantioselectivity (Scheme 3.11).
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\_
P mcpea Meo@'() \ F
_—
NazHPO4
MeO MTBE
3x, 75%, 7:1 dr, 90% ee 4, 40%, 7:1 dr, 90% ee

Scheme 3.11: Synthetic transformation of 3x

3.4.4. Absolute configuration of 3i:
The absolute configuration of 3i was derived from X-ray crystallography and found to
be (2R,3S,45).2% Thus configuration of other products are supposed to be same by

analogy.

3.4.5. Proposed mechanism:

Based on the absolute configuration, a plausible mechanism has been drawn in Scheme
3.12. It is expected that the bifunctional squaramide catalyst V111 activates both reactants
la and 2a simultaneously. The carbonyl functionality of 2a would be activated by
squaramide motif of VII1 from Si face. Thus the aza-Michael reaction proceeds through
Re face of to provide intermediate A. Finally an intramolecular Michael reaction on the

Si face of enone generates pyrrolidine 3a (Scheme 3.12).
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o) O
siNj;i,N’z
Cat. Vill \ /
Ph /O
N '\\T> e'?t?a?kce E) Si face
C, | \ N% attack ;ﬁn S\(Ph

'ﬂ
‘H-—-é\ / Ph“(R)
Ph
FsC 1a 0 A
© e N o
\—Ph
2a PH 2

Ph () 5\~ CN

3a N ® Ph
Ts

Scheme 3.12: Proposed mechanistic cycle

3.5. Conclusion:

In summary this report reveals an organocatalytic asymmetric synthesis of 2,3,3,4-
tetrasubstituted pyrrolidines via double Michael strategy. The pyrrolidine products
bearing cyano and keto groups were obtained in moderate to good yields with high
diastereo- and good to high enantioselectivities. A Baeyer Villiger oxidation was also
carried out to show the synthetic utility of our reaction. The reactants utilized in this
method are easily available. The methodology is also attractive because of its mild
reaction conditions and broad scope; and thus could be applied in the synthesis of
biologically important pyrrolidines.
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3.6. Experimental section:
General information:

All commercial reagents were purchased with the highest purity grade. They were used
without further purification unless specified. All reactions were carried out in oven dried
glassware with magnetic stirring. Dichloromethane was distilled over CaH, under argon
and stored over 4A molecular sieves. All other solvents and reagents were purified
according to standard procedures. Organic solvents were dried over anhydrous Na>SO4
and concentrated in a rotary evaporator under reduced pressure. Reactions were
monitored by TLC on silica gel GF-254 using a combination of hexane and ethyl acetate
as eluents. Silica gel (60-120 mesh size) was used for column chromatography.

'H NMR spectra were recorded on a 400 MHz, 500 MHz and 600 MHz spectrometer at
295 K in CDClz; chemical shift values (6, ppm) were reported in the standard fashion
with reference to either tetramethylsilane (TMS) (6(H) 0.00 ppm) or CHCl3 (6(H) 7.26
ppm). *C NMR spectra were recorded on a 100 MHz, 125 MHz and 150 MHz
spectrometer at 298 K in CDCls; chemical shifts (6, ppm) were reported relative to
CHCIs (8(C) 77.23 ppm, central line of triplet. Multiplicities were given as: s (singlet), d
(doublet), t (triplet), g (quartet), m (multiplets), dd (doublet of doublets), dt (doublet of
triplets), and br (broad). Coupling constants (J) were recorded in Hertz (Hz).
Enantiomeric excesses were determined by HPLC analysis using Dionex (Ultimate
3000) instrument with chiral columns in comparison with authentic racemic compounds.
High resolution mass spectra (HRMS) were recorded in Q-TOF using electron spray
ionization (ESI) technique. IR spectra were recorded on Perkin Elmer instrument at
normal temperature by making KBr pellet and grinding the sample with KBr (IR Grade).
Melting points were measured with a Mel-Tem capillary melting point apparatus.

Single crystal X-ray data were collected using Bruker SMART APEXII CCD
diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation (A =
0.71073 A) at 298(2) K and the structure was solved by direct methods using SHELXS-
2014 (Géttingen, Germany) and refined with full-matrix least-squares on F? using
SHELXL-2014.
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A. General procedure for the synthesis of amino methyl enones 1a-1g:
Amino methyl enones were prepared according to the reported procedure.?
B. General procedure for the synthesis of a-cyano-enones 2a-2r:
a-Cyano-enones were prepared following literature procedures.??

C. General procedure for the preparation of thiourea and squaramide catalysts (I-
VIN):

Thiourea and squaramide catalysts were prepared according to the reported procedure.?
D. General procedure for the synthesis of chiral pyrrolidines 3:

Under argon atmosphere, N-tosyl aminomethyl enone 1 (0.05 mmol), trans-a-cyano-a, f-
unsaturated ketone 2 (0.075 mmol) and catalyst V111 (10 mol %) were added in a round
bottom flask. Then methyl tertiary butyl ether (MTBE) 0.2 mL was mixed with the
reaction mixture. Next 4 A MS (for 0.1 mmol of 1a, 100 mg MS) was added to the
reaction mixture. Then the reaction mixture was stirred at room temperature for 2 days
under argon atmosphere. After completion of the reaction as monitored by TLC, the
crude product was purified by column chromatography using 15-18 % ethyl acetate in

hexane as eluent.

E. General procedure for the synthesis of compound 4:

To a solution of 3x (0.1 mmol) in MTBE (4 mL), was added disodium hydrogen
phosphate (0.3 mmol) and m-CPBA (0.3 mmol). The reaction mixture was stirred at
room temperature for 48 hours. Then the solvent was evaporated and the crude product

was purified by column chromatography using 15% ethyl acetate in hexane as the eluent.
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Crystal structure of compound (2R,3S,4S)-3-benzoyl-2-(3-fluorophenyl)-4-(2-oxo-2-

phenylethyl)-1-tosylpyrrolidine-3-carbonitrile 3i

Empirical formula
Formula weight

CCDC Number
Crystal habit, colour
Crystal size, mm?®
Temperature, T
Wavelength, A(A)
Crystal system
Space group

Unit cell dimensions

Volume, V (A%
Z

Calculated density, Mg-m—3

Absorption coefficient,

i (mm™)
F(000)

@ range for data collection

Limiting indices

Reflection collected/unique

Completeness to ¢

Ca3H27FN204S
566.66

1862234

Needle, White
0.25x0.18 x 0.18
293(2)

0.71073

Triclinic

P-1
a=9.7629(4)A

b =11.7118(6)A
¢ = 13.5050(7)A
a=90.002(4)°, f=91.798(4)°
y=112.093(4)°
1429.97(13)

2

1.3159

0.161

592.5
6.04 to 50.00°

-13<h<11,-15<k<14,-16<1<18

11400/5030 [R(int)=0.0239]

99.8% (6= 25.00°)
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Max. and min. transmission 0.817/1.000
Refinement method ‘SHELXL-97 (Sheldrick, 1997)’
Data/restraints/parameters 5030/0/379
Goodness—of—fit on F? 1.068
Final R indices [I>2sigma(l)] R1=0.0594, wR2 = 0.1533
R indices (all data) R1=0.0793, wR2 = 0.1689
Largest diff. peak and hole 0.53and -0.58¢e-A-3
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3.9. Characterization Data of Products:

(2R,3S,4S)-3-benzoyl-4-(2-oxo0-2-phenylethyl)-2-phenyl-1-tosylpyrrolidine-3-
carbonitrile (3a)
o o This compound was prepared according to the general procedure

D. White sticky solid (43.8.4 mg, yield: 80%); Diastereomeric
ratio: 15:1; 'H NMR (400 MHz, CDCls): § 7.75 (d, J = 7.2 Hz,
2H), 7.60 (d, J = 8.3 Hz, 2H), 7.47 (t, J = 7.4 Hz, 1H), 7.42 —
7.33 (m, 3H), 7.32 — 7.23 (m, 9H), 7.16 (t, J = 7.9 Hz, 2H), 4.88 (s, 1H), 4.32 (dd, J =
11.8, 7.3 Hz, 1H), 3.60 — 3.46 (m, 1H), 3.28 — 3.17 (m, 1H), 3.18 — 3.08 (m, 1H), 3.01
(dd, J = 17.3, 4.4 Hz, 1H), 2.38 (s, 3H); *C NMR (100 MHz, CDClz3): 8 196.1, 191.6,
144.6, 136.0, 135.8, 135.3, 134.1, 134.0, 133.6, 130.2, 129.6, 129.5, 129.0, 128.8, 128.5,
128.23, 128.2, 128.1, 117.2, 72.0, 65.0, 53.2, 42.8, 38.2, 21.9; FT-IR (thin film): 1682,
1601, 1567, 1448, 1356, 1162, 848 cm™; HRMS (+ESI): Calc for CssH29N204S [M+H]*
549.1843; found 549.1837; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak IB column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 11.9 MinN, tmajor = 24.9 min); Enantiomeric excess: 91%.

(2R,3S,4S)-3-benzoyl-4-(2-oxo-2-phenylethyl)-2-(p-tolyl)-1-tosylpyrrolidine-3-
carbonitrile (3b)

This compound was prepared according to the general

procedure D. White sticky solid (43.8 mg, yield: 78%);

Diastereomeric ratio: 12:1; 'H NMR (600 MHz,
Me CDCls): 6 7.84 (d, J = 7.2 Hz, 2H), 7.71 (d, J = 8.2 Hz,
2H), 7.57 (t, J=7.4 Hz, 1H), 7.49 (t, J = 7.4 Hz, 1H), 7.46 — 7.41 (m, 2H), 7.41 — 7.35
(m, 4H), 7.31 —7.28 (m, 2H), 7.28 — 7.24 (m, 2H), 7.16 (d, J = 7.9 Hz, 2H), 4.93 (s, 1H),
4.39 (dd, J = 11.8, 7.3 Hz, 1H), 3.69 — 3.53 (m, 1H), 3.28 (ddd, J = 10.3, 9.4, 4.1 Hz,
1H), 3.23 (dd, J = 17.3, 9.2 Hz, 1H), 3.11 (dd, J = 17.3, 4.2 Hz, 1H), 2.48 (s, 3H), 2.37
(s, 3H); 13C NMR (150 MHz, CDCls):5 196.2, 191.7, 144.6, 139.5, 135.9, 135.3, 134.0,
133.9, 133.4, 132.7, 130.2, 129.6, 129.5, 129.0, 128.4, 128.2, 128.1, 128.0, 117.3, 71.9,
65.0, 53.2, 42.7, 38.2, 21.9, 21.5; FT-IR (thin film): 1683, 1599, 1569, 1449, 1353,
1231, 1165, 1090, 789 cm™; HRMS (+ESI): Calc for CssH31N204S [M+H]" 563.1999;

found 563.1984; The enantiomeric ratio was determined by HPLC analysis using Daicel
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Chiralpak 1A column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 21.2

min, Tminor= 24.6 min);Enantiomeric excess: 95%.

(2R,3S,4S)-3-benzoyl-2-(4-isopropylphenyl)-4-(2-oxo-2-phenylethyl)-1-
tosylpyrrolidine-3-carbonitrile (3c)

This compound was prepared according to the general

procedure D. White sticky solid (44.8 mg, yield: 76%);

Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCls): §
Pr 786 (d, J = 8.1 Hz, 2H), 7.66 (d, J = 7.9 Hz, 2H), 7.57 (t, J =
7.1 Hz, 1H), 7.49 — 7.40 (m, 3H), 7.34 (d, J = 7.9 Hz, 2H), 7.28 (t, J = 10.8 Hz, 4H), 7.21
(t, J=7.7Hz, 2H), 7.17 (d, J = 7.8 Hz, 2H), 4.85 (s, 1H), 4.44 (dd, J = 11.7, 7.7 Hz, 1H),
3.61 (t, J = 11.3 Hz, 1H), 3.35 (dt, J = 15.7, 11.5 Hz, 1H), 3.22 (dd, J = 17.6, 9.3 Hz,
1H), 3.10 (dd, J = 17.6, 4.4 Hz, 1H), 2.92 (dt, J = 13.7, 6.9 Hz, 1H), 2.46 (s, 3H), 1.26
(d, J = 7.1 Hz, 6H); *C NMR (150MHz, CDCls): 6 196.2, 191.5, 150.5, 144.5, 136.0,
135.2, 134.0, 133.9, 133.6, 132.6, 130.1, 129.7, 129.0, 128.3, 128.3, 128.2, 128.1, 126.8,
117.4,72.0, 65.0, 53.0, 42.3, 38.3, 34.1, 24.2, 24.1, 21.9; FT-IR (thin film): 1680, 1600,
1568, 1450, 1333, 1232, 1158, 1090, 892 cm™; HRMS (+ESI): Calc for CssHasN304S
[M+NH4]*608.2578; found 608.2584; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IB column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25

°C, 254 nm, tminor = 7.1 MIiN, zmajor = 18.4 min); Enantiomeric excess: 81%.

(2R,3S,4S)-3-benzoyl-2-(4-(tert-butyl)phenyl)-4-(2-oxo-2-phenylethyl)-1-
tosylpyrrolidine-3-carbonitrile (3d)

This compound was prepared according to the general

procedure D. White sticky solid (48.4 mg, yield: 80%);

Diastereomeric ratio: 15:1; *H NMR (600 MHz, CDCls):
Bu 5786 (d, J=7.4 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.57 (t,
J =7.4 Hz, 1H), 7.45 (dt, J = 15.5, 7.6 Hz, 3H), 7.36 — 7.30 (m, 4H), 7.30 — 7.26 (m,
4H), 7.20 (t, J= 7.9 Hz, 2H), 4.83 (s, 1H), 4.45 (dd, J = 11.7, 7.7 Hz, 1H), 3.61 (t, J =
11.3 Hz, 1H), 3.44 — 3.32 (m, 1H), 3.22 (dd, J = 17.6, 9.4 Hz, 1H), 3.11 (dd, J = 17.6, 4.5
Hz, 1H), 2.46 (s, 3H), 1.33 (s, 9H); 13C NMR (150 MHz, CDCls):5 196.2, 191.4, 152.7,
144.4, 136.0, 135.2, 134.0, 133.9, 133.6, 132.2, 130.1, 129.7, 129.0, 128.3, 128.2, 128.1,
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128.1, 125.7, 117.4, 71.9, 64.9, 53.0, 42.2, 38.3, 34.9, 31.5, 21.9; FT-IR (thin film):
1680, 1601, 1567, 1416, 1331, 1239, 1159, 1087, 788 cm™*; HRMS (+ESI): Calc for
Ca7H3sN20S [M+H]" 605.2469; found 605.2460; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak 1B column (90:10 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 14.9 Min, tmajor = 37.7 Min); Enantiomeric excess: 95%.

(2R,3S,4S)-3-benzoyl-2-(4-fluorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3e)

This compound was prepared according to the general
procedure D. White sticky solid (46.4 mg, vyield: 82%);
Diastereomeric ratio: 16:1; *H NMR (600 MHz, CDCls): §
7.84 (d, J = 7.6 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.57 (t, J =
7.4 Hz, 1H), 7.52 (d, J = 7.6 Hz, 1H), 7.47 — 7.42 (m, 4H), 7.38 (t, J = 7.0 Hz, 4H), 7.30
(t, J=7.9 Hz, 2H), 7.04 (t, J = 8.5 Hz, 2H), 4.97 (s, 1H), 4.40 (dd, J = 11.8, 7.2 Hz, 1H),
3.65—3.55 (m, 1H), 3.31 - 3.26 (m, 1H), 3.26 — 3.20 (m, 1H), 3.12 (dd, J = 17.0, 4.0 Hz,
1H), 2.48 (s, 3H); 3C NMR (150 MHz, CDCl3):8 196.0, 191.3, 164.2, 162.6, 144.8,
135.9, 135.3, 134.3, 134.0, 133.3, 131.7, 131.6, 130.2, 130.1, 130.0, 129.5, 129.0, 128.6,
128.2, 128.1, 117.2, 115.9, 115.8, 71.3, 64.9, 53.1, 42.8, 38.2, 21.9; FT-IR (thin film):
1684, 1601, 1569, 1511, 1450, 1354, 1229, 1162, 1088, 825 cm™*; HRMS (+ESI): Calc
for CssH2sFN204S [M+H]* 567.1748; found 567.1736; The enantiomeric ratio was
determined by HPLC analysis using Phenomenex Lux C1 column (75:25 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 11.3 Min, tmajor = 42.9 min); Enantiomeric

excess: 83%.

(2R,3S,4S)-3-benzoyl-2-(4-chlorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3f)

This compound was prepared according to the general
procedure D. White sticky solid (46.6 mg, yield: 80%);
Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCls): &
7.81 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.51 (t, J =
7.4 Hz, 1H), 7.46 — 7.31 (m, 11H), 7.28 (t, J = 3.8 Hz, 2H), 4.96 (s, 1H), 4.42 (dd, J =
11.8, 7.5 Hz, 1H), 3.62 (t, J = 11.3 Hz, 1H), 3.32 (ddd, J = 15.6, 10.0, 4.7 Hz, 1H), 3.20

101

TH-2028_136122009



Organocatalytic Asymmetric Synthesis of Highly Substituted Pyrrolidines

(dd, J = 17.7, 9.1 Hz, 1H), 3.09 (dd, J = 17.7, 4.6 Hz, 1H), 2.50 (s, 3H); 13C NMR (150
MHz, CDCls): 6 195.0, 191.4, 144.7, 140.5, 135.6, 135.2, 134.2, 134.1, 133.5, 130.2,
129.7, 129.6, 129.6, 129.3, 128.8, 128.5, 128.3, 128.1, 117.2, 72.0, 64.9, 53.1, 42.7, 38.2,
21.9; FT-IR (thin film): 1684, 1596, 1570, 1490, 1453, 1356, 1162, 1088, 799 cm™;
HRMS (+ESI): Calc for CssH2sCIN20sS [M+H]" 583.1453; found 583.1444; The
enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux C1 column
(70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 12.5 Min, zmajor = 36.5

min); Enantiomeric excess: 82%.

(2R,3S,4S)-3-benzoyl-2-(4-bromophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3g)

This compound was prepared according to the general

procedure D. White sticky solid (48.3 mg, yield: 77%);

Diastereomeric ratio: 15:1; *H NMR (400 MHz, CDCls): &
Br 772 (d, J=7.3Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.46 (t, J =
7.4 Hz, 1H), 7.40 (d, J = 7.4 Hz, 1H), 7.33 (dd, J = 18.1, 8.1 Hz, 6H), 7.27 (d, J = 8.1
Hz, 2H), 7.20 (t, J = 7.9 Hz, 2H), 7.16 (d, J = 7.0 Hz, 2H), 4.88 (s, 1H), 4.28 (dd, J =
11.8, 6.9 Hz, 1H), 3.56 — 3.42 (m, 1H), 3.21 — 2.95 (m, 3H), 2.37 (s, 3H); 3C NMR (100
MHz, CDClI3):6 196.0, 191.2, 144.9, 135.9, 135.3, 135.0, 134.3, 134.0, 133.4, 131.9,
130.3, 129.8, 129.5, 129.0, 128.6, 128.2, 128.1, 123.7, 117.1, 71.2, 64.7, 53.2, 43.0, 38.1,
21.9; FT-IR (thin film): 1682, 1599, 1566, 1489, 1448, 1355, 1163, 1072, 789 cm™;
HRMS (+ESI): Calc for CasH2sBrN20sS [M+H]* 627.0948; found 627.0944; The
enantiomeric ratio was determined by HPLC analysis using Phenomenex column (75:25
n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 15.3 min, zmagjor = 46.6

min);Enantiomeric excess: 84%.

(2R,3S,4S)-3-benzoyl-4-(2-oxo-2-phenylethyl)-2-(m-tolyl)-1-tosylpyrrolidine-3-
carbonitrile (3h)

This compound was prepared according to the general
procedure D. White sticky solid (44.4 mg, yield: 79%);
Diastereomeric ratio: 15:1;'H NMR (600 MHz, CDCl3): §
7.85(d, J=7.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.57 (t, J =
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7.4 Hz, 1H), 7.49 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.38 (dd, J = 16.5, 7.7 Hz,
4H), 7.28 — 7.22 (m, 3H), 7.18 (d, J = 7.1 Hz, 2H), 7.12 (s, 1H), 4.95 (s, 1H), 4.44 (dd, J
=11.8, 7.4 Hz, 1H), 3.60 (t, J = 11.3 Hz, 1H), 3.30 (ddd, J = 11.1, 9.6, 6.9 Hz, 1H), 3.22
(dd, J = 17.6, 9.3 Hz, 1H), 3.11 (dd, J = 17.5, 4.5 Hz, 1H), 2.47 (s, 3H), 2.27 (s, 3H); 13C
NMR (150 MHz, CDCls): 6 196.2, 191.7, 144.5, 138.4, 136.0, 135.6, 135.3, 134.1,
134.0, 133.7, 130.4, 130.1, 129.6, 129.0, 128.8, 128.7, 128.4, 128.2, 128.1, 125.3, 117.2,
72.0, 65.0, 53.1, 42.8, 38.2, 21.9, 21.6; FT-IR (thin film): 1683, 1601, 1568, 1450,
1355, 1239, 1161, 1087, 743 cm™; HRMS (+ESI): Calc for CasHz1N204S [M+H]*
563.1999; found 563.1980; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1B column (Initially polarity was 92:8 n-Hexane/2-PrOH and at
35.798 min polarity was increased to 75:25 n- Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 21.3 MIN, Tmajor = 48.4 min); Enantiomeric excess: 96%

(2R,3S,4S)-3-benzoyl-2-(3-fluorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3i)

This compound was prepared according to the general
procedure D. White sticky solid (45.9 mg, yield: 81%);
Diastereomeric ratio: 15:1; *H NMR (600 MHz, CDCls): §
7.84 (d, J=7.3 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.57 (t, J =
7.4 Hz, 1H), 7.54 — 7.50 (m, 1H), 7.48 — 7.42 (m, 4H), 7.39 (d, J = 8.1 Hz, 2H), 7.31 (t, J
=7.9 Hz, 3H), 7.18 — 7.11 (m, 2H), 7.08 (t, J = 8.4 Hz, 1H), 5.04 (s, 1H), 4.40 (dd, J =
11.9, 6.9 Hz, 1H), 3.62 — 3.55 (m, 1H), 3.25 (dd, J = 6.1, 3.4 Hz, 1H), 3.23 (t, J = 7.0 Hz,
1H), 3.13 (t, J = 10.7 Hz, 1H), 2.49 (s, 3H). *C NMR (150 MHz, CDClz): & 196.0,
191.3, 163.6, 162.0, 144.9, 138.5 (d, J =5 Hz), 135.9, 135.3, 134.3, 134.1, 133.3, 130.3,
129.5, 129.0, 128.6, 128.2 (d, J =5 Hz), 123.8 (d, J = 2 Hz), 117.0, 116.7, 116.5, 115.4,
115.2, 71.2, 64.8, 53.2, 43.1, 38.1, 21.9; FT-IR (thin film): 1682, 1600, 1568, 1489,
1450, 1355, 1162, 1087, 845 cm™; HRMS (+ESI): Calc for CssH2sFN204S [M+H]*
567.1748; found 567.1735; The enantiomeric ratio was determined by HPLC analysis

using Daicel Chiralpak 1B column (Initially the polarity was 93:7 n-Hexane/2-PrOH and
at 32.984 min the polarity was increased to 70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C

25 °C, 254 nm, Tminor = 26.7 MIN, Tmajor = 45.8 min); Enantiomeric excess: 98%.
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(2R,3S,4S)-3-benzoyl-2-(3-chlorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3j)

0 o This compound was prepared according to the general
procedure D. White sticky solid (46.6 mg, yield: 80%);
Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCl3): §
7.84 (d,J=7.3 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.57 (t, J =
7.4 Hz, 1H), 7.53 (d, J = 7.4 Hz, 1H), 7.49 (d, J = 7.4 Hz, 2H), 7.44 (t, J = 7.8 Hz, 2H),
7.38 (d, J = 8.0 Hz, 2H), 7.35 (dd, J = 8.9, 2.1 Hz, 1H), 7.31 (dd, J = 15.9, 7.5 Hz, 5H),
5.03 (s, 1H), 4.42 (dd, J = 11.8, 7.1 Hz, 1H), 3.65 — 3.54 (m, 1H), 3.31 — 3.25 (m, 1H),
3.23 (t, J = 11.3 Hz, 1H), 3.14 (dd, J = 16.7, 3.7 Hz, 1H), 2.48 (s, 3H); 3C NMR (150
MHz, CDCls): 6 196.0, 191.1, 144.9, 138.0, 135.9, 135.2, 134.7, 134.3, 134.1, 133.4,
130.3, 130.1, 129.7, 129.5, 129.0, 128.6, 128.3, 128.2, 128.1, 126.4, 116.9, 71.1, 64.7,
53.1, 43.1, 38.1, 21.9; FT-IR (thin film): 1682, 1596, 1574, 1481, 1445, 1228, 1163,
1052, 787 cm™; HRMS (+ESI): Calc for CasH2sCIN204S [M+H]* 583.1453; found
583.1458; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IB column (Initially the polarity was 93:7 n-Hexane/2-PrOH and at 34.039
min the polarity was increased to 70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tminor = 27.4 MiN, Tmajor = 51.4 min); Enantiomeric excess: 95%.

(2R,3S,4S)-3-benzoyl-2-(3-bromophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3k)

o o This compound was prepared according to the general
procedure D. White sticky solid (47.7 mg, yield: 76%);
Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDClz3): &
7.87 - 7.82 (m, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.58 (, J = 7.4
Hz, 1H), 7.53 (d, J = 7.4 Hz, 1H), 7.51 — 7.48 (m, 3H), 7.44 (t, J = 7.8 Hz, 2H), 7.42 —
7.34 (m, 4H), 7.32 (dd, J = 8.3, 7.6 Hz, 2H), 7.23 (t, J = 7.8 Hz, 1H), 5.03 (s, 1H), 4.42
(dd, J =11.8, 7.1 Hz, 1H), 3.62 — 3.54 (m, 1H), 3.29 (dd, J = 10.1, 5.6 Hz, 1H), 3.22 (d,
J = 9.0 Hz, 1H), 3.14 (dd, J = 17.0, 4.1 Hz, 1H), 2.48 (s, 3H); 13C NMR (150 MHz,
CDCls):6 196.0, 191.1, 144.9, 138.2, 135.9, 135.2, 134.4, 134.1, 133.5, 132.6, 131.1,
130.3, 130.2, 129.5, 129.0, 128.7, 128.2, 128.1, 126.9, 122.8, 116.9, 70.9, 64.7, 53.1,
43.1, 38.1, 21.9; FT-IR (thin film): 1681, 1600, 1567, 1449, 1349, 1160, 1085, 788 cm"
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L. HRMS (+ESI): Calc for CasHzsBrN20sS [M+H]* 627.0948; found 627.0948; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak 1B column
(Initially the polarity was 93:7 n-Hexane/2-PrOH and at 35.047 min the polarity was
increased to 70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Zminor = 29.0 min,
Tmajor = 54.9 min); Enantiomeric excess: 91%.

(2R,3S,4S)-3-benzoyl-4-(2-oxo-2-phenylethyl)-2-(o-tolyl)-1-tosylpyrrolidine-3-
carbonitrile (3I)

This compound was prepared according to the general procedure
D. White sticky solid (42.7 mg, yield: 76%); Diastereomeric
ratio:15:1; *H NMR (600 MHz, CDCls): & 7.88 (d, J = 7.4 Hz,
2H), 7.81 (d, J = 7.6 Hz, 1H), 7.66 (d, J = 8.1 Hz, 2H), 7.58 (t, J
=7.4Hz, 1H), 7.50 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.38 (d, J = 7.6 Hz, 2H),
7.33 (d, J = 8.0 Hz, 3H), 7.28 (t, J = 6.9 Hz, 1H), 7.26 — 7.21 (m, 2H), 7.02 (d, J = 7.5
Hz, 1H), 5.30 (d, J = 5.7 Hz, 1H), 4.46 (dd, J = 11.6, 7.2 Hz, 1H), 3.59 (t, J = 11.1 Hz,
1H), 3.46 (td, J = 10.8, 4.1 Hz, 1H), 3.24 (dd, J = 17.6, 9.6 Hz, 1H), 3.14 (dd, J = 17.5,
4.1 Hz, 1H), 2.46 (s, 3H), 1.94 (s, 3H); 3C NMR (150 MHz, CDCls): 6 196.2, 191.3,
1445, 136.1, 136.0, 134.7, 134.4, 134.2, 134.0, 130.6, 130.1, 129.5, 129.2, 129.0, 128.9,
128.5, 128.3, 128.0, 126.7, 117.4, 66.7, 64.3, 52.8, 43.0, 38.2, 21.9, 19.6; FT-IR (thin
film): 1682, 1599, 1565, 1491, 1448, 1349, 1159, 1081, 786 cm™; HRMS (+ESI): Calc
for CzsH31N204S [M+H]" 563.1999; found 563.1995; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (80:20 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor= 10.5 mMin, zmajor = 23.6 min); Enantiomeric

excess: 87%.

(2S,3S,45)-3-benzoyl-2-(2-fluorophenyl)-4-(2-oxo0-2-
phenylethyl)-1-tosylpyrrolidine-3-carbonitrile (3m)

This compound was prepared according to the general procedure
D. White sticky solid (42.4 mg, yield: 75%); Diastereomeric
ratio: 15:1;'H NMR (600 MHz, CDCls): 6 7.85 (d, J = 7.3 Hz, 2H), 7.81 (d, J = 7.8 Hz,
2H), 7.58 (t, J = 6.8 Hz, 3H), 7.53 (t, J = 7.4 Hz, 2H), 7.44 (dd, J = 13.3, 5.7 Hz, 4H),
7.40 — 7.37 (m, 1H), 7.31 (t, J = 7.9 Hz, 3H), 6.94 (t, J = 9.2 Hz, 1H), 5.40 (s, 1H), 4.38
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(dd, J =12.1, 6.7 Hz, 1H), 3.59 (dd, J = 12.0, 10.3 Hz, 1H), 3.24 — 3.08 (m, 3H), 2.49 (s,
3H); 13C NMR (150 MHz, CDCls): & 196.0, 190.6, 161.0, 159.4, 144.9, 135.9, 134.9,
134.2, 134.0, 131.0, 130.9, 130.3, 129.4, 129.0, 128.6, 128.3, 128.2, 125.0, 124.3, 124.2,
117.1, 63.9, 53.0, 43.5, 38.0, 21.9; FT-IR (thin film): 1686, 1599, 1569, 1489, 1450,
1354, 1224, 1163, 1088, 789 cm™; HRMS (+ESI): Calc for CssHzsFN204S [M+NH4]*
584.2014; found 584.2019; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 26.5 MIN, 7major = 31.0 min); Enantiomeric excess: 96%.

(2S,3S,4S)-3-benzoyl-2-(2-chlorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3n)

This compound was prepared according to the general procedure
D. White sticky solid (43.1 mg, yield: 74%); Diastereomeric
ratio: 15:1; 'H NMR (600 MHz, CDCl3): § 8.05 (d, J = 9.2 Hz,
1H), 7.85 (dd, J = 14.3, 7.7 Hz, 4H), 7.58 (t, J = 7.4 Hz, 1H),
7.54 — 7.50 (m, 2H), 7.50 — 7.46 (m, 3H), 7.45 (t, J = 8.0 Hz,
3H), 7.37 (t, J = 7.7 Hz, 1H), 7.28 (dd, J = 10.5, 5.4 Hz, 3H), 5.53 (s, 1H), 4.34 (dd, J =
12.1, 6.4 Hz, 1H), 3.62 (dd, J = 11.9, 9.6 Hz, 1H), 3.21 (dd, J = 18.3, 6.8 Hz, 2H), 3.13
(t, J = 10.9 Hz, 1H), 2.50 (s, 3H); *C NMR (150 MHz, CDCl3):5 196.1, 190.3, 144.9,
136.0, 134.8, 134.7, 134.4, 134.0, 133.6, 132.5, 130.7, 130.6, 130.3, 129.5, 129.4, 129.0,
128.52, 128.50, 128.2, 127.7, 117.1, 66.7, 63.6, 53.0, 43.3, 38.1, 22.0; FT-IR (thin
film): 1685, 1600, 1568, 1448, 1353, 1222, 1160, 1085 cm™; HRMS (+ESI): Calc for
Ca3H28CIN204S [M+H]" 583.1453; found 583.1453; The enantiomeric ratio was
determined by HPLC analysis using Daicel Phenomenex Lux C1 column (85:15 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 17.9 min, tmajor = 39.1 min);

Enantiomeric excess: 96%.
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(2R,3S,4S)-3-benzoyl-2-(naphthalen-1-yl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-
3-carbonitrile (30)

This compound was prepared according to the general procedure
D. White sticky solid (47.9 mg, yield: 80%); Diastereomeric
ratio: 16:1; 'H NMR (600 MHz, CDClz): 6 8.17 (d, J = 7.2 Hz,
1H), 7.91 (d, J = 8.1 Hz, 1H), 7.85 (dd, J = 19.8, 8.3 Hz, 3H),
7.74 (d, J=8.2 Hz, 2H), 7.66 (t, J = 7.7 Hz, 1H), 7.58 (t, J = 7.4
Hz, 1H), 7.46 (dd, J = 13.6, 5.8 Hz, 3H), 7.40 (d, J = 8.0 Hz, 2H), 7.32 (dd, J = 16.0, 8.1
Hz, 2H), 7.24 — 7.19 (m, 1H), 7.18 (d, J = 7.5 Hz, 2H), 7.04 (t, J = 7.9 Hz, 2H), 5.99 (s,
1H), 4.47 (dd, J = 11.9, 7.1 Hz, 1H), 3.70 (dd, J = 11.8, 10.4 Hz, 1H), 3.45 — 3.37 (m,
1H), 3.29 (dd, J = 17.7, 9.7 Hz, 1H), 3.14 (dd, J = 17.7, 4.0 Hz, 1H), 2.50 (s, 3H); 3C
NMR (150 MHz, CDCls): 6 196.1, 192.2, 144.7, 136.0, 134.8, 134.0, 133.6, 133.3,
132.1, 131.0, 130.2, 129.9, 129.4, 129.2, 129.0, 128.3, 128.2, 128.1, 127.4, 126.9, 125.8,
125.7, 121.7, 117.3, 66.3, 65.1, 53.2, 44.0, 38.2, 22.0; FT-IR (thin film): 1679, 1600,
1569, 1450, 1352, 1237, 1159, 1085, 886 cm™; HRMS (+ESI): Calc for Cs7Hz1N204S
[M+H]* 599.1999; found 599.197; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IB column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25

°C, 254 nm, zminor = 12.9 MiN, tmajor = 25.4 min); Enantiomeric excess: 87%.

(2R,3S,4S)-3-benzoyl-2-(naphthalen-2-yl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-
3-carbonitrile (3p)

This compound was prepared according to the general
procedure D. White sticky solid (48.4 mg, yield: 81%);
Diastereomeric ratio: 16:1; '"H NMR (600 MHz, CDCls) §
7.86 (d, J = 8.5 Hz, 4H), 7.70 (d, J = 8.2 Hz, 4H), 7.58 (dd, J
=13.6, 6.4 Hz, 3H), 7.51 — 7.48 (m, 2H), 7.46 — 7.42 (m, 3H), 7.42 — 7.38 (m, 2H), 7.33
(d, J=8.0 Hz, 2H), 7.15 (t, J = 7.9 Hz, 2H), 5.20 (s, 1H), 4.49 (dd, J = 11.8, 7.4 Hz, 1H),
3.74 - 3.63 (m, 1H), 3.41 - 3.32 (m, 1H), 3.30 — 3.25 (m, 1H), 3.15 (dd, J = 17.7, 4.6 Hz,
1H), 2.44 (s, 3H); BCNMR (150 MHz, CDCls)s 196.2, 191.7, 144.6, 136.0, 135.3,
134.1, 134.0, 133.9, 133.7, 133.2, 133.0, 130.2, 129.5, 129.0, 128.7, 128.5, 128.4, 128.2,
128.1, 128.0, 127.8, 126.9, 126.6, 117.3, 72.0, 65.0, 53.2, 43.0, 38.2, 21.9; FT-IR (thin
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film): 1682, 1599, 1569, 1448, 1350, 1231, 1163, 1087, 788 cm™*; HRMS (+ESI): Calc
for Ca7H3iN204S [M+H]" 599.1999; found 599.199; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IB column (85:15 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 14.7 Min, tmajor = 32.9 min); Enantiomeric
excess: 88%.

(2R,3S,4S)-3-benzoyl-2-(2,4-dimethylphenyl)-4-(2-0xo-2-phenylethyl)-1-
tosylpyrrolidine-3-carbonitrile (3q)

This compound was prepared according to the general
procedure D. White sticky solid (44.9 mg, yield: 78%);
Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCla):
5 7.88 (d, J=7.4 Hz, 2H), 7.70 (d, J = 8.0 Hz, 1H), 7.67 (d,
J=8.1Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.51 (d, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz,
2H), 7.40 (d, J = 7.6 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.26 (dd, J = 9.1, 6.7 Hz, 2H),
7.15 (d, J = 7.7 Hz, 1H), 6.84 (s, 1H), 5.25 (s, 1H), 4.43 (dd, J = 11.7, 7.2 Hz, 1H), 3.58
(t, J = 11.2 Hz, 1H), 3.43 (dd, J = 20.6, 10.7 Hz, 1H), 3.23 (dd, J = 17.6, 9.6 Hz, 1H),
3.12 (dd, J = 17.5, 4.1 Hz, 1H), 2.47 (s, 3H), 2.34 (s, 3H), 1.89 (s, 3H); 13C NMR (150
MHz, CDCI3):6 196.3, 191.5, 144.4, 138.9, 136.0, 135.8, 134.8, 134.4, 134.1, 133.9,
131.3, 130.0, 129.5, 129.0, 128.5, 128.3, 128.1, 127.6, 117.5, 66.7, 64.5, 52.8, 43.0, 38.2,
21.9, 21.4, 19.5; FT-IR (thin film): 1684, 1600, 1568, 1455, 1357, 1160, 1081, 789 cm"
I HRMS (+ESI): Calc for CasHssN204S [M+H]* 577.2156; found 577.2134; The
enantiomeric ratio was determined by HPLC analysis using Merck OD column (85:15 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 14.4 mMin, tmajor = 49.5 min);

Enantiomeric excess: 91%.

(2R,3S,4S)-3-benzoyl-2-cyclohexyl-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3r)

This compound was prepared according to the general
procedure D. White sticky solid (39.9 mg, yield: 72%);
Diastereomeric ratio:16:1; ‘H NMR (600 MHz, CDClz3): &
7.87(d, J=7.4Hz 2H),7.83(d, J=7.3Hz, 2H), 7.77 (d, J =
8.3 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H),
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7.44 (t, J = 7.8 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 4.36 (d, J = 6.5 Hz, 1H), 4.19 (dd, J =
13.1, 6.7 Hz, 1H), 3.26 (dd, J = 17.6, 4.8 Hz, 1H), 3.19 — 3.08 (m, 2H), 2.92 — 2.79 (m,
1H), 2.44 (s, 3H), 2.12 — 2.03 (m, 1H), 2.01 (d, J = 12.3 Hz, 1H), 1.85 (d, J = 12.6 Hz,
1H), 1.74 (d, J = 10.9 Hz, 1H), 1.68 (d, J = 12.7 Hz, 1H), 1.43 — 1.27 (m, 5H), 1.19 (d, J
=16.0 Hz, 1H); 13C NMR (150 MHz,CDCls):5 196.3, 192.0, 144.4, 136.0, 135.2, 135.0,
133.9, 133.8, 130.1, 129.2, 129.0, 128.9, 128.3, 128.2, 117.8, 71.3, 62.5, 54.0, 43.12,
43.11, 38.6, 31.6, 29.8, 26.5, 26.4, 26.1, 21.9; FT-IR (thin film): 1685, 1599, 1571,
1450, 1350, 1228, 1158, 1086, 780 cm™; HRMS (+ESI): Calc for C33HasN204S [M+H]*
555.2312; found 555.2322; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak IB column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 7.1 MiN, zmajor = 18.4 min); Enantiomeric excess: 78%.

(2R,3S,4S)-3-benzoyl-4-(2-ox0-2-(p-tolyl)ethyl)-2-phenyl-1-tosylpyrrolidine-3-
carbonitrile (3s)

This compound was prepared according to the general
procedure D. White sticky solid (45.0 mg, vyield: 80%);
Diastereomeric ratio: 15:1; 'H NMR (400 MHz, CDCls3) §
7.72 (dd, J = 16.1, 8.2 Hz, 4H), 7.48 (t, J = 7.4 Hz, 1H), 7.43 —
7.34 (m, 9H), 7.26 (dd, J = 8.8, 7.1 Hz, 4H), 4.99 (s, 1H), 4.40 (dd, J = 11.8, 7.4 Hz,
1H), 3.67 — 3.56 (m, 1H), 3.30 (dt, J = 22.4, 7.6 Hz, 1H), 3.20 (dd, J = 17.3, 9.0 Hz, 1H),
3.08 (dd, J = 17.3, 4.5 Hz, 1H), 2.47 (s, 3H), 2.39 (s, 3H); *C NMR (150 MHz, CDClz)
0 195.8, 191.7, 145.0, 144.6, 135.8, 135.4, 134.1, 133.5, 133.4, 130.2, 129.7, 129.6,
129.5, 128.8, 128.5, 128.4, 128.2, 128.1, 117.3, 72.1, 65.0, 53.3, 42.9, 38.1, 21.9; FT-IR
(thin film): 1683, 1602, 1566, 1494, 1451, 1352, 1166, 1089, 761 cm™*; HRMS (+ESI):
Calc for C3sH31N204S [M+NH4]* 580.2265; found 580.2276; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IB column (80:20 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 12.0 min, zmajor = 16.8 min); Enantiomeric
excess: 91%.
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(2R,3S,4S)-3-benzoyl-4-(2-(4-methoxyphenyl)-2-oxoethyl)-2-phenyl-1-tosylpyrrolidine-
3-carbonitrile (3t)

This compound was prepared according to the genera procedure
D. White sticky solid (45.7 mg, yield: 79%); Diastereomeric
ratio: 15:1; 'H NMR (600 MHz, CDCls): § 7.84 (d, J = 8.9
MeO Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.44
—7.35(m, 9H), 7.30 — 7.26 (m, 2H), 6.91 (d, J = 8.9 Hz, 2H), 5.00 (s, 1H), 4.41 (dd, J =
11.8, 7.5 Hz, 1H), 3.87 (s, 3H), 3.63 (t, J = 11.3 Hz, 1H), 3.34 - 3.26 (m, 1H), 3.20 (dd, J
= 17.4, 9.2 Hz, 1H), 3.08 (dd, J = 17.4, 4.7 Hz, 1H), 2.49 (s, 3H); *C NMR (150
MHz,CDClz): & 194.6, 191.6, 164.1, 144.6, 135.8, 135.4, 134.0, 133.4, 130.6, 130.2,
129.9, 129.6, 129.5, 129.0, 128.8, 128.4, 128.2, 128.1, 126.6, 117.3, 114.1, 72.0 65.0,
55.7, 53.3, 43.0, 37.8, 21.9; FT-IR (thin film): 1676, 1601, 1568, 1511, 1457, 1355,
1260, 1164, 1089, 736 cm?; HRMS (+ESI): Calc for CzsH3iN20sS [M+NH4]*
579.1948; found 579.1955; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1B column (70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 12.8 Min, zmajor = 13.9 min); Enantiomeric excess: 57%.

(2R,3S,4S)-3-benzoyl-4-(2-(4-chlorophenyl)-2-oxoethyl)-2-phenyl-1-tosylpyrrolidine-3-
carbonitrile (3u)

This compound was prepared according to the general
procedure D. White sticky solid (46.6 mg, yield: 80%);
Diastereomeric ratio: 15:1; ‘H NMR (600 MHz, CDClz): &
7.81 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.51 (t, J =
7.4 Hz, 1H), 7.46 — 7.34 (m, 11H), 7.31 — 7.26 (m, 2H), 4.96 (s, 1H), 4.42 (dd, J = 11.8,
7.5 Hz, 1H), 3.62 (t, J = 11.3 Hz, 1H), 3.32 (ddd, J = 16.3, 10.5, 4.7 Hz, 1H), 3.20 (dd, J
=17.7, 9.1 Hz, 1H), 3.10 (dd, J = 17.7, 4.7 Hz, 1H), 2.50 (s, 3H); 3C NMR (150 MHz,
CDCls): 6 195.0, 191.4, 144.7, 140.5, 135.6, 135.2, 134.2, 134.1, 133.4, 130.2, 129.7,
129.6, 129.6, 129.3, 128.8, 128.5, 128.2, 128.1, 117.2, 72.0, 64.8, 53.1, 42.7, 38.2, 21.9;
FT-IR (thin film): 1685, 1597, 1567, 1491, 1448, 1355, 1235, 1163, 1090, 842 cm;
HRMS (+ESI): Calc for Cs3H2sCIN204S [M+H]*583.1453; found 583.1456; The

enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IB column
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(80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 15.5 mMin, zmajor = 16.9
min); Enantiomeric excess: 67%.

(2R,3S,4S)-3-benzoyl-4-(2-(4-bromophenyl)-2-oxoethyl)-2-phenyl-1-tosylpyrrolidine-3-
carbonitrile (3v)

This compound was prepared according to the general
procedure D. White sticky solid (48.9 mg, vyield: 78%);
Diastereomeric ratio: 15:1; 'H NMR (600 MHz, CDCls): &
7.71 (dt, J =16.3, 7.1 Hz, 4H), 7.60 (d, J = 8.5 Hz, 2H), 7.51 (t,
J = 7.4 Hz, 1H), 7.45 — 7.32 (m, 9H), 7.29 — 7.26 (m, 2H), 4.96 (s, 1H), 4.42 (dd, J =
11.8, 7.5 Hz, 1H), 3.62 (t, J = 11.3 Hz, 1H), 3.36 — 3.28 (m, 1H), 3.19 (dd, J = 17.7, 9.1
Hz, 1H), 3.09 (dd, J = 17.7, 4.7 Hz, 1H), 2.50 (s, 3H); *C NMR (150 MHz, CDCls): §
195.2, 191.4, 144.7, 135.6, 135.2, 134.6, 134.2, 133.5, 132.3, 130.2, 129.7, 129.6, 129.6,
129.4, 129.3, 128.8, 128.7, 128.5, 128.2, 128.1, 117.2, 72.0, 64.8, 53.1, 42.7, 38.2, 21.9;
FT-IR (thin film): 1685, 1598, 1566, 1492, 1448, 1355, 1163, 1069, 789 cm™’; HRMS
(+ESI): Calc for C33H28BrN204S [M+H]* 627.0948; found 627.0949; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IB column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 17.4 Min, Tmajor = 18.4 min);

Enantiomeric excess: 60%.

(2R,3S,4S)-3-benzoyl-2-(3-fluorophenyl)-4-(2-(4-methoxyphenyl)-2-oxoethyl)-1-
tosylpyrrolidine-3-carbonitrile (3w)

o O\B—Ph This compound was prepared according to the general
~CN £ procedure D. White sticky solid (44.7 mg, yield: 75%);
Diastereomeric ratio: 7:1; *H NMR (400 MHz, CDCls):
MeO 67.81(d,J=8.9Hz, 2H), 7.71 (d, J =8.2 Hz, 2H), 7.53 —
7.46 (m, 3H), 7.38 (d, J = 8.0 Hz, 2H), 7.30 (t, J = 7.9 Hz, 3H), 7.10 (dt, J = 17.6, 8.0
Hz, 3H), 6.89 (d, J = 8.9 Hz, 2H), 5.07 (s, 1H), 4.37 (dd, J = 11.8, 7.1 Hz, 1H), 3.85 (s,
3H), 3.59 (dd, J = 11.6, 10.7 Hz, 1H), 3.25 (ddd, J = 12.9, 7.3, 3.8 Hz, 1H), 3.21 — 3.03
(m, 2H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCls): & 194.4, 191.3, 164.2, 144.8, 138.7
(d, J =7 Hz), 135.4, 134.2, 130.6, 130.2, 129.6, 129.5, 129.2, 128.6, 128.2, 123.8 (d, J =
3 Hz), 117.0, 116.6, 116.4, 115.4, 115.2, 114.1, 71.2, 64.9, 55.7, 53.3, 43.4, 37.7, 21.9;
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FT-IR (thin film): 1674, 1601, 1490, 1452, 1356, 1260, 1165, 751 cm™; HRMS
(+ESI): Calc for CzsH3z0FN20sS [M+H]" 597.1845; found 597.1852; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak 1B column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 19.6 mMin, tmajor = 21.1 min);

Enantiomeric excess: 90%.

(2R,3S,4S)-3-benzoyl-4-(2-(4-chlorophenyl)-2-oxoethyl)-2-(3-fluorophenyl)-1-
tosylpyrrolidine-3-carbonitrile (3x)

This compound was prepared according to the general
procedure D. White sticky solid (46.3 mg, yield: 77%);
Diastereomeric ratio: 10:1; 'H NMR (400 MHz, CDClz):
0 7.78 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.51 (d,
J=7.4Hz, 1H), 7.47 (d, J = 7.4 Hz, 2H), 7.39 (dd, J = 13.4, 8.4 Hz, 4H), 7.30 (t, J = 7.9
Hz, 3H), 7.15 — 7.06 (m, 3H), 5.04 (s, 1H), 4.38 (dd, J = 11.8, 7.3 Hz, 1H), 3.64 — 3.51
(m, 1H), 3.27 (ddd, J = 10.4, 7.7, 4.9 Hz, 1H), 3.22 — 3.06 (m, 2H), 2.48 (s, 3H); 3C
NMR (100 MHz, CDCls): 6 194.9, 191.1, 164.1, 161.6, 144.9, 140.6, 138.5 (d, J =7
Hz), 135.3, 134.3 (d, J = 7 Hz), 133.6, 130.2, 129.6, 129.5, 129.3, 128.6, 128.2, 123.9 (d,
J =3 Hz), 117.0, 116.7, 116.5, 115.5, 115.3, 71.2, 64.7, 53.1, 43.0, 38.1, 21.9; FT-IR
(thin film): 1686, 1597, 1567, 1489, 1450, 1401, 1356, 1163, 1090, 805 cm™; HRMS
(+ESI): Calc for C33H27CIFN204S [M+H]* 601.1359; found 601.1361; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IB column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 15.2 mMin, tmajor = 16.7 min);

Enantiomeric excess: 93%.

4-methoxyphenyl 2-((3S,4S,5R)-4-benzoyl-4-cyano-5-(3-fluorophenyl)-1-
tosylpyrrolidin-3-yl)acetate (4)

This compound was prepared according to the
general procedure D.

White sticky solid (24.5 mg, yield: 40%);
Diastereomeric ratio: 7:1; 'H NMR (400
MHz, CDCl3) & 7.65 (d, J = 8.3 Hz, 2H), 7.53 (t, J = 8.1 Hz, 2H), 7.46 (d, J = 7.4 Hz,
2H), 7.36 — 7.27 (m, 5H), 7.14 — 7.07 (m, 2H), 6.90 (td, J = 9.3, 5.2 Hz, 4H), 5.04 (s,
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1H), 4.36 (dd, J = 11.8, 7.4 Hz, 1H), 3.80 (s, 3H), 3.68 (t, J = 11.4 Hz, 1H), 3.27 — 3.11
(m, 1H), 2.76 (qd, J = 16.9, 7.3 Hz, 2H), 2.46 (s, 3H); 13C NMR (100 MHz, CDCls): &
191.0, 169.1, 157.8, 144.9, 143.8, 138.3 (d, J = 8 Hz), 135.1, 134.5, 133.6, 130.5, 130.4,
130.3, 129.6, 128.7, 128.1, 123.9 (d, J = 3 Hz), 122.2, 116.6 (d, J = 2 Hz), 115.5, 115.3,
114.8, 71.4, 64.5, 55.8, 52.9, 43.5, 36.9, 21.9; FT-IR (thin film): 1754, 1601, 1566,
1507, 1359, 1248, 1159, 876 cm™; HRMS (+ESI): Calc for CssH3oFN206S [M+H]*
613.1803; found 613.1804; The enantiomeric ratio was determined by HPLC analysis
using Phenomenex lux C1 column (88:12 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 77.7MIN, Tmajor = 83.8 min); Enantiomeric excess: 90%.
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3.9. Selected NMR spectra and HPLC chromatogram:
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500_558-6.6.16 #1 [modified by user] SSS-14(R) UV VIS 1
mAU WWVL:254 nm
1 2
400+ o
] <
=
2 300 1
£ Ts
‘@ | 3arac E
2 )
3 2004 @
2 3
100
o A /\jL N cvin
0.0 5!0 16.0 15|_0 2[;.0 25|.0 3Cll.0 350
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
47 A 12.35 119.9935 51.18584357 305.9554 n.a.
80 B 2512  114.434 48.81415643 156.038 n.a.
200 S58-8.8.16 #88 [modified by user, 2 peaks manually assigned] UV VIS 1
Jmal & WWL:254 nm
: :
250 o
2
200}
= ]
<
=
k 3a Chiral
g 1504
g )
=
5
A ]
< 1004
r ™
G
50+ <
] S
R A_}Ir\_ P J min|
1.1 5.0 10.0 15.0 20.0 25.0 300 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAL
102 A 11.85 B.223216 3.647795857 11.84795 n.a.
181 B 24981 164379 86.35211932  215.153 n.a.
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75.0 555-14-2 #79 [modified by user, 2 peaks manually assigned] Uv VIS 2
: _mAU WWL:254 nm
60.0
it
| S S
- L] '
40.0 - a
- o~
20.0
T B R A R S A B
1.0 5.0 10.0 15.0 20.0 25.0 30.0
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 2141 28.15373 49 33569561 35.40188 n.a.
2b 24,66 28.912 50.66430439 31.609 n.a.
250 555-14-2 #80 Imodified by user, 2 peaks manually assigned] UV VIS 2
imAU WWVL:254 nm
2004 o
i ™
150- i
100 3b Chiral
. 5
50 b
] a
:_/\,h,_\____/L/L .
u min
-10 ! ! ! | ! N ! ! | ! ' ! ! ] ! ! " ! | " " | '
1.0 5.0 10.0 15.0 20.0 25.0 30.0
No. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAU*min % mAU
1a 21.21 108.6271 97.79521062 130.9079 n.a.
2b 24,63 2.449 2.204789378 2.780 n.a.
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500 555-14-other part substrate scope #1 [modified by user] Uv_WVIS 1
mAU WWVL:254 nm
400+ 2
2 300 ' =
E ] | <
8 ] o
% 4 | ™ 3trac
E 200+
g |
< | |
] I
100 I
] I‘ | |
] \ i | k
4 |
15_ - I _k B / laallal
1.1 5.‘0 '|5.0 ‘I5|.O ZCILO 25| 0 30.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 11.83 138.9023 51.44223966 324.4802 n.a.
2b 17.12  131.114 48.55776034 224.110 n.a.

sop_S55-14-other part substrate scope #3 [modified by user. 2 peaks manually assigned] Uv VIS 1
JmAU WWL:254 nm|
- ;
A w
500+ =
1 2
_ 4p0- A
i ] |
5 _ \
% 300—_ 3t chiral ‘ |
; |
g ] |
< 200 | !
J " |
_ 3 n
100 } \
4 L] |II
i ) || \
. A JEERN _
1.1 I 5!0 IT?SI - I1d.0l - I12|.5I o I15|_IDI - I1?|'.5I T IQZ.U
Retention Time [min]
No. Peak Name RetTime (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
95 a 12.07 10.15986 4181661049 2403188 na.
12 b 16.87 232.802 9581833895  409.541 n.a.
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15.0 ss5-14-other part substrate scape #151 [modified by user, 2 peaks manually assigned]
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Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
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763 a 77.15 9.888247 51.20815972 2.77624 n.a.
764 b 8473 9.422 48.79184028 3.231 na.
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17 b 83.88 14.674 94 55593855 5.079 n.a.
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Chapter 4
Organocatalytic Asymmetric Synthesis of 2,5-

Disubstituted Oxazolidines

Abstract: An unprecedented organocatalytic asymmetric synthesis of 2,5-disubstituted
oxazolidines has been developed via hemiaminal formation followed by intramolecular
oxa-Michael reaction between alkyl aldehydes and N-tosyl aminomethyl enones. Quinine
derived bifunctional squaramide catalyst was found to be efficient for this reaction. With
10 mol% of the catalyst, excellent results were obtained for a variety of alkyl aldehydes

and N-tosyl aminomethyl enones under mild reaction conditions.

catalyst

OMe ?\7
catalyst 1 H—&N

0 o) (10 mol%)

@)
RAK/\/NHTS +R2”\H m >—-R2 | X NH
CH2C|2, rt N Ar
Ts

N~ y
R'=Ar, HetAr ~ R?= Ak 48N | o N
23 examples up to 77% yield
up to >20:1 dr

(@)
up to 99% ee Ar = 4-CF3CGH4
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CHAPTER 4

4.1. Introduction:

Chiral oxazolidines are versatile intermediate in organic synthesis. Compounds having
chiral oxazolidine moieties are prevalent in many biologically active natural products and
drugs.® Substituted oxazolidines are important structural motifs for polycyclic
tetrahydroisoquinoline alkaloids such as quinocarcin and terazomine both of which
possess antitumor activity (Figure 1). Besides, chiral oxazolidines are utilized as chiral
auxiliaries and chiral ligands in a range of asymmetric transformations.? Also they can be
converted to valuable 1,2-amino alcohols which are present in a variety of natural products
and pharmaceutically active compounds. Optically active oxazolidines are useful
intermediates for the construction of s-amino carbonyl compounds. Thus the interest for
the synthesis of enantiopure oxazolidines had grown tremendously over the last few years.
However, the enantioselective synthesis of oxazolidines mainly focused on chiral pool
synthesis employing chiral amino alcohols or chiral epoxides.® Most of these methods deal
with the use of chiral reagents or require stoichiometric amount of the catalyst.
Nevertheless, the catalytic asymmetric synthesis of oxazolidines has been rarely

HO O
LT e
N

O

developed.*

o

(@)

OM
H O MeO

ﬁj "
(@)
HO

Jadomycin B Jadomycin S Cyanocycline A
Ph Ph
</\')< R
O
N—/ HN/g<Ph
Ph2P\© Ph)\ O Ph

Quinocarcin Phosphinooxazolidine Oxazolidine
(Antitumor activity) (Chiral ligand) (Organocatalyst)

HO

Figure 1: Biologically active compounds, organocatalyst and ligand containing chiral oxazolidine

motifs
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Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted Oxazolidines

Also, the reported asymmetric methods mainly concerned about the synthesis of 2,4-
disubstituted oxazolidines and 2,5-disubstituted oxazolidines have been overlooked.?
Besides, the activation of aldehydes by H-bonding catalyst for the synthesis of 2,5-
disubstituted oxazolidines has never been applied.

4.2. Reported strategies for the synthesis of chiral oxazolidines:

In 2012 Yoon et al. explored a novel iron (lI) bis(oxazoline) complex catalyzed
regioselective and enantioselective oxyamination of styrene with N-sulfonyl aziridines for
the synthesis of 2,5-disubstituted oxazolidines. This method delivered the substituted

oxazolidines products in good yields and with high enantiomeric excesses (Scheme 4.1).°

Me_ Me
o) O
1-Naph lN AJ'““'NaPh
Ns 1-Naph 1-Naph Ar
O-N RN (20 mol%) . O/\N—Ns
Ar H Fe(NTf), (10 mol%), R\“I\/

(o)
MgO, benzene, 0 °C to rt up to 78% yield

up to 95% ee
Scheme 4.1: Fe (I1) catalyzed oxyamination for the synthesis of oxazolidines
A rhodium catalyzed enantioselective formal [3+2] cycloaddition between racemic
butadiene sulfur monoxide and imines to furnish spirooxindoles and 1,3-oxazolidines via
dynamic kinetic resolution or kinetic resolution has been demonstrated by Du and

coworkers (Scheme 4.2).%

N-PMP
7 |
- /) _PMP
/™~ R o 7 g =
PMP—N N PMP__ ¢
o H (+) R" OR2 o
SONE e e
H [Rh(C2H4)Cllo/L S=0 [Rh(C2Hy4)2ClI2/L R' =2
AgOTf AgOTf " o
; p to 90% yield
up to 91% yield acetone, 20 °C \ acetone, 20 °C ; 10 d
up to 20:1 dr L* up to 10:1 dr
Ph up to 97% ee

up to 96% ee

Scheme 4.2: Rh catalyzed formal [3+2] cycloaddition for the synthesis of oxazolidines

Matsubara group developed organocatalytic asymmetric synthesis of 2,4-disubstituted

oxazolidines via intramolecular aza-Michael reaction strategy. Cinchona alkaloid derived

126

TH-2028_136122009



CHAPTER 4

bifunctional thiourea catalysts were found be efficient and delivered the oxazolidines

products with good diastereomeric ratios and moderate enantiomeric excesses. (Scheme

4.3)7
-
s

| N NH
ND A
S” Ar R
3 (10 mol%) o Ts . /<
o) 18 Ar=3,5-(CF3),-CgH N
N ) 3)2-Lell3
» O
_— OH + | )J\/k/
RJ\/\/ R1J\H toluene, 0 °C R

up to 99% vyield
up to 11:1 dr
up to 87% ee

Scheme 4.3: Thiourea catalyzed aza-Michael reaction for the synthesis of 2,4-disubstituted

oxazolidines

A highly efficient 9-anthryl derived chiral BINOL magnesium phosphate catalyzed
asymmetric one pot synthesis of oxazolidines has been reported by Antilla group with
excellent enantioselectivities (Scheme 4.4).2

o)

S o)

N Ph
I MaIP2] Ph/Z(N
2
R + HO\/\CI \\\\/\:}
Cs,CO3 DMF @
B R 31 up to 99% vyield
OO up to 97% ee
2

OTtMg

P2: R =2,4,6-PrsCgH,
Scheme 4.4: Enantioselective synthesis of 1,3-oxazolidines
Zhang group disclosed a highly enantio and diastereoselective synthesis of 2,4-

disubstituted oxazolidines using a Pd-catalyzed decarboxylative cycloaddition of

vinylethylene carbamates with N-tosyl imines. A combination of [Pdx(dba);].CHCI3; and
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Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted Oxazolidines

phosphoramidite ligand L* delivered the desired oxazolidines in good yields with high
enantio- and diastereoselectivities (Scheme 4.5).°
o) R!
¥o N Pd,(dba);.CHCI4/L* /\N/TS
O

o+ o
W R’ toluene, 20 °C N

R R
OO o 5_, up to 99% yield
\P~N up to > 20:1 dr
/ up to 99% ee
o

L*
Scheme 4.5: Pd-catalyzed decarboxylative cycloaddition for the synthesis of 2,4-disubstituted

oxazolidines

An enantioselective [3+2] cycloaddition between N-tosylaziridines and aldehydes
catalyzed by Ni (ll)-bisoxazolidine complex for the synthesis of chiral 1,3-oxazolidine
derivatives has been proposed by Zhang and coworkers (Scheme 4.6).1°

Ts NiCl . CO,R’
I i * 1
N CO.R' , i(CIO4)2/ T8\ —COR
2 + R<“-CHO A > /‘\ R2
1 toluene, 4A MS,
Ar CO,R ; Ar e}
Me_ Me up to 99% vyield

o up to >20:1 dr

(@)
m up to 96% ee
yN N :

Bn L* Bn

Scheme 4.6: Ni (I1) catalyzed [3+2] cycloaddition for the synthesis of chiral 1,3-oxazolidines

Terrada and coworkers manifested a novel enantioselective formal [3+2] cycloaddition of
racemic epoxides and imines leading to the construction of enantioenriched 1,3-
oxazolidines. High diastereo- and enantioselectivities were obtained by employing

bis(guanidino) imino phosphorane as a chiral organosuperbase catalyst (Scheme 4.7).1!
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/tBU tBu\
()
N \N\ /N%N
v //P\ \/‘\
1-Naph" N N—"1-Naph

1-Naph H 1-Naph Boc )
N-Boc M. HCI (11 mol%) R
R' N
PhOZS\AQO - )]\H - Rim \(
2 KN(SiMe3), (10 mol%), SOzPh—‘\\ 0
18-Crown-6 (30 mol%), up to 99% yield
toluene, -20 °C up to >99:1 dr

up to 93% ee

Scheme 4.7: Chiral organosuperbase catalyzed [3+2] cycloaddition

4.3. Selective tandem or cascade reactions of aldehydes for the construction of
heterocyclic compounds:

A novel organocatalytic asymmetric cascade reaction for the synthesis of chiral 1,3-
dioxalones as demonstrated by Matsubara group proceeds through a formal [3+2]
cycloaddition addition strategy. Quinine derived bifunctional catalyst found to be efficient
for the activation of aldehydes through H-bonding and furnished the products with high

enantiomeric ratios and moderate diastereomeric ratios (Scheme 4.8).

-
OMe
H N

NN
N
= S)\Ar R
(0] (0] (10 mol%) 2
Ar = 3,5-(CF3)y-CeHy O Q/\"R
R)K/\/OH + R1JJ\R2 3)2-LeM3 )J\/?\/O
CPME, 25°C R

up to 99% yield
up to 4.7:1 dr
up to 98% ee

Scheme 4.8: Thiourea catalyzed [3+2] cycloaddition for the synthesis of chiral 1,3-dioxalones

Wang et al. reported enantioselective synthesis of optically active 4,5-disubstituted-2-
thioxooxazolidin-4-yl phosphonate via a cascade reaction of  a-isothiocyanato
phosphonate and aldehyde. Quinine derived bifunctional squramide catalyst activated both
phosphonate and aldehyde reactants to provide the expected products in good yields and

with high enantio- and diastereoselectivities (Scheme 4.9).13
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——
OMe
H N

catalyst

S
20 mol%)
o) (
O  Ar=35-(CF3)-CeHs R 0//<

1l
_N_ _P(OPh), + \K{NH
/C/ \\\
s” Y RJ\H Et,0, 30 °C H "''P(OPh),

Ph Ph &

up to >99% yield
up to >20:1 dr
up to >99% ee

Scheme 4.9: Thiourea catalyzed synthesis of optically active phophonates
4.4. Concept:

Chiral oxazolidine is an important structural unit frequently found in many biologically
active compounds and pharmaceutical agents. Besides, chiral oxazolidines have huge
applications as chiral auxiliaries and chiral ligands in many enantioselective
transformations. Chiral oxazolidines can be easily converted to 1,2-amino alcohols which
are common in many natural products. Thus it is important to synthesize enantioenriched
oxazolidines in a simple and efficient way. Most of the reported methods for the synthesis
of chiral oxazolidines focused on the use of chiral amino alcohols and chiral epoxides.
Catalytic asymmetric synthesis of oxazolidines are less common. However, the reported
protocols focused mainly on the synthesis of 2,4-disubstituted oxazolidines. Notably,
synthesis of 2,5-disubstituted oxazolidines have been over looked. Realizing the potential
of chiral oxazolidines in bioactive compounds, we envisioned to develop the first
organocatalytic asymmetric synthesis of 2,5-disubstituted oxazolidines via a cascade
reaction strategy. We used N-tosyl amino methyl enones and aldehydes as the substrates.
The carbonyl functionality of aldehyde will be activated by the thiourea or the squaramide
motifs. Tertiary amine part of catalyst will abstract the proton from the amino methyl
enones and the corresponding cascade reaction will take place to deliver the desired
product (Scheme 4:10).
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0o Bifunctional catalyst R
1. 0]
RMNHTS + R'-CHO ?D]/*\E »—R!

N
Oj (0 s
Chiral scaffold |« /O
2 N N R__O
R\ V4 | |
R-N® H H

\ AN \

- (o) /—\OH R 0]

NTs g - L _,7]/\E R

AN A e Te LY
Ts Ts

Scheme 4.10: Proposed route for the synthesis of 2,5-disubstituted oxazolidines

4.5. Result and discussion:

The optimization study was initiated by performing a model reaction between N-tosyl
aminomethyl enone 1a’*and n-pentanal 2a in presence of cinchonine derived bifunctional
thiourea catalyst 1 in toluene solvent at room temperature (Table 1). Pleasingly, after
stiring for 2 days, the desired 2,5-disubstituted oxazolidine product 3a was isolated in 70%
yield with >20:1 dr and in 84% ee (entry 1). The enantioselectivity got improved to 92%
ee with cinchonidine derived thiourea catalyst II (entry 2). Similar enantioselectivity was
observed with quinine derived thiourea catalyst IIT (entry 3). Employment of cinchonidine
derived urea catalyst could not improve the enantioselectivity of the product and 8§9%
enantiomeric excess was observed (entry 4). To elevate the enantioselectivity of the
product further, we turned our attention to screen different cinchona alkaloid derived
squaramide catalysts in our reaction (Table 1, entries 5-8). Quinine derived squaramide
catalyst V having bis-trifluoromethyl substituted aryl group furnished the desired product
with 73% yield, however the enantioselectivity was similar (entry 5). Interestingly, the
enantioselectivity increased to 92% with cinchonidine derived squaramide catalyst VI
(Table 1, entry 6). To improve the enantioselectivity for the product further, we turned our
attention to screen different squaramide catalysts bearing para-trifluoromethyl group.
Cinchonidine derived squaramide catalyst VII having para-trifluoromethyl group
provided the expected product in 70% yield with >20:1 dr and in 91% enantiomeric excess

(entry 7). Finally the best result was achieved with quinine derived squaramide catalyst
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V111 having para-trifluoromethyl group and the oxazolidine product was obtained in 74%
yield with >20:1 dr and in 94% enantiomeric excess (entry 8).

Table 1. Catalyst screening

O O Ph
catalyst (10 mol%)
~_NHTs , ~ -~ ></_/
PhM + H toluene, rt, 48 h \”/\E

1a 2a 3a
)CDI i ?J ?J
NQH
P H—ZN H—&N
HNT S NN NN
Ar\N/gs =N N~ )\ _Ar N~ 41\ . Ar
N S” N 07 N
H H
! R=H,II v
R 75 R = OMe, llI _
s
H—£N
H—£N
N NH
N NN
o) NH N~
OZﬁ}NH
o CF, Q
0
F
’ CF,
R R=H, VIl
R=H,VI R= OMe, VIII
Ar = 3,5-(CF3)206H3
entry? catalyst yield(%)® dre ee(%)°
1 | 70 >20:1 84
2 1 71 >20:1 92
3 1 72 >20:1 92
4 v 69 >20:1 89
5 \Y 73 >20:1 89
6 VI 72 >20:1 92
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7 Vil 70 >20:1 91

8 VI 74 >20:1 94

8Reaction conditions: 0.075 mmol of 1a and 0.15 mmol of 2a in 0.5 mL toluene using 10 mol% catalyst.
bIsolated yield after silica gel column chromatography. ¢Determined by *H NMR. YDetermined by HPLC.

4.5.1. Solvent screening:

To further improve the enantioselectivity, the reaction was performed with catalyst V111
in different solvents (Table 2). In triflurotoluene solvent enantioselectivity of the desired
product 3a was similar to toluene solvent (entry 2). Similar enantioselectivity was obtained
in diethyl ether solvent (entry 3). To further augment the enantioselectivity of the expected
product halogenated solvents were engaged in the reaction (entries 4-5). Chloroform
solvent afforded the substituted oxazolidine product with similar enantiomeric excess
(entry 4). Finally dichloromethane emerged as the best solvent and afforded the product
3a in 95% ee with >20:1 dr (entry 5).

Table 2. Solvent screening

) catalyst VIII
Ph)v\/NHTs \/\)J\ B MEEO N z/\[

soIvent rt, 48 h

1a 2a 3a
entry? solvent yield(%)° dr® ee(%)?
1 toluene 74 >20:1 94
2 TFT 72 >20:1 94
3 Et,O 71 >20:1 94
4 CHCl3 75 >20:1 94
5 CHCI> 76 >20:1 95

@Reaction conditions: 0.075 mmol of 1a and 0.15 mmol of 2a in 0.5 mL solvent using 10 mol% catalyst.
bIsolated yield after silica gel column chromatography. ‘Determined by *H NMR. “Determined by HPLC.
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4.5.2. Substrate scope:

After identifying the best optimized conditions, we turned our attention to explore the
scope and generality of the methodology for oxazolidine synthesis. At the beginning,
different alkylaldehydes were investigated under the optimized reaction conditions with
la (Table 3). It turned out that a range of aliphatic linear and branched aldehydes could

participate smoothly in the reaction and the outcome was very satisfactory.

Table 3. Scope of oxazolidines with different aldehydes 22¢d

o catalyst VIl Ph

O 0
(10 mol%)
Ph)v\/NHTs + RJ\H - 0 N>..R
1a 2 CH,Cl,, rt, 2d 3a Ts
Ph o Ph "
CH3 CH3; CH3
o N>~(CH2>3 7]/\[ >—C 0 N>~(CH2)2
Ts Ts

3a, 76%, >20:1 dr, 95% ee 3b, 75%, >20:1 dr, 94% ee 3c, 74%, >20:1 dr, 99% ee

CH CH CH
Y\[%CHf 7]/\[%%3 Y\[%CHZS

3d, 73%, >20:1 dr, 94% ee 3e, 75%, >20:1 dr, 90% ee 3f, 68%, >20:1 dr, 92% ee
Ph b
CH;3 CH;3 CHj
W >< (CH,); 7]/\[ >‘ (CH2)s o] N>‘(CH2)10
Ts
39, 73%, >20:1 dr, 94% ee 3h, 71%, >20:1 dr, 94% ee 3i, 70%, >20:1 dr, 99% ee

Ph Ph Ph
0] Ph ) 0
o L~ . o Lo~ )
N N N
T Ts Ts
3j, 76%, >20:1 dr, 92% ee 3k, 72%, >20:1 dr, 98% ee 31, 75%, >20:1 dr, 96% ee

@Reactions were carried out with 0.075 mmol of 1a and 0.15 mmol of 2a in 0.5 mL CHCl; at rt for 48 h.
bIsolated yield after silica gel column chromatography. Determined by *H NMR. “Determined by HPLC
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Gratifyingly, in all of the cases, only a single diastereomer was detected. Such as, propanal
reacted smoothly to afford the product 3b as a single diastereomer in 75% yield and 94%
enantiomeric excess. The desired oxazolidine 3c was isolated with good yield and high
enantiomeric excess from butyraldehyde 2c. Then higher order linear aldehydes were
engaged in the reaction and it is quite remarkable that the reaction outcome was excellent
for linear aldehydes 2d-2I. For example hexanal reacted smoothly to furnish the product
3d in 73% yield with 94% ee and as a single diasteremer. Heptanal delivered the expected
product 3e with 90% enantiomeric excess. High enantioselectivity was achieved for
product 3f obtained from octanal. The reaction outcome was excellent for nonanal and the
expected product 3g was isolated with 94% enantiomeric excess. Pleasingly, decanal
afforded the desired product 3h with good yield and high enantioselectivity. Very
satisfactory result was also achieved with dodecanal (2i) and the product 3i was isolated
in 99% ee. Excellent enantioselectivity was obtained for the product 3j derived from
hydrocinnamaldehyde. Moreover, smooth conversion was also detected with branched
aldehyde like isovaleraldeyhyde and product 3k was isolated in 72% yield with >20:1 dr
and 98% enantiomeric excess. Cyclohexanecarbaldehyde also took part smoothly in the
reaction and furnished the product 3l with 96% enantiomeric excess.

To further extend the scope of the reaction, different N-tosyl aminomethyl enones 1 were
screened (Table 4). Initially different N-tosyl amino methyl enones having substitutions
on the aryl group were prepared and engaged in the reaction. Gratifyingly, a range of
substitutions at the ortho-, meta- and para- positions of the aryl group were tolerated well
and satisfactory results were obtained. Almost, every cases the products were isolated as
a single diastereomer with high enantio and diastereoselectivities (Table 4). Initially,
different para-substituted aryl groups containing aminomethyl enones were screened and
delightfully excellent enantioselectivities were observed (Table 4). For example, enone
having p-tolyl group 1b reacted well to deliver product 3m in 75% yield with 98% ee. The
desired product 3n was isolated with high enantio and diastereoselectivity from enone
bearing para-anisyl moiety. Then different 4-halo substituted enones were investigated in
the reaction and the reaction outcome was very promising. Enone bearing 4-fluoro
substituent furnished the product 30 with slight diminution in enantioselectivity
Interestingly, 4-chloro substituted enone delivered the expected product 3p in 74% vyield

with 97% enantiomeric excess as a single diastereomer.

135

TH-2028_136122009



Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted Oxazolidines

Table 4. Scope of oxazolidines with different N-tosyl aminomethyl enones2.¢d

(0] catalyst VIII CH3
RMNHTS \/\)J\ (10mol%) ﬂ/\[r o),

solvent rt, 2d

1 2a 3m-w s
HsC H4CO
O, CHs CHs CHs
hP«((:Hz)3 r CH,)s n?‘ CH,)s
Ts
3m, 77%, >20:1 dr, 98% ee  3n, 75%, >2o.1 dr, 98% ee 30, 69%, >2o.1 dr, 86% ee

CH,

Br.
CEH3 % CgH;; 0 /CH3
Q‘ 2)a h?‘ 2k @—(CHm
OCH 3p, 74%, >20:1 dr, 97% ee 3q, 75%, >20:1 dr, 97% e r, 75%, >20 1 dr, 98% ee
3
3
O CHs

O CHs CH2 CHs
r(cm)g hP~<CH2>3

Ts

3s, 76%, >20:1 dr, 98% ee 3t, 70%, >20:1 dr, 87% ee 3u, 69%, >20.1 dr, 96% ee

7| a8
(@) (@) /CH3 S O /CH3
(CHo)s h?—«:Hz)s
Ts Ts
3v, 72%, 10:1 dr, 91% ee 3w, 73%, 12:1 dr, 97% ee

aReactions were carried out with 0.075 mmol of 1 and 0.15 mmol of 2a in 0.5 mL CHCI; at rt for 48 h.
bsolated yield after silica gel column chromatography. °Determined by *H NMR. YDetermined by HPLC.

High enantiomeric excess of 97% was observed for the product 3q having 4-Br
substitution. Then we turned our attention to screen different meta- substituted enones and
delightfully high enantioselectivities were observed. Enone containing m-tolyl group
provided the product 3r in 76% vyield and 98% enantiomeric excess. meta-Anisyl
substituted enone reacted well to produce the desired product with high enantiomeric

excess. ortho-Substituted enone also responded well and from ortho-tolyl substituted
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enone the product was isolated with good yield and enantiomeric excess. Enone 1j having
2-naphthyl group also participated in the reaction to afford product 3u in 69% vyield and
96% ee. Moreover, heteroaromatic groups can also be incorporated in the enone moiety
and smooth conversions were detected. The products 3v and 3w having 2-furyl and 2-
thienyl motifs were isolated in high enantioselectivities.

4.5.3. Synthetic transformations of chiral products:

The synthetic utility of our method was displayed by performing few reactions on 3a, 3n
and 3q. Initially, an acid mediated hydrolysis of oxazolidine 3a was carried out with 6(N)
hydrochloric acid. The linear 1,2-amino alcohol 4 was isolated in 60% vyield with
preservation of enantiopurity. Then Baeyer-Villiger oxidation of 3n resulted in the
formation of ester 5 in 55% vyield and here also the enantioselectivity was almost similar.
Finally, a Suzuki coupling reaction was performed between 3q and 4-
methoxyphenylboronic acid. Gratifyingly, the desired product 6 was formed in 60% vyield

with retention of enantiopurity (Scheme 4.11).

Ph o >~/_/ 6(N) HCI O OH
m . . r Ph)J\/'\/NHTS
[I\_l 1,4-dioxane/H,0 (2:1)
S 60 °C
3a, 76%, >20:1 dr, 95% ee 4, 60%, 95% ee
O
m-CPBA O
MeO 0]
NazHPO4 N
CH20|2 rt
3n,75%, >20:1dr, 98% ee 5, 55%), >20:1 dr, 97% ee

Br

0

O 4—OMeC6H4B(OH)2
: 2 o YD
N Pd(OAc), (5 mol%) O

Ts PCys, Na,CO5, DMF

3q, 75%, >20:1 dr, 97% ee 6, 60%), >20:1 dr, 96% ee

Scheme 4.11: Synthetic transformations of chiral products
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4.5.4. Absolute configuration 3c:
The absolute configuration of the product 3c was solved to be (2S, 5R) by X-ray
crystallography.!® The absolute structure of other products are believed to be same by

analogy

O>I |
o Ol o2 '\.;11

,\l\ 35 _:’E e / l 2 c15 cw
iy . N1

Ts iad oo e\ /\""':'-1 e ICW

- ™~y c15 L} 1

3c a @ “ e / | en

4.5.5. Proposed mechanism:

Based on the absolute configuration, a probable mechanism has been shown in Scheme
4.12. It is assumed that aldehyde 2a is activated by the squaramide moiety of the catalyst
V111 whereas the tertiary amino motif of V111 deprotonates 1a. Since the Si face of 2a is
blocked by catalyst V111, addition of N-tosylamino group on the aldehyde 2a takes place
from Re face to provide hemiaminal A. Hemiaminal A then undergoes an intramolecular

oxa-Michael reaction on the Si face of the enone to generate product 3a (Scheme 4.12).

0) (0]
T
N N’k
HoH
OMe e
Ph. 0O’
Re-face OH _~ Si-face
attac (/)/ attack g, < m
N (S)N
Ts
) A
Tsw/wh N Rmo
1a
(0] (S
0%,
N
3a Ts

Scheme 4.12: Proposed mechanistic cycle
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4.6. Conclusion:

In summary, this report delineates the first organocatalytic asymmetric synthesis of 2,5-
disubstituted oxazolidines via hemiaminal formation/Michael reaction between simple
alkyl aldehydes and N-tosyl aminomethyl enones. The oxazolidine products were isolated
in good yields and with excellent diastereo- and enantioselectivities. Also, few synthetic
transformations have been demonstrated including a synthesis of linear 1,2-aminoalcohol.
Realizing the significance of high pharmaceutical importance and other utilities of
oxazolidines, the newly synthesized products will be fruitful for the development of new

drugs and ligands/catalysts.
4.7. Experimental section:
General information:

All commercial reagents were purchased with the highest purity grade. They were used
without further purification unless specified. All reactions were carried out in oven dried
glassware with magnetic stirring. Dichloromethane was distilled over CaH. under argon
and stored over 4A molecular sieves. All other solvents and reagents were purified
according to standard procedures. Organic solvents were dried over anhydrous Na>SO4
and concentrated in a rotary evaporator under reduced pressure. Reactions were monitored
by TLC on silica gel GF-254 using a combination of hexane and ethyl acetate as eluents.
For column chromatography silica gel (60-120 mesh size) was used.

H NMR spectra were recorded on a 400 MHz, 500 MHz and 600 MHz spectrometer at
295 K in CDClz; chemical shift values (8, ppm) were reported in the standard fashion with
reference to either tetramethylsilane (TMS) (6(H) 0.00 ppm) or CHCls (6(H) 7.26 ppm).
13C NMR spectra were recorded on a 100 MHz, 125 MHz and 150 MHz spectrometer at
298 K in CDCl3; chemical shifts (8, ppm) were reported relative to CHCI3 (6(C) 77.23
ppm, central line of triplet. Multiplicities were given as: s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplets), dd (doublet of doublets), dt (doublet of triplets), and br (broad).
Coupling constants (J) were recorded in Hertz (Hz).

Enantiomeric excesses were determined by HPLC analysis using Dionex (Ultimate 3000)
instrument with chiral columns in comparison with authentic racemic compounds. High

resolution mass spectra (HRMS) were recorded in Q-TOF using electron spray ionization
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(ESI) technique. IR spectra were recorded on Perkin Elmer Instrument at normal
temperature by making KBr pellet and grinding the sample with KBr (IR Grade). Melting
points were measured with a Mel-Tem capillary melting point apparatus.

Single crystal X-ray data were collected using Bruker SMART APEXII CCD
diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation (A =
0.71073 A) at 298(2) K and the structure was solved by direct methods using SHELXS-
2014 (Gottingen, Germany) and refined with full-matrix least-squares on F? using
SHELXL-2014.

A. General procedure for the synthesis of amino methyl enones 1a-11:

Amino methyl enones were prepared according to the reported procedure.?
B. General procedure for the preparation of thiourea and squaramide catalysts (I-
VIII):

Thiourea and squaramide catalysts were prepared according to the reported procedure.?

D. General procedure for the synthesis of chiral oxazolidines:

Under argon atmosphere, N-tosyl aminomethyl enone 1a (0.075 mmol), aldehyde 2a (0.15
mmol) and catalyst V111 (10 mol %) were placed in a round bottom flask and toluene (0.5
mL) was added to it. Then the reaction mixture was stirred at room temperature under
argon atmosphere. After completion of the reaction as monitored by TLC, the product was

purified by column chromatography using 8-12 % ethyl acetate in hexane as eluent.

E. General procedure for the synthesis of compound 4:

To a solution of 3a (0.1 mmol) in 1,4-dioxane/H.0 (2:1, 0.4 mL), 6 (N) HCI (40 L) was
added and the reaction mixture was heated to 60 °C for 4 h. Then the reaction mixture was
cooled to room temperature. Next the reaction mixture was neutralized with sodium
bicarbonate solution and the aqueous layer was extracted with ethyl acetate thrice. Then
the combined organic layers were dried over Na.SO4 and evaporated. Finally the crude
product was evaporated and purified by silica gel column chromatography using 35% ethyl

acetate in hexane.
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F. General procedure for the synthesis of compound 5:

To asolution of 3n (0.1 mmol) in DCM (4 mL) disodium hydrogenphosphate (0.25 mmol)
and m-CPBA (0.25 mmol) were added. Then the reaction mixture was stirred at room
temperature for 6 h. The reaction mixture was poured into water (2 mL) and the aqueous
layer was extracted with DCM twice. Then the combined organic layers were evaporated
and the crude product was purified by column chromatography using 15% ethyl acetate in
hexane.

G. General procedure for the synthesis of compound 6:

To a round bottom flask 10 mL 3q (0.1 mmol), Pd(OACc). (5 mol%), PCyz (5 mol%), 4-
methoxy phenyl boronic acid and Na;COz (0.2 mmol) were added under nitrogen
atomosphere. Then 0.5 mL DMF was added to the reaction mixture which was stirred at
room temperature for overnight. Next H.O was added to the mixture that was extracted
with ethyl acetate. Then the combined organic layers were again washed with H20 twice
and the organic layer was dried over Na2SO4 and concentrated in vacuo. The crude product

was finally purified by column chromatography (15% ethyl acetate in hexane).

Crystal data and structure refinement for chiral compound (CCDC No. 1862326)

(3¢) :
N
O ce B "‘\ 5 o4
I >I 2R T L, BB
il e XN L en
’\l\ ca’cz “ \ci o , I(:ﬁ/ e
Ts .
Empirical formula C21H2sNO4S
Formula weight 387.49
CCDC Number 1862326

Crystal habit, colour
Crystal size, mm®
Temperature, T’
Wavelength, A(A)
Crystal system
Space group

Unit cell dimensions

Needle, White
0.30 x 0.25 x 0.20
293(2)

0.71073
monoclinic

P21

a =8.3006(8)A
b=15.9266(4)A
c=20.9303(16)A
a=90.00°, f=95.643(10)°
y=90.00°
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Volume, V (A%)
V4
Calculated density, Mg-m™

Absorption coefficient,

u (mm™)

F(000)

@ range for data collection
Limiting indices

Reflection collected/unique

Completeness to 6
Max. and min. transmission

Refinement method

Data/restraints/parameters

Goodness—of—fit on F?
Final R indices [/>2sigma(/)]

R indices (all data)
Largest diff. peak and hole

1024.66(14)
2

1.256

0.183

412.0
2.93 to 25°

8912/ 4015[R(int)=0.0329]

99.78% (6= 25.00°)
0.947/0.964

'SHELXL—-97(Sheldrick, 1997)
2995/1/247

1.045

Ri= 0.0605, wRo= 0.1274

R1=0.0943, wR2 = 0.14900
0.17 and —0.23e-A3
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4.9. Characterization Data of Products:
2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3a)

Phwo >—/\/ This compound was prepared according to the general
o N procedure D. Colourless liquid (22.8 mg, yield: 76%);

Ts Diastereomeric ratio: >20:1; H NMR (400 MHz,
CDCl3): 6 7.88 (d,J=7.2Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.61 — 7.54 (m, 1H), 7.45 (t,
J=7.7Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 6.1, 4.0 Hz, 1H), 4.04 (dd, J = 12.0,
5.6 Hz, 1H), 3.65 (ddt, J =9.7, 7.8, 5.3 Hz, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 2.99 (ddd,
J=25.2,14.7,8.7 Hz, 2H), 2.44 (s, 3H), 1.89 — 1.79 (m, 1H), 1.78 — 1.68 (m, 1H), 1.43 —
1.33 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDClz ): & 196.9, 144.4,
136.4, 134.8, 133.8, 130.3, 128.9, 128.3, 128.0, 91.6, 73.3, 52.5, 42.5, 36.3, 26.2, 22.7,
21.8, 14.3; FT-IR (thin film): 1683,1598, 1566, 1456, 1352, 1092 cm-1; HRMS (+ESI):
Calc for C22H2sNO4S [M+H]* 402.1734; found 402.1738; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1B column (95:5 n-Hexane/2-PrOH,
1.0 mL/min, 25 °C, 254 nm, Zmajor = 13.6 Min, zminor = 15.1 min); Enantiomeric excess:
95%.

2-((2S,5R)-2-ethyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3b)

Ph77/\[ o This compound was prepared according to the general procedure D.
o]

Colourless liquid (21 mg, yield: 75%); Diastereomeric ratio:

Ts >20:1; *H NMR (600 MHz, CDCls): 8 7.88 (d, J = 7.5 Hz, 2H), 7.79

(d, J=8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.36 (d, J = 8.1 Hz,
2H), 5.03 (dd, J = 5.4, 4.1 Hz, 1H), 4.04 (dd, J = 12.0, 5.5 Hz, 1H), 3.66 (ddd, J = 13.2,
10.3, 5.4 Hz, 1H), 3.45 (dd, J = 17.4, 5.2 Hz, 1H), 3.02 (dd, J = 12.0, 9.7 Hz, 1H), 2.96
(dd, J=17.4,7.7 Hz, 1H), 2.44 (s, 3H), 1.89 — 1.83 (m, 1H), 1.81 - 1.76 (m, 1H), 0.97 (t,
J=7.4Hz, 3H); 13C NMR (150 MHz, CDCls): 5 196.9, 144.4, 136.4, 134.7, 133.9, 130.3,
128.9,128.2,128.0,92.2, 73.3,52.6, 42.4, 29.4, 21.8, 8.2; FT-IR (thin film): 1681, 1602,
1568, 1457, 1350, 1216, 1161, 1088, 789 cm™; HRMS (+ESI): Calc for CaoH2aNO4S
[M+H]" 374.1421; found 374.1433; The enantiomeric ratio was determined by HPLC
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analysis using Daicel Chiralpak IB column (98:2 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nm, Tmajor = 28.4 min, minor = 31.5 min); Enantiomeric excess: 94%.

1- phenyl -2-((2S,5R)-2-propyl-3-tosyloxazolidin-5-yl)ethan-1-one (3c)

W >—/\ This compound was prepared according to the general procedure

D. Colourless liquid (21.5 mg, yield: 74%); Diastereomeric
ratio: >20:1; *H NMR (600 MHz, CDCls): § 7.88 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.2
Hz, 2H), 7.59 (s, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 5.06 (dd, J = 6.0,
4.1 Hz, 1H), 4.04 (dd, J = 12.1, 5.6 Hz, 1H), 3.65 (ddd, J = 14.8, 9.1, 5.4 Hz, 1H), 3.44
(dd,J=17.4,5.1 Hz, 1H), 2.99 (ddd, J = 25.2, 14.8, 8.7 Hz, 2H), 2.44 (s, 3H), 1.86 — 1.77
(m, 1H), 1.74 — 1.68 (m, 1H), 1.46 (ddd, J = 32.5, 18.1, 11.6 Hz, 2H), 0.95 (t, J = 7.4 Hz,
3H); 13C NMR (151 MHz, CDClz): § 196.9, 144.4, 136.4, 134.7, 133.9, 130.3, 128.9,
128.2,128.0,91.4,73.3,52.4,425, 38.6, 21.8, 17.5, 14.1; FT-IR (thin film): 1683, 1601,
1566, 1352, 1245, 1163, 1090 cm™; HRMS (+ESI): Calc for Co1H26NOsS [M+H]*
388.1577; found 388.1788; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak IB column (98:2 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 24.9 min, minor = 28.6 Min); Enantiomeric excess: 99%.

2-((2S,5R)-2-pentyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3d)

Ph
Wo >_/\/\ This compound was prepared according to the
o) . o
N

generalnprocedure D. Colourless liquid (22.7 mg, vyield:

e 73%); Diastereomeric ratio: >20:1; 1H NMR (600 MHz,

CDCI3): 5 7.88 (d,J=7.5Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45
(t, J = 7.7 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 5.05 (dd, J = 6.0, 4.0 Hz, 1H), 4.04 (dd, J =
12.0, 5.6 Hz, 1H), 3.70 — 3.59 (m, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 3.03 (dd, J = 12.0,
9.7 Hz, 1H), 2.96 (dd, J = 17.4, 7.8 Hz, 1H), 2.44 (s, 3H), 1.88 — 1.78 (m, 1H), 1.75 - 1.70
(m, 1H), 1.45 - 1.37 (m, 2H), 1.31 (dd, J = 6.9, 3.4 Hz, 4H), 0.89 (t, J = 6.4 Hz, 3H); 13C
NMR (150 MHz, CDCls): 6 196.9, 144.4,136.4, 134.7, 133.8, 130.3, 128.9, 128.2, 128.0,
91.6, 73.3, 52.4, 42.4, 36.5, 31.8, 23.7, 22.8, 21.8, 14.3; FT-IR (thin film): 1681, 1601,
1565, 1352, 1214, 1163, 1090, 803 cm™!; HRMS (+ESI): Calc for Ca3H3oNO4S [M+H]*
416.1890; found 416.1906; The enantiomeric ratio was determined by HPLC analysis
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using Daicel Chiralpak IB column (97:3 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 16.7 mMin, zminor = 18.7 min); Enantiomeric excess: 90%.

(2R,3S,4S)-3-benzoyl-2-(4-fluorophenyl)-4-(2-oxo-2-phenylethyl)-1-tosylpyrrolidine-3-
carbonitrile (3e):
Ph o >J\/\/ This compound was prepared according to the general
Z/\[N procedure D. Colourless liquid (24.1 mg, yield: 75%);
Ts Diastereomeric ratio: >20:1; 'H NMR (600 MHz,
CDClz): 6 7.88 (d, J=7.3 Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45
(t, J = 7.7 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 5.05 (dd, J = 6.0, 4.0 Hz, 1H), 4.04 (dd, J =
12.0, 5.6 Hz, 1H), 3.69 — 3.59 (m, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 2.99 (ddd, J = 25.2,
14.7,8.7 Hz, 2H), 2.44 (s, 3H), 1.82 (ddd, J = 14.2, 9.5, 4.4 Hz, 1H), 1.76 — 1.70 (m, 1H),
1.41 (ddd, J=17.5, 13.8, 7.2 Hz, 2H), 1.30 (dd, J = 15.4, 8.2 Hz, 6H), 0.88 (t, J = 6.9 Hz,
3H); 13C NMR (150 MHz, CDCls): § 196.9, 144.4, 136.4, 134.7, 133.8, 130.3, 128.9,
128.2, 128.0, 91.6, 73.3, 52.4, 42.4, 36.5, 32.0, 29.2, 24.0, 22.8, 21.8, 14.3; FT-IR (thin
film): 1683,1601, 1566, 1452, 1352, 1214, 1162, 1091, 788 cm-}; HRMS (+ESI): Calc
for CosH32NOsS [M+H]* 430.2047; found 430.2075; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IB column (97:3 n-Hexane/2-PrOH,
1.0 mL/min, 25 °C, 254 nm, tmajor = 16.2 Min, tminor = 18.2 min); Enantiomeric excess:
92%.

2-((2S,5R)-2-heptyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3f)

Ph ) i
j]/\[o >J\/\/\ This compound was prepared according to the general
o)
N

procedure D. Colourless liquid (22.6 mg, yield: 68%);

s Diastereomeric ratio: >20:1; *H NMR (400 MHz, ): §

7.88 (d, J =7.2 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7
Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 6.1, 4.0 Hz, 1H), 4.04 (dd, J = 12.0, 5.6
Hz, 1H), 3.65 (ddt, J = 10.6, 7.7, 5.3 Hz, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 2.99 (ddd,
J=25.2,14.7,8.7 Hz, 2H), 2.44 (s, 3H), 1.83 (ddd, J = 20.0, 11.8, 7.8 Hz, 1H), 1.73 (ddd,
J=14.1,9.6, 5.1 Hz, 1H), 1.46 — 1.38 (m, 2H), 1.34 — 1.26 (m, 8H), 0.88 (t, J = 6.9 Hz,
3H); 13C NMR (100 MHz, ): § 196.9, 144.4, 136.4, 134.7, 133.8, 130.3, 128.9, 128.2,
128.0, 91.6, 73.3, 52.4, 42.5, 36.6, 32.0, 29.6, 29.5, 24.1, 22.9, 21.8, 14.3; FT-IR (thin
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film): 1683, 1602, 1566, 1466, 1353, 1215, 1161, 1090, 790 cm™; HRMS (+ESI): Calc
for CosHaaNOsS [M+H]* 444.2203; found 444.2205; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IB column (95:5 n-Hexane/2-PrOH,
1.0 mL/min, 25 °C, 254 nm, major = 12.2 Min, zminor = 13.7 min); Enantiomeric excess:
94%.

2-((2S,5R)-2-octyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3g)

o This compound was prepared according to the general

7]/\[0 procedure D. Colourless liquid (25 mg, yield: 73%);
© % Diastereomeric ratio: >20:1; *H NMR (600 MHz,
CDClz) 6 7.88 (d, J=7.3 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45
(t, J = 7.8 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 5.05 (dd, J = 6.1, 4.0 Hz, 1H), 4.04 (dd, J =
12.0, 5.6 Hz, 1H), 3.71 - 3.59 (m, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 2.99 (ddd, J = 25.2,
14.7, 8.7 Hz, 2H), 2.43 (s, 3H), 1.82 (ddd, J = 14.2, 9.9, 4.7 Hz, 1H), 1.72 (dt, J = 19.7,
5.7 Hz, 1H), 1.41 (ddd, J = 17.5, 13.5, 7.0 Hz, 2H), 1.32 — 1.24 (m, 10H), 0.88 (t, J= 7.0
Hz, 3H); 1*C NMR (150 MHz, CDCls): 5 196.9, 144.4, 136.4, 134.7, 133.8, 130.3, 128.9,
128.2,128.0,91.6, 73.3,52.4, 42.5, 36.5, 32.1, 29.8, 29.6, 29.5, 24.1, 22.9, 21.8, 14.4; FT-
IR (thin film): 1683, 1602, 1566, 1465, 1354, 1215, 1160, 1090, 784 cm™*; HRMS
(+ESI): Calc for C26H3sNO4S [M+H]* 458.2360; found 458.2467; The enantiomeric ratio
was determined by HPLC analysis using Daicel Chiralpak IB column (97:3 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 15.4 min, tminor = 17.4 min); Enantiomeric
excess: 94%.
2-((2S,5R)-2-nonyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3h):

This compound was prepared according to the

Ph
}]/\[O general procedure D. Colourless liquid (25.1 mg,
o)
¥ yield: 71%); Diastereomeric ratio: >20:1; 'H
S

NMR (600 MHz, CDCls): & 7.88 (d, J = 7.3 Hz,
2H), 7.78 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.36 (d, J
= 8.1 Hz, 2H), 5.05 (dd, J = 6.0, 4.0 Hz, 1H), 4.04 (dd, J = 12.0, 5.6 Hz, 1H), 3.69 — 3.58
(m, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 2.99 (ddd, J = 25.2, 14.7, 8.7 Hz, 2H), 2.44 (s,
3H), 1.82 (ddd, J = 14.2, 10.0, 5.4 Hz, 1H), 1.76 — 1.68 (m, 1H), 1.41 (ddd, J = 17.5, 13.2,
7.0 Hz, 2H), 1.33— 1.24 (m, 12H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (150 MHz, CDCls):
5196.9, 144.4, 136.4, 134.7, 133.8, 130.3, 128.9, 128.2, 128.0, 91.6, 73.3, 52.4, 42.5, 36.5,
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32.1, 29.8, 29.7, 29.6, 29.5, 24.1, 22.9, 21.8, 14.4; FT-IR (thin film): 1682, 1601, 1567,
1459, 1352, 1214, 1161, 1090, 886 cm-1; HRMS (+ESI): Calc for C27H3sNO4S [M+H]*
472.2516; found 472.2513; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak IB column (97:3 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tmajor = 15.0 Min, zminor = 16.9 min); Enantiomeric excess: 94%.
1-phenyl-2-((2S,5R)-3-tosyl-2-undecyloxazolidin-5-yl)ethan-1-one (3i):
This compound was prepared according to the
Ph o general procedure D. Colourless liquid (26.2
7)7/\[ mg, Yield: 70%); Diastereomeric ratio:
Ts >20:1; 'H NMR (600 MHz, CDCls): 6 7.88
(d, J=7.3Hz,2H), 7.79 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz,
2H), 7.36 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 6.1, 4.0 Hz, 1H), 4.04 (dd, J = 12.0, 5.6 Hz,
1H), 3.68 — 3.61 (m, 1H), 3.45 (dd, J = 17.4, 5.1 Hz, 1H), 3.03 (dd, J = 12.0, 9.7 Hz, 1H),
2.96 (dd, J=17.4, 7.8 Hz, 1H), 2.44 (s, 3H), 1.82 (ddd, J = 14.2, 9.5, 5.1 Hz, 1H), 1.76 -
1.69 (m, 1H), 1.44 — 1.38 (m, 2H), 1.33 — 1.25 (m, 18H), 0.88 (t, J = 7.0 Hz, 3H); *C
NMR (150 MHz, CDCls): 6 196.9, 144.4, 136.4, 134.7, 133.8, 130.3, 128.9, 128.2, 128.0,
91.6, 73.3, 52.4, 42.5, 36.6, 32.1, 29.9, 29.88, 29.85, 29.81, 29.6, 29.6, 24.1, 22.9, 21.8,
14.4; FT-IR (thin film): 1684, 1601, 1565, 1354, 1214, 1163, 1091 cm-1; HRMS (+ESI):
Calc for C29Hs2NO4S [M+H]" 500.2829; found 500.2838; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak IB column (97:3 n-Hexane/2-PrOH,
1.0 mL/min, 25 °C, 254 nm, tmajor = 14.5 MIin, tminor = 17.0 min); Enantiomeric excess:
99%.
2-((28 5R)-2-phenethyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3)):

7]/\[ >_/‘ PR This compound was prepared according to the general

procedure D. White sticky solid (25.6 mg, yield: 76%);
Dlastereomerlc ratio: >20:1; 'H NMR (600 MHz, CDCls):  7.92 — 7.85 (m, 2H), 7.73
(d, J=8.2 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 8.0 Hz,
1H), 7.29 (t, J = 7.5 Hz, 3H), 7.21 (dd, J = 13.7, 6.7 Hz, 3H), 5.05 (dd, J = 5.9, 3.8 Hz,
1H), 4.05 (dd, J = 12.0, 5.6 Hz, 1H), 3.70 (dt, J = 13.3, 5.5 Hz, 1H), 3.45 (dd, J = 17.4, 5.2
Hz, 1H), 3.08 (dd, J = 12.0, 9.6 Hz, 1H), 2.97 (dd, J = 17.5, 7.7 Hz, 1H), 2.83 — 2.79 (m,
1H), 2.76 — 2.70 (m, 1H), 2.44 (s, 3H), 2.23 - 2.17 (m, 1H), 2.10 — 2.04 (m, 1H); 13C NMR
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(150 MHz, CDCls): 6 196.9, 144.5,141.5,136.4, 134.4,133.9, 130.3, 128.9, 128.7, 128.6,
128.2, 128.0, 126.1, 90.8, 73.4, 52.6, 42.3, 37.8, 30.2, 21.8; FT-IR (thin film): 1682,
1601, 1566, 1451, 1351, 1215, 1162, 1090 cm™; HRMS (+ESI): Calc for C26H2sNO4S
[M+H]* 450.1734; found 450.1738; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak 1B column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,
254 nm, Tmajor = 11.9 min, zminor = 16.9 min); Enantiomeric excess: 92%.
2-((2S,5R)-2-isobutyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3K):
Ph This compound was prepared according to the general procedure
Z/\[O>_>‘ D. Colourless liquid (21.68 mg, yield: 72%); Diastereomeric
¥s ratio: >20:1; *H NMR (600 MHz, CDCls) 6 7.88 (d, J = 7.4 Hz,
2H), 7.79 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.36 (d, J
=8.1 Hz, 2H), 5.09 (dd, J = 7.4, 4.4 Hz, 1H), 4.05 (dd, J = 12.2, 5.6 Hz, 1H), 3.64 (tt, J =
10.3, 5.4 Hz, 1H), 3.45 (dd, J = 17.4, 5.0 Hz, 1H), 3.05 (dd, J = 12.1, 9.6 Hz, 1H), 2.95
(dd, J =17.4, 7.9 Hz, 1H), 2.44 (s, 3H), 1.82 (dt, J = 13.3, 6.6 Hz, 1H), 1.78 — 1.72 (m,
1H), 0.96 (dd, J = 6.6, 2.7 Hz, 6H); *C NMR (150 MHz, CDCls): § 197.0, 144.4, 136.4,
134.7,133.8,130.3, 128.9, 128.2, 128.0, 90.6, 73.3,52.2, 45.6, 42.7, 24.6, 23.4, 22.6, 21.8,;
FT-IR (thin film): 1683, 1598, 1565, 1449, 1384, 1351, 1163, 1091, 792 cm*; HRMS
(+ESI): Calc for C22H2sNO4S [M+H]* 402.1734; found 402.1733; The enantiomeric ratio
was determined by HPLC analysis using Daicel Chiralpak IB column (97:3 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 16.8 min, tminor = 18.7 min); Enantiomeric
excess: 98%.

2-((2S,5R)-2-cyclohexyl-3-tosyloxazolidin-5-yl)-1-phenylethan-1-one (3I):

Ph o This compound was prepared according to the general procedure
mr\?—@ D. Colourless liquid (24.0 mg, yield: 75%); Diastereomeric
Ts ratio: >20:1; 'H NMR (600 MHz, CDCls): 6 7.88 (d, J =7.2

Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.35
(d, J =8.0 Hz, 2H), 4.93 (d, J = 4.7 Hz, 1H), 4.10 (dd, J = 12.5, 5.5 Hz, 1H), 3.51 (dt, J =
10.2, 3.8 Hz, 1H), 3.42 (dd, J = 17.3, 5.0 Hz, 1H), 2.98 — 2.87 (m, 2H), 2.43 (s, 3H), 1.78
(t, J = 15.5 Hz, 4H), 1.68 — 1.58 (m, 4H), 1.11 (dd, J = 26.0, 13.5 Hz, 3H); *C NMR (150
MHz, CDCla): § 197.0, 144.4, 136.4, 135.0, 133.8, 130.3, 128.9, 128.3, 128.0, 94.8, 73.1,
52.8, 43.6, 42.4, 28.7, 26.6, 26.5, 26.2, 26.0, 21.8; FT-IR (thin film): 1683, 1598, 1449,
1351, 1162, 1092, 997, 792 cm't; HRMS (+ESI): Calc for CsHaoNO4S [M+H]* 428.1890;
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found 428.1893; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IB column (97:3 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 17.1
min, zminor = 19.0 min); Enantiomeric excess: 96%.
2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(p-tolyl)ethan-1-one (3m)

HaC This compound was prepared according to the general

procedure D. Colourless liquid (23.9 mg, yield: 77%);

(:?_/_/ Diastereomeric ratio: >20:1; 'H NMR (600 MHz,

v CDCls): 6 7.78 (dd, J = 8.1, 5.2 Hz, 4H), 7.36 (d, J =

8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 5.05 (dd, J = 6.0,

4.0 Hz, 1H), 4.04 (dd, J = 12.0, 5.5 Hz, 1H), 3.63 (ddd, J = 13.4, 10.3, 5.4 Hz, 1H), 3.42

(dd,J=17.3,5.1 Hz, 1H), 3.02 (dd, J = 12.0, 9.7 Hz, 1H), 2.93 (dd, J = 17.3, 7.8 Hz, 1H),

2.43 (s, 3H), 2.40 (s, 3H), 1.86 — 1.80 (m, 1H), 1.77 — 1.70 (m, 1H), 1.38 (ddd, J = 21.2,

11.2, 4.9 Hz, 4H), 0.91 (t, J = 7.1 Hz, 3H); 3C NMR (150 MHz, CDClz): § 196.5, 144.8,

144.4, 134.7, 134.0, 130.3, 129.6, 128.4, 128.0, 91.5, 73.4, 52.5, 42.3, 36.3, 26.2, 22.7,

21.9, 21.8, 14.3; FT-IR (thin film): 1679, 1604, 1568, 1461, 1350, 1161, 1092, 789 cm™;

HRMS (+ESI): Calc for C23H3oNOsS [M+H]® 416.1890; found 416.1892; The

enantiomeric ratio was determined by HPLC analysis using Daicel phenomenex Lux C1

column (92:8 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 14.2 MiN, Tmajor =

20.7 min); Enantiomeric excess: 98%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(4-methoxyphenyl)ethan-1-one (3n)

HCO This compound was prepared according to the general

procedure D. Colourless liquid (24.2 mg, yield: 75%);

(:?_/_/ Diastereomeric ratio: >20:1; 1H NMR (600 MHz,

v CDClIsz) 6 7.85(d, J=8.9 Hz, 2H), 7.78 (d, J = 8.2 Hz,

2H), 7.35 (d, J=8.1 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H),

5.04 (dd, J = 6.0, 4.0 Hz, 1H), 4.03 (dd, J = 12.0, 5.5 Hz, 1H), 3.86 (s, 3H), 3.63 (dg, J =

10.3, 5.4 Hz, 1H), 3.39 (dd, J = 17.2, 5.1 Hz, 1H), 3.02 (dd, J = 12.0, 9.7 Hz, 1H), 2.90

(dd, J=17.2, 7.8 Hz, 1H), 2.43 (s, 3H), 1.88 — 1.78 (m, 1H), 1.76 — 1.69 (m, 1H), 1.44 —

1.33 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H); *C NMR (150 MHz, CDCls): & 195.4, 164.0,

144.4, 134.7, 130.6, 130.2, 129.5, 128.0, 114.0, 91.5, 73.4, 55.7, 52.5, 42.1, 36.2, 26.2,

22.7,21.8,14.3; FT-IR (thin film): 1675, 1602, 1566, 1465, 1351, 1262, 1162, 1090, 775

cm™; HRMS (+ESI): Calc for C2sH3NOsS [M+H]* 432.1839; found 432.1849; The

151

TH-2028_136122009



Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted Oxazolidines

enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux C1 column
(88:12 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 18.8 min, tmajor = 40.8 min);
Enantiomeric excess: 98%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(4-fluorophenyl)ethan-1-one (30)

F This compound was prepared according to the general

procedure D. Brown stcky solid (21.7 mg, yield: 69%);

S?_/_/ Diastereomeric ratio: >20:1; 'H NMR (600 MHz,

v CDCls): 67.91 (dd, J =8.8,5.4 Hz, 2H), 7.78 (d, J = 8.2

Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 7.12 (t, J = 8.6 Hz, 2H),

5.05 (dd, J = 6.0, 4.0 Hz, 1H), 4.03 (dd, J = 12.0, 5.5 Hz, 1H), 3.68 — 3.57 (m, 1H), 3.40

(dd, J=17.3,5.2 Hz, 1H), 3.03 (dd, J = 12.0, 9.7 Hz, 1H), 2.93 (dd, J = 17.3, 7.6 Hz, 1H),

2.44 (s, 3H), 1.83 (ddd, J = 13.8, 9.1, 4.3 Hz, 1H), 1.74 — 1.69 (m, 1H), 1.42 — 1.33 (m,

4H), 0.90 (t, J = 7.2 Hz, 3H); 3C NMR (150 MHz, CDCl3): 6 195.3, 167.1, 165.4, 144.4,

134.7, 131.0, 130.9, 130.3, 128.0, 116.2, 116.0, 91.6, 73.2, 52.4, 42.3, 36.2, 26.2, 22.7,

21.8, 14.3; FT-IR (thin film): 1680, 1601, 1567, 1468, 1352, 1235, 1160, 894 cm™;

HRMS (+ESI): Calc for CxH27FNOsS [M+H]" 420.1639; found 420.1641; The

enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IC column

(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 27.0 Min, major = 30.3 min);

Enantiomeric excess: 86%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(4-chlorophenyl)ethan-1-one (3p)

cl This compound was prepared according to the general

(:?J_/ procedure D. Colourless liquid (24.1 mg, yield: 74%);
Diastereomeric ratio: >20:1; 'H NMR (600 MHz,

Ts CDCl3): 6 7.82(d, J =8.5Hz, 2H), 7.78 (d, J = 8.2 Hz,
2H), 7.42 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.1 Hz, 2H), 5.05 (dd, J =5.9, 4.1 Hz, 1H), 4.03
—4.00 (m, 1H), 3.63 (dd, J =9.4, 7.6 Hz, 1H), 3.39 (dd, J = 17.4, 5.2 Hz, 1H), 3.02 (dd, J
=11.9, 9.8 Hz, 1H), 2.93 (dd, J = 17.4, 7.5 Hz, 1H), 2.44 (s, 3H), 1.85 — 1.80 (m, 1H),
1.75 - 1.69 (m, 1H), 1.41 — 1.33 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H); 1*C NMR (150 MHz,
CDCls): 8 195.7, 144.5, 140.4, 134.72, 134.70, 130.3, 129.7, 129.3, 128.0, 91.6, 73.1,
52.4,42.4,36.2,26.2,22.7,21.8, 14.3; FT-IR (thin film): 1684, 1590, 1463, 1350, 1162,

1092, 990, 794 cmt; HRMS (+ESI): Calc for C2H27CINO4S [M+H]* 436.1344; found
436.1341; The enantiomeric ratio was determined by HPLC analysis using Phenomenex
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Lux C1 column (92:8 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Zminor = 17.6 min,
Tmajor = 29.5 min); Enantiomeric excess: 97%.
1-(4-bromophenyl)-2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)ethan-1-one (3q)

Br This compound was prepared according to the general
procedure D. Colourless liquid (27.0 mg, yield:

(:?_/_/ 75%); Diastereomeric ratio: >20:1; 'H NMR (600
MHz, CDCl3): 6 7.77 (d, J=8.2 Hz, 2H), 7.74 (d, J =
Ts 8.5 Hz, 2H), 7.61 — 7.56 (m, 2H), 7.36 (d, J = 8.1 Hz,
2H), 5.04 (dd, J = 6.0, 4.1 Hz, 1H), 4.02 (dd, J = 12.0, 5.5 Hz, 1H), 3.69 — 3.58 (m, 1H),
3.38(dd, J=17.4,5.3 Hz, 1H), 3.02 (dd, J = 12.0, 9.7 Hz, 1H), 2.92 (dd, J = 17.4, 7.5 Hz,
1H), 2.43 (s, 3H), 1.82 (ddd, J = 14.3, 9.6, 4.5 Hz, 1H), 1.75 - 1.68 (m, 1H), 1.36 (ddd, J
=19.8,12.1, 5.7 Hz, 4H), 0.90 (t, J = 7.1 Hz, 3H); 13C NMR (150 MHz, CDCls): § 195.9,
1445, 135.1, 134.7, 132.2, 130.3, 129.7, 129.1, 128.0, 91.6, 73.1, 52.3, 42.3, 36.2, 26.2,
22.7,21.8, 14.3; FT-IR (thin film): 1684, 1584, 1462, 1350, 1243, 1161, 1092, 789 cm™;
HRMS (+ESI): Calc for CxH2sBrNO4S [M+H]* 480.0839; found 480.0837; The
enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux C1 column
(92:8 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 19.5 Min, zmajor = 50.8 min);
Enantiomeric excess: 97%.
2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(m-tolyl)ethan-1-one (3r)
CHs This compound was prepared according to the general
procedure D. Colourless liquid (23.3 mg, yield: 75%);
(:?_/_/ Diastereomeric ratio: >20:1; *H NMR (600 MHz, CDClz):
8 7.79 (d, J = 8.2 Hz, 2H), 7.70 — 7.65 (m, 2H), 7.35 (tt, J =
Ts 15.3, 7.6 Hz, 4H), 5.05 (dd, J = 6.0, 4.0 Hz, 1H), 4.04 (dd, J
=12.0, 5.5 Hz, 1H), 3.67 — 3.58 (m, 1H), 3.43 (dd, J = 17.4, 5.1 Hz, 1H), 3.02 (dd, J =
12.0, 9.7 Hz, 1H), 2.95 (dd, J = 17.4, 7.8 Hz, 1H), 2.44 (s, 3H), 2.39 (s, 3H), 1.83 (ddd, J
=14.4,9.8,4.6 Hz, 1H), 1.76 — 1.70 (m, 1H), 1.42 — 1.33 (m, 4H), 0.91 (t, J= 7.1 Hz, 3H);
13C NMR (150 MHz, CDClz):6 197.1, 144.4, 138.8, 136.4, 134.7, 134.6, 130.3, 128.8,
128.7,128.0, 125.5, 91.5, 73.3, 52.5, 42.5, 36.3, 26.2, 22.7, 21.8, 21.6, 14.3; FT-IR (thin
film): 1679, 1602, 1567, 1464, 1351, 1245, 1161, 1090, 781 cm™*; HRMS (+ESI): Calc

for C23HzoNOsS [M+H]" 416.1890; found 416.1895; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1B column (98:2 n-Hexane/2-PrOH,
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1.0 mL/min, 25 °C, 254 nm, Tmajoor = 18.1 mMin, zminocor = 20.0 min); Enantiomeric excess:
98%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(3-methoxyphenyl)ethan-1-one (3s)
OCHg This compound was prepared according to the general
procedure D. Colourless liquid (24.5 mg, vyield: 76%);
0 Diastereomeric ratio: >20:1; *H NMR (600 MHz, CDCls):
@J_/ §7.78 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 7.7 Hz, 1H), 7.40 (d,
Ts J=2.0Hz, 1H), 7.35 (t, J = 8.4 Hz, 3H), 7.13 - 7.09 (m, 1H),
5.05 (dd, J = 6.0, 4.1 Hz, 1H), 4.04 (dd, J = 12.1, 5.5 Hz, 1H), 3.83 (s, 3H), 3.63 (qd, J =
10.2, 5.4 Hz, 1H), 3.43 (dd, J = 17.4, 5.1 Hz, 1H), 3.02 (dd, J = 12.0, 9.7 Hz, 1H), 2.95
(dd, J =17.5, 7.8 Hz, 1H), 2.43 (s, 3H), 1.87 — 1.79 (m, 1H), 1.78 — 1.69 (m, 1H), 1.42 —
1.33 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H);13C NMR (150 MHz, CDCls): 5 196.7, 160.0, 144.4,
137.72,134.71, 130.3, 129.9, 128.0, 120.9, 120.3, 112.3, 91.5, 73.3, 55.7, 52.4, 42.6, 36.3,
26.2, 22.7, 21.8, 14.3; FT-IR (thin film): 1679, 1599, 1569, 1462, 1349, 1256, 1161,
1090, 852 cm™!; HRMS (+ESI): Calc for C23H3oNOsS [M+H]* 432.1839; found 432.1840;
The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak 1B
column (88:12 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Zmajor = 15.7 Min, Tminor =
17.2 min); Enantiomeric excess: 98%.
2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(o-tolyl)ethan-1-one (3t)

CH, This compound was prepared according to the genera
(:?—/_/ procedure D. Colourless liquid (21.8 mg, yield: 70%);
Diastereomeric ratio: >20:1; 'H NMR (400 MHz, CDClz3): §

s 7.77 (d,J=8.2 Hz, 2H), 7.59 (d, J = 7.2 Hz, 1H), 7.37 (dd, J

=16.6, 7.9 Hz, 3H), 7.24 (t, J = 6.9 Hz, 2H), 5.04 (dd, J = 6.1, 4.0 Hz, 1H), 3.99 (dd, J =
11.9, 5.6 Hz, 1H), 3.66 (ddd, J = 12.8, 9.6, 5.7 Hz, 1H), 3.35 (dd, J = 17.1, 5.7 Hz, 1H),
3.04 (dd, J=11.9, 9.6 Hz, 1H), 2.90 (dd, J = 17.1, 7.2 Hz, 1H), 2.46 (s, 3H), 2.44 (s, 3H),
1.88—1.77 (m, 1H), 1.76 — 1.68 (m, 1H), 1.36 (ddd, J = 16.4, 11.8, 6.5 Hz, 4H), 0.90 (t, J
= 7.0 Hz, 3H); 13C NMR (100 MHz, CDCls): § 200.4, 144.4, 138.8, 137.0, 134.9, 132.4,
132.1,130.2,129.0, 128.0, 126.0, 91.6, 73.5, 52.4, 45.1, 36.2, 26.2, 22.7, 21.8, 21.7, 14.2;
FT-IR (thin film): 1680, 1602, 1568, 1461, 1351, 1161, 1091, 882 cm™*; HRMS (+ESI):
Calc for C23H3oNO4S [M+H]* 416.1890; found 416.1889; The enantiomeric ratio was

154

TH-2028_136122009



CHAPTER 4

determined by HPLC analysis using Daicel Chiralpak IB column (97:3 n-Hexane/2-PrOH,
1.0 mL/min, 25 °C, 254 nm, zmajor = 15.3 Min, zminor = 18.2 min); Enantiomeric excess:
87%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(naphthalen-2-yl)ethan-1-one (3u)

This compound was prepared according to the general

O procedure D. Colourless liquid (23.3 mg, yield: 69%);
O o Diastereomeric ratio: >20:1; 'H NMR (600 MHz,
.’ CDCls): 6 8.40 (s, 1H), 7.94 (d, J = 6.5 Hz, 2H), 7.90 —

X 7.84 (m, 2H), 7.80 (d, J = 8.2 Hz, 2H), 7.62 (t, J = 7.9 Hz,

1H), 7.56 (t, J = 7.5 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 5.07 (dd, J = 6.0, 4.0 Hz, 1H), 4.08
(dd, J=12.1, 5.5 Hz, 1H), 3.69 (ddd, J = 13.1, 10.4, 5.4 Hz, 1H), 3.59 (dd, J = 17.1,5.2
Hz, 1H), 3.13 — 3.03 (m, 2H), 2.42 (s, 3H), 1.85 (ddd, J = 14.3, 9.6, 4.6 Hz, 1H), 1.78 —
1.73 (m, 1H), 1.47 — 1.36 (m, 4H), 0.91 (d, J = 7.2 Hz, 3H); 3C NMR (150 MHz,CDCls)
0196.8,144.4, 136.0, 134.7, 133.8, 132.6, 130.3, 130.2, 129.8, 129.0, 128.8, 128.0, 128.0,
127.2,123.6,91.6, 73.4,52.5, 42,5, 36.3, 26.2, 22.7, 21.8, 14.3; FT-IR (thin film): 1676,
1566, 1602, 1467, 1352, 1161, 788 cm™:; HRMS (+ESI): Calc for C26HaoNO4S [M+H]*
452.1890; found 452.1894; The enantiomeric ratio was determined by HPLC analysis
using Phenomenex Lux C1 column (90:10 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tminor = 23.9 MIN, Tmajor = 32.3 Min); Enantiomeric excess: 96%.
2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(furan-2-yl)ethan-1-one (3v)
This compound was prepared according to the general
g | o procedure D. Colourless liquid (21.1 mg, yield: 71%);
’?_/_/ Diastereomeric ratio: >20:1; 'H NMR (600 MHz,
T CDClIs): 8 7.76 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 7.4 Hz,
1H), 7.35 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 3.6 Hz, 1H), 6.53
(dd, J = 3.6, 1.7 Hz, 1H), 5.04 (dd, J = 6.1, 4.0 Hz, 1H), 3.95 (dd, J = 12.0, 5.5 Hz, 1H),
3.59 (dt, J=12.9, 5.6 Hz, 1H), 3.25 (dd, J = 16.8, 5.6 Hz, 1H), 2.83 (dd, J = 16.8, 7.3 Hz,
1H), 2.43 (s, 3H), 1.81 (ddd, J = 14.1, 9.5, 4.3 Hz, 1H), 1.76 — 1.70 (m, 1H), 1.38 (ddd, J
=21.8,10.7, 6.2 Hz, 4H), 0.90 (t, J = 7.1 Hz, 3H); 1*C NMR (150 MHz, CDCls): § 185.7,
152.4, 147.0, 144.4, 134.7, 130.3, 127.9, 118.0, 112.7, 91.6, 72.8, 52.2, 42.0, 36.2, 26.1,
22.7, 21.8, 14.3; FT-IR (thin film): 1673, 1601, 1567, 1467, 1394, 1349, 1247, 1162,
1090, 788 cmt; HRMS (+ESI): Calc for C20H26NOsS [M+H]* 392.1526; found 392.1528;
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The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux C1
column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 13.2 Min, zmajor =

29.5 min); Enantiomeric excess: 91%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(thiophen-2-yl)ethan-1-one (3w)
J | Colourless liquid (22.3 mg, yield: 73%); Diastereomeric
S o ratio: >20:1; *H NMR (400 MHz, CDCl3): 6 7.75 (d,J=8.1
'?J_/ Hz, 2H), 7.65 (d, J = 4.0 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H),
Ts 7.13-7.07 (m, 1H), 5.04 (dd, J = 5.9, 4.1 Hz, 1H), 3.97 (dd,
J=12.0,5.5Hz, 1H), 3.61 (dt, J = 13.0, 5.5 Hz, 1H), 3.33 (dd, J = 16.7, 5.4 Hz, 1H), 3.05
(dd, J =12.0, 9.7 Hz, 1H), 2.89 (dd, J = 16.7, 7.5 Hz, 1H), 2.42 (s, 3H), 1.85 — 1.78 (m,
1H), 1.72 (dd, J=9.2, 5.6 Hz, 1H), 1.40 — 1.32 (m, 4H), 0.89 (t, J = 7.1 Hz, 3H); 13 C NMR
(100 MHz, CDCls): 6 189.6, 144.4, 143.8, 134.7, 134.6, 132.8, 130.3, 128.5, 128.0, 91.6,
73.1,52.3,42.9, 36.2, 26.2, 22.7, 21.8, 14.3; FT-IR (thin film): 1655, 1602, 1567, 1464,
1416, 1351, 1239, 1161, 1091, 802 cm™*; HRMS (+ESI): Calc for C20H26NO4S; [M+H]*
408.1298; found 408.1296; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1B column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tminor = 14.8 Min, zmajor = 20.1 min); Enantiomeric excess: 97%.
(R)-N-(2-hydroxy-4-oxo-4-phenylbutyl)-4-methylbenzenesulfonamide (4)

o OH This compound was prepared according to the general procedure E.
Ph)J\)\/NHTs White solid (20.0 mg, yield: 60%); *H NMR (400 MHz, CDCla):
§7.92 (d,J=7.2 Hz, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.47 (t, J =
7.7 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 5.05 (t, J = 6.2 Hz, 1H), 4.39 — 4.26 (m, 1H), 3.59
(s, 1H), 3.24 — 3.11 (m, 3H), 3.04 (dt, J = 12.6, 6.2 Hz, 1H), 2.43 (s, 3H); 1*C NMR (100
MHz, CDClz) 4 200.4, 143.8, 137.0, 136.5, 134.1, 130.0, 129.0, 128.4, 127.3, 66.7, 48.0,
42.2, 21.7; FT-IR (thin film): 1675, 1598, 1566, 1447, 1319, 1256, 1156, 1090 cm™;
HRMS (+ESI): Calc for Ci7H20NO4S [M+H]* 334.1108; found 334.1094; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IB column
(75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 11.7 Min, Tmajor = 15.3 min);

Enantiomeric excess: 95%.
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4-methoxyphenyl 2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)acetate (5)

o This compound was prepared according to the
Meo/©/ 737/\[0>_/J general procedure F. Colourless liquid (24.5 mg,
¥s yield: 55%); Diastereomeric ratio: >20:1; H

NMR (600 MHz, CDCls): 6 7.74 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 6.94 (d, J
= 9.1 Hz, 2H), 6.87 (d, J = 9.1 Hz, 2H), 5.10 (dd, J = 6.0, 4.2 Hz, 1H), 3.91 (dd, J = 11.9,
5.6 Hz, 1H), 3.79 (s, 3H), 3.58 (dg, J = 9.6, 6.1 Hz, 1H), 3.13 (dd, J = 11.9, 9.6 Hz, 1H),
2.85 (dd, J = 16.4, 6.1 Hz, 1H), 2.64 (dd, J = 16.4, 7.2 Hz, 1H), 2.42 (s, 3H), 1.84 (ddd, J
=19.6,9.8, 4.5 Hz, 1H), 1.80 — 1.69 (m, 1H), 1.45 — 1.33 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H);
13C NMR (150 MHz, CDCls): 8 169.1, 157.6, 144.5, 143.8, 134.7, 130.3, 127.9, 122.3,
114.7,92.0, 72.9, 55.8, 51.9, 38.2, 36.2, 26.2, 22.7, 21.8, 14.3; FT-IR (thin film): 1754,
1602, 1566, 1508, 1352, 1248, 1193, 1158, 792 cm?; HRMS (+ESI): Calc for
C23H30NOsS [M+H]" 448.1788; found 448.1789; The enantiomeric ratio was determined
by HPLC analysis using Phenomenex Lux C1 column (88:12 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 21.5 Min, zmajor = 39.7 min); Enantiomeric excess: 97%.

2-((2S,5R)-2-butyl-3-tosyloxazolidin-5-yl)-1-(4'-methoxy-[1,1'-biphenyl]-4-yl)ethan-1-
one (6)

This compound was prepared according to the
general procedure G. Brown sticky solid (30.4

O mg, yield: 60%); Diastereomeric ratio: >20:1;
MeoNTS 'H NMR (400 MHz, CDCls): § 7.92 (d,J =85
2 Hz, 2H), 7.79 (d, J = 8.3 Hz, 2H), 7.63 (d, ] = 8.5

Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.39 — 7.34 (m, 2H), 7.00 (d, J = 8.9 Hz, 2H), 5.06 (dd,
J=6.0, 4.0 Hz, 1H), 4.06 (dd, J = 12.0, 5.6 Hz, 1H), 3.86 (s, 3H), 3.67 (ddt, J = 10.6, 7.8,
5.4 Hz, 1H), 3.47 (dd, J = 17.3, 5.1 Hz, 1H), 3.01 (ddd, J = 25.1, 14.7, 8.7 Hz, 2H), 2.44
(s, 3H), 1.90 — 1.80 (m, 1H), 1.78 — 1.71 (m, 1H), 1.44 — 1.34 (m, 4H), 0.91 (t, J = 7.1 Hz,
3H); 3C NMR (101 MHz, CDCls ): § 196.4, 160.2, 146.1, 144.4, 134.7, 134.5, 132.2,
132.1, 130.3, 128.9, 128.6, 128.0, 126.9, 114.6, 91.5, 73.4, 55.6, 52.5, 52.5, 42.4, 36.3,
26.2, 22.7, 21.83, 21.82, 21.81, 14.3; FT-IR (thin film): 1673, 1602, 1566, 1464, 1350,
1250, 1161,1090, 770 cm™; HRMS (+ESI): Calc for CaoHa:NOsS [M+H]* 508.2152;
found 508.2151; The enantiomeric ratio was determined by HPLC analysis using Daicel
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Chiralpak 1B column (90:10 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 25.9

mMInN, Tmajor = 50.8 Min); Enantiomeric excess: 96%.
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4.10. Selected NMR spectra and HPLC chromatogram:
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100 SS55-14 #36 [modified by user, 2 peaks manually assigned] UV VIS 2
ImAU WWL:254 nm
0] 8
i e 3
' w
7 O>_/—/ ¢. A
o0 ©\’f\[ S
] Ts |ﬁ| o~
4 |L, 3arac Il I| IIﬂlII
40 \ [ Al
||~| | || | Iul
1 [ A I
20~ | sl A
4 \ | lll II II
| \ |
1 R _J v\"‘“-—--~_—,_r~x_ e . / _ &_z _\,h___
L L B e B L e R 1 | o
0.0 20 40 6.0 8.0 10.0 120 14.0 17.0
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 13.53 21.57534 50.43998729 54.4783 n.a.
2B 15.07 21.199 49.56001271 47.471 n.a.
800 S55-14 #47 [modified by user, 2 peaks manually assigned] UV VIS 2
|mAU WVL:254 nm
- ~
] 2
600 B
] ©\'/\[ :
T O>_/—/ A
f
1 o 8 ||I
400+ Ts II
B 3a Chiral | \
|
_ R
_ || -
2004 | | g
J | ", L
_ | I". ::::
b |
; —~ NS
B A e L B B S B
0.0 25 50 75 10.0 125 150 175 20.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1A 13.80 228.7675 97.83593125 486.402 n.a.
2B 15.40 5.060 2.164068751 9.278 n.a.
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450 555-14-other part substrate scope #101 [modified by user, 2 peaks manually assigned]
©mAU WWVL:254 nm
1 2
30.0- g °
5 1 . B =
;™" Ao~ P
Q 7 ‘Ts =
E 20.0— 3crac |r\ :\.n
E T I i
g I
0 I
< 1 ‘ I| I
10.0H [ I
i | \ \
i |
,_ I j \ \
| N N NN
min
5.0 T T T — T T ™7 T T
0.0 50 100 15.0 200 250 30.0 350
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 2565 20.3065 50.62849924 24 2287 n.a.
2b 28.71 19.802 49.37150076 20.185 n.a.
80.0 ss5-14-other part substrate scope #102 [modified by user, 2 peaks manually assigned]
T dmAU WWL:254 nm
625 2
: 3
5 50.04 T
< 1 -
E ] {\
Q g 0,
g 375 ©\(f)l/\[ — |
'E T N\ | I|
3 ] Ts |
2 25.01 3c chi | ‘I
] [ .
= A
] \ a
] | \ .
] (V1N . o J NN _
1 min
50— — —r T — ‘
0.0 50 10.0 15.0 20.0 250 300 350
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 25.00 36.33599 99.51804205 44.86319 n.a.
2b 28.62 0.176 0.4819579517 0.273 n.a.
162

TH-2028_136122009



CHAPTER 4

5680
060 W
1233
£se'T
voe'T
9661 —
921
9521 W
50T
2281
oes'T
8ea'T
20b T~
EEE2 T
[
200
810
e
ss0c
66¢°
05
s2'c

LEV'E
1€9°€ "

120"
TE0'Y
wo'y
150°%

8€0'S
S¥0'S
8v0°'S
SS0°S

SSS-P4-4ME-B-1H

1H

3m

(0]

H3C

=17
et

Free

0.0

0.5

4.0 35 3.0 2.5 2.0 1.5 1.0

4.5
f1 (ppm)

8.0 7.5 7.0 6.5 6.0 5.5 5.0

8.5

9.0

8THT — —_

w81e

061z .

e
e/
929 — ]

€W — —

Lr'es — E—

SE'EL
WL > -

YL

1576 — —

3m

(0]

86'LZT

9€°8ZT V ——d
65621 — ——
ST'OET “
86°EET
Nnémﬁ \

HaC
I
J

66 bbT
LLvpT

SSS-P4-AME-B-13C
&
I
I

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

163

TH-2028_136122009



Organocatalytic Asymmetric Synthesis of 2,5-Disubstituted Oxazolidines

150 sss8-14-cther part subsirate scope #92 [modified by user, 2 peaks manually sssigned) UV VIS 1
dmAU WWL:254 nm
125—: HsC -
] o
100 o>_/—/ B 2
L &~
2 °o -
E ] Ts 2
§ ?5—_ 3m rac -
£ ]
D
25
S I N, —
i min
& T T T T T T T T
0.0 25 50 7.5 10.0 12.5 15.0 17.5 220
Retention Time [min]
No. Peak Mame Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAL
1a 13.54 37.66768 49.19221768 B5.76562 n.a.
2b 20.64 38.805 50.80778232 67.371 n.a.
2 000 sss-14-other part subsirate scope #93 [modified by user, 2 peaks manually assigned]
' JmAl WVL:254 nm
[
=
] &
1,500 n
] ~
=)
=
= ] H3C
8 1,000+
£ ] °>_/_/
g °
< | Ts
5004 3m chiral
-]
T 8
=z
: |
ML min
=40 —1 7T T
2.0 50 10.0 15.0 20.0 25.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAL*min % mALl
1a 14.29 5.090323 0.680623555 10.59893 n.a.
2hb 2073 742801 99.31937644 1376.720 n.a.
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500 ss5-14-other part substrate scope #158 [modified by user, 1 peak manually assigned] UV_VIS_1
mAU WWL:254 nm
150+
] O OH
5
L 1 8 NHTs
E b . FPh 4 rac
8 100 = <
g v e
. B 2
7] i y
o T i (3]
< | i
50 .'\
|
| I\
_ ) \ \
— N ANAN
[ i -
) 7 min
-10 T T T T " T T
0.0 50 10.0 150 200 250
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 11.86 34.79505 49.92306873 73.04622 n.a.
2h 15.12 34.902 50.07693127 57.783 n.a.
300 5ss-14-other part substrate scope #159 [modified by user, 1 peak manually assigned] Uy VIS 1
JmAU WWL:254 nm|
250-]
] 2
_ 200 : (@] OH
=) 1 ¥
2 ] : M A NHTs
% | Fh 4 chiral
8 150 |
£ ] |
3 i
< 100+ | '\
] | | 8
50 | @
] a 5
] NN
10 — A\ - min
0.0 2?5 5?0 ?f5 1[5.0 12|.5 15|.D 11;.5 200
Retention Time [min]
No. Peak Name RetTime (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1a 1179 7600177 97 45818683 162.2847 n.a.
2b 15.31 1.982 2541813167 3.281 na.
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30 0 555-14-2 #143 [modified by user, 2 peaks manually assigned] Uv VIS 2
- mAL WWVL:254 nm)
- Oy~ &
20,0+ MeO (0] N :
u 5rac ‘TS 'F
= =
4 | S
- || ﬂ
10.0 \ a
| ™~
| [ f\
L] | | |I \
i II | |I II
____f M A — e A\ . — j \. .
24— 77—V T T T T T T —
0.0 5.0 10.0 15.0 200 250 30.0 350 430
No. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAL*min % mALU
1a 21.28 B8.826181 499476407 15.08241 na.
2b 39.71 3.845 50.0523593 7953 na.
30.0 S55-14-2 #144 [modified by user, 2 peaks manually assigned] Uv_ VIS 2
T mAU WVL:254 nm
i (]
. <
&
20.0 e
E-]
4 /©/o71/\[0>‘/_/ ‘:‘
4 MeO 0] N f\

i Ts I

5 chiral [
10.04 [
5 ||
d a |
- [
i o~ | I|
| @ II| I|,
i T ) U _/\:\ [ J R
N |\
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20 ' ' ' | ' ' ' | ' ' T | ' ' ' '
0.0 10.0 20.0 30.0 40.0 450
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 21.51 0.198594 1.136348472  0.44307 n.a.
2b 39.71 17.278 98.86365353 15.696 n.a.
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555-14-2 #169 [modified by user, 2 peaks manually assigned] U VIS 2
JmAL WWL254 nm)

4 HsCO

30.0+ O g
- ) :
. o é
T 5 N><C4H9 -
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-5.0 T j T | T T T | T j j I j T j | T T T | j j T min
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No. Feak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAL*min % mALU
1a 2546 17.24599 45 36518791 1977099 na.
2b 51.16 17.690 50.63481209 10.490 n.a.
400 SS5-14-2 #170 [modified by user, 2 peaks manually assigned] UV VIS 2
T mAU WWVL:254 nm
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No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 25.91 0.559005 2.059351919 0.77201 n.a.
2b 50.88 26.586 97.94064808 15.068 n.a.
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Chapter 5
Organocatalytic Asymmetric Synthesis of 3,3-

Disubstituted 3,4-Dihydro-2-Quinolones via Michael
Addition Strategy

Abstract: The first organocatalytic asymmetric reaction employing 3,4-dihydro-2-
quinolone has been developed leading to the synthesis of biologically important 3,3-
disubstituted-dihydro-2-quinolones. Cinchona alkaloid derived bifunctional amino-
thiourea catalysts were found to be the best catalysts. The products were obtained in high
enantio- and good diastereoselectivities. Also few synthetic transformations have been

demonstrated to augment synthetic utility of the methodology.

| N NH HN | X
NNgZ S)\N,Ar Ar\N/gS N
(10 mol%) H H (10 mol%)

Ar = 3,5-(CF3)206H3

R? 9 1 R2" NO
R] X 1 R 2
@j{m\(g g ® = N EWG
N &
N 0] EWG = CN, N o N O

EWG = COzMe, 002Et,

) H
¢ SO2Ph H CO,'Pr, CO,Bn, 0 90% vield
up to 85% yield R'=H. F Cl R'= H R2= A up to o yie
0 '+ ; r up to 5:1 dr
up to 96% ee 3
R°= Ar, Alkyl 19 examples up to 96% ee
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5.1. Introduction:

Substituted 3,4-dihydroquinolin-2(1H)-ones, are important structural motifs which are
extensively found in plethora of natural products and widespread application as
pharmaceutical agents (Figure 1).! Functionalized 3,4-dihydroquinolin-2(1H)-one is a
heterocyclic motif that is present in many natural alkaloids, biologically active commercial
drugs and have attracted significant attention in view of their 5-HTxc receptor antagonism,
NMDA antagonism, cardiovascular, anti-inflammatory as well as HIV-1 reverse
transcriptase inhibitor activities.! Thus it is highly desirable to synthesize differently
substituted 3,4-dihydroquinolin-2(1H)-ones in an efficient and straightforward way. Also,
it is equally important to develop enantiopure synthesis of these compounds as many of
them are chiral (Figure 1). Asymmetric synthesis of these compounds are important as
many of them have chiral centres and in general two enantiomers perform in totally
different ways. Though a number of syntheses of 3,4-dihydroquinolin-2(1H)-one
derivatives have been reported,> asymmetric synthesis is less and focused mainly on

transition metal catalysis,® photochemical,* organocatalysis® and other®.

@)
Iz ;
OO
Z
N\ /
T
o)
Ir=
T
o

HIV-1 reverse

transcriptase inhibitor Carteolol
Rs
N
@&”‘ Joo e
Cl N~ 0
Ry LN 70 H
Rz
T 5-HT,c receptor .
pinolinone n=12 NMDA antagonist

Figure 1: Biologically active compounds containing 3,4-dihydro-2-quinolones

These discoveries documented mainly the synthesis of 3,4-disubstituted dihydroquinolin-
2(1H)-ones. However the synthesis of chiral 3-substituted and 3,3-disubstituted
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dihydroquinolin-2(1H)-ones is over looked though such skeleton is present in

117

pinolinone,*"’ and scandine®®® (Figure 1).

5.2. Reported strategies for the synthesis of chiral dihydroquinolones:

Dressel et al. reported an enantioselective radical cyclization of 4-(4’-iodobutyl)
quinolones for the synthesis of chiral substituted quinolones. Depending on the different
3’-substitutions (R = H, Me) on the iodobutyl chain, the corresponding 3,4-disubstituted
and 4,4- disubstituted dihydroquinolones were formed via endo and exo mode of

cyclizations (Scheme 5.1).°

BU3SHH | U3an |
BF3 PhCF3 BF3 PhCF3 o

Z
I

)

N
H
R=H R = Me

up to 79% yield
up to 88:12 dr
up to 99% ee

up to 66% yield
up to 94% ee

Scheme 5.1: Radical cyclization for the synthesis of dihydroquinolones
Harmata and coworkers developed an efficient protocol for the synthesis of
enantiomerically pure 3,4-dihydroquinolin-2(1H)-ones through reductive desulfurization

of chiral benzothiazenes (Scheme 5.2).1°

CO,R! LiIHMDS, _R*
-50°C, 1 h :
2 d 2 -
R o RAX. R
N/fs;\ Na/Hg, N
RO Ph MeOH/THF R H

up to 93% vyield
Scheme 5.2: Synthesis of 3,4-dihydroquinolin-2(1H)-ones through reductive desulfurization
Bach group explored [2+2] enantioselective intramolecular photocycloaddition of 4-
substituted quinolones for the synthesis of chiral fused 3,4-disubstituted
dihydroquinolones. Chiral sensitizer with hydrogen bonding motif was used as the catalyst

in this reaction (Scheme 5.3).1
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1 ( %)
10 mol%
X © .
hv (1 = 366 nm),
N O PhCF;, -25 °C
X =0, CHy, R=H, CHy up to 75% yield

up to 91% ee
Scheme 5.3: Enantioselective photocycloaddition for the synthesis of 3,4-disubstituted

dihydroquinolones

A convenient, NHC catalyzed enantioselective formal [4+2] cycloaddition for the
synthesis of dihydroquinolones was developed by Scheidt group. The reaction proceeds
through the dual activation of Lewis base (NHC) and in situ generated active nucleophiles

N
N\/N\Mes

Bn
(20 mol%)

1,1'-carbonyldiimidazole
(2 equiv)

and electrophiles (Scheme 5.4).%2

WR!
- i ©\AC| imidazole (60 mol%) ©\/l
N ]
R
OH NH  s,c05 (2.5 equiv), N\
Boc cyclopentyl methyl ether, Bog :
4°C 15h up to 84% yield
’ up to 97:3 er

Scheme 5.4: NHC catalyzed enantioselective [4+2] cycloaddition for the synthesis of

dihydroquinolones

A Cu(l) catalyzed asymmetric desymmetrization technique for the synthesis of 3,3-
disubstituted 3,4-dihydro-2-quinolones was demonstrated by Cai and coworkers. The
expected dihydroquinolones were isolated with moderate enantiomeric excess (Scheme
5.5).13
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O
' rR$ * R I “NH
M Cul/L m\ NH
NH, 2
HN" S0 K3PO4’ﬂCHSCN N0 O HN._
up to 97% yield L
up to 80% ee
Scheme 5.5: Cu (1) catalyzed desymmetrization for the construction of dihydroquinolones
Xu and coworkers demonstrated chiral secondary amine catalyzed Michael-
Hemiaminalization/oxidation approach for the synthesis of highly functionalized 3,4-

disubstituted dihydro-2(1H)-quinolones (Scheme 5.6).1*

Ar
Ar
N OTEs
(20 mol%) NO3 NO
N0 PhCOOH _ Pcc, 2
" . 0 (20 mol%) "\ CH,CO,Na S
K/\ toluene, rt

PN N” "OH  CH,Cl,, rt
: NN
FsC” 0 P N

F5;C (@) )
up to 87% yield

up to 99:1 dr
up to 99% ee

Scheme 5.6: Secondary amine catalyzed synthesis of highly functionalized dihydroguinolones

5.3. Concept:

Functionalized 3,4-dihydroquinolin-2(1H)-one is a heterocyclic motif that is prevalent in
many natural alkaloids and pharmaceutical agents. Thus the synthesis of differently
substituted 3,4-dihydroquinolin-2(1/H)-ones is highly desirable. Despite of significant
importance, asymmetric synthesis of 3,4-dihydroguinolin-2(1H)-one derivatives have
been overlooked. Herein, we wish to report a direct Michael addition approach for the
synthesis of chiral 3,4-dihydro 2-quinolones. However, 3,4-dihydro 2-quinolones were
never applied for the Michael addition reaction due its less reactivity. By introducing
electron-withdrawing group such as cyano or ester functionality at the 3-position, the
reactivity of C-3 atom could be enhanced. We used dihydro-3-cyano-2-quinolone and
dihydro-3-carboalkoxy-2-quinolones as the nucleophilic substrates. Vinyl ketones and
nitroolefins were used as the electrophiles. Tertiary amine functionality of the catalyst will

deprotonate from C-3 atom of the dihydroquinolones and the thiourea moiety will activate
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vinyl ketone and nitroolefin through H-bonding to provide the expected addition products

(Scheme 5.7).
2
RN ™No, NO EWG
EWG = 002R3 N EWG = CN
H 0 H

| S
S ! '
Chiral scaffold |« )1\ /O i Chiral scaffold \NJ\N ( )
N N | R2 A |
R2 ) | ! A 0 4
R'!N® &7 & | R-N® bl
A 7 5 O H O\’
I | S 3
O va1 : \ CO,R X/
N ! H O 2
H © l ! R
o) ! ‘
CN ! ,
- R’ ! R ™No,
N~ o ! J—CO,R?
H i
i N~ ~O

Scheme 5.7: Proposed route for the synthesis of 3,3-disubstituted 3,4-dihydroquinolin-2(1H)-ones

5.4. Result and discussion:

5.4.1. Michael reaction of dihydro-3-cyano-2-quinolone with vinyl ketones:

At the beginning, dihydro-3-cyano-2-quinolone was prepared and engaged to Michael
reaction with 1-phenylprop-2-en-1-one in the presence of Takemoto catalyst I in toluene
solvent (Table 1). Pleasingly, the desired product 3a was obtained in 80% yield with 84%
ee (entry 1). Then the reaction was performed with catalyst 11 bearing —NEt> moiety.
Unfortunately enantioselectivity of the product drops to 70% (entry 2). Interestingly, the
enantioselectivity slightly increased in the presence of L-tert-leucine derived thiourea
catalysts 111, 1V having piperidinyl and pyrrolidine moieties respectively (entries 3-4).
Then different cinchona alkaloid derived thiourea, urea and squaramide catalysts were
employed in the reaction (entries 5-12). Quinine derived thiourea catalyst V delivered the

product 3a in 80% yield with 89% ee (entry 5). Excellent enantioselectivity (92% ee) was
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achieved with cinchonidine derived thiourea catalyst VI (entry 6). Quinidine and
cinchonine derived thiourea catalysts V11 and V111 furnished the product 3a with 88% and
87% enatioselectivities respectively (entries 7-8). Next catalysts IX and X derived from
hydrocinchonine and quinine respectively were screened however product 3a was obtained
with lesser enantioselectivities (9-10). Similar level of enantioselectivity was observed in
the case of cinchonine derived urea catalyst X1 (entry 11). Surprisingly, the enantiomeric

excess decreased significantly with squaramide catalyst X11 (entry 12).
Table 1. Catalyst screening
CN catalyst
©\/I . O (10mol%) il
N~ O \)J\ph toluene, rt "=CNO
H 12h

1a 2a 3a >%/\
CF3 CF3 N
S NH m
(LR LR g
HN
<IN N CF, Y CF, CF3
H H H

H

'ilMez rijEtz
I I Fc
o e A
S NH \:> H—&N H—&ZN
HN
CF3 | A NH | N NH
N _A N _A
_ S)\N r RN
F.C H :
3 \'/|
v Vv
OMe
_ N _H P N _H N _H
HN | A HN | = HN | X
AF\N/gs /N AF\NAS /N AF\N/gs N
H H H
Vil Vil IX
178

TH-2028_136122009



CHAPTER 5

OMe H %
Z X

NH
HN | AN HN | N Nl P
Ao Ao LN Ar\Nko N o NH
N N Ar
o
X Xi Xil

Ar = 3,5-(CF3)2CGH3

entry? catalyst yield (%)° ee (%)°
1 I 80 84
2 1 68 70
3 ] 75 87
4 AV 72 86
5 Vv 80 89
6 VI 85 92
7 VII 82 88
8 Vi 77 87
9 IX 75 82
10 X 72 80
11 Xl 75 80
12 X1l 80 78

aReaction conditions: 0.1 mmol of 1a and 0.2 mmol of 2a in 0.5 mL toluene using 10 mol%
catalyst at rt for 12 h. PIsolated yield after silica gel column chromatography. ‘Determined
by chiral HPLC.

5.4.1.1. Solvent screening:

To increase the enantioselectivity of the product further, the reaction was screened with
catalyst VI in different solvents. The product was isolated with slight less enantiomeric
excess in o-xylene solvent (Table 2, entry 2). Enantioselectivity of the product further

decreased to 80% in m-xylene solvent (entry 3). Trifluorotoluene solvent provided the
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product with 75% yield and 83% enantiomeric excess (entry 4). Enantioselectivity of the
product got increased to 88% in dichloromethane solvent (entry 5). Then MTBE solvent
was screened, however, enantioselectivity of the product dropped to 63% (entry 6). Thus
the best result was obtained in toluene solvent with 85% yield and 92% enantiomeric
excess (entry 1).

Table 2. Solvent screening

CN catalyst VI - i %
O (10 mol%) i H—4&N
+ “, :
LT b Lo b
H 12 h N0 LYY NH
H i N~ S)\N,Ar
1a 2a 3a | H
i Vi
Ar = 3,5-(CF3)206H3
entry? solvent yield(%)°® ee (%)°
1 toluene 85 92
2 0-xylene 80 86
3 m-xylene 77 80
4 PhCF3 75 83
5 DCM 79 88
6 MTBE 70 63

aReaction conditions: 0.1 mmol of 1a and 0.2 mmol of 2a in 0.5 mL solvent using 10 mol%
catalyst at rt for 12 h. PIsolated yield after silica gel column chromatography. °Determined
by chiral HPLC.

5.4.1.2. Substrate scope:

Having optimal condition in hand, the scope and generality of the reaction have been
explored. Initially different vinyl ketones were prepared and examined in the reaction
(Table 3). Pleasingly, as can be seen, excellent results were obtained with different para-
and meta- substituted phenyl group containing enones. Enone 2b having p-tolyl group
delivered product 3b with 80% vyield and 96% ee. Similarly, product 3c having 4-anisole
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moiety was isolated in a high enantioselectivity of 92%. Next different 4-halo substituted
aryl enones 2d, 2e and 2f were employed in the reaction. Pleasingly, smooth conversions
were observed in every cases and the expected products were obtained with excellent
enantioselectivities. Delightfully enone 2g bearing biphenyl moiety reacted smoothly and
furnished the product with 79% yield and 93% enantiomeric excess. Aryl enone having
electron withdrawing nitro group at para- position delivered the corresponding product 3h
with lesser enantioselectivity. Different meta- substituted enones 2i-2j also participated
well in the reaction and the products were isolated with high enantioselectivities. The
reaction outcome was excellent for disubstituted aryl enone 2k and high enantioselectivity
was achieved. Heteroaromatic enone 2l was also tested in the reaction and a decrease in

enatioselectivity was observed for product 3I.
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Table 3. Substratescope?®.¢d

RZ
catalystVI R
0,
2
R toluene, rt H (0]
12 h
R'=H, 1a, R1 F, 1b 2
1 3a-o
R -

cte
N° "0

H
3a, 85%, 92% ee 3b, 80%, 96% ee 3c, 81%, 92% ee

39, 79%, 93% ee 3h, 68%, 71% ee 3i, 78%, 96% ee
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ST\
“ICN 0]
N (0]
H
3j, 80%, 92% ee 3k, 70%, 94% ee 31, 78%, 70% ee
CHj
YICN 0]

N~ "0
H

3m, 60%, 27% ee

@Unless otherwise mentioned, reactions were carried out with 0.15 mmol of 1 with 0.3 mmol of 2 in 0.75
mL toluene using 10 mol% VI at rt for 12 h. Plsolated yield after silica gel column chromatography.
‘Determined by chiral HPLC

Aliphatic enone 2m also participated in the reaction however lower enantioselectivitiy was
observed.

In the next phase we became interested to employ other dihydroquinolones in our reaction
and mixed results were obtained. Delightfully, after performing a reaction between 6-
fluoro dihydroquinolone 1b and vinyl ketone 2a, the desired product 3n was isolated in
85% yield with 93% ee. However, enantioselectivity dropped to 74% ee for product 30

when 6-chloroderivative 1¢ was employed.

5.4.2. Michael reaction of dihydro-3-carbomethoxy-2-quinole with nitroolefins:

We initially prepared dihydro-3-carbomethoxy-2-quinolone 4a and employed in the
Michael reaction with nitroolefin 5a in the presence of various thiourea, urea and
squaramide catalysts in toluene solvent (Table 4). Gratifyingly, the desired product 6a was
isolated with 82% combined yield, 2:1 diastereomeric ratio and 78% ee for the major
diastereomer in the presence of Takemoto catalyst | (entry 1). However, the
enantioselectivity dropped to 60% with cyclohexyl derived thiourea catalyst 11 having —

NEt> moiety (entry 2). Pleasingly, the enantioselectivity of the product got enhanced with
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L-tert-leucine derived thiourea catalysts 111 and 1V (entries 3-4). Then different cinchona
alkaloid derived thiourea catalysts were engaged in the reaction (entries 5-10). Quinine
derived thiourea catalyst V provided the product with 85% vyield, 2:1 dr and 80% ee for
the major diastereomer (entry 5). Enantioselectivity improved to 90% in the case of
cinchonidine derived thiourea catalyst VI (entry 6). Catalyst VII having quinidine motif
delivered the product with little increase in enantioselectivity (entry 7). The
enantioselectivity got enhanced to 93% with cinchonine derived thiourea catalyst V111
though similar diastereoselectivity was observed (entry 8). Hydrocinchonine derived
thiourea catalyst 1X delivered 6a with a similar ee but the yield was very less (entry 9).
Both hydroquinidine thiourea and cinchonine urea catalysts X and XI provided the product
with diminution in enantioselectivity (entries 10-11). Finally, with cinchonidine
squaramide catalyst, enantioselectivity of the product significantly dropped to 76% (entry
12). Thus the best catalyst turned out to be cinchonine derived thiourea catalyst V111 which
provided the product 6a in 90% combined yield with 93% ee of the major diastereomer in

2:1 diastetreomeric ratio.
Table 4. Catalyst screening

catalyst

CRll (10 mol%)
Ph/\/NO2 - B
N ot toluene, rt
H 4d

H
4a 5a 6a
CF, CFy >HAN
S\UNH o\
A LA z
HN
N~ N CF, Y CF, CFs
H H H H

lilMez ,ilEtz
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OMe
N H N H N H
= =

HN | X HN | X HN | X
Ar\N/gs _N AF\N/gs _N AI‘\N/gs _N
H H

viI Vil IX

OMe %

N _H Ny _H H—&N
Z A
S S IJ T
Ay Ag SN Ay AN SN 0#"‘\”
H H Ar
X XI Xl O
Ar = 3,5-(CF3)206H3
entry? catalyst yield(%)°® dr® ee(%)?

1 | 82 2:1 78
2 1] 82 2:1 60
3 1 55 2:1 88
4 AV4 50 2:1 85
5 V 85 2:1 82
6 \V4| 87 2:1 90
4 VII 85 2:1 91
8 VI 90 2:1 93
9 IX 45 2:1 93
10 X 75 2:1 81
11 Xl 80 2:1 80
12 Xl 75 2:1 76

@Reaction conditions: 0.1 mmol of 5a and 0.2 mmol 4a in 0.3 mL toluene using 10 mol% catalyst
at RT for 4 days. "Combined yield of isolated product. “Determined by *H NMR. “Determined

by chiral HPLC and of the major diastereomer.
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5.4.2.1. Solvent screening:

To improve the diastereoselctivity and enantioselectivity of the product the reaction was
performed in different solvents in the presence of cinchonine derived thiourea catalyst. In
MTBE solvent product, the major diastereomer 6a was isolated with 75% yield, 2:1 dr and
91 % enantiomeric excess. The enantioselectivity slightly decreased in trifluorotoluene

solvent. Inferior result was obtained in dicholoromethane solvent with 80% enantiomeric

)@N H
=

€XCess.

Table 5. Solvent screening?pc.d.ef

Ph,,,
CO,Me catalyst YIII NO,
(10 mol%) .
NO 'COzMe
*op N0z
N 0] N
H

X

HN
N sol\ge(r;t, rt 0 N /g | N
N S
4a 5a 6a H
Vil
Ar = 3,5-(CF3)2C6H3
entry? solvent yield(%)°® dre ee(%)°
1 toluene 90 2:1 93
2 MTBE 75 2:1 91
3 TFT 80 2:1 89
4 DCM 85 2:1 80

aReaction conditions: 0.1 mmol of 5a and 0.2 mmol 4a in 0.3 mL solvent using 10 mol% catalyst at
rt for 4 days. PCombined yield of isolated product. °Determined by *H NMR. YDetermined by chiral

HPLC and of the major diastereomer.

5.4.2.2. Substrate scope:

After identifying the best condition, we started to explore the scope of the Michael reaction
and the outcome is summarized in Table 6. A variety of nitroolefins having different
groups at the para-, meta- and ortho- position of the phenyl ring reacted smoothly in the
reaction irrespective of their electronic nature. 4-Methyl substituted nitroolefin 5b
delivered the major product 6b with 92% ee. Lesser enantioselectivities were obtained for
4-isopropyl and 4-tertbutyl substituted nitroolefins. Para- anisyl substituted nitroolefin
participated well in the reaction and high enantioselectivity was achieved. In the next phase
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different 4-halo substituted nitroolefins were engaged in the reaction and excellent results
were obtained. For para- fluoro substituted nitroolefin the product 6f was obtained with
2:1 diastereomeric ratio and 92% ee. 4-Chloro and 4-bromo substituted nitroolefins
furnished the products 6g, 6h with similar enantio and diastereoselectivities. Moreover,
different meta-substituted nitroolefins reacted smoothly. m-tolyl substituted nitroolefin
delivered the product 6i with good enantiomeric excess. Excellent enantioselectivity for
product 6j was obtained after reaction with 3-bromo substituted nitroolefin. The reaction
outcome was also satisfactory for ortho- substituted nitroolefin 5k. Naphthyl substituted
nitroolefins were also screened. Though 2-naphthyl substituted nitroolefin delivered
product 61 with 90% ee, a decrease in enantioselectivity to 83% was observed for 1-
naphthyl substituted product 6m. Interestingly heteroaromatic group substituted

nitroolefins 5n and 50 were found to be best substrates in this reaction.

Table 6. Substratescope

R
COR’ catalyst VIl " "NO,
©\/I + R/\/NOZ - S
” o] toluene, rt H O
. - _ 4d
R' = Me, 4a; R' = Et, 4b; 5 6a-6s

R'='Pr, 4c; R"' = Bn, 4d

H3C
\©//
“ T NO,
"1CO,Me
N~ ~O
H

6a 6b
90%, 2:1 dr, 93% ee 85%, 2:1 dr, 92% ee

"'CO,Me
N (0]
H H
6e 6f 69 6h
70%, 2:1 dr, 94% ee 90%, 2:1 dr, 92% ee 75%. 2:1 dr, 93% ee 75%. 2:1 dr, 93% ee
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g L o G
H3C i N02 Br . N02 . N02 /,

"1CO,Me “ICO,Me “1CO,Me NO
o
N0 N0 N0 CO,Me
H H H N~ 0
H
6i 6j 6k 6l
80%, 2:1 dr, 87% ee 75%, 2:1 dr, 92% ee 65%, 2.5:1 dr, 86% ee 85%, 2.5:1 dr, 90% ee

Ph /
V/ - N02

NO, "1CO,Me
"1CO,Me N O
N (0]
H
6m 6n 60 6p
85%, 2.5:1 dr, 90% ee 90%, 5:1 dr, 96% ee 85%, 4:1dr, 93% ee 70%, 3:1 dr, 85% ee

@Reaction conditions: Unless otherwise mentioned, 0.2 mmol of 4a and 0.4 mmol of 5 in 0.6 mL toluene

using 10 mol% V111 at rt. °Combined yield of the isolated product. “Determined by *H NMR. 9Determined

by chiral HPLC and of the major diastereomer.

The products 6n and 60 were isolated not only with better enantiomeric excesses (96% ee
and 93% ee respectively) but also with good diastereomeric ratios. Cinnamyl substituted
nitroolefin also provided product 6p with good enantiomeric excess. In the next phase the
scope was further extended by engaging other dihydroquinolones in the reaction.
Dihydoquinolones 4b, 4c and 4d having different ester functionalities provided the

products with similar diastereoselectivities and in acceptable enantioselectivities.
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5.5.3. Synthetic transformations of 3c and 6n:

To explore the synthetic utility of our methodology, few reactions were performed using
chiral products 3c and 6n (Scheme 8). Initially Baeyer villager reaction was carried out on
3c and thus ester 7 was isolated with slight diminution in enantioselectivity. Next a
selective reduction of the ester with DIBAL-H provided the expected alcohol 8 in
moderate yield with slight decrease in enantiopurity. Similarly treatment of 6n with NiCl-
NaBHj; reduction followed by Boc-anhydride treatment produced N-Boc derivative 9 with

almost similar enantioselectivity (Scheme 5.8).

OMe
m-CPBA ©\/ E\( \©\
,, o
CN NazHPO4
N O H,ClI
N CH,Cl,
3c, 92% ee 7,67%, 84% ee
O
" > NHBoc N'E'ZI-::ZO
a 4 -
1CO,Me DIBAL-H
H O MeOH, 0°C toluene
then (Boc),0 A 0°C
9, 60%, 3:1 dr, 89% ee 6n, 5:1 dr, 96% ee 8, 50%, 3:1dr, 91% ee

Scheme 5.8: Synthetic transformation of chiral products 3c and 6n.

5.5.4. Absolute configuration of 3f and 60:
The absolute structure of 3f was solved by X-ray crystallography and was found to be
(R).® Thus other products derived from vinyl ketone reactions are expected to have same

absolute structure by analogy.

Br
91
/4
Ve —\_/\‘/\ /
“lacN O Ao rd I’
@( /) /~\
N~ 0 Vit
H \
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Similarly, the relative and absolute structure of 6o was elucidated to be (S,S) by X-ray
crystallography® and other compounds are assumed to be of same configuration.
=, 4
" NO, l /
11CO,Me ( \
(5 ‘—‘ \

60

5.5.5. Proposed mechanism:

Based on the absolute structures of 3f and 60, two plausible transition states have been
drawn which dictates a bifunctional mode of activation by the catalyst. It depicts that the
tertiary amine functionality of catalyst V1 activates dihydroquinolone 1a from the Re face
and thus Si face is exposed for the addition, and consequently (R)-3a was formed. On the
other hand dihydroquinolone 4a will be activated by the catalyst V111 from the Re face
and the corresponding addition will take place from the Si face of the dihydroquinolone to

deliver the product with (S, S) configuration (Scheme 5.9).

Ph
(R)
"N ©
N o
H

3a

Scheme 5.9: Plausible mechanism for the synthesis of 3,3-disubstituted 3,4-dihydro-2-quinolones

5.6. Conclusion:
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In conclusion we have developed a novel organocatalytic Michael reaction for the
asymmetric synthesis of 3,3-disubstituted 3,4-dihydro-2-quinolones. By substrate tuning,
both vinyl ketones and nitroolefins were employed and the products were obtained in
moderate to good yields with high enantioselectivities. Also, the usefulness of our
methodology was shown via important synthetic operations of the products. The
dihydroquinolone products having one or two stereogenic centres are significant in
pharmaceuticals and could be applied in the synthesis of biologically important

quinolones.
5.7. Experimental section:
General information:

All commercial reagents were purchased with the highest purity grade. They were used
without further purification unless specified. All reactions were carried out in oven dried
glassware with magnetic stirring. Dichloromethane was distilled over CaH. under argon
and stored over 4A molecular sieves. All other solvents and reagents were purified
according to standard procedures. Organic solvents were dried over anhydrous Na>SO4
and concentrated in a rotary evaporator under reduced pressure. Reactions were monitored
by TLC on silica gel GF-254 using a combination of hexane and ethyl acetate as eluents.
For column chromatography silica gel (60-120 mesh size) was used.

H NMR spectra were recorded on a 400 MHz, 500 MHz and 600 MHz spectrometer at
295 K in CDCls; chemical shift values (8, ppm) were reported in the standard fashion with
reference to either tetramethylsilane (TMS) (6(H) 0.00 ppm) or CHCIs (8(H) 7.26 ppm).
13C NMR spectra were recorded on a 100 MHz, 125 MHz and 150 MHz spectrometer at
298 K in CDCl3; chemical shifts (8, ppm) were reported relative to CHCI3 (6(C) 77.23
ppm, central line of triplet. Multiplicities were given as: s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplets), dd (doublet of doublets), dt (doublet of triplets), and br (broad).
Coupling constants (J) were recorded in Hertz (Hz).

Enantiomeric excesses were determined by HPLC analysis using Dionex (Ultimate 3000)
instrument with chiral columns in comparison with authentic racemic compounds. High

resolution mass spectra (HRMS) were recorded in Q-TOF using electron spray ionization
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(ESI) technique. IR spectra were recorded on Perkin Elmer Instrument at normal
temperature by making KBr pellet and grinding the sample with KBr (IR Grade). Melting
points were measured with a Mel-Tem capillary melting point apparatus.

Single crystal X-ray data were collected using Bruker SMART APEXIlI CCD
diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation (A =
0.71073 A) at 298(2) K and the structure was solved by direct methods using SHELXS-
2014 (Gottingen, Germany) and refined with full-matrix least-squares on F? using
SHELXL-2014.

A. General procedure for the synthesis of dihydroquilones 1a-1c and 4a-4d:
Dihydroquilones 1a-1c and 4a-4d were prepared according to literature procedure.!’
A. General procedure for the synthesis of enones 2a-20:

Enones were prepared following literature procedures.®

B. General procedure for the synthesis of nitroolefins 1a-1i:

Nitroolefins were prepared according to the reported procedure.®

C. General procedure for the preparation of thiourea and squaramide catalysts (I-
XI11):

Thiourea catalysts (I1-X1) were prepared according to the reported procedures.

Squaramide catalyst XI1 was prepared according to the reported procedure.?:
D. General procedure for the synthesis of compound 3:

Under argon atmosphere, compound 1 namely dihydro-3-cyano-2-quinolone (0.15 mmol),
enone 2 (0.3 mmol) and catalyst VI (10 mol%) were placed in a round bottom flask.
Toluene 0.75 mL was added to it. Then the reaction mixture stirred at room temperature
under argon atmosphere. After the reaction was completed as monitored by TLC, the
product was purified by column chromatography using 25-30% ethyl acetate in hexane as

eluent.

E. General procedure for the synthesis of compound 6:
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In an oven dried round bottomed flask, dihydro-3-carbomethoxy-2-quinolone 4 (0.2
mmol), nitroolefin 5 (0.4 mmol) and catalyst VII1 (10 mol %) were added under argon
atmosphere. Toluene (0.6 mL) was added to the reaction mixture via a syringe and it was
stirred at room temperature under argon. After the reaction was completed as monitored
by TLC, the reaction mixture was directly subjected to column chromatography on silica

gel using 20% EtOAc/Hexane as an eluent to obtain the desired product 6.

F. General procedure for the synthesis of compound 7:

To a solution of 3c (0.1 mmol) in CH2Cl> (4 mL) were added disodium hydrogen
phosphate (0.25 mmol) and m-CPBA (0.25 mmol). The reaction mixture was stirred at
room temperature for 6h. After that the mixture was poured into water (2 mL) and saturated
sodium hydrogen carbonate (2 mL) solution. The organic layer was separated and the
aqueous layer was extracted with CH>Cl, twice. The combined organic layer was dried
over Na,SQO4 and evaporated. The crude product was purified by column chromatography
using 25% ethyl acetate in hexane.

G. General procedure for the synthesis of compound 8:

To a stirred solution of 3n in toluene (0.2 mL), a solution of DIBAL-H (1 M in toluene, 5
equiv.) was added drop wise at 0 °C. After the completion of the reaction as indicated by
TLC, the reaction mixture was diluted with ethyl acetate and water. The aqueous layer was
extracted twice with ethyl acetate. The combined organic layer was dried over Na>SOg,
concentrated under vacuum and the crude product was purified by column
chromatography using 40% ethyl acetate in hexane.

H. General procedure for the synthesis of compound 9:

The compound 3n (0.1 mmol) was dissolved in 0.1 mL MeOH and NiCl2.6H20 (2 equiv.)
was added under argon atmosphere at room temperature. After 10 min, the mixture was
cooled to 0 °C and NaBH4 (6 equiv.) was added in portion resulting the formation of a
black solution. The reaction mixture was stirred for 5 min at 0 °C before the addition of
(Boc)20 (3 equiv.). The mixture was allowed to stir at 0 °C overnight. The reaction was

quenched with saturated NH4CI solution and diluted with CH>Cl, twice. The combined
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organic layer was dried over anhydrous Na>SOs, filtered, and concentrated in vacuo. The

crude product was purified by column chromatography using 30% ethyl acetate in hexane.

Crystal data and structure refinement for chiral compound (CCDC No. 1523234)

Br

ol
’, \'\_/‘
Ao~

Empirical formula
Formula weight

CCDC Number
Crystal habit, colour
Crystal size, mm’
Temperature, 7'
Wavelength, A (A)
Crystal system
Space group

Unit cell dimensions

Volume, V (A?)
Z

Calculated density, Mg-m™

Absorption coefficient,

p (mm™)

F(000)

Orange for data collection
Limiting indices

Reflection collected/unique

Completeness to €

Ci9H15N20,Br
383.24

1523234

Needle, White
0.40 x 0.30 x0.20
296(2)

0.71073
Orthorhombic
P212121
a=5.7907(8) A
b=16.082(4) A
c=18.129(4) A
a=90.00°, f=90.00°
7=90.00°
1688.3(6)

4

1.508

2.448

776
3.39 to 25.00°

—4<h<6,-11<k<19,-12<1<21

4125/ 2816 [R(int)=0.1111]

99.7% (6= 25.00°)

TH-2028_136122009
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Max. and min. transmission
Refinement method

Data/restraints/parameters
Goodness—of—fit on F?

Final R indices [/>2sigma(/)]

R indices (all data)
Largest diff. peak and hole

0.613/0.418
'SHELXL-97(Sheldrick, 1997)'
2816/0/217

0.944

R;=0.0930, wR>= 0.1299

R1=0.2501,wR2=0.2113
0.716 and —0.648 e- A3

Crystal data and structure refinement for chiral compound (CCDC No. 1522057)

N~ O
H

NO,
11CO,Me

60

(60):

Empirical formula
Formula weight

CCDC Number
Crystal habit, colour
Crystal size, mm?
Temperature, T
Wavelength, A(A)
Crystal system
Space group

Unit cell dimensions

C17H15N205S
359.37

1522057

Block, Brown
0.29 x 0.24 x 0.18
296(2)

0.71073
monoclinic
'P21/c'
a=9.3891(5A
b=17.7761(4)A
c=23.6648(15)A
a=90.00°, f=91.381(5)°

7=90.00°
Volume, V' (A%) 1727.29(17)
Z 4
Calculated density, Mg-m™ 1.382
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Absorption coefficient, 0.217

u (mm™)

£(000) 748.0

Orange for data collection 3.14° to 25.00°

Limiting indices -10<h<11,-8<k<9,
—28<I<15

Reflection collected/unique 6799/3043[R(int)=0.0219]

Completeness to 6 99.8% (6=25.00°)

Max. and min. transmission 0.962/0.939

Refinement method 'SHELXL—-97(Sheldrick, 1997)'

Data/restraints/parameters 3043/0/227

Goodness—of—fit on F> 1.074

Final R indices [/>2sigma(/)] R1=0.0770, wR2 = 0.1956

R indices (all data) R1=10.0970, wR2 = 0.2099

Largest diff. peak and hole 0.796 and —0.273e-A3

5.8. References:
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5.9. Characterization Data of Products:

(R)-1,2,3,4-tetrahydro-2-oxo-3-(3-0x0-3-phenylpropyl)quinoline-3-carbonitrile(3a):
This compound was prepared according to the general
procedure D. White solid (38.7 mg, yield: 85%); m.p. 230 - 231
@ CNO °C: IH NMR (600 MHz, CDCls): 5 8.41 (s, 1H), 7.95 (d, J =
N“ 0 7.6 Hz, 2H), 7.56 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.5 Hz, 2H),
7.25(d, J=9.9 Hz, 1H), 7.22 (d, J = 7.3 Hz, 1H), 7.09 (t, J = 7.3 Hz, 1H), 6.84 (d,J =7.8
Hz, 1H), 3.56 (d, J = 15.7 Hz, 1H), 3.42 — 3.29 (m, 2H), 3.18 (d, J = 15.8 Hz, 1H), 2.48 —
2.37 (m, 1H), 2.24 — 2.11 (m, 1H); 3C NMR (150 MHz, CDCls): & 197.9, 165.5, 136.5,
135.4, 133.7, 128.9, 128.3, 124.7, 119.3, 118.8, 115.9, 44.2, 36.5, 34.5, 29.9, 28.4; FT-IR
(thin film): 1695, 1674, 1597, 1490, 1447, 1435, 1366, 1219, 1291, 1214 cm™; HRMS
(+ESI): Calc for C19H17N202 [M+H]* 305.1285; found: 305.1286; The enantiomeric ratio
was determined by HPLC analysis using Daicel Chiralpak IA column (80:20 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 15.3 min, zminor = 21.2 min); Enantiomeric
excess: 91%.
(R)-1,2,3,4-tetrahydro-2-oxo-3-(3-0x0-3-p-tolylpropyl)quinoline-3-carbonitrile(3b)
CH; This compound was prepared according to the general
procedure D. White solid (38.1 mg, yield: 80%); m.p. 211
(:( CNO - 212 °C; 'H NMR (600 MHz, CDCls): & 8.20 (s, 1H),
H o) 7.85 (d, J =8.0 Hz, 2H), 7.26 — 7.19 (m, 4H), 7.09 (t, J =
7.5Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 3.55 (d, J = 15.8 Hz,
1H), 3.34 (dt, J = 9.4, 5.5 Hz, 2H), 3.18 (d, J = 15.8 Hz, 1H), 2.46 — 2.41 (m, 1H), 2.40 (s,
3H), 2.22 — 2.16 (m, 1H); 3C NMR (150 MHz, CDCls): & 197.5, 165.8, 144.5, 135.4,
134.0, 129.6, 129.0, 128.9, 128.4, 124.6, 119.3, 118.9, 116.0, 44.3, 36.4, 34.3, 28.4, 21.9;
FT-IR (thin film): 1691, 1668, 1607, 1596, 1491, 1438, 1363, 1293 cm™!; HRMS (+ESI):
Calc for CyoH19N202 [M+H]" 319.1441; found 319.1447; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (80:20 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 15.8 min, tminor = 23.6 min); Enantiomeric

excess: 96%.
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(R)-1,2,3,4-tetrahydro-3-(3-(4-methoxyphenyl)-3-oxopropyl)-2-oxoquinoline-3-
carbonitrile (3c)

OCH;  This compound was prepared according to the general
procedure D. White solid (40.5 mg, yield: 81%); m.p.
(:( CNO 193 - 194 °C; 'H NMR (600 MHz, CDCls): & 9.03 (s,
o 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.23 (t, J = 7.5 Hz, 1H),
7.20 (d, J = 7.3 Hz, 1H), 7.07 (t, J = 7.3 Hz, 1H), 6.88
(d, J=8.5Hz, 2H), 6.85 (d, J = 7.8 Hz, 1H), 3.84 (s, 3H), 3.55 (d, J = 15.8 Hz, 1H), 3.33
—3.28 (m, 2H), 3.17 (d, J = 15.8 Hz, 1H), 2.45 — 2.40 (m, 1H), 2.19 — 2.14 (m, 1H); 3C
NMR (150 MHz, CDCl3): 6 196.4, 166.0, 163.9, 135.5, 130.6, 129.6, 129.0, 128.8, 124.6,
119.3, 119.0, 116.1, 114.0, 55.7, 44.3, 36.4, 34.1, 28.5; FT-IR (thin film): 1693, 1668,
1600, 1574, 1492, 1423, 1315, 1303, 1259, 1175 cm™; HRMS (+ESI): Calc for
C20H19N203 [M+H]" 353.1390; found 353.1390; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak IA column (80:20 n-Hexane/2-PrOH, 1.0

N
H

mL/min, 25 °C, 254 nm, tmajor = 23.0 Min, zminor = 43.1 Min); Enantiomeric excess: 92%.
(R)-3-(3-(4-fluorophenyl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-
carbonitrile (3d)
F This compound was prepared according to the general
procedure D. White solid (39.6 mg, yield: 82%); m.p. 229 -
©\/ CN O 230 °C; *H NMR (600 MHz, CDCls): & 8.56 (s, 1H), 8.03 —
N X0 7.90 (m, 2H), 7.25 (d, J = 8.3 Hz, 1H), 7.22 (d, J = 7.2 Hz,
" 1H), 7.10 (t, J = 7.1 Hz, 3H), 6.83 (d, J = 7.7 Hz, 1H), 3.56
(d, J =15.7 Hz, 1H), 3.38-3.32 (m, J = 22.7, 9.7, 5.7 Hz, 2H), 3.18 (d, J = 15.8 Hz, 1H),
2.45 — 2.40 (m, 1H), 2.20 — 2.15 (m, 1H); 3C NMR (150 MHz, CDCls): & 196.3, 165.6,
135.3, 132.9, 130.9 (d, J = 9.0 Hz), 129.0 (d, J = 18.0 Hz), 124.7, 119.2, 118.8, 116.1,
116.0, 44.2, 36.5, 34.5, 28.4; FT-IR (thin film): 1693, 1672, 1597, 1510, 1491, 1437,
1409, 1362, 1291, 1236, 1213, 1158 cm™*; HRMS (+ESI): Calc for C1gH16FN20; [M+H]*
323.1190; found: 323.1191; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (80:20 n-Hexane/2- PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tmajor = 16.5 MiN, zminor = 23.6 min); Enantiomeric excess: 96%.

(R)-3-(3-(4-chlorophenyl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-
carbonitrile (3e)

200

TH-2028_136122009



CHAPTER 5

Cl This compound was prepared according to the general
procedure D. White solid (41.1mg, yield: 81%); m.p. 212 -
@ CN O 213 °C; 'H NMR (600 MHz, CDCls): & 8.82 (s, 1H), 7.87
N0 (d, J = 8.5 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 7.24 (s, 1H),
7.23-7.20 (m, 1H), 7.09 (t, J=7.4 Hz, 1H), 6.83 (d,J=7.8
Hz, 1H), 3.56 (d, J = 15.7 Hz, 1H), 3.42 — 3.36 (m, 1H), 3.33-3.27 (m, J = 18.0, 9.8, 5.2
Hz, 1H), 3.17 (d, J = 15.7 Hz, 1H), 2.45-2.40 (m, J = 14.9, 9.7, 5.6 Hz, 1H), 2.19-2.14 (m,
J=14.7,9.8, 5.2 Hz, 1H); *C NMR (150 MHz, CDCl3): § 196.7, 165.7, 140.2, 135.3,
134.8, 129.7, 129.2, 129.1, 128.9, 124.7, 119.2, 118.8, 116.0, 44.2, 36.5, 34.5, 28.3; FT-
IR (thin film): 1696, 1678, 1588, 1488, 1435, 1370, 1293, 1217, 1095 cm; HRMS
(+ESI): Calc for C19H16CIN2O2 [M+H]* 339.0895; found: 339.0896; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IB column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 14.6 min, tmajor = 16.0 min);
Enantiomeric excess: 97%.
(R)-3-(3-(4-bromophenyl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-
carbonitrile (3f)
Br This compound was prepared according to the general
procedure D. White solid (47.5 mg, yield: 83%); m.p. 230 -
@( CN O 231 °C; 'H NMR (600 MHz, CDCls): & 8.32 (s, 1H), 7.81
” o) (d, J=8.4Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.27 - 7.23 (m,
1H), 7.22 (d, J = 7.6 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 6.81
(d, J=7.7 Hz, 1H), 3.56 (d, J = 15.7 Hz, 1H), 3.40 — 3.35 (m, 1H), 3.31 (dd, J = 14.2, 9.0
Hz, 1H), 3.18 (d, J = 15.8 Hz, 1H), 2.45 — 2.40 (m, 1H), 2.19 — 2.14 (m,1H); *C NMR
(150 MHz, CDCls): 6 196.9, 165.4, 135.3,135.2, 132.2,129.8, 129.1, 129.0, 128.9, 124.7,
119.3, 118.7, 115.9, 44.2, 36.6, 34.6, 28.4; FT-IR (thin film): 1694, 1672, 1585, 1485,
1435, 1364, 1292, 1211, 1072 cm™; HRMS (+ESI): Calc for C19H16BrN20, [M+H]*
383.0390; found: 383.0386; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tmajor = 19.2 mMinN, minor = 42.6 min); Enantiomeric excess: 91%.
(R)-3-(3-([1,1'-biphenyl]-4-yl)-3-oxopropyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-
carbonitrile (3g)
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pn This compound was prepared according to the general

procedure D. White solid (45.0 mg, yield: 79%); m.p. 218

| acN O -219°C; *H NMR (600 MHz, CDCls): § 8.97 (s, 1H), 8.01
E:( (d, J = 8.1 Hz, 2H), 7.64 (d, J = 8.2 Hz, 2H), 7.60 (d, J =
7.4 Hz, 2H), 7.47 (t, J = 7.5 Hz, 2H), 7.40 (t, J = 7.2 Hz,
1H), 7.23 (dd, J = 15.1, 7.5 Hz, 2H), 7.07 (t, J = 7.4 Hz, 1H), 6.86 (d, J = 7.8 Hz, 1H),
3.57 (d, J = 15.8 Hz, 1H), 3.46-3.43 (m, J = 15.6, 9.7, 5.6 Hz, 1H), 3.40 — 3.35 (m, 1H),
3.19 (d, J = 15.8 Hz, 1H), 2.50 — 2.45 (m, 1H), 2.23 —2.18 (m, 1H); 13C NMR (150 MHz,
CDCls): 6 197.5, 165.9, 146.3, 139.9, 135.4, 135.2, 129.2, 129.0, 128.9, 128.5, 127.5,
124.6, 119.2, 118.9, 116.1, 44.3, 36.5, 34.5, 28.4; FT-IR (thin film): 1696, 1674, 1595,
1491, 1437, 1399, 1367, 1292 cm™; HRMS (+ESI): Calc for CasHN202 [M+H]*
381.1598; found 381.1598; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 23.3 MiN, zminor = 31.9 min); Enantiomeric excess: 93%.

N- ~O
H

(R)-3-(3-(4-nitrophenyl)-3-oxopropyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-
carbonitrile (3h)

NO, This compound was prepared according to the general
procedure D. White sticky solid (31.4 mg, yield: 60%);'H
(:( CNO NMR (600 MHz, CDCls): § 8.29 (d, J = 8.7 Hz, 2H), 8.11
” 0 (d, J=8.8 Hz, 2H), 7.30 — 7.22 (m, 2H), 7.11 (t, J = 7.5
Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 3.57 (d, J = 15.8 Hz,
1H), 3.49 (ddd, J = 18.3, 9.6, 5.6 Hz, 1H), 3.37 (ddd, J = 18.3, 9.5, 5.2 Hz, 1H), 3.19 (d, J
= 15.8 Hz, 1H), 2.46 (ddd, J = 14.8, 9.5, 5.6 Hz, 1H), 2.25 — 2.15 (m, 1H); 13C NMR (150
MHz, CDCIs) 8 196.5, 165.1, 150.8, 140.9, 135.3, 129.4, 129.2, 129.0, 124.8, 124.2,
119.3, 118.6, 115.8, 44.0, 36.7, 35.3, 28.3; FT-IR (thin film): 1696, 1563, 1525, 1347,
1319, 1277, 1206, 1132, 854, 792 cm?; HRMS (+ESI): Calc for Cs2H3oN3OsS:
[M+H]600.1621; found: 600.1621; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IA column (60:40 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nM, Tmajor= 17.5 mMin, tminor = 22.2 min); Enantiomeric excess: 71%.
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(R)-3-(3-(3-chlorophenyl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-
carbonitrile (3h)

cl  This compound was prepared according to the general
procedure D. White solid (39.5 mg, yield: 78%); m.p. 180 - 181
°C; 'H NMR (600 MHz, CDCls): § 8.04 (s, 1H), 7.92 (s, 1H),
(:( CN O 7.84 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.8 Hz, 1H), 7.40 (t, J =
N~ 0 7.8 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 7.23 (d, J = 7.1 Hz, 1H),
7.10 (t, J = 7.3 Hz, 1H), 6.82 (d, J = 7.9 Hz, 1H), 3.56 (d, J = 15.5 Hz, 1H), 3.41 — 3.29
(m, 2H), 3.18 (d, J = 15.6 Hz, 1H), 2.46-2.41 (m, J = 15.0, 9.7, 5.7 Hz, 1H), 2.21-2.16 (m,
J =148, 9.8, 5.4 Hz, 1H); 1*C NMR (150 MHz, CDClz): & 196.6, 165.6, 138.1, 135.5,
135.4, 133.6, 130.3, 129.1, 128.9, 128.3, 126.4, 124.7, 119.3, 118.7, 116.0, 44.2, 36.6,
34.7, 28.4; FT-IR (thin film): 1700, 1684, 1595, 1573, 1499, 1484, 1426, 1411, 1291,
1207 cm; HRMS (+ESI): Calc for C19H16CIN20, [M+H]* 339.0895; found 339.0891;
The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IB
column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 12.7 MiN, Tmajor =

13.5 min); Enantiomeric excess: 96%.

(R)-3-(3-(3-bromophenyl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-

carbonitrile (3i)

i This compound was prepared according to the general

procedure D. White solid (45.8 mg, yield: 80%); m.p. 178 - 179

@ CNO °C; IH NMR (600 MHz, CDCls): § 8.84 (s, 1H), 8.05 (s, 1H),
NSO 7.86 (d, J = 7.7 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.31 (t, J =

7.9 Hz, 1H), 7.26 (d, J = 5.8 Hz, 1H), 7.22 (d, J = 7.3 Hz, 1H),
7.09 (t, J = 7.5 Hz, 1H), 6.84 (d, J = 7.8 Hz, 1H), 3.56 (d, J = 15.7 Hz, 1H), 3.43-3.37 (m,
J=17.7,9.7, 5.6 Hz, 1H), 3.33-3.27 (m, J = 18.1, 9.6, 5.2 Hz, 1H), 3.18 (d, J = 15.8 Hz,
1H), 2.47-2.42 (m, J = 14.9, 9.6, 5.6 Hz, 1H), 2.20-2.15 (m, J = 14.7, 9.7, 5.2 Hz, 1H); 13C
NMR (150 MHz, CDCls):5 196.5, 165.8, 138.2, 136.5, 135.3, 131.2, 130.5, 129.1, 128.9,
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126.8,124.7, 123.3,119.2, 118.8, 116.0, 44.2, 36.5, 34.7, 28.3; FT-IR (thin film): 1700,
1684, 1596, 1484, 1420, 1369, 1295, 1212 cm™*; HRMS (+ESI): Calc for C1gH16BrN20-
[M+H]" 383.0390; found: 383.0393; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IA column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nM, Tmajor = 16.2 Min, zminor = 23.8 min); Enantiomeric excess: 92%.

(R)-3-(3-(benzo[d][1,3]dioxol-5-yl)-3-oxopropyl)-1,2,3,4-tetrahydro-2-oxoquinoline-3-
carbonitrile (3Kk)

O—\ This compound was prepared according to the general

P procedure D. White solid (36.6 mg, yield: 70%); m.p. 235 -

) 236 °C; 'H NMR (600 MHz, CDCls3): 6 7.89 (s, 1H), 7.58
©\/ peNe (d,J=7.8 Hz, 1H), 7.41 (s, 1H), 7.26 (s, 1H), 7.22 (d,J=7.0
ﬁ 4 Hz, 1H), 7.09 (t, J = 7.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H),

6.80 (d, J = 7.7 Hz, 1H), 6.04 (s, 2H), 3.55 (d, J = 15.8 Hz, 1H), 3.30 — 3.27 (m, 2H), 3.17
(d, J = 15.7 Hz, 1H), 2.43 — 2.37 (m, 1H), 2.19 — 2.14 (m, 1H); $3C NMR (150 MHz,
CDClgz): 6 195.9, 165.2, 152.3, 148.5, 135.3, 131.3, 129.1, 124.7, 124.7, 119.4, 118.8,
115.8, 108.2, 108.0, 102.1, 44.2, 36.5, 34.3, 28.6; FT-IR (thin film): 1700, 1668, 1602,
1490, 1443, 1296, 1117 cm™; HRMS (+ESI): Calc for C20H17N204 [M+H]* 349.1183;
found: 349.1188; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak 1B column (75:25 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 17.2

MIN, Tmajor = 17.2 Min); Enantiomeric excess: 94%.

(R)-1,2,3,4-tetrahydro-2-oxo0-3-(3-0x0-3-(thiophen-2-yl)propyl)quinoline-3-carbonitrile

(3K)
ST\ This compound was prepared according to the general procedure
= D. White solid (36.2 mg, yield: 78%); m.p. 160 - 161 °C; H
0
©\/ CN NMR (600 MHz, CDClIs): 6 8.63 (s, 1H), 7.77 (d, J = 3.1 Hz,
ﬁ © 1H), 7.62 (d, J = 4.6 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 7.21 (d,

J=7.3Hz, 1H), 7.14 — 7.10 (m, 1H), 7.08 (t, J = 7.4 Hz, 1H), 6.84 (d, J = 7.8 Hz, 1H),
3.54 (d, J = 15.8 Hz, 1H), 3.34 — 3.29 (m, 2H), 3.17 (d, J = 15.8 Hz, 1H), 2.46 — 2.41 (m,
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1H), 2.21 — 2.16 (m, 1H); 3C NMR (150 MHz, CDCIs): § 190.7, 165.8, 143.6, 135.4,
134.3, 132.6, 129.0, 128.9, 128.4, 124.6, 119.2, 118.8, 116.1, 44.2, 36.4, 35.0, 28.4; FT-
IR (thin film): 1700, 1658, 1597, 1519, 11492, 1248, 1376, 1241, 1057, 760 cm™*; HRMS
(+ESI): Calc for C17H15FN20,2S [M+H]" 311.0849; found: 311.0850; The enantiomeric
ratio was determined by HPLC analysis using Daicel Chiralpak IA column (80:20 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 19.4 min, minor = 24.7 min);
Enantiomeric excess: 70%.
(R)-2-ox0-3-(3-oxobutyl)-1,2,3,4-tetrahydroquinoline-3-carbonitrile (3m)
cH3 This compound was prepared according to the general
(:( cN © procedure D. White solid (23.04 mg, yield: 60%); m.p. 179-
H o 180 °C; 'H NMR (400 MHz, (CD3)2SO): 6 10.75 (s, 1H), 7.23
(t, J=8.4Hz, 2H), 7.01 (t, J = 7.4 Hz, 1H), 6.91 (d, J = 7.7 Hz, 1H), 3.43 (d, J = 15.9 Hz,
1H), 3.18 (d, J = 15.8 Hz, 1H), 2.65 (ddd, J = 16.0, 9.8, 5.8 Hz, 2H), 2.44 (q, J = 7.2 Hz,
2H), 2.10 — 1.96 (m, 1H), 1.90 — 1.79 (m, 1H), 0.89 (t, J = 7.2 Hz, 3H); *C NMR (100
MHz, (CD3)2SO): 6 210.3, 165.7, 137.5, 129.6, 129.3, 124.8, 120.9, 120.6, 116.5, 44.1,
38.0,36.2, 35.2, 27.9, 8.7; FT-IR (thin film): 1711, 1597, 1563, 1489, 1377, 1279, 1177,
1132, 792 cm; HRMS (+ESI): Calc for CisHi7N20, [M+H]" 257.1285; found:
257.1277; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Daicel Chiralpak IA column (80:20 n-Hexane/2PrOH, 1.0 mL/min, 25 °C,

254 nm, (zmajor = 11.3 min, minor = 12.8 min); Enantiomeric excess: 27%.

(R)-6-fluoro-2-oxo0-3-(3-oxo0-3-phenylpropyl)-1,2,3,4-tetrahydroquinoline-3-
carbonitrile (3n)
This compound was prepared according to the general
procedure D. White solid (41.1 mg, yield: 85%); m.p. 223 -
F\Cf CNO 224.°C; 'H NMR (600 MHz, CDCls): 5 7.96 (d, J = 8.0 Hz,
N“ "0 2H), 7.57 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.9 Hz, 2H), 6.98
(t, J = 7.8 Hz, 2H), 6.80 (dd, J = 9.5, 4.7 Hz, 1H), 3.53 (d, J = 15.8 Hz, 1H), 3.40 — 3.34
(m, 2H), 3.16 (d, J = 16.1 Hz, 1H), 2.41 — 2.41 (m, 1H), 2.22 — 2.17 (m, 1H); 13C NMR
(150 MHz, CDCls): 6 197.8, 165.4, 158.6, 136.4, 133.8, 131.6, 128.9, 128.3,117.3, 117.3,
116.1, 115.9, 115.8, 43.9, 36.4, 34.5, 28.3; FT-IR (thin film): 1691, 1670, 1597, 1506,
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1447, 1366, 1294, 1213, 1116 cm™*; HRMS (+ESI): Calc for Ci9H1sFN2O2 [M+H]*
323.1190 found 323.1185; The enantiomeric ratio was determined by HPLC analysis using
Daicel Chiralpak 1A column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor

= 15.6 min, zminor = 21.1 min); Enantiomeric excess: 93%.

(R)-6-chloro-1,2,3,4-tetrahydro-2-oxo-3-(3-0xo0-3-phenylpropyl)quinoline-3-
carbonitrile (30)
This compound was prepared according to the general
procedure D. White solid (43.6 mg, yield: 86%); m.p. 210

Cl ‘s,
\(:( CN O -211°C: 'H NMR (600 MHz, CDCls): § 8.26 (s, 1H), 7.95
N O (d,J=74Hz,2H), 757 (t,J=7.4Hz,1H),7.45 (t,J=7.7

Hz, 2H), 6.77 (d, J = 9.1 Hz, 1H), 3.52 (d, J = 15.8 Hz, 1H), 3.40-3.34 (m, J = 18.0, 9.5,
5.6 Hz, 2H), 3.15 (d, J = 15.9 Hz, 1H), 2.47-2.42 (m, J = 14.9, 9.5, 5.7 Hz, 1H), 2.21-2.16
(m,J=14.8,9.7,5.5 Hz, 1H); *C NMR (150 MHz, CDCl3): $ 197.7, 165.7, 136.4, 134.1,
133.8, 129.7, 129.1, 128.9, 129.0, 128.2, 120.9, 118.5, 117.3, 44.0, 36.2, 34.4, 28.3; FT-
IR (thin film): 1692, 1669, 1597, 1491, 1447, 1435, 1427, 1356, 1292, 1215, 1084, 789
cm?; HRMS (+ESI): CigHi6CIN2O2 [M+H]* 339.0895; found: 339.0895; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 15.8 Min, zminor = 22.2 Min);
Enantiomeric excess: 74%.

Methyl 3-((S)-2-nitro-1-phenylethyl)-2-oxo-1,2,3,4-

tetrahydroquinoline-3-carboxylate (6a)

This compound was prepared according to the general procedure
E. White sticky solid (63.7 mg, yield: 90%); Diastereomeric
ratio: 2:1; *H NMR (600 MHz, CDCls): & 8.54 (s, 1H), 8.33 (s, 0.4H), 7.45 — 7.44 (m,
1H), 7.31 — 7.29 (m, 4H), 7.27 — 7.24 (m, 1H), 7.22 (dd, J = 6.6, 3.0 Hz, 2H), 7.15 (t, J =
7.7 Hz, 0.6H), 7.07 (dd, J = 14.0, 7.4 Hz, 1H), 7.00 (d, J = 7.4 Hz, 1H), 6.95 (t, J = 7.5 Hz,
0.5H), 6.86 (d, J = 7.6 Hz, 1H), 6.73 (d, J = 7.8 Hz, 0.5H), 5.62 (dd, J = 13.9, 10.5 Hz,
0.5H), 5.31 (dd, J =14.1, 10.5 Hz, 1H), 5.21 (dd, J = 14.1, 3.4 Hz, 1H), 4.86 (dd, J = 14.0,
2.9 Hz, 0.5H), 4.24 (dd, J = 10.5, 2.9 Hz, 0.5H), 3.93 (dd, J = 10.5, 3.3 Hz, 1H), 3.72 (s,
3H), 3.62 (s, 1H), 3.38 (d, J = 16.1 Hz, 1H), 3.15 (d, J = 15.7 Hz, 0.5H), 2.82 (d, J = 15.7
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Hz, 0.5H), 2.71 (d, J = 16.1 Hz, 1H); 3C NMR (150 MHz, CDCls): § 170.9, 169.8, 168.6,
168.5, 135.7, 135.7, 135.6, 135.3, 130.0, 129.8, 129.2, 129.0, 128.9, 128.8, 128.5, 128.3,
128.3, 124.4, 124.0, 1215, 121.1, 115.6, 115.1, 78.4, 78.1, 57.7, 56.5, 53.6, 53.2, 48.9,
45.7, 35.1, 33.7; FT-IR (thin film): 1737, 1679, 1598, 1554, 1491, 1434, 1375, 1296,
1240, 1124, 1082, 757 cm*; HRMS (+APCI): Calc for C19H19N20s [M+H]* 355.1288;
found: 355.1288; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tminor = 15.9 MiN, zminor = 27.1 min); Enantiomeric excess: 93%.

Methyl3-((S)-2-nitro-1-(p-tolyl)ethyl)-2-oxo0-1,2,3,4-

HsC
\©/ tetrahydroquinoline-3-carboxylate (6b)
NO,

"'COzMe

This compound was prepared according to the general procedure

H E. White sticky solid (62.5 mg, yield: 85%); Diastereomeric
ratio: 2:1; *H NMR (600 MHz, CDCls): & 8.89 (s, 1H), 8.68 (s, 0.5H), 7.32 (d, J = 8.1
Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.14 (t, J = 7.7 Hz, 1H), 7.10 (s, 5H), 7.06 (t, J = 11.0
Hz, 2H), 7.01 (d, J = 7.4 Hz, 1H), 6.95 (t, J = 7.5 Hz, 0.6H), 6.88 (d, J = 7.8 Hz, 1H), 6.74
(d, J=7.9 Hz, 0.5H), 5.60 (dd, J = 13.8, 10.5 Hz, 0.5H), 5.28 (dd, J = 14.0, 10.5 Hz, 1H),
5.21 (dd, J = 14.0, 3.5 Hz, 1H), 4.85 (dd, J = 13.8, 2.9 Hz, 0.5H), 4.21 (dd, J = 14.3, 3.7
Hz, 0.5H), 3.91 (dd, J = 10.4, 3.5 Hz, 1H), 3.72 (s, 3H), 3.62 (s, 1.4H), 3.36 (d, J = 16.1
Hz, 1H), 3.15 (d, J = 15.7 Hz, 0.5H), 2.83 (d, J = 15.6 Hz, 0.5H), 2.72 (d, J = 16.1 Hz,
1H), 2.32 (s, 3H), 2.28 (s, 1.4H); 3C NMR (150 MHz, CDCls): 6 171.0, 169.8, 168.9,
168.8, 138.7, 138.5, 135.8, 135.7, 132.4, 132.1, 129.9, 129.8, 129.6, 129.0, 128.5, 128.3,
128.2, 124.3, 123.9, 121.5, 121.2, 115.6, 115.2, 78.4, 78.2, 57.7, 56.4, 53.6, 53.1, 48.5,
45.3,35.0, 33.7, 22.9, 21.3; FT-IR (thin film): 1743, 1721, 1678, 1596, 1554, 1492, 1434,
1294, 1240, 1120, 1079, 757 cm?; HRMS (+ESI): Calc for CzH21N20s [M+H]*
369.1445; found: 369.1442; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Daicel Chiralpak IC column (80:20 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 16.7 Min, tmajor = 25.2 Min); Enantiomeric excess: 92%.
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Methyl3-((S)-1-(4-isopropylphenyl)-2-nitroethyl)-2-oxo0-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6c)
iPr This compound was prepared according to the general procedure
\©,/“ E. White sticky solid (55.4 mg, yield: 70%); Diastereomeric
@ﬁgﬁe ratio: 2:1; *H NMR (600 MHz, CDCls): 6 8.32 (s, 1H), 8.16 (s,
” o 0.4H), 7.35 (d, J = 7.3 Hz, 1H), 7.25 (d, J = 8.6 Hz, 2H), 7.13 (dd,
J=16.5,7.6 Hz,5H), 7.06 (t, J = 7.6 Hz, 1H), 7.03 (d, J = 7.3 Hz,
1H), 6.94 (t, J = 7.2 Hz, 0.5H), 6.85 (d, J = 7.7 Hz, 1H), 6.71 (d, J = 7.7 Hz, 0.4H), 5.60
(t, J=12.2 Hz, 0.4H), 5.30 - 5.26 (m, 1H), 5.19 (d, J = 14.0 Hz, 1H), 4.85 (d, J = 13.9 Hz,
1H), 4.19 (d, J = 10.1 Hz, 0.4H), 3.92 (d, J = 10.2 Hz, 1H), 3.72 (s, 3H), 3.63 (s, 1H), 3.38
(d, J=16.1 Hz, 1H), 3.14 (d, J = 15.6 Hz, 0.4H), 2.86 (dt, J = 23.9, 11.3 Hz, 2H), 2.74 (d,
J=16.0 Hz, 1H), 1.23 (d, J = 6.5 Hz, 6H), 1.19 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz,
CDClz): 6 171.1, 169.8, 168.6, 149.4, 149.3, 135.7, 132.7, 132.3, 129.8, 129.7, 129.1,
128.5, 128.3, 128.2, 127.2, 126.9, 124.3, 123.9, 121.6, 121.3, 115.5, 115.1, 78.5, 78.1,
57.7, 56.5, 53.6, 53.2, 48.6, 45.2, 33.9, 33.6, 24.1, 24.0, 22.9, 22.9; FT-IR (thin film):
1740, 1679, 1597, 1554, 1490, 1433, 1294, 1239, 1122, 1077, 755 cm!; HRMS (+ESI):
Calc for C22H25N20s [M+H] " 397.1758; found: 397.1758; The enantiomeric ratio of major
diastereomer was determined by HPLC analysis using Daicel Chiralpak IC column (80:20
n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, (zminor = 14.3 MiN, tmajor = 23.8 min);
Enantiomeric excess: 88%.

Methyl 3-((S)-1-(4-(tert-butyl)phenyl)-2-nitroethyl)-2-oxo0-1,2,3,4-tetrahydroquinoline-
3-carboxylate (6d)

By This compound was prepared according to the general procedure

\© E. White sticky solid (49.3 mg, yield: 60%); Diastereomeric

...ngc,\)ﬂze ratio: 2:1; 'H NMR (600 MHz, CDCls): § 8.08 (s, 1H), 7.95 (s,

H o 0.4H), 7.35 (d, J = 7.6 Hz, 1H), 7.29 (d, J = 7.9 Hz, 2H), 7.24 (s,

1H),7.12 (d, J = 7.4 Hz, 2H), 7.05 (dd, J = 19.6, 7.1 Hz, 2H), 6.94

(t, J=7.2 Hz, 0.4H), 6.83 (d, J = 7.7 Hz, 1H), 6.69 (d, J = 7.7 Hz, 0.4H), 5.63 — 5.59 (m,

0.4H), 5.30 - 5.26 (m, 1H), 5.18 (d, J = 14.0 Hz, 1H), 4.84 (d, J = 14.1 Hz, 0.4H), 4.18 (d,

J=9.8 Hz, 0.4H), 3.92 (d, J = 10.2 Hz, 1H), 3.72 (s, 3H), 3.63 (s, 1H), 3.38 (d, J = 16.0
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Hz, 1H), 3.14 (d, J = 15.6 Hz, 0.4H), 2.83 (d, J = 15.7 Hz, 0.4H), 2.74 (d, J = 16.1 Hz,
1H), 1.29 (s, 9H), 1.26 (s, 5H); 3C NMR (150 MHz, CDCls): 6 171.1, 169.8, 168.5,
168.4, 168.1, 151.7, 151.6, 135.7, 132.3, 131.9, 129.5, 129.4, 129.1, 128.8, 128.7, 128.4,
128.3,128.2,126.1, 125.8, 124.3, 123.9, 121.6, 121.3, 115.4, 115.0, 78.5, 78.1, 57.7, 56.5,
53.6, 53.2, 48.5, 45.0, 35.4, 34.7, 33.6, 31.8, 31.5, 31.4; FT-IR (thin film): 1741, 1679,
1597, 1555, 1489, 1434, 1377, 1240, 1077, 1216, 756 cm™*; HRMS (+ESI): Calc for
Ca23H27N20s [M+H]* 411.1914; found: 411.1914; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak IC column (80:20 n-Hexane/2-PrOH, 1.0
mL/min, 25 °C, 254 nm, tminor = 13.7 Min, Tmajor = 23.9 min); Enantiomeric excess: 87%.

Methyl 3-((S)-1-(4-methoxyphenyl)-2-nitroethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-

carboxylate (6e)

Meo\@ This compound was prepared according to the general procedure
e No, E. White sticky solid (53.7 mg, yield: 70%); Diastereomeric
1CO2Me  ratio: 2:1; *H NMR (600 MHz, CDCls): & 8.26 (s, 1H), 8.09 (s,

H 0 0.5H), 7.36 (d, J=8.7 Hz, 1H), 7.28 — 7.24 (m, 1H), 7.13 (d, J =

8.8 Hz, 2H), 7.07 (dd, J = 17.5, 7.8 Hz, 1H), 7.01 (d, J = 7.4 Hz, 1H), 6.95 (t, J = 7.8 Hz,
0.6H), 6.83 (dd, J = 13.4, 8.1 Hz, 4H), 6.71 (d, J = 7.8 Hz, 0.5H), 5.62 — 5.58 (m, 0.5H),
5.30 - 5.25 (m, 1H), 5.16 (dd, J = 13.9, 3.4 Hz, 1H), 4.80 (dd, J = 13.7, 3.0 Hz, 0.5H),
4.16 (dd, J = 13.2, 2.6 Hz, 0.5H), 3.87 (dd, J = 10.6, 3.3 Hz, 1H), 3.79 (s, 3H), 3.76 (s,
1H), 3.72 (s, 3H), 3.63 (s, 1H), 3.38 (d, J = 16.1 Hz, 1H), 3.13 (d, J = 15.7 Hz, 0.5H), 2.84
(d, J =15.6 Hz, 0.5H), 2.72 (d, J = 16.1 Hz, 1H); 3C NMR (150 MHz, CDCls): & 171.0,
169.8, 168.5, 168.5, 159.9, 159.8, 135.7, 135.6, 131.1, 130.9, 129.0, 128.5, 128.3, 128.2,
127.3,127.0,124.4,123.9,121.6,121.2, 115.5, 115.1, 114.5, 114.3, 78.5, 78.3, 57.8, 56.6,
55.4,53.6, 53.2, 48.3, 45.0, 35.2, 33.7; FT-IR (thin film): 1741, 1722, 1680, 1596, 1554,
1514, 1495, 1376, 1180, 1094, 800 cm™ HRMS (+APCI): Calc for C2oH17N205 [M+H]*
385.1400; found: 385.1400; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nm, Tmajor = 21.3 MiN, zminor = 34.9 Min); Enantiomeric excess: 94%.
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Organocatalytic Asymmetric Synthesis of 3,3-Disubstituted 3,4- Dihydro-2-quinolo

F Methyl 3-((S)-1-(4-fluorophenyl)-2-nitroethyl)-2-oxo-1,2,3,4-
\©,,, tetrahydroquinoline-3-carboxylate (6f)
' NO This compound was prepared according to the general procedure
E. White sticky solid (66.9 mg , yield: 90%); Diastereomeric
ratio: 2:1; *H NMR (600 MHz, CDCls): & 8.88 (s, 1H), 8.62 (s,
0.5H), 7.44 (dd, J = 8.3, 5.3 Hz, 1H), 7.29 — 7.26 (m, 1H), 7.25 - 7.22 (m, 2H), 7.16 (t, J
=7.6 Hz, 0.7H), 7.07 (dd, J = 13.0, 6.0 Hz, 2H), 6.99 (t, J = 8.7 Hz, 4H), 6.88 (d, J = 7.9
Hz, 1H), 6.75 (d, J = 7.8 Hz, 0.6H), 5.59 (dd, J= 14.0, 10.6 Hz, 0.6H), 5.28 (dd, J = 14.0,
10.6 Hz, 1H), 5.18 (dd, J = 14.1, 3.2 Hz, 1H), 4.83 (dd, J = 13.9, 2.4 Hz, 0.5H), 4.22 (dd,
J=10.6, 2.8 Hz, 0.5H), 3.92 (dd, J = 10.5, 3.2 Hz, 1H), 3.70 (s, 3H), 3.63 (s, 2H), 3.39 (d,
J=16.0 Hz, 1H), 3.15 (d, J = 15.6 Hz, 0.5H), 2.80 (d, J = 15.5 Hz, 0.5H), 2.71 (d, J = 16.1
Hz, 1H); 13C NMR (150 MHz, CDCls): 6 170.8, 169.8, 168.7, 168.6, 163.7 (d, J = 18.0
Hz), 162.1 (d, J=19.5 Hz), 135.7, 135.6, 131.8, (d, J = 7.5 Hz), 131.6, 131.5, 131.2, 131.0,
128.9, 128.6, 128.4, 128.3, 124.5, 124.1, 121.3, 120.8, 116.2, 116.1, 115.9, 115.8, 115.7,
115.2, 78.3, 78.1, 57.7, 56.5, 53.7, 53.3, 48.1, 45.1, 35.1, 33.8; FT-IR (thin film): 1740,
1675, 1597, 1554, 1511, 1492, 1435, 1378, 1285, 1163, 754 cm™; HRMS (+APCI): Calc
for C19H1sFN2Os [M+H]* 373.1194; found: 373.1194;The enantiomeric ratio of major
diastereomer was determined by HPLC analysis using Merck OD column (85:15 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmgjor = 17.8 min, zminor = 26.0 min);

Enantiomeric excess: 92%.

2
o 'COZMG

0]

N
H

cl Methyl-3-((S)-1-(4-chlorophenyl)-2-nitroethyl)-2-oxo-1,2,3,4-
\©~, tetrahydroquinoline-3-carbzoxylate (69)

@ﬁgjﬂi This compound was prepared according to the general

N X0 procedure E. White sticky solid (58.2 mg, yield: 75%);

H Diastereomeric ratio: 2:1; 'H NMR (600 MHz, CDCls): &

8.56 (s, 1H), 8.30 (s, 0.5H), 7.41 (d, J = 8.5 Hz, 1H), 7.28 (d, J=8.5 Hz, 3H), 7.19 (d, J =

8.4 Hz, 2H), 7.16 (d, J = 7.7 Hz, 0.5H), 7.07 (t, J = 7.6 Hz, 1.5H), 7.01 (d, J = 7.4 Hz, 1H),

6.97 (t, J=7.4 Hz, 0.6H), 6.86 (d, J = 7.6 Hz, 1H), 6.73 (d, J = 7.7 Hz, 0.5H), 5.60 (dd, J

=14.0, 10.6 Hz, 0.5H), 5.30 — 5.26 (m, 1H), 5.16 (dd, J = 14.2, 2.7 Hz, 1H), 4.81 (d, J =

14.0 Hz, 0.5H), 4.20 (d, J = 10.5 Hz, 0.5H), 3.89 (d, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.63 (s,
1H), 3.39 (d, J = 16.1 Hz, 1H), 3.14 (d, J = 15.6 Hz, 0.5H), 2.79 (d, J = 15.5 Hz, 0.5H),
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2.69 (d, J = 16.1 Hz, 1H); 3C NMR (150 MHz, CDCls): § 170.8, 169.7, 168.4, 168.3,
135.6, 135.5, 135.0, 134.8, 134.0, 133.8, 131.4, 131.2, 129.4, 129.1, 128.9, 128.7, 128.4,
128.3, 124.5, 124.1, 121.2, 120.8, 115.6, 115.2, 78.1, 77.9, 57.6, 56.4, 53.7, 53.3, 48.3,
45.2, 35.2, 33.8; FT-IR (thin film): 1739, 1676, 1597, 1554, 1492, 1434, 1376, 1294,
1238, 1094, 756 cm*; HRMS (+ESI): Calc for C19H1sCIN2Os [M+H]* 389.0899; found:
389.0893; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 17.9 min, zminor = 26.1 min); Enantiomeric excess: 93%.

Methyl 3-((S)-1-(4-bromophenyl)-2-nitroethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6h)

Br This compound was prepared according to the general procedure
\©/ E. White sticky solid (64.9 mg, yield: 75%); Diastereomeric
_”C(;“j;e ratio: 2:1; '"H NMR (600 MHz, CDCls): § 8.64 (s, 1H), 8.39 (s,

0.5H), 7.44 (d, J = 8.5 Hz, 3H), 7.34 (d, J = 8.5 Hz, 1H), 7.28 (d,
J=7.8Hz,0.7H), 7.16 (t, = 7.7 Hz, 1H), 7.14 (t, J = 7.9 Hz, 2H),
7.07 (t, J=7.1 Hz, 2H), 7.01 (d, J = 7.4 Hz, 1H), 6.97 (t, J = 7.5 Hz, 0.5H), 6.87 (d, J =
7.8 Hz, 1H), 6.73 (d, J = 7.9 Hz, 0.5H), 5.59 (dd, J = 14.0, 10.7 Hz, 0.5H), 5.27 (dd, J =
14.2,10.5 Hz, 1H), 5.17 (dd, J = 14.2, 3.3 Hz, 1H), 4.82 (dd, J = 14.1, 2.9 Hz, 0.5H), 4.19
(dd, J = 10.6, 2.9 Hz, 0.5H), 3.89 (dd, J = 10.5, 3.4 Hz, 1H), 3.70 (s, 3H), 3.63 (s, 1H),
3.39(d, J=16.1 Hz, 1H), 3.14 (d, J = 15.6 Hz, 0.5H), 2.79 (d, J = 15.5 Hz, 0.5H), 2.70 (d,
J=16.1Hz, 1H); 3 CNMR (150 MHz, CDCls): 5 170.8, 169.7, 168.5, 168.4, 135.7, 135.6,
134.6, 134.3, 132.4, 132.1, 131.7, 131.5, 128.9, 128.7, 128.4, 128.3, 124.5, 124.1, 123.0,
121.2,120.8, 115.7, 115.2, 78.1, 77.8, 57.6, 56.4, 53.7, 53.3, 48.3, 45.2, 35.2, 33.8; FT-
IR (thin film): 1739, 1720, 1679, 1596, 1552, 1490, 1434, 1375, 1293, 1237, 1206, 1117,
1075, 757 cm?*; HRMS (+ESI): Calc for Ci9H1sBrN.Os [M+H]* 433.0394; found:
433.0398; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 20.9 mMin, zminor = 30.3 min); Enantiomeric excess: 93%.

N @)
H
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Methyl 3-((S)-2-nitro-1-(m-tolyl)ethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6i)

CHj This compound was prepared according to the general procedure E.
@ White sticky solid (59 mg, yield: 80%); Diastereomeric ratio: 2:1;
’ 'H NMR (600 MHz, CDCls): 5 8.93 (s, 1H), 8.68 (s, 0.5H), 7.31 —
7.27 (m, 2H), 7.22 (t, J = 6.7 Hz, 2H), 7.18 (t, J = 7.6 Hz, 0.6H),
7.14 (d, J = 7.6 Hz, 1H), 7.13 — 7.09 (m, 2H), 7.09 — 7.05 (m, 1H),
7.03(d, J = 7.4 Hz, 1H), 7.00 (d, J = 6.2 Hz, 1H), 6.98 (d, J = 7.4 Hz, 0.4H), 6.92 (d, J =
7.8 Hz, 1H), 6.78 (d, J = 7.8 Hz, 0.5H), 5.63 (dd, J = 13.9, 10.5 Hz, 0.5H), 5.33 (dd, J =
14.1,10.4 Hz, 1H), 5.25 (dd, J = 14.0, 3.2 Hz, 1H), 4.91 (dd, J = 13.9, 2.7 Hz, 0.5H), 4.25
(dd, J = 10.3, 2.3 Hz, 0.5H), 3.94 (dd, J = 10.4, 3.1 Hz, 1H), 3.76 (s, 3H), 3.66 (s, 1H),
3.41 (d, J = 16.1 Hz, 1H), 3.19 (d, J = 15.7 Hz, 0.5H), 2.87 (d, J = 15.6 Hz, 0.5H), 2.74 (d,
J=16.1Hz, 1H), 2.34 (s, 5H); **C NMR (150 MHz, CDCls): 5 171.0, 169.8, 168.9, 168.8,
138.8, 138.5, 135.8, 135.7, 135.5, 135.1, 130.8, 130.5, 129.6, 129.5, 129.1, 129.0, 128.8,
128.5, 128.3, 128.2, 126.8, 124.27, 123.9, 121.5, 121.2, 115.6, 115.2, 78.4, 78.1, 57.6,
56.4, 53.6, 53.2, 48.8, 45.6, 35.1, 33.7, 22.8, 21.6; FT-IR (thin film): 1740, 1672, 1596,
1554, 1491, 1434, 1376, 1259, 1210, 1128, 752 cm?; HRMS (+APCI): Calc for
C20H21N20s [M+H]" 369.1445; found: 369.1445; The enantiomeric ratio of major
diastereomer was determined by HPLC analysis using Daicel Chiralpak 1C column (80:20
n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, minor = 14.0 MIN, Tmajor = 22.9 min).

Enantiomeric excess: 87%.

Methyl 3-((S)-1-(3-bromophenyl)-2-nitroethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3
carboxylate (6j)

Br This compound was prepared according to the general procedure E.
@ White sticky solid (64.8 mg, yield: 75%); Diastereomeric ratio:
" NO, 2:1; 'H NMR (600 MHz, CDCls): & 8.69 (s, 1H), 8.44 (s, 0.4H),
1COMe 7 61 (s, 0.4H), 7.45 (d, J = 7.0 Hz, 1H), 7.42 — 7.41 (m, 1H), 7.39
N O (s, 1H), 7.28 (t, J = 7.6 Hz, 1H), 7.18 (dd, J = 13.9, 6.2 Hz, 2H),
7.09 (dd, J=9.3,5.2 Hz, 1H), 7.02 (d, J = 7.5 Hz, 1H), 6.97 (t, J = 7.3 Hz, 0.5H), 6.88 (d,
J=7.8Hz, 1H), 6.75 (d, J = 7.9 Hz, 0.5H), 5.59 — 5.55 (m, 0.4H), 5.29 (dd, J = 14.4, 10.4
Hz, 1H), 5.18 (dd, J = 14.4, 3.2 Hz, 1H), 4.83 (dd, J = 14.9, 2.0 Hz, 0.5H), 4.19 (dt, J =
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10.4, 3.0 Hz, 1H), 3.87 (dd, J = 10.4, 3.2 Hz, 1H), 3.72 (s, 3H), 3.64 (s, 1H), 3.40 (d, J =
16.1 Hz, 1H), 3.16 (d, J = 15.6 Hz, 0.5H), 2.80 (d, J = 15.5 Hz, 0.5H), 2.70 (d, J = 16.1
Hz, 1H);13C NMR (150 MHz, CDCls): 6 170.7, 169.7, 168.4, 168.3, 137.9, 137.6, 135.7,
135.6, 133.1, 132.8, 132.1, 131.9, 130.7, 130.4, 129.0, 128.7, 128.6, 128.4, 128.3, 124.5,
124.1, 123.3, 122.9, 121.1, 120.7, 115.7, 115.2, 78.0, 77.7, 57.6, 56.5, 53.8, 53.3, 48.4,
45.3, 35.1, 33.8; FT-IR (thin film): 1739, 1677, 1597, 1554, 1490, 1433, 1377, 1294,
1077, 756 cm*; HRMS (+ESI): Calc for Ci9H1sBrN2Os [M+H]" 433.0394; found:
433.0397; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tmajor = 17.7 min, zminor = 38.1 min); Enantiomeric excess: 92%.
Methyl3-((S)-2-nitro-1-(o-tolyl)ethyl)-2-ox0-1,2,3,4-tetrahydroquinoline-3-carboxylate
(6k)

CHs
©/ This compound was prepared according to the general procedure E.
NO,
"'COzMe

White sticky solid (47.8 mg, yield: 65%); Diastereomeric ratio:
2.5:1; 'H NMR (600 MHz, CDClz): 6 8.28 (s, 1H), 8.13 (s, 04H),
7.63 (d, J = 8.5 Hz, 0.4H), 7.45 (d, J = 7.5 Hz, 1H), 7.20 (dd, J =
13.5, 7.5 Hz, 3H), 7.16 (dd, J = 12.2, 7.0 Hz, 2H), 7.12 (d, J = 7.3 Hz, 1H), 7.06 (d, J =
7.7 Hz, 0.5H), 6.97 (t, J = 7.5 Hz, 1H), 6.95 (d, J = 7.5 Hz, 0.4H), 6.91 (d, J = 7.5 Hz, 1H),
6.82 (d, J = 7.9 Hz, 1H), 6.71 (d, J = 7.8 Hz, 0.4H), 5.61 (dd, J = 14.0, 10.5 Hz, 0.4H),
5.42 (dd, J = 13.4, 3.2 Hz, 1H), 5.05 (dd, J = 13.4, 10.8 Hz, 1H), 4.92 — 4.89 (m, 0.4H),
4.72 (dd, J = 10.4, 2.5 Hz, 0.4H), 4.44 (dd, J = 10.7, 3.1 Hz, 1H), 3.66 (s, 3H), 3.63 (s,
1H), 3.21(dd, J=15.8, 7.4 Hz, 1H), 2.81 (d, J = 15.5 Hz, 0.4H), 2.76 (d, J = 16.0 Hz, 1H),
2.05 (s, 0.6H), 2.04 (s, 3H); 3 CNMR (150 MHz, CDCls): 6 171.3, 170.1, 169.1, 168.8,
138.5, 138.4, 135.7, 135.7, 134.7, 134.6, 131.3, 131.3, 128.8, 128.5, 128.3, 128.3, 127.8,
127.3, 127.3, 126.9, 124.3, 123.9, 121.5, 121.2, 115.4, 115.0, 79.3, 79.1,58.5, 56.1, 53.7,
53.2,42.7,41.3, 34.1, 34.0, 20.5, 19.8; FT-IR (thin film): 1741, 1680, 1597, 1554, 1462,
1377, 1292, 1293, 1205, 1131, 755 cm™:; HRMS (+ESI): Calc for Ca0H21N20s [M+H]*
369.1445; found: 369.1443; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Daicel Chiralpak IE column (80:20 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 13.6 MiN, Tmajor = 15.4 min); Enantiomeric excess: 86%.

N
H
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Methyl 3-((S)-1-(naphthalen-2-yl)-2-nitroethyl)-2-oxo0-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6l)

O This compound was prepared according to the general procedure E.
O White sticky solid (68.7 mg, yield: 85%); Diastereomeric ratio:
& 2.5:1; 'H NMR (600 MHz, CDCls): 5 8.66 (s, 1H), 8.41 (s, 0.4H),

7.92 (s, .4H), 7.84 — 7.78 (m, 4H), 7.65 (s, 1H), 7.59 (d, J = 8.5 Hz,
0.4H), 7.50— 7.48 (m, 2H), 7.47 (d, J = 9.1 Hz, 1H), 7.40 (d, J = 9.5
Hz, 1H), 7.29 — 7.26 (m, 1H), 7.12 (t, J = 7.6 Hz, 0.4H), 7.07 (dd, J = 13.4, 6.2 Hz, 1H),
6.97 (d, J =7.4 Hz, 1H), 6.91 (dd, J = 17.2, 7.7 Hz, 1H), 6.73 (d, J = 7.9 Hz, 0.4H), 5.79-
5.74 (m, 0.4H), 5.45 (dd, J = 14.2, 10.5 Hz, 1H), 5.30 (dd, J = 14.2, 3.2 Hz, 1H), 4.94 (dd,
J=14.0, 2.6 Hz, 0.5H), 4.41 (dt, J = 10.4, 3.0 Hz, 0.4H), 4.12 (dd, J = 9.0, 4.9 Hz, 1H),
3.74 (s, 3H), 3.65 (s, 1H), 3.39 (d, J = 16.1 Hz, 1H), 3.21 (d, J = 15.7 Hz, 0.4H), 2.83 (d,
J =15.7 Hz, 0.5H), 2.72 (d, J = 16.1 Hz, 1H); 3C NMR (150 MHz, CDClz): § 171.0,
171.0, 169.9, 168.7, 135.8, 135.6, 133.4, 133.4, 133.3, 133.3, 133.0, 132.7, 129.8, 129.5,
129.1, 129.0, 128.7, 128.6, 128.3, 128.3, 127.8, 126.9, 126.8, 126.7, 126.7, 126.6, 124.4,
123.9,121.4,121.1, 115.6, 115.1, 78.5, 78.1, 60.6, 57.8, 56.5, 53.3, 49.1, 45.8, 35.4, 33.8,
32.1,31.8,29.9, 29.8, 29.6; FT-IR (thin film): 1718, 1672, 1595, 1556, 1492, 1435, 1373,
1283, 1195, 1130, 1035, 789 cm™*; HRMS (+APCI): Calc for CzsH21N20s [M+H]*
405.1445; found: 405.1443; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Daicel Chiralpak IC column (80:20 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 18.4 MiN, zmajor = 27.3 min). Enantiomeric excess: 90%.

Methyl-3-((S)-1-(naphthalen-1-yl)-2-nitroethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-3-

carboxylate (6m)

This compound was prepared according to the general procedure E.

White sticky solid (68.6 mg, yield: 85%); Diastereomeric ratio:
No, 1.5:L; 'H NMR (600 MHz, CDCla): & 8.89 (s, 1H), 8.64 (s, 1H),
1CO,Me 837 (d, J = 8.7 Hz, 1H), 7.90 (d, J = 7.2 Hz, 1H), 7.77 (d, J = 8.1
N0 Hz, 1H), 7.68 — 7.63 (m, 2H), 7.52 (d, J = 7.5 Hz, 1H), 7.50 (d, J =
6.7 Hz, 0.5H), 7.49 (s, 1H), 7.49 — 7.46 (m, 1H), 7.44 (d, J = 7.5 Hz, 1H), 7.42 (t, I = 7.8
Hz, 1H), 7.37 (dd, J = 11.3, 3.9 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H),

214

TH-2028_136122009



CHAPTER 5

6.93—6.80 (m, 4H), 6.72 (d, J = 7.8 Hz, 1H), 6.63 (d, J = 7.5 Hz, 1H), 5.73 (dd, J = 14.1,
10.3 Hz, 1H), 5.64 (dd, J = 12.8, 2.3 Hz, 1H), 5.50 (dd, J = 10.3, 2.9 Hz, 1H), 5.32 - 5.16
(m, 2H), 5.12 (dd, J = 14.1, 3.0 Hz, 1H), 3.69 (s, 2H), 3.57 (s, 3H), 3.25 (d, J = 15.7 Hz,
1H), 3.06 (d, J = 16.1 Hz, 1H), 2.71 (dd, J = 26.6, 15.9 Hz, 2H); 3C NMR (150 MHz,
CDClg): 6 171.1, 169.9, 169.3, 168.9, 135.6, 135.6, 134.1, 134.1, 133.4, 133.1, 132.4,
132.3, 129.4, 129.3, 129.1, 129.0, 128.4, 128.2, 128.2, 127.1, 126.8, 126.1, 126.0, 125.7,
125.7,125.4,124.1,123.8,123.2,123.0, 121.6, 121.1, 115.5, 115.1, 79.3, 78.9, 58.4, 56.1,
53.6,53.2,40.6, 39.2, 34.5, 33.9; FT-IR (thin film): 1740, 1675, 1595, 1555, 1492, 1428,
1374, 1244, 1204, 1116, 755 cm™; HRMS (+APCI): Calc for CasH2N205 [M+H]*
405.1445; found: 405.1444; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Daicel Chiralpak IE column (85:15 n-Hexane/EtOH, 1.0 mL/min,

25 °C, 254 nm, zminor = 15.6 Min, zmajor = 18.4 min); Enantiomeric excess: 83%.

Methyl 3-((S)-1-(furan-2-yl)-2-nitroethyl)-2-oxo0-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6n)

This compound was prepared according to the general procedure E.
White sticky solid (61.9 mg, yield: 90%); Diastereomeric ratio:
5:1; *H NMR (600 MHz, CDCls):  8.44 (s, 1H), 8.35 (s, 0.2H),
7.36 (d,J=1.2 Hz, 1H), 7.33 (d, J = 1.3 Hz, 0.2H), 7.24 (t, J = 7.6
Hz, 1H), 7.16 (t, J = 7.7 Hz, 0.3H), 7.11 (d, J = 7.3 Hz, 1H), 7.05 (t, J = 7.7 Hz, 1H), 6.98
(t, J=7.6 Hz, 0.3H), 6.82 (d, J = 7.8 Hz, 1H), 6.74 (d, J = 7.8 Hz, 0.2H), 6.36 (d, J = 3.2
Hz, 0.2H), 6.33 (dd, J =3.2, 1.9 Hz, 1H), 6.29 (d, J = 3.3 Hz, 1H), 5.37 (dd, J = 13.8, 10.5
Hz, 0.2H), 5.13 (qd, J = 14.2, 6.8 Hz, 2H), 4.77 (dd, J = 13.8, 3.0 Hz, 0.2H), 4.54 (dd, J =
10.5, 2.9 Hz, 0.2H), 4.30 (dd, J = 9.6, 4.0 Hz, 1H), 3.73 (s, 3H), 3.62 (s, 1H), 3.38 (d, J =
16.0 Hz, 1H), 3.34 (d, J = 15.8 Hz, 0.2H), 2.93 (d, J = 15.8 Hz, 0.2H), 2.82 (d, J = 16.0
Hz, 1H); 1*C NMR (150 MHz, CDCl3): § 170.0, 169.4, 168.3, 168.1, 149.4, 149.3, 143.2,
143.0, 135.7, 135.5, 128.8, 128.4, 128.3, 128.2, 124.3, 124.0, 121.3, 121.2, 115.7, 115.5,
110.9, 110.8, 110.3, 76.4, 75.8, 57.0, 55.9, 53.6, 53.3, 41.9, 39.4, 33.9, 33.2, 29.9; FT-IR
(thin film): 1742, 1676, 1599, 1559, 1493, 1432, 1377, 1200, 1074, 753 cm’*; HRMS
(+APCI): Calc for C17H17CIN2Os [M+H]" 345.1081; found: 345.1086; The enantiomeric

ratio of major diastereomer was determined by HPLC analysis using Merck OD column
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(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 20.4 min, zminor = 28.6 min);
Enantiomeric excess: 96%.
Methyl3-((S)-2-nitro-1-(thiophen-2-yl)ethyl)-2-ox0-1,2,3,4-tetrahydroquinoline-3-
carboxylate (60)
@ This compound was prepared according to the general procedure E.
= NO, White sticky solid (61.2 mg, yield: 85%); Diastereomeric ratio:
"1COMe - 41: 1H NMR (600 MHz, CDCIi): 5 8.82 (s, 1H), 8.74 (s, 0.2H),
N © 7.29 — 7.26 (M, 2H), 7.24 — 7.22 (m, 0.3H), 7.18 (t, J = 7.6 Hz,
0.3H), 7.12 -7.09 (m, 1H), 7.06 (dd, J = 11.4, 6.5 Hz, 2H), 6.98 (t, J = 7.4 Hz, 0.3H), 6.93
—6.89 (m, 2H), 6.81 (d, J = 3.4 Hz, 1H), 6.79 (d, J = 8.0 Hz, 0.3H), 5.59 — 5.53 (m, 0.3H),
5.30 — 5.26 (m, 1H), 5.11 (dd, J = 14.2, 3.1 Hz, 1H), 4.79 (dd, J = 13.9, 2.6 Hz, 0.3H),
4.55 (dd, J = 9.9, 2.8 Hz, 0.3H), 4.23 (dd, J = 10.0, 3.1 Hz, 1H), 3.78 (s, 3H), 3.64 (s,
0.6H), 3.51 (d, J = 16.1 Hz, 1H), 3.17 (d, J = 15.7 Hz, 0.3H), 2.98 (d, J = 15.6 Hz, 0.3H),
2.82 (d, J = 16.1 Hz, 1H); 3C NMR (150 MHz,CDClz): & 170.6, 169.8, 168.5, 168.3,
137.4, 137.2, 135.7, 135.6, 129.8, 129.7, 129.2, 128.6, 128.4, 128.3, 127.1, 127.1, 127.0,
126.9, 1245, 124.1, 121.4, 120.7, 115.7, 115.3, 79.7, 79.1, 58.0, 57.0, 53.7, 53.3, 44.7,
41.1, 35.3, 33.5; FT-IR (thin film): 1742, 1674, 1598, 1560, 1492, 1434, 1383, 1248,
1076, 792 cm™*; HRMS (+APCI): Calc for C17H17CIN20sS [M+H]" 361.0853; found:
361.0854; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 19.0 mMin, zminor = 33.4 min); Enantiomeric excess: 93%.

Methyl 3-((S,E)-1-nitro-4-phenylbut-3-en-2-yl)-2-0x0-1,2,3,4-tetrahydroquinoline-3-
carboxylate (6p)

Ph._~. This compound was prepared according to the general procedure E.

o,,CO’:::Z White sticky solid (53.2 mg, yield: 70%); Diastereomeric ratio:
” o 3:1; 'H NMR (600 MHz, CDClz): & 7.97 (s, 1H), 7.89 (s, 0.5H),
7.37—7.29 (m, 5H), 7.28 (s, 0.5H), 7.27 (s, 1H), 7.18 (t, J = 7.6 Hz,

0.5H), 7.14 (dd, J = 13.7, 7.4 Hz, 1H), 7.07 (t, = 7.4 Hz, 1H), 6.99 (t, J = 7.4 Hz, 0.5H),
6.83 (d, J=7.8 Hz, 1H), 6.75 (d, J = 7.8 Hz, 0.4H), 6.64 (d, J = 15.8 Hz, 0.5H), 6.34 (d, J

= 15.8 Hz, 1H), 6.27 (dd, J = 15.8, 9.5 Hz, 1H), 6.19 (dd, J = 15.8, 10.0 Hz, 0.5H), 5.26
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(dd, J = 13.0, 10.1 Hz, 0.5H), 4.92 (qd, J = 13.2, 6.6 Hz, 2H), 4.55 (dd, J = 13.1, 2.8 Hz,
0.5H), 3.73 (s, 3H), 3.64 (s, 1H), 3.54 (d, J = 15.9 Hz, 1H), 3.39 (td, J = 9.4, 3.7 Hz, 1H),
3.25 (dd, J = 45.0, 15.8 Hz, 1H), 3.09 (d, J = 15.9 Hz, 1H); 13C NMR (150 MHz, CDCls):
6170.7,170.4,170.0, 169.1, 168.3, 167.9, 138.1, 137.2, 136.1, 136.0, 135.9, 135.8, 128.9,
128.8, 128.8, 128.7, 128.6, 128.5, 128.4, 126.9, 124.4, 124.1, 123.4, 123.1, 121.7, 120.8,
115.5,115.2,78.1, 56.4, 55.9, 53.5, 53.3, 44.7, 35.5, 34.1; FT-IR (thin film): 1737, 1680,
1598, 1555, 1493, 1433, 1379, 1295, 1241, 1196, 1080, 792 cm™; HRMS (+APCI): Calc
for C21H21N20s [M+H]" 381.1445; found: 381.1446; The enantiomeric ratio of major
diastereomer was determined by HPLC analysis using Daicel Chiralpak 1B column (95:5
n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 31.9 MiN, zminor = 55.4 min);
Enantiomeric excess: 85%.
Ethyl 3-((S)-2-nitro-1-phenylethyl)-2-o0xo0-1,2,3,4-tetrahydroquinoline-3-carboxylate
(60)

© This compound was prepared according to the general procedure E.

No, White sticky solid (62.6 mg, yield: 85%); Diastereomeric ratio: 2:1
"COEt 1 NMR (600 MHz, CDCls):  8.89 (s, 1H), 8.66 (s, 0.3H), 7.47 (d,
N™ ~0 J=6.9 Hz, 0.7H), 7.30 (dd, J = 3.7, 2.7 Hz, 4H), 7.25 (dd, J = 9.8,
5.3 Hz, 2H), 7.15 (t, J = 7.5 Hz, 0.4H), 7.07 — 7.05 (m, 0.4H), 7.05 — 7.02 (m, 1H), 7.00
(d,J=7.4Hz, 1H), 6.94 (td, J= 7.5, 0.6 Hz, 0.4H), 6.88 (d, J = 7.8 Hz, 1H), 6.75 (d, J =
7.9 Hz, 0.3H), 5.70-5.65 (m, 1H), 5.232-5.24 (m, 2H), 4.87-4.84 (m, 0.4H), 4.24-4.22 (m,
0.3H), 4.18 — 4.12 (m, 3H), 4.04-4.01 (m, 0.3H), 3.97 (dd, J = 10.0, 3.9 Hz, 1H), 3.32 (d,
J=16.0 Hz, 1H), 3.11 (d, J = 15.5 Hz, 0.3H), 2.80 (d, J = 15.5 Hz, 0.4H), 2.74 (d, J = 16.0
Hz, 1H), 1.15 (t, J = 7.1 Hz, 3H), 0.99 (t, J = 7.1 Hz, 1H); *C NMR (150 MHz, CDCls):
6 170.5,169.3,169.2, 169.0, 135.9, 135.9, 135.7, 135.4, 130.0, 129.9, 129.2, 128.9, 128.8,
128.7, 128.5, 128.2, 124.2, 123.8, 121.6, 121.3, 115.6, 115.1, 78.5, 78.2, 62.8, 62.4, 57.7,
56.2,48.8,45.8, 35.5,33.9, 14.02, 13.9; FT-IR (thin film): 1732, 1681, 1598, 1554, 1497,
1452, 1377, 1278, 1132, 1029, 764 cm™*; HRMS (+ESI): Calc for C20H21N20s [M+H]*
369.1445; found: 369.1442; The enantiomeric ratio of major diastereomer was determined
by HPLC analysis using Merck OD column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nMm, Tmajor = 11.1 Min, zminor = 14.2 min); Enantiomeric excess: 82%.
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Isopropyl 3-((S)-2-nitro-1-phenylethyl)-2-oxo-1,2,3,4-tetrahydroquinoline-
3carboxylate(6r)

This compound was prepared according to the general procedure E.
@" No, White sticky solid (39.7 mg, yield: 52%); Diastereomeric ratio:
1COPr - 2:1: IH NMR (600 MHz, CDCls): & 8.51 (s, 1H), 8.26 (s, 0.5H),
” o 7.48 (d, J =7.3 Hz, 1H), 7.31-7.27 (m, 6H), 7.23 (t, J = 7.2 Hz, 1H),
7.14 (t, J = 7.7 Hz, 0.5H), 7.07 (d, J = 7.4 Hz, 0.4H), 7.05 — 6.97 (m, 2H), 6.94 (t, J = 7.3
Hz, 0.4H), 6.84 (d, J = 7.8 Hz, 1H), 6.72 (d, J = 7.8 Hz, 0.4H), 5.73-5.68 (m, 0.4H), 5.26
(d, J=7.7 Hz, 2H), 4.99 (dt, J = 12.6, 6.3 Hz, 1H), 4.91 (dd, J = 12.4, 6.2 Hz, 0.4H), 4.19
(d, J =10.4 Hz, 0.4H), 4.02 — 3.94 (m, 1H), 3.25 (d, J = 15.9 Hz, 1H), 3.06 (d, J = 15.5
Hz, 0.4H), 2.74 (d, J = 16.0 Hz, 1H), 1.10 (dt, J = 9.3, 4.6 Hz, 6H), 1.08 — 1.06 (m, 1H),
0.92 (dd, J=6.2, 2.8 Hz, 1H); *C NMR (100 MHz, CDClz): § 170.0, 169.2, 169.1, 168.7,
136.0, 135.9, 135.7, 135.5, 130.1, 129.9, 129.2, 128.9, 128.8, 128.6, 128.4, 128.2, 124.2,
123.7,121.5, 115.5, 115.0, 78.6, 78.2, 70.7, 70.4, 57.8, 56.0, 48.8, 46.0, 34.2, 21.6, 21.6,
21.5, 2; FT-IR (thin film): 1727, 1684, 1558, 1492, 1378, 1281, 1244, 1181, 1131, 1104,
758 cm™; HRMS (+ESI): Calc for C21H2sN20s [M+H]" 383.1601; found: 383.1604; The
enantiomeric ratio of major diastereomer was determined by HPLC analysis using Daicel
Chiralpak 1B column (80:20 n-Hexane/EtOH, 1.0 mL/min, 25 °C, 254 nm, Zmajor = 8.3 min,

Tminor = 14.3 min); Enantiomeric excess: 85%.

Benzyl 3-((S)-2-nitro-1-phenylethyl)-2-0x0-1,2,3,4-tetrahydroquinoline-3-carboxylate
(6s)

This compound was prepared according to the general procedure E.

@" No, White sticky solid (73.1 mg, yield: 85%); Diastereomeric ratio:

1CO2Bn - 2:1- IH NMR (600 MHz, CDCls): § 8.15 (s, 1H), 7.95 (s, 1H), 7.44
N™ 70 (d, J=6.7 Hz, 2H), 7.32 — 7.26 (m, 6H), 7.23 (dd, J = 14.9, 6.6 Hz,
5H), 7.17 (d, J = 7.3 Hz, 1H), 7.13 (t, J = 7.7 Hz, 1H), 7.04 — 6.95 (m, 4H), 6.92 (t, J = 7.5
Hz, 1H), 6.82 — 6.77 (m, 1H), 6.69 — 6.61 (m, 1H), 5.64 (dd, J = 14.0, 10.7 Hz, 1H), 5.20
(d, J=8.5Hz, 1H), 5.13 (d, J = 10.6 Hz, 1H), 5.10 (d, J = 12.0 Hz, 1H), 5.01 (d, J = 12.1
Hz, 1H), 4.71 (dd, J = 14.0, 2.4 Hz, 1H), 4.21 (d, J = 10.4 Hz, 1H), 4.01 — 3.94 (m, 1H),
3.30 (d, J = 16.0 Hz, 1H), 3.10 (d, J = 15.6 Hz, 1H), 2.80 (d, J = 15.6 Hz, 1H), 2.72 (d, J
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=16.0 Hz, 1H); *C NMR (150 MHz, CDCls): § 170.5, 169.1, 168.7, 168.6, 135.8, 135.7,
135.5, 135.2, 134.9, 134.7, 130.0, 129.9, 129.2, 129.0, 128.9, 128.8, 128.8, 128.7, 128.7,
128.5, 128.5, 128.4, 128.3, 128.3, 124.3, 123.9, 121.4, 121.2, 115.6, 115.1, 78.3, 78.1,
68.4, 68.1, 57.7, 56.2, 48.9, 45.9, 35.4, 33.9; FT-IR (thin film): 1734, 1684, 1596, 1556,
1492, 1454, 1376, 1280, 1183, 1130, 1031, 912, 754 cm™; HRMS (+ESI): Calc for
CasH23N20s [M+H]" 431.1601; found: 431.1600; The enantiomeric ratio of major
diastereomer was determined by HPLC analysis using Merck OD column (85:15 n-
Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 16.6 Min, tminor = 21.6 min); );

Enantiomeric excess: 85%.

(R)-4-methoxyphenyl 3-(3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl) propanoate (7)
O This compound was prepared according to the general
Qf@ \©\OCH3 procedure F. White sticky solid (23.4mg, yield: 67%);
” o) 'H NMR (600 MHz, CDCls):  8.99 (s, 1H), 7.29 —

7.26 (m, 1H), 7.22 (d, J = 7.4 Hz, 1H), 7.09 (t, J = 7.5

Hz, 1H), 6.98 (d, J = 9.0 Hz, 2H), 6.89 (d, J = 7.0 Hz, 1H), 6.85 (d, J = 9.0 Hz, 2H), 3.77
(s, 3H),3.53 (d, J =15.8 Hz, 1H), 3.16 (d, J = 15.9 Hz, 1H), 2.93 (t, J = 7.9 Hz, 2H), 2.42
(dd, J = 14.6, 7.8 Hz, 1H), 2.21 — 2.11 (m, 1H); 3C NMR (150 MHz, CDCls): & 171.0,
165.5, 157.5, 144.1, 1354, 129.1, 128.8, 124.7, 122.4, 119.1, 118.5, 116.2, 114.6, 55.8,
44.0, 36.1, 30.3, 28.9; FT-IR (thin film): 1751, 1700, 1597, 1506, 1375, 1298, 1248,
1194, 1166, 1148, 1031, 759 cm™*; HRMS (+ESI): Calc for CH22N304 [M+NH4]*
323.1190; found: 323.1191; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak 1A column (80:20 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 19.7 mMin, minor = 35.9 min); Enantiomeric excess: 84%.
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3-((S)-1-(furan-2-yl)-2-nitroethyl)-3-(hydroxymethyl)-3,4-dihydroquinolin-2(1H)-one

(8)
@ This compound was prepared according to the general procedure G.
o " NO, Brown gum (16 mg, yield: 50%); Diastereomeric ratio: 3:1; 'H
@1{’/(}' NMR (600 MHz, CDCls): & 8.87 (s, 0.3H), 8.76 (s, 1H), 7.40 (s,
N © 1H), 7.35 (s, 0.3H), 7.27 (dd, J = 9.3, 5.1 Hz, 1H), 7.19 (t, J = 7.5

Hz, 0.4H), 7.14-7.09 (m, 2H), 7.02 (t, J = 7.4 Hz, 0.3H), 6.89 (d, J = 7.8 Hz, 1H), 6.79 (d,
J=7.7 Hz, 0.2H), 6.33 (dd, J = 6.0, 2.9 Hz, 1H), 6.30 (d, J = 1.6 Hz, 0.2H), 6.15 (d, J =
3.1 Hz, 1H), 5.24 (dd, J = 13.8, 11.2 Hz, 1H), 4.84 (dd, J = 13.9, 3.4 Hz, 1H), 4.74 (dd, J
=13.0, 3.4 Hz, 0.2H), 4.50 (dd, J = 11.3, 3.3 Hz, 0.2H), 3.87 (dd, J = 20.1, 7.9 Hz, 2H),
3.74 (d, J = 12.1 Hz, 1H), 3.70 (d, J = 11.6 Hz, 0.3H), 3.55 (d, J = 11.6 Hz, 0.4H), 2.95 (d,
J =16.3 Hz, 1H), 2.90 (d, J = 4.8 Hz, 0.4H), 2.44 (d, J = 16.2 Hz, 1H); 3C NMR (150
MHz, CDClg): 6 174.1, 172.8, 149.5, 148.4, 143.3, 143.0, 135.5, 129.3, 128.7, 128.4,
128.2,124.7,124.4,121.5,121.4,115.7, 115.3, 110.9, 110.8, 110.6, 75.5, 75.3, 65.2, 64.9,
49.0, 47.9, 39.8, 38.6, 32.1, 31.0; FT-IR (thin film): 1671, 1596, 1554, 1493, 1464, 1376,
1257, 1068, 1015, 754 cm™; HRMS (+ESI): Calc for CisH17N20s [M+H]* 317.1132;
found: 317.1130; The enantiomeric ratio of major diastereomer was determined by HPLC
analysis using Daicel Chiralpak IC column (70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nM, Tmajor = 8.9 MiN, Tminor = 10.2 min); Enantiomeric excess: 91%.

Methyl 3-((S)-2-((tert-butoxycarbonyl)amino)-1-(furan-2-yl)ethyl)-2-oxo0-1,2,3,4

tetrahydroquinoline-3-carboxylate (9)

@ This compound was prepared according to the general procedure

o " NHBoc H. White gum (25 mg, yield: 60%); Diastereomeric ratio: 3:1;
@ﬁowe IH NMR (600 MHz, CDCl3): 5 8.28 (s, 0.3H), 8.22 (s, 1H), 7.35
N © (s, 0.3H), 7.32 (s, 1H), 7.15 (t, J = 6.3 Hz, 3H), 6.98 (dd, J = 15.4,

7.8 Hz, 2H), 6.73 — 6.70 (M, 2H), 6.31 — 6.29 (M, 3H), 4.74 (s, 0.2H), 4.61 (s, 1H), 4.05
4.02 (m, 0.3H), 3.97 — 3.95 (m, 1H), 3.70 (d, J = 9.0 Hz, 1H), 3.67 (s, 3H), 3.63 (dd, J =
9.3, 5.0 Hz, 2H), 3.52 (s, 1H), 3.38 (s, 1H), 3.02 (d, J = 15.7 Hz, 0.3H), 2.91 (d, J = 15.9
Hz, 1H), 1.38 (s, 9H), 1.37 (s, 3H); 13C NMR (150 MHz, CDCls): & 169.8, 168.0, 155.7,

220

TH-2028_136122009



CHAPTER 5

152.2, 152.0, 142.7, 142.2, 135.6, 128.6, 127.8, 123.9, 123.8, 122.5, 115.1, 115.1, 110.8,
110.4,79.6, 56.4, 53.2, 42.3, 40.3, 32.1, 31.8, 28.6; FT-IR (thin film): 1737, 1686, 1598,
1499, 1366, 1245, 1169, 1011, 753 cm™; HRMS (+ESI): Calc for C22H27N20s [M+H]*
415.1864; found: 415.1866; The enantiomeric ratio of major diaastereomer was
determined by HPLC analysis using Daicel Chiralpak IC column (70:30 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 15.9 min, zminor = 30.3 min); Enantiomeric

excess: 89%.
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5.10. Selected NMR spectra and HPLC chromatogram:
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No.

No.

200 SNM-ENONE-24.09.15 #35 [modified by user, 2 peaks manually assigned] UV_VIS 1
{mAU WVL:254 nm
. 150
D -
< 4
é d
8 100
= _
.E 4
2 : 95 -a-15.228
2 J
< 50+ 134 - b - 20.890
:_ _/\.-_/\ min
R R R R R W N R
5.0 7.5 10.0 12.5 15.0 17.5 20.0 225 25.0
Retention Time [min]
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
95 a 15.23 28.84316 49.1235649 63.98525 n.a.
134 b 20.89 20.872 50.8763622 44.092 n.a.
500 SNM-ENONE-24.09.15 #37 [modified by user, 2 peaks manually assigned] UV_VIS_1
imAU WVL:254 nm
| 222 - b - 15.348
150
5 ]
<
E _
8 100
F ] H
S ) 3a chiral
] J
o
2 _
50+
] 264-a-21.2
-6 T i T T T " T T " T T T T T | T T T T T " —
0.0 5.0 10.0 15.0 20.0 240
Retention Time [min]
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
222 b 15.35 70.73641 95.68027135 159.3447 n.a.
264 a 21.21 3.194 4.319728646 5.030 n.a.
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500 SNM-ENONE-24.09.15 #91 [modified by user, 2 peaks manually assigned] Uv VIS 1
imAU WWVL:254 nm
400—_
) ]
E 300
g ]
o
E |
g 200 51-a-15.980
Z i
< i
i 52 -b - 23.803
100+
N7 7 T
0.0 5.0 10.0 15.0 20.0 27
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
51 a 15.98 88.05679 51.22624469 180.8974 n.a.
52 b 23.80 83.841 48.77375531  114.929 n.a.
1100 SNM-ENONE-24.09.15 #63 [modified by user, 2 peaks manually assigned] Uv VIS 1
! JmAU WVL:254 nm
] 35-a-15.823
2 750~
£ ]
3 ]
E 500
[=] i
_8 A 3|—I|10hlral
< 4
250+
2: 42-b-23.625 min
B R A A R B T
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
35a 15.82 431.5728 97.79259606 939.2296 n.a.
42 b 23.63 9.742 2.207403938 14.503 n.a.
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SNM-ENONE-24.09.15 #74 [modified by user, 2 peaks manually assigned]

UV VIS 1

mAU

Absorbance [mAU]
=]
? 1

140 -a - 19.412

WWVL:254 nm

377 -b - 42917

/{\"\.
\_

I
I
. -r-0.008 \_ j
=1 T T | T T T | T T T | T T | T T
0.0 10.0 200 30.0 40.0 55.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
140 a 19.41 95.14022 50.17188071 164.4989 n.a.
377 b 42.92 94.488 49.82810927 62.699 n.a.
1.500 SNM-ENONE-24.09.15 #75 [modified by user, 2 peaks manually assigned] Uv_ VIS 1
' |mAU WVL:254 nm
i 137 -a-19.228
2 1,000 o
E -
8 T “lacN O
‘g | 3f chiral
g 500
| 354 -b - 4|
155 —T —T — T — T —71 ™7 T
8.0 15.0 20.0 25.0 30.0 35.0 40.0 46.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
137 a 19.23 667.2516 05.51865557 1191.441 n.a.
354 b 42.66 31.305 4.481344432 27.901 n.a.
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300 SNM-ENONE-24.09.15 #94 [modified by user, 2 peaks manually assigned] UV_VIS 1
~ |mAU WVL:254 nm
2 20.0-
E 4
8 E 107 -a -16.310
s ]
£
[=3
& 152 - b - 23.962
<
2.0 1 — T —T — T T ‘
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
107 a 16.31 7.799707 51.918058 14.57746 n.a.
152 b 23.96 7.223 48.081942 7.718 n.a.
200 SNM-ENONE-24.09.15 #95 [modified by user, 2 peaks manually assigned] Uv_VIS_ 1
JmAU WVL:254 nm
: 138 -a-16.198
150
5 ]
< i
£ i
8 100
o 4
8 |
E i
4 3i chiral
< 50—
i 188 - b - 2|
i S .
L L U T \mm
0.0 5.0 10.0 15.0 20.0 26.
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
138 a 16.20 76.47517 96.05912317 154.4941 n.a.
188 b 23.80 3.137 3.940876829 3.868 n.a.
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25.0 SNM-ENONE-24.09.15 #139 [modified by user, 2 peaks manually assigned]

UVv_VIS_1

mAU

WVL:254 nm

=)
E 133 -a-15.690
8
& 10.0- 176 - b - 21.068
£
o
8
<
_|1-r-0.080~ A
30— R I U I ER SRS SN O I
0.0 5.0 10.0 15.0 20.0 25.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min = % mAU
133 a 15.69 8.218014 47.5595302 16.38073 n.a.
176 b 21.07 9.061 52.44017562 11.751 n.a.
200 SNM-ENONE-24.09.15 #128 [modified by user, 2 peaks manually assigned] UVv_VIS 1
JmAU WVL:254 nm
_. 150
D .
< 4
£ i 165 -a - 15.670
= _
8 1004 F\©\/"‘~ CN O
S i
2 i N So
o 4 H
8 B 3n chiral
< 504
“1.,.0'053 AL 211-b-21.%
T p t Y I 2 t 1 i % U ¥ | £ 2 I ~ % 3 ¥
0.0 5.0 10.0 15.0 20.0 25.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
165 a 15.67 56.43731 96.45382192 117.2187 n.a.
211 b 2117 2.075 3.546140698 3.021 n.a.
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45.0 SNM-P3(NITRQO STYRENE) #6 [modified by user, 2 peaks manually assigned] UV_VIS 1
"~ ImAU WVL:254 nm
| 119-a-15.615
5 30.04
E 1 199 - b - 26.898
PR
§ 20.0-
=]
§ _
o
< _
10.0+
2077 T [ T T T [ T T T
0.0 5.0 10.0 15.0 20.0 25.0 32.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
119 a 15.62 38.11071 49.68992212 39.39482 n.a.
199 b 26.90 38.586 50.31003356 26.257 n.a.
300 SNM-P3(NITRO STYRENE) #25 [modified by user, 2 peaks manually assigned]
' |mAU WVL:254 nm
5 | 41-2-15.900
< 20.0+4
£ Q
@ i 7TNO,
(]
.E E N (o]
o H
2 10.04 6a chiral
< i
p 42 -b - 27.145 .
R e L e e ————————— L
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
3r 0.08 0.000295 0.001357746628 0.00257 n.a.
41 a 15.90 20.80114 95.8218112 19.58312 n.a.
42 b 27.15 0.907 4.176827441 0.644 n.a.
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120 SNM-P3(NITRO STYRENE) #120 [modified by user, 2 peaks manually assigned] UV_VIS_1
{mAU WVL:254 nm
100 »
& 3! \::
5 ] gl 68 - a - 14.068
< 75 2
£ 1 No
8 ] 6b rac
= ] 135 - b -22.93
£ 50 93
=} Jd
2 ]
< i
25
'3_""1""1'7"|""r' lmm
0.0 5.0 10.0 15.0 20.0 26.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
68 a 14.07 40.12315 49.83664595 78.50752 n.a.
135 b 22.94 40.386 50.16335405 50.717 n.a.
150 SNM-P3(NITRO STYRENE) #127 [modified by user, 2 peaks manually assigned] Uv_VvIsS_1
|mAU WWVL:254 nm
] H,C
5 1 \©' NO;
E 100 “CO;Me 208 - b - 25.222
P | N
2 ] 6b chiral
o
£ ]
2 50+
< 4
. J AL 127 -a - 16.738 min
0.0 5.‘0 10|.0 15|.0 20|,0 25‘.0 Sd.O 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
127 a 16.74 3.639951 4.125477232  6.25455 n.a.
208 b 25.22 84.591 95.87452277 94.008 n.a.
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100 SNM-P3(NITRO STYRENE) #120 [modified by user, 2 peaks manually assigned] UV_VIS_1
imAU WVL:254 nm
80 68 - a - 14.068
CHj
2 Q
= 60 . NO,
8 @ﬁozm 135 - b - 22.93
c
®© N™ ~0
8 4 H
§ 40 6i rac
<
20
-40.0 - 5!0 - 10I.0 I I 15|.0 I 2(;.0 I 26.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min - % mAU
68 a 14.07 40.12315 49.83664595 78.50752 n.a.
135 b 22.94 40.386 50.16335405 50.717 n.a.
80.0 SNM-P3(NITRO STYRENE) #121 [modified by user, 2 peaks manually assigned]
 JmAU WVL:254 nm
_ 60.0- GHs
= 4
£ <
E. ] @{NOQ 62 -b -22.935
Q -«1CO,Me
40.0 ?
§ E N™ ™0
_e i H
8 | 6i chiral
< 200
] 37 -a-14.082
3.0 FANESSAN min
=8 * : 5 I : ' [ ' i | ° ' I , >
0.0 5.0 10.0 15.0 20.0 27.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
37 a 14.08 2.594833 6.319012031 5.10444 n.a.
62 b 22.94 38.469 93.68098797 48.117 n.a.
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300 SNM-P3(NITRO STYRENE) #87 [modified by user, 3 peaks manually assigned] Uv_VIS 1
mAU WVL:254 nm
] o
4 =, NO,
5 2004 YOy COzMe
E N
E 6n rac
c
8
2
2 100
226 - c - 20.442 229 .b -28.428
225 - #/- 18.022 228 -d-25.293
-4 S— ; . ; : ;
8.0 WSI‘D 26.0 25I.D 3(;.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
225 a 18.02 3.619415 2.403434871  3.46983 n.a.
226 c 20.44 69.66422 46.25980283 36.87482 n.a.
228 d 2529 5.378038 3.571229824  4.38946 n.a.
229 b 28.43 71.932 47.76553247 32.064 n.a.
300 SNM-P3(NITRO STYRENE) #89 [modified by user, 4 peaks manually assigned]
mAU WVL:254 nm
(o]
5 200+ @ NO
=3 2
B 6n chiral
g
g 1007 B0 - b - 20.425
59 61-c-2532257.4.28.632
-4 r . . T . . - - ]
8.0 15“0 2[5.0 2&':.0 3C‘).O 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min - % mAU
59 a 17.98 0.854643 0.506443049  1.04942 n.a.
60 b 20.43 158.4468 03.89217823 83.6942 n.a.
61 ¢ 2532 5.764719 3.416048259  4.30902 n.a.
62 d 28.63 3.688 2.185330467 1.855 n.a.
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SNM-P3(NITRO STYRENE) #85 [modified by user, 2 peaks manually assigned]

25.0 JmAU WWVL:254 nm
20.0
; &
=) ] Z i Ne
T 1504 ~CO,Me
2 1 39 -a-18.940 N
g 40 - b - 33.280
2
2
I min|
e e
5.0 10.0 15.0 20.0 25.0 30.0 35.0 42.0
Retention Time [min]
No. Feak Name el [1Me (JElecied)  ATed ReTLATEa(Oent.]  Helgnt AMOoUnT
min mAU*min % mAU
39 a 18.94 31.45957 50.6886279 12.64145 n.a.
40 b 33.28 30.605 49.3113721 10.500 n.a.
50.0 SNM-P3(NITRO STYRENE) #86 [modified by user, 2 peaks manually assigned] UV VIS 1
 mAU WVL:254 nm)
40'0__ 229 - a-19.043 s
_ Q.
5 g NO;
E 300+ @i\j;ozm
g yoo
8 T 6o chiral
g .
5 20.04
(7] o
2 -
10.0-
| 325.b - 33.412 .
B e i B e —————— e s L
5.0 10.0 15.0 20.0 25.0 30.0 35.0 42.0
Retention Time [min]
No. FEak Name KeL [TMe (0eeCed)  Area REeLATEa(aent.]  Hergnt ATTTOUNT
min mAU*min - % mAU
229 a 19.04 87.66311 96.73135991 37.02888 n.a.
325 b 33.41 2.962 3.268640086 1.194 n.a.
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500 SNM-ENONE-24.09.15 #143 [modified by user, 2 peaks manually assigned]
1mAU WVL:254 nm
400+
] o
=)
< 1 -‘"CNO\@\
£, 300 CQE)\ OCH;
@ b 7-a-19.742 H
o J
% i 7Trac
2
5 200
@ J
2 ]
4 80 -b -35.507
100
1 min
I e T B e e e LA A e e B
5.0 10.0 15.0 20.0 25.0 30.0 35.0 42.0
Retention Time [min]
No. FPEaR Nalme ReL Mg (Jelecied)  Ared RETATea(dent.]  Hegmnt AMount
min mAU*min % mAU
7 a 19.74 150.6354 50.67511899 262.4806 n.a.
80 b 3551 146.622 49.32488101 116.675 n.a.
500 SNM-ENONE-24.09.15 #148 [modified by user, 2 peaks manually assigned] UV VIS 1
JmAU WWVL:254 nm
400+
4 (o]
£ 300+ 189 - a - 19.727 NS0
4 ] H,
3 | | 7 chiral
=
© |
s
5 2004
@ N
e
< 1 |
100 ']
i | \
2- A 3_51-b-35.395 min
- T T T T T T T T T T T T T T T T T
50 100 20.0 30.0 40.0 500
Retention Time [min]

No. —Feark Na@me ReLTIMe (USecleq) Area  RKeLATEa[oent.]  Hegnt ATTTOUTT

min mAU*min % mAU
189 a 19.73 162.3336 91.93665901 282.2754 n.a.
351 b 35.90 14.238 8.063340987 12.870 n.a.
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300 SNM-P3(NITRO STYRENE) #192 [modified by user, 2 peaks manually assigned] UV_VIS_1
mAU WVL:254 nm
— | 33-a-16.015
=)
<
E
_CE gfwaoc
5 «CO,Me
é’ NS0 112 - b - 30.417
8 rac
min
8.0 15“0 20|.O 25.0 36.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
33 a 16.02 152.9238 51.15874528 196.8879 n.a.
112 b 30.42 145.996 48.84125472 95.023 n.a.
300 SNM-P3(NITRO STYRENE) #196 [modified by user, 2 peaks manually assigned] UV VIS 1
mAU WVL:254 nm
3 200
E
— T ¥ 1
8 | 58 -a-15.912 @é;{wam
% W1 COzMe
=]
2 9 chiral
s e L e — 205 -b - 30.378 1y
8.0 15.0 20.0 25.0 30.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
58 a 15.91 125.2083 96.54699205 143.0433 n.a.
205 b 30.38 4.478 3.453007948 3.196 n.a.
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Chapter 6
Organocatalytic Asymmetric Mannich Reaction for the

Synthesis of 3,3-Disubstituted-3,4-Dihydro-2-Quinolones

Abstract: The first organocatalytic asymmetric Mannich reaction employing 3,4-dihydro-
2-quinolone has been developed for the synthesis of biologically important 3,3-
disubstituted-dihydro-2-quinolones. N-Boc imine precursor amidosulfones were used for
this purpose. Cyclohexyldiamine derived bifunctional amino-thiourea catalysts were

employed to provide the products in high enantio and good diastereoselectivities.

catalyst
BocHN
1 catalyst
i CF
N0 )\SOQPh benzene, rt 4
. H 24 examples
R' = 6-F,6-ClI up to 79% yield
’ f R = Ar, Alkyl
6-OMe, 5-Cl Y up to 6:1 dr

up to 98% ee
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6.1. Introduction:

Functionalized 3,4-dihydroquinolin-2(1H)-ones are prevalent in many natural alkaloids
and commercial drugs (Figure 1).! Substituted 3,4-dihydroquinolin-2(1H)-ones are
important core structures in many natural products and have displayed impressive
biological activities such as 5-HT.c receptor antagonists, NMDA antagonists,
cardiovascular, anti-inflammatory as well as HIV-1 reverse transcriptase inhibitor.!
Besides, dihydroquinolones are also used as the necessary building unit for the synthesis
of drugs.! Thus the construction of enantiomerically pure substituted 3,4-dihydroquinolin-
2(1H)-ones in an efficient and straightforward approach is highly desirable. Despite
significant importance, there are few reports on asymmetric synthesis of
dihydroquinolones and rely on transition metal catalysis,” photochemical,’
organocatalysis* and other.” These discoveries documented mainly for the synthesis of
chiral 4-substituted and 3,4-disubstituted dihydroquinolin-2(1H)-ones. However, the
synthesis of chiral 3-substituted and 3,3-disubstituted dihydroquinolin-2(1H)-one is

considerably less,’ though such skeleton is present in Penigenolone A’ and (+)-Meloscine.’

5-HT,c receptor
n=1,2

H
(+)-Meloscine Insectidial antibiotic

Penigenolone A

Figure 1: Biologically active compounds containing 3,4-dihydro-2-quinolones

6.2. Selective approaches for the synthesis of chiral dihydroquinolones

In 2004, Alper group reported an efficient protocol for the synthesis of 4-substituted
dihydroquinolones via enantioselective cyclocarbonylation of 2-vinylanilines. A
combination of Pd(OAC): and (2S, 4S)-(-)-4-diphenylphosphino-2-
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(diphenylphosphinomethyl) pyrrolidine was used as the catalyst to provide the products
with moderate enantioselectivities (Scheme 6.1).

Ph Ph

up to 98% yield
up to 84% ee

Pd(OAC), (2 mol%) | Ph,P,
0 - "
DDPP (8 mol%) _ | b\/Pth
CO, 500/H, 100 psi : N
NH, CH,Cl, N O H
| (S, S)-DDPP

Scheme 6.1: Enantioselective cyclocarbonylation for the synthesis of dihydroquinolones

A metal catalyzed enantioselective ring expansion reaction of isatin and a-alkyl-a-
diazoesters for the construction of highly functionalized 2-quinolones bearing quaternary
centre at 4-position was described by Feng and coworkers. Substituted dihydroquinolones

were obtained with high yields and enantioselectivities (Scheme 6.2).°

2 ! 8
0 L/Sc(OTf)s RQGCOR"! .
N, % (0.05-0.5 mol%, 1:1.2) ©\>\/EO - Q
g 0o —— R O TN A
1 ! C i
Ry~ “CO.R N CH,Clp, 30 °C N"~0 \\N 0.
N
| r

N
N ¢
0
~ —y-N
R* R A H H™ A

up to 94% vyield

L: Ar = 2,6-Pr,CgHs
up to 99% ee

Scheme 6.2: Metal catalyzed ring expansion for the synthesis of 2-quinolones

Mayr et al. developed an asymmetric, intermolecular [2+2] photocycloaddition of 3-
acetoxyquinolone for the synthesis of natural product (-)-Pinolinone. Substituted 3,4-
dihydro-2-quinolones were isolated as intermediates in good yields and enantiomeric

excesses and also a total synthesis of Pinolinone was developed (Scheme 6.3).1°

o
o MeQ otBS
%€ Meo_oTBS \ H,
+ \H/ 2. 5 equiv. 5 steps
N e) "IOAc T
H hv (A = 366 nm),

toluene, -70 °C

up to 97% yield
up to 71:29 dr
up to 88% /91% ee

(-)-Pinolinone

Scheme 6.3: Asymmetric [2+2] photocycloaddition for the synthesis of Pinolinone
Very recently, our group has reported a direct Michael addition approach for the highly

enantioselective synthesis of 3,3-disubstituted dihydroquinolones. Dihydroquinolones
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were used as the active nucleophiles, vinyl ketones and nitroolefins were employed as the
electrophiles. Corresponding Michael addition provided the 3,3-disubstituted

dihydroquinolones with high enantiomeric excesses (Scheme 6.4).1

O
R3 27X NO2
catalyst A F\::atalyst B
R!
"EW8 (10 mol%) EWG (10 mol%)
toluene, rt toluene, rt
EWG =CN EWG = CO,R*
upto 85% yield upto 90% yield
upto 96% ee H N upto 5:1 dr
upto 96% ee
NH
S)\N’Ar Ar\
H
catalyst A catalyst B Ar=3,5-(CF3),CgH3

Scheme 6.4: Thiourea catalyzed synthesis of 3,3-disubstituted dihydroquinolones

A convenient approach for the enantioselective synthesis of 3,4-dihydro-2-quinolones was
disclosed by Deng group. Reaction operates through Pd-catalyzed decarboxylative [4+2]-
cycloaddition of 4-vinyl benzoxazinanones with carboxylic acids. Substituted

dihydroquinolones were obtained with excellent enantiomeric excesses using chiral

CLy

phosphorous ligand (Scheme 6.5).”

1 ) C32003, PlVCl,

: '/tB
i . 1/\COZH mesitylene _ R u
N 0 2) CSzCO3, sz(dba)3,
L1, 4AMS, 0°C

up to 98% vyield
up to >99:1 dr
up to 97% ee

L1 (BI-DIME)

|
|
|

Scheme 6.5: Enantioselective decarboxylative [4+2]-cycloaddition of 3,4-dihydro-2-quinolones

6.3. Previous reports on Mannich reaction with in situ generated N-Boc imines from
amidosulfones
Chen group reported organocatalytic asymmetric Mannich reactions of 3-aminooxindoles

and 3-hydroxyoxindoles with in situ generated N-Boc imines from amidosulfones.
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Bifunctional thiourea catalysts delivered the products with good enantio and
diastereoselectivities (Scheme 6.6).%2

NHCO,Et OH

R']
1 R
< mo R 0 + NHBoc
Et0,CHN ~—NHBoc N N HO
R1 R2 NHBoc R2 .
W - )\ > R1 O
O catalyst B (10 mol%), R SO,Ph catalyst A (10 mol%), N

N\ 5 C|3CCH3, N32CO3 (aq) CH20|2, NaQCO3 (aq), i?z
R 0 0
25°C 25°C. N, up to 91% yield

up to 99% yield Fa
up to 95:5 dr up to 91:9dr
up to 96% ee Q up to 92% ee

catalystA R= NMe2 catalystB: R = %’NG

Scheme 6.6: Thiourea mediated asymmetric Mannich reaction with amidosulfones

An efficient technique for the synthesis of a-fluoro-f-amino-oxindoles via a direct
Mannich reaction strategy between 3-fluoro oxindoles and in situ generated N-Boc imines
was reported by Song and coworkers. Cation-binding catalyst was used to achieve high

enantioselectivity of the product (Scheme 6.7).%

BocHN

2 I |
X o o
NHBoc (R)-1 (10 mol%) C J o O
o+ T o 0
§ N SO,Ph N & HO
\ oxylene rt [
R R

up to 97% yield
up to >20:1 dr
up to 99% ee

-, A0

Scheme 6.7: Enantioselective Mannich reaction in presence of cation-binding catalyst

6.4. Concept:

Substituted  3,3-disubstituted 3,4-dihydroquinolin-2(1H)-ones are the prevalent
intermediates in many natural products and pharmaceutical agents. Due to such impressive
biological and medicinal activities of 3,4-dihydroquinolones, it is highly advisable to

prepare different optically active 3,4-dihydroquinolin-2(/H)-one derivatives in an efficient
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and straightforward way. Despite of significant importance, there are few reports related
to the enantioselective synthesis of 3,4-dihydroquinolin-2(1H)-ones. Realizing the
importance, we decided in a direct Mannich reaction approach for the synthesis of 3,3-
disubstituted 3,4-dihydroquinolin-2(/ H)-one. We used dihydro-3-cyano-2-quinolones and
amidosulfones as the substrates. Thus amidosulfone would generate N-Boc imine in situ
by treatment of a base. Then the reaction was carried out in the presence of different
bifunctional thiourea and squaramide catalysts. Tertiary amine functionality of the catalyst
will deprotonate 3-substituted dihydroquinolones, and thiourea functionality will activate
the in situ generated N-Boc imines through H-bonding. Finally, the corresponding
Mannich reaction would deliver the expected 3,3-disubstituted 3,4-dihydrquinolin-2(1H)-

one derivatives (Scheme 6.8).

Bifunctional BocHN,__
©\/ICN NHBoc thiourea/squaramide
+ catalyst
N )\SOZPh
H
S
Chiral scaffold | /lk /O
R? NN
RIN® H _H BocHN_,
\ I ’ R
BocN
w
base
NHBoc
SO,Ph

Scheme 6.8: Plausible route for asymmetric Mannich reaction

6.5. Result and discussion:

We started our optimization by performing a reaction of dihydro-3-cyano-2-quinolone 1la
with amido sulfone 2a and sat. Na.COs solution in toluene solvent at room temperature in
the presence of different bifunctional tertiary amino thiourea and squaramide catalysts
(Table 1). As can be seen, quinine derived thiourea catalyst | provided the desired product
3a in 60% overall yield and 3:1 diastereomeric ratio with moderate enantiomeric excess

for the major diastereomer (entry 1). Diastereoselectivity of the product dropped in the
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presence of cinchonine derived thiourea catalyst 11 (entry 2). Then we moved our attention
to screen different cyclohexyl derived thiourea and squaramide catalysts (entries 3-7).
Pleasingly, both diastereo- and enantioselectivity got enhanced with Takemoto catalyst 111
and the product 3a was isolated in 70% yield, 3:1 diastereomeric ratio with 56% ee (entry
3). Enantioselectivity and diastereoselectivity of the product 3a further improved to 79%
and 5:1 respectively in the presence of thiourea catalyst 1V having pyrrolidine moiety
(entry 4). Catalyst V bearing piperidine motif provided the product with slight less enantio-
and diastereoselectivity (entry 5). Then different squaramide catalysts VI and VII were
engaged in the reaction (entries 6-7). Unfortunately, no improvement in the enantio and
diastereoselectivity was observed. Changing the thiourea or squaramide moiety with urea
motif could not improve the results (entry 8). Quinine derived urea catalyst V111 furnished
the product with 65% vyield, 3:1 dr and 50% ee (entry 8). Finally enantioselectivity got
decreased further with L-tert-leucine derived thiourea catalyst 1X (entry 9). Thus
cyclohexyl derived thiourea catalyst 1V having pyrrolidine moiety provided the product
3a with maximum 72% vyield, 5:1 dr and 79% enantiomeric excess for the major
diastereomer.
Table 1. Catalyst screening
BocHN,

CN catalyst ~—Ph
NHBoc (10 mol%)
_ > CN
N SOPh  toluene, rt
H base, 24 h N &
1a 2a 3a

OMe 75
. Q Q
I
N~ )\,Ar Ar\N S N NMe2

S N H

Qi Q @ Q Qﬁf@
Q.v Qv ’

le
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CF; OMe >%/\N
0 0 H N S<__NH m
g HN
=N N CF3 ) NH CFs
NMe, H N~ O)\N,Ar
H

FsC

vil Vil IX Ar=3,5-(CF3),CeHs
entry? catalyst yield (%)° dre ee (%)

1 | 60 3:1 36

2 11 62 1.5:1 34

3 1] 70 4:1 56

4 v 72 5:1 79

5 Vv 70 4:1 75

6 VI 68 4:1 77

4 VilI 61 3:1 40

8 VI 65 3:1 50

9 IX 55 3:1 30

@ Reaction conditions: 0.15 mmol of 1a with 0.23 mmol of 2a in 2.5 mL solvent using 10 mol% catalyst and
75 pL sat. sodium carbonate. °Isolated combined yield after silica gel column chromatography. ‘Determined
by *H NMR. YDetermined by chiral HPLC and of the major diastereomer.

6.5.1. Solvent screening:

For the improvement of enantio- and diastereoselectivity of the product 3a, different
solvents were screened with catalyst IV (Table 2). In trifluorotoluene solvent,
diastereoselectivity of the desired product 3a was similar to toluene solvent but the
enantioselectivity got slightly decreased (entry 2). Enantioselectivity of the product further
decreased to 65% in dichloromethane solvent (entry 3). In o0-xylene solvent
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enantioselectivity got improved to 75% (entry 4) but in mesitylene solvent
enantioselectivity decreased. Gratifyingly, enantioselectivity got enhanced in benzene
solvent and the product 3a was isolated in 75% yield, 5:1 dr and 98% enantiomeric excess
(entry 6). Then the reaction was checked by changing the catalyst loading in benzene
solvent and the product was isolated with lesser enantioselectivites (entries 7-8). Finally,
the reaction was performed in the presence of different base solutions but no improvement

in reaction outcome was observed (entries 9-10).

Table 2. Solvent screening

CF;
BocHN, [
CN catalyst IV “—Ph s
NHBoc (10 mol%) ! Q Iy
~ —a8 N N" N CF
N~ SO0 Ph SO,Ph  solvent, rt Lol H H 3
H N~ "0 ' N
base, 24 h H !
1a 2a 3a E \ / v
entry? solvent yield(%)°® dre ee(%)?

1 toluene 72 5:1 79

2 TFT 71 5:1 73

3 CH2Cl; 70 5:1 65

4 0-Xxylene 70 51 75

5 mesitylene 68 5:1 65

6 benzene 75 5:1 98

7t benzene 73 5:1 96

8f benzene 75 5:1 97

99 benezene 74 5:1 91
10" benzene 70 5:1 85

@ Reaction conditions:0.15 mmol of 1a with 0.23 mmol of 2a in 2.5 mL solvent using 10 mol% catalyst and
75 UL sat. sodium carbonate. ° Isolated combined yield after silica gel column chromatography. ¢ Determined

by 'H NMR.? Determined by chiral HPLC for the major diastereomer. ¢ Reaction carried out 5 mol% catalyst.
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fReaction carried out with 20 mol% catalyst. 9 Reaction was performed with 75 L sat. potassium carbonate

solution. "Reaction was performed with 75 pL sat. sodium bicarbonate solution.

6.5.2. Substrate scope:

After the optimized condition got established, we turned our attention to explore the scope
and generality of the reaction. At the beginning, different amidosulfones were employed
in the reaction (Table 3). Pleasingly, different electron poor and electron rich aryl groups
were tolerated and good to excellent results were achieved. Sulfones bearing para-alkyl
groups 2b-2c reacted smoothly and satisfactory results were obtained. For example, 4-'Pr
substituted sulfone provided the product 3b in 74% vyield, 5:1 dr and 94% enantiomeric
excess. The product 3c was isolated from 4-'Bu substituted sulfone with excellent
enantioselectivity. Similarly, product 3d having 4-anisole moiety was obtained in 86%
enantioselectivity. Then different 4-halo substituted amidosulfones 2e-2g were employed
in the reaction. The reaction outcome was excellent for 4-fluoro substituted sulfone 2e but
other sulfones 2f-2g delivered the corresponding products with slight lesser
enantioselectivities. Interestingly, amidosulfones 2h-2j having different electron
withdrawing groups at para-position participated smoothly in the reaction. Sulfones
containing cyano and nitro functionalities at the para-position delivered products 3h-3i
respectively with good enantioselectivities, though for product 3h diastereoselectivity
dropped to 4:1. Excellent enantioselectivity was achieved for product 3j having
trifluoromethyl group at the 4-position of the phenyl ring. Then different meta- substituted
amidosulfones 2k-2q were tested in the reaction. Sulfones containing a range of electron
donating, electron withdrawing groups at the meta- position of the aryl group responded
well in the reaction. In particular excellent 98% ee was obtained for product 3k having 3-
methyl substitution. Different meta-halo substituted sulfones 21-2n also reacted smoothly
and the products were obtained in good enantioselectivities. The reaction outcome
remained unaltered for sulfones 20-2q containing different electron withdrawing groups
at the meta- position. Delightfully, excellent enantioselectivity was achieved for 2-
naphthyl substituted amido sulphone 2r and the product was isolated with 98% ee. Then
we moved our attention to employ aliphatic amido suphones in our reaction. Pleasingly,
the reaction progressed well to provide the desired products 3s and 3t with moderate

enantioselectivities.
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Table 3. Scope of amido sulfones in the Mannich reaction 2£.¢d

BocHN,
CN catalyst IV y ~ ~R
©\/I NHBoc (10 mol%) R
PN — > CN
N 0 R SO,Ph benzene, rt
H sat. Na,CO3 ” 0

3a, 75%, 5:1 dr, 98% ee 3b, 74%, 5:1dr, 94% ee  3c, 72%, 5:1 dr, 96% ee 3d, 69%, 5:1 dr, 86% ee

3e, 77%, 5:1 dr, 92% ee 3f, 75%, 5:1 dr, 79% ee 39, 73%, 5:1 dr, 81% ee 3h, 67%, 4:1 dr, 84% ee

3i, 70%, 5:1 dr, 89% ee 3j, 78%, 5:1 dr, 93% ee 3k, 76%, 5:1 dr, 98% ee 31, 77%, 5:1 dr, 89% ee

3m, 74%, 5:1dr, 86% ee  3n, 72%, 5:1dr, 87% ee 30, 65%, 4:1 dr, 93% ee 3p, 66%, 4:1 dr, 90% ee

Ph

H
34d, 79%, 5:1 dr, 90% ee 3r, 78%, 5:1dr, 98% ee  3s, 55%, 3:1dr, 71% ee 3t, 54%, 3:1 dr, 67% ee
@Reaction conditions: 0.15 mmol of 1a with 0.23 mmol of 2 in 2.5 mL solvent using 10 mol% catalyst and
75 pL sat. sodium carbonate. PIsolated combined yield after silica gel column chromatography. °Determined
by *H NMR. 9Determined by chiral HPLC and of the major diastereomer.
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In the next part of the investigation, the scope was further explored by engaging differently
substituted dihydroquinolones in the reaction and the reaction out come is summerized in
Table 4. For example, 6-F substituted dihydroquinolone 1b furnished product 3u in 75%
yield, 5:1 dr and 92% enantiomeric excess. Very satisfacrtory result was obtained for
dihydroquinolone 1c having 6-chloro substituent. Dihydroquinolone 1d bearing 6-OMe
substitution also participated in the reaction to provide high enantioselectivity of the
product 3x. Finally from 5-ClI substituted dihydroquinolone 1e, product 3x was isolated

with a slight decrease in enantioselectivity possibly due to steric reason.

Table 4. Scope of dihydroquinolones in the Mannich reaction.¢d

BocHN,
catalyst IV ) ~—Ph
NHBoc (10 mol%) 2
P . CN
Ph SO,Ph benzene, rt
sat. Na,CO3 H 0

H
3u, 75%, 5:1dr, 92% ee  3v, 71%, 5:1 dr, 93% ee 3w, 78%, 5:1dr, 92% ee 3x, 70%, 5:1 dr, 84% ee

@Reaction conditions: 0.15 mmol of 1 with 0.23 mmol of 2a in 2.5 mL solvent using 10 mol% catalyst and
75 pL sat. sodium carbonate. ° Isolated combined yield after silica gel column chromatography. ‘Determined

by *H NMR. YDetermined by chiral HPLC and of the major diastereomer.

6.5.3. Synthetic transformations of 3a:

To explore the synthetic utility of our method, a few reactions were performed. Initially
reduction of 3a with lithium aluminium hydride delivered amine 4. Next the amine was
treated with tosyl chloride and the expected protected amine 5 was obtained with retention
of enantio- and diastereoselectivity. Finally benzoyl protection of the amino group
provided the product 6 and the enantio- and diastereoselectivity got maintained (Scheme
6.9).
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BocHN, BocHN BocHN, Ph
@fm LiAIH, CH,NH, T1sCl ©\/£CH2NHTS
o) N EtsN N” S0
H H
3a, 5:1 dr, 98% ee 4 5, 45%, 5:1 dr, 98% ee
l PhCOCI
BocHN, EtsN

©\/£CH2NHCOPh

6, 42%, 5 1dr, 98% ee

Scheme 6.9: Synthetic transformation of 3a

6.5.4. Absolute configuration of 3u:
The absolute configuration of 3u was assigned to be (R,R) by X-ray crystallography.'*

Thus other products 3 are assumed to have same absolute structure by analogy.

s
cs 3362
‘é’(}\}»—(,cl
N1
cn,\
5001
clg},xﬁg O c22
-~ ™~
CQ% L‘Cﬂ 2 Y Mca
cie_r” A
% g 2 . 4
J c12 D= c19
N3 c18 )
cws»)\%/cw 7C20

C16

6.5.5. Proposed mechanism:

Based on the absolute configuration, a plausible transition state has been drawn in Scheme
6.10. It is expected that a bifunctional mode of activation by catalyst IV operates here. The
tertiary amino functionality of IV activates dihydroquinolone la from Si face and
simultaneously the in situ generated imine binds with the thiourea functionality of IV from
Re face. Thus the Re face addition of enolate (1a) takes place on the Si face of the imine

to provide the desired product 3a (Scheme 6.10).
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S N
FsC N ©N BocHN,,
3 l?/ \ H

F3C (‘lNBOC |

)N\HBoc Ph \—NC/ 1a NHBoc
g

h”, 2 SO,Ph Na,CO3

Scheme 6.10: Proposed mechanism
6.6. Conclusion:

In conclusion, this report delineates an asymmetric synthesis of 3,3-disubstituted-3,4-
dihydro-2-quinolones via Mannich reaction approach. Substituted dihydroquinolones
bearing carbamate functionalities were obtained in good yields with good to high
enantioselectivities. Few synthetic transformations have been performed to augment the
synthetic potential of our methodology. The mild reaction conditions, operational
simplicity and broad scope are the attractive points for this methodology to be applied in

the synthesis of biologically important quinolones.
6.7. Experimental section:
General information:

All commercial reagents were purchased with the highest purity grade. They were used
without further purification unless specified. All reactions were carried out in oven dried
glassware with magnetic stirring. Dichloromethane was distilled over CaH, under argon
and stored over 4A molecular sieves. All other solvents and reagents were purified
according to standard procedures. Organic solvents were dried over anhydrous Na>SO4
and concentrated in a rotary evaporator under reduced pressure. Reactions were monitored
by TLC on silica gel GF-254 using a combination of hexane and ethyl acetate as eluents.
For column chromatography silica gel (60-120 mesh size) was used.

'H NMR spectra were recorded on a 400 MHz, 500 MHz and 600 MHz spectrometer at
295 K in CDCls; chemical shift values (8, ppm) were reported in the standard fashion with
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reference to either tetramethylsilane (TMS) (8(H) 0.00 ppm) or CHCI3 (6(H) 7.26 ppm).
13C NMR spectra were recorded on a 100 MHz, 125 MHz and 150 MHz spectrometer at
298 K in CDCls; chemical shifts (3, ppm) were reported relative to CHCI3 (6(C) 77.23
ppm, central line of triplet. Multiplicities were given as: s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplets), dd (doublet of doublets), dt (doublet of triplets), and br (broad).
Coupling constants (J) were recorded in Hertz (Hz).

Enantiomeric excesses were determined by HPLC analysis using Dionex (Ultimate 3000)
instrument with chiral columns in comparison with authentic racemic compounds. High
resolution mass spectra (HRMS) were recorded in Q-TOF using electron spray ionization
(ESI) technique. IR spectra were recorded on Perkin Elmer Instrument at normal
temperature by making KBr pellet and grinding the sample with KBr (IR Grade). Melting
points were measured with a Mel-Tem capillary melting point apparatus.

Single crystal X-ray data were collected using Bruker SMART APEXIlI CCD
diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation (A =
0.71073 A) at 298(2) K and the structure was solved by direct methods using SHELXS-
2014 (Gottingen, Germany) and refined with full-matrix least-squares on F? using
SHELXL-2014.

A. General procedure for the synthesis of dihydroquinolones 1a-1e:
Dihydroquinolones were prepared following literature procedures.™

B. General procedure for the synthesis of amido sulfones 2a-2x:
Amido sulfones were prepared according to the reported procedure.*®

C. General procedure for the preparation of thiourea and squaramide catalysts (I-
1X):

Thiourea and squaramide catalysts (I-1X) were prepared according to the reported

procedure.’

D. General procedure for the synthesis of chiral dihydroquinolones:
Under argon atmosphere, dihydro-3-cyano-2-quinolone 1 (0.15 mmol), amidosulfone 2

(0.23 mmol) and catalyst V (10 mol%) were placed in a round bottom flask, benzene (2.5
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mL) and 75 uL saturated Na,COgz solution were added to it. Then the reaction mixture was
stirred at room temperature under argon atmosphere. After the reaction was completed as
monitored by TLC, the reaction mixture was filtered through a sinter funnel and the filtrate
was evaporated. The crude reaction mixture was subjected to column chromatography on
silica gel (100-200 mesh) and (230-400 mesh) using 15-20% ethyl acetate in hexane to
afford the corresponding products with separation of diastereomers.

E. General procedure for the synthesis of compound 5:

Under argon atmosphere, 3a (0.15 mmol) in Et2O (1.5 mL) was added to a suspension
solution of LiAIH4 (0.9 mmol) in 1 mL Et20 at 0 °C. The mixture was allowed to warm at
ambient temperature and was stirred for 4 h. Next water (20 xL), 15% aqueous NaOH (20
L) and water (60 «L) were sequentially added dropwise at 0 °C. The mixture was allowed
to stir at room temperature for 15 min. Then the reaction mixture was filtered through a
celite pad and washed with diethyl ether. The filtrate was concentrated in vacuo and the

corresponding amine was used for the next step without further purification.

To a round-bottom flask were added sequentially amine (0.1 mmol), CH.Cl, (3 mL),
EtsN (0.1 mmol) and TsCl (0.1 mmol), and the reaction was stirred for 24 h at room
temperature. Then the mixture was poured into water (2 mL) and the organic layer was
separated and the aqueous layer was extracted with CH2Cl, twice. The combined organic
layer was dried over Na>SO4 and evaporated. The crude product was purified by column
chromatography using 30% ethyl acetate in hexane.

F. General procedure for the synthesis of compound 6:

Under argon atmosphere, 3a (0.15 mmol) in Et2O (1.5 mL) was added to a suspension
solution of LiAlH4 (0.9 mmol) in 1 mL Et,0O at 0 °C. The mixture was allowed to warm at
ambient temperature and stirred for 4 h. Next water (20 uL), 15% aqueous NaOH (20 uL)
and water (60 uL) were sequentially added dropwise at 0 °C. The mixture was allowed to
stir at room temperature for 15 min. Then the reaction mixture was filtered through a celite
pad and washed with diethyl ether. The filtrate was concentrated in vacuo and the

corresponding amine was used for the next step without further purification.
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To a round-bottom flask were added sequentially amine (0.1 mmol), CHCl, (3 mL),
EtsN (0.1 mmol) and PhCOCI (0.1 mmol). The reaction was stirred for 24 h at room
temperature. Then the mixture was poured into water (2 mL) and the organic layer was
separated and the aqueous layer was extracted with CH,Cl, twice. The combined organic
layer was dried over Na>SO4 and evaporated. The crude product was purified by column

chromatography using 30% ethyl acetate in hexane.

Crystal data and structure refinement for chiral compound (CCDC No. 1831432)
(3u)

Fi/mca S3
- V)

C7

[, G,
C;:Z\—«,,CJ

~X)c2

N1

oo oz

c 5‘:"{:)/{:1(:1 2 Ns.?::‘\ g é};‘}czo
Empirical formula C22H22FN303
Formula weight 395.4
CCDC Number 1831432

Crystal habit, colour
Crystal size, mm’

Needle, White
0.18 x0.12 x 0.08

Temperature, T 293(2)
Wavelength, A(A) 0.71073
Crystal system monoclinic
Space group P2(1)/c

Unit cell dimensions

a=11.8968(11)A
b=18.4254(17)A

¢ =10.7033(8)A
a=90.00°, = 103.556(8)°

7=90.00°

Volume, V (A?) 2280.8(3)
4 4
Calculated density, Mg-m™ 1.242
Absorption coefficient, 0.091
p (mm')
F(000) 900.0
@ range for data collection 2.95 to 25°
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Limiting indices -14<h<10,-14<k<21,-11<1<12
Reflection collected/unique 8912/ 4015[R(int)=0.0329]
Completeness to 6 99.81% (6= 25.00°)
Max. and min. transmission 0.993/0.987
Refinement method 'SHELXL-97(Sheldrick, 1997)'
Data/restraints/parameters 4015/0/285
Goodness—of—fit on F? 1.051
Final R indices [/>2sigma(/)] R1=0.0567, wR>=0.1208
R indices (all data) R1=0.0982, wR2 = 0.1468
Largest diff. peak and hole 0.44 and —0.21e-A3
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6.9: Characterization Data of Products:
Tert-butyl((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-
yh)(phenyl)methyl)carbamate (3a)

This compound was prepared according to the general procedure D.
White sticky solid (42.4 mg, yield: 75%); Diastereomeric ratio:
5:1; 'H NMR (600 MHz, CDClz): & 8.43 (s, 1H), 7.45 — 7.35 (m,
3H), 7.32 (t, J = 7.7 Hz, 1H), 7.26 (d, J = 6.3 Hz, 2H), 7.12 (t, J =
7.4 Hz, 1H), 7.03 (d, J = 7.2 Hz, 1H), 6.97 (d, J = 7.9 Hz, 1H), 5.64 (d, J = 9.0 Hz, 1H),
494 (d,J=7.4Hz, 1H), 3.35(d, J = 16.1 Hz, 1H), 2.72 (d, J = 16.1 Hz, 1H), 1.35 (s, 9H);
13C NMR(125 MHz, CDClz): 6 164.4, 154.9, 136.0, 135.7, 129.4, 129.3, 129.1, 128.9,
127.7, 124.6, 118.3, 117.5, 116.4, 80.8, 54.8, 51.0, 33.8, 28.3; FT-IR (thin film):
1719,1693, 1599, 1493, 1367, 1243, 1164, 1044 cm?; HRMS (+ESI): Calc for
C22H24N303 [M+H]* 378.1812; found 378.1817; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak IA column (90:10 n-Hexane/2-PrOH, 1.0
mL/min, 25 °C, 254 nm, tminor = 13.5 Min, zmajor = 24.0 mMin); Enantiomeric excess: 98%.

Tert-butyl ((R)-((R)-3-cyano-2-o0xo-1,2,3,4-tetrahydroquinolin-3-yl)(4-
isopropylphenyl)methyl)carbamate (3b)

ipr This compound was prepared according to the general
procedure D. White sticky solid (46.5 mg, yield: 74%);
Diastereomeric ratio: 5:1; 'H NMR (600 MHz, CDCls): &
8.67 (s, 1H), 7.34 (t, J= 7.6 Hz, 1H), 7.29 — 7.26 (m, 2H), 7.20
(d, 3 =8.1 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.07 (d, J = 7.1 Hz, 1H), 7.01 (d, J = 7.9 Hz,
1H), 5.63 (d, J = 8.8 Hz, 1H), 4.96 (d, J = 8.4 Hz, 1H), 3.37 (d, J = 16.1 Hz, 1H), 2.95 (dt,
J=13.8,6.9 Hz, 1H), 2.78 (d, J = 16.1 Hz, 1H), 1.36 (s, 9H), 1.28 (d, J = 6.8 Hz, 6H); °C
NMR (100 MHz, CDCls): § 164.6, 154.9, 150.1, 136.1, 133.0, 129.2, 128.9, 127.7, 127.1,
124.5,118.4,116.4, 80.6, 54.6,51.3, 34.0, 33.8, 28.3, 24.1, 24.0; FT-IR (thin film): 1699,
1598, 1495, 1457, 1368, 1252, 1162, 1103, 832 cm™; HRMS (+ESI): Calc for C22Hz0N303
[M+H]" 420.2282; found 420.2280; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nm, Tminor = 7.1 Min, zmajor = 18.4 min); Enantiomeric excess: 94%.
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Tert-butyl ((R)-(4-(tert-butyl)phenyl)((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-
yl)methyl)carbamate (3c)
tgy This compound was prepared according to the general
procedure D. White sticky solid (46.8 mg, vyield: 72%);
Diastereomeric ratio: 5:1; 'H NMR (600 MHz, CDCls) &
8.51 (s, 1H), 7.40 (d, J = 8.2 Hz, 2H), 7.31 (t, J = 7.7 Hz, 1H),
7.19 (d, J = 8.2 Hz, 2H), 7.12 (t, = 7.4 Hz, 1H), 7.06 (d, J = 7.0 Hz, 1H), 6.97 (d, J = 7.9
Hz, 1H), 5.62 (d, J = 8.7 Hz, 1H), 4.95 (d, J = 8.3 Hz, 1H), 3.35 (d, J = 16.1 Hz, 1H), 2.76
(d, J =16.2 Hz, 1H), 1.36 (s, 9H), 1.33 (s, 9H); 3C NMR (150 MHz, CDCls):  164.4,
155.0, 152.4, 136.1, 132.6, 129.2, 128.9, 127.4, 126.0, 124.5, 118.5, 117.7, 116.3, 80.7,
54.5,51.3, 34.9, 33.9, 31.5, 28.4; FT-IR (thin film): 1700, 1598, 1495, 1388, 1253, 1161,
1106, 1042 cm™; HRMS (+ESI): Calc for CxHs2N3Os [M+H]* 434.2438; found
434.2435; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 6.7

MIN, Tmajor = 12.4 min); Enantiomeric excess: 96%.

Tert-butyl((R)-((R)-3-cyano-2-o0x0-1,2,3,4-tetrahydroquinolin-3-yl)(4-
methoxyphenyl)methyl)carbamate (3d)

OMe This compound was prepared according to the general
procedure D. White sticky solid (42.1 mg, yield: 69%);
Diastereomeric ratio: 5:1; *H NMR (600 MHz, CDCls): &
7.31(t,J=7.7Hz, 1H), 7.17 (d, J = 8.6 Hz, 2H), 7.11 (t, J =

7.4 Hz, 1H), 7.02 (d, J = 7.4 Hz, 1H), 6.91 (t, J = 7.1 Hz, 3H), 5.55 (d, J = 8.6 Hz, 1H),

4.88 (d, J=8.3 Hz, 1H), 3.83 (s, 3H), 3.35(d, J = 16.1 Hz, 1H), 2.73 (d, J = 16.2 Hz, 1H),

1.37 (s, 9H); 13C NMR (150 MHz, CDCls): & 164.1, 160.3, 154.9, 135.9, 129.3, 128.9,

128.9, 127.8, 124.6, 118.4, 117.6, 116.1, 114.4, 80.7, 55.6, 54.3, 51.3, 33.8, 28.4; FT-IR

(thin film): 1697, 1600, 1511, 1369, 1250, 1168, 1026, 833 cm™; HRMS (+ESI): Calc

for C23H2sN30s [M+H]" 408.1918; found 408.1921; The enantiomeric ratio was

determined by HPLC analysis using Daicel Chiralpak 1A column (85:15 n-Hexane/2-

PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 11.0 Min, zmajor= 17.6 min); Enantiomeric

excess: 86%.
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Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(4-

fluorophenyl)methyl)carbamate (3e)

F  This compound was prepared according to the general procedure
D. White sticky solid (45.6 mg, yield: 77%); Diastereomeric
ratio: 5:1; 'H NMR (600 MHz, CDCls): & 8.43 (s, 1H), 7.35 (t,
J=7.7 Hz, 1H), 7.30 — 7.26 (m, 2H), 7.15 (t, J = 7.5 Hz, 1H),

7.11(t,J=85Hz,2H),7.05(d,J=7.3Hz, 1H),6.99 (d,J=7.9 Hz, 1H), 5.67 (d,J=8.1

Hz, 1H), 4.93 (d, J = 7.6 Hz, 1H), 3.39 (d, J = 16.2 Hz, 1H), 2.73 (d, J = 16.2 Hz, 1H),

1.37 (s, 9H); 3C NMR (150 MHz, CDCls): 6 164.1 (d, J = 16.5), 162.4, 154.9, 135.9,

131.8,129.6 (d, J =9), 129.4, 128.8, 124.8, 118.2, 117.3, 116.4, 116.1 (d, J = 21), 80.9,

54.3, 50.9, 33.8, 28.3; FT-IR (thin film): 1719,1695, 1601, 1497, 1368, 1247, 1228,

1156, 1047, 762 cm™t; HRMS (+ESI): Calc for C22H23FN3O3 [M+H]* 396.1718; found

396.1722; The enantiomeric ratio was determined by HPLC analysis using Daicel

Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 9.3

min, major = 14.5 min); Enantiomeric excess: 92%.

Tert-butyl ((R)-(4-chlorophenyl)((R)-3-cyano-2-0xo0-1,2,3,4-tetrahydroquinolin-3-
yl)methyl)carbamate(3f)

cl This compound was prepared according to the general procedure

D. White sticky solid (46.3 mg, yield: 75%);Diastereomeric

ratio: 5:1; *H NMR (400 MHz, CDClz): 6 8.23 (s, 1H), 7.38 (d,

J = 8.5 Hz, 2H), 7.33 (t, J = 7.7 Hz, 1H), 7.21 (d, J = 8.5 Hz,
2H), 7.13 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.5 Hz, 1H), 6.94 (d, J = 7.8 Hz, 1H), 5.66 (d, J
= 8.4 Hz, 1H), 4.89 (d, J = 8.4 Hz, 1H), 3.37 (d, J = 16.2 Hz, 1H), 2.73 (d, J = 16.3 Hz,
1H), 1.36 (s, 9H); 3C NMR(100 MHz, CDCl3):6 163.7, 154.6, 135.6, 135.2, 134.2, 129.2,
129.1,128.9, 128.7, 124.6, 118.0, 116.9, 116.1, 80.8, 54.2, 50.5, 33.6, 28.2; FT-IR (thin
film): 1692, 1598, 1494, 1376, 1329, 1160, 1111, 1012, 754 cm™*; HRMS (+ESI): Calc
for C2H23CIN3Os [M+H]" 412.1422; found 412.1422; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (85:15 n-Hexane/2-

PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 9.4 MiN, Tmajor = 16.2 Min); Enantiomeric excess:
79%.
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Tert-butyl ((R)-(4-bromophenyl)((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-

yl)methyl)carbamate (3g)

Br This compound was prepared according to the general
procedure D. White sticky solid (49.9 mg, vyield: 73%);
Diastereomeric ratio: 5:1; *H NMR (600 MHz, CDClz3): §
8.35 (s, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.33 (t, J = 7.7 Hz, 1H),

7.14 (dd, J = 14.0, 7.9 Hz, 3H), 7.04 (d, J = 7.3 Hz, 1H), 6.96 (d, J = 7.9 Hz, 1H), 5.65 (d,

J=8.1Hz, 1H), 4.88 (d, J = 7.4 Hz, 1H), 3.37 (d, J = 16.2 Hz, 1H), 2.72 (d, J = 16.3 Hz,

1H), 1.35 (s, 9H); 3C NMR (150 MHz, CDCls): & 164.1, 154.9, 135.8, 134.9, 132.2,

129.5, 129.4, 128.8, 124.8, 123.6, 118.2, 117.1, 116.4, 81.0, 54.4, 50.7, 33.8, 28.3; FT-IR

(thin film): 1693, 1598, 1565, 1489, 1368, 1247, 1165, 1074, 792 cm™; HRMS (+ESI):

Calc for C22H23BrNsOs [M+H]" 456.0917; found 456.0908; The enantiomeric ratio was

determined by HPLC analysis using Daicel ChiralpaklA column (85:15 n-Hexane/2-

PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 10.0 min, zmajor = 17.0 min); Enantiomeric

excess: 81%.
Tert-butyl((R)-((R)-3-cyano-2-o0x0-1,2,3,4-tetrahydroquinolin-3-yl)(4-
cyanophenyl)methyl)carbamate (3h)
cN This compound was prepared according to the general
procedure D. White sticky solid (40.4 mg, yield: 67%);
Diastereomeric ratio: 4:1; *H NMR (600 MHz, CDCls): §
7.91 (s, 1H), 7.71 (d, J =8.3 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H),
7.36 (t, J=7.7 Hz, 1H), 7.16 (t, J = 7.3 Hz, 1H), 7.06 (d, J = 7.4 Hz, 1H),6.93 (d,J=7.8
Hz, 1H), 5.73 (d, J = 8.1 Hz, 1H), 4.94 (d, J = 7.4 Hz, 1H), 3.41 (d, J = 16.3 Hz, 1H), 2.72
(d, J = 16.3 Hz, 1H), 1.36 (s, 9H); 3C NMR(150 MHz, CDCls): 5 163.3, 154.8, 141.1,
135.6, 132.8, 129.7, 128.8, 128.7, 125.1, 118.4, 118.0, 116.7, 116.4, 113.4, 81.4, 54.7,
50.2, 33.8, 28.3; FT-IR (thin film): 1697, 1598, 1494, 1370, 1250, 1163, 1019, 836 cm™;
HRMS (+ESI): Calc for CasH2N4NaO, [M+Na]* 425.1584; found 425.1594; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 14.6 Min, zmajor = 26.0 min);

Enantiomeric excess: 84%.
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Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(4-

nitrophenyl)methyl)carbamate (3i)

NO, This compound was prepared according to the general
procedure D. White sticky solid (44.3 mg, yield: 70%);
Diastereomeric ratio: 5:1; *H NMR (400 MHz, CDClz3): §
8.47 (s, 1H), 8.27 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.7 Hz,

2H), 7.36 (t, J = 7.7 Hz, 1H), 7.18 (t, J = 7.5 Hz, 1H), 7.09 (s, 1H), 6.97 (d, J = 7.9 Hz,

1H), 5.87 (d, J= 4.0 Hz, 1H), 5.01 (d, J = 7.9 Hz, 1H), 3.42 (d, J = 16.3 Hz, 1H), 2.75 (d,

J=16.4 Hz, 1H), 1.35 (s, 9H); *C NMR (100 MHz,CDCls): 6 163.6, 154.8, 148.5, 143.1,

135.6, 129.7, 129.0, 128.8, 125.2, 124.2, 118.1, 116.6, 116.5, 81.4, 54.6, 50.1, 33.8, 28.3;

FT-IR (thin film): 1696, 1599, 1525, 1493, 1348, 1248, 1163, 1108, 852, 757 cm?;

HRMS (+ESI): Calc for C2H23N4Os [M+H]* 423.1663; found 423.1662; The

enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column

(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, Zminor = 14.8 Min, zmajor = 23.8 min);

Enantiomeric excess: 89%.

Tert-butyl((R)-((R)-3-cyano-2-o0x0-1,2,3,4-tetrahydroquinolin-3-yl)(4-
(trifluoromethyl)phenyl)methyl)carbamate (3j)

CF, This compound was prepared according to the general
procedure D. White sticky solid (52.1 mg, Vyield:
78%);Diastereomeric ratio: 5:1; 'H NMR (400 MHz,
CDCls): 6 8.25 (s, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.42 (d, J =

8.1 Hz, 2H), 7.35 (t, J = 7.6 Hz, 1H), 7.15 (t, J = 7.4 Hz, 1H), 7.07 (d, J = 7.4 Hz, 1H),

6.95 (d, J = 7.8 Hz, 1H), 5.75 (d, J = 4.5 Hz, 1H), 4.98 (d, J = 7.8 Hz, 1H), 3.40 (d, J =

16.3 Hz, 1H), 2.73 (d, J = 16.3 Hz, 1H), 1.36 (s, 10H); ¥*C NMR (100 MHz, CDCl3): &

163.8, 154.8, 139.9, 135.7, 131.8, 129.6, 128.9 (q, Jcr = 251.2 Hz), 128.8, 128.3, 126.9,

126.0 (g, Jc-r = 10.5 Hz), 125.0, 118.2, 116.9, 116.4, 81.2, 54.6, 50.5, 33.8, 28.4; FT-IR

(thin film): 1692, 1640, 1494, 1425, 1372, 1325, 1248, 1167, 1127, 1069, 845 cm™;

HRMS (+ESI): Calc for CasH2sFsN3Oz [M+H]" 446.1686; found 446.1689; The

enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
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(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 7.9 MiN, Tmajor = 12.4 min);
Enantiomeric excess: 93%.
Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(m-
tolyl)methyl)carbamate (3k)

CH;  This compound was prepared according to the general procedure
D. White sticky solid (44.6 mg, yield: 76%); Diastereomeric
ratio: 5:1; 'H NMR (400 MHz, CDClz): § 8.10 (s, 1H), 7.30 (dd,
J=15.2,7.7Hz,2H),7.20 (d, J = 7.6 Hz, 1H), 7.12 (t, J = 7.4 Hz,
1H), 7.04 (s, 2H), 7.02 — 6.96 (m, 1H), 6.94 (d, J = 8.0 Hz, 1H),
5.58 (d, J = 9.1 Hz, 1H), 4.90 (d, J = 8.7 Hz, 1H), 3.35 (d, J = 16.1 Hz, 1H), 2.72 (d, J =
16.1 Hz, 1H), 2.36 (s, 3H), 1.37 (s, 9H); 3C NMR(150 MHz, CDCls): & 164.4, 154.9,
138.8, 136.0, 135.6, 130.2, 129.3, 129.0, 128.9, 128.4, 124.8, 124.5, 118.4, 117.5, 116.3,
80.7,54.8,51.1, 33.9, 28.4, 21.7; FT-IR (thin film): 1724, 1690, 1598, 1495, 1372, 1328,
1245, 1161, 1047, 863, 757 cm™; HRMS (+ESI): Calcfor C23H26N303 [M+H]* 392.1963;
found 392.1962; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak 1A column (90:10 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 10.4

MInN, Tmajor = 18.7 min); Enantiomeric excess: 98%.

Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(3-
fluorophenyl)methyl)carbamate (31)

F  White sticky solid (45.6 mg, yield: 77%); Diastereomeric ratio:
5:1; 'H NMR (400 MHz, CDCls): 8 8.18 (s, 1H), 7.36 (dt, J = 15.1,
7.8 Hz, 2H), 7.14 (t, J = 7.6 Hz, 1H), 7.12 — 7.03 (m, 3H), 6.99 (d,
J=9.5Hz, 1H), 6.94 (d, J = 7.8 Hz, 1H), 5.66 (d, J = 8.5 Hz, 1H),
491 (d, J=8.2Hz, 1H), 3.38 (d, J = 16.2 Hz, 1H), 2.76 (d, J = 16.3
Hz, 1H), 1.37 (s, 9H); 13C NMR (100 MHz,CDCls): & 164..0 (d, J = 46.5), 161.7, 154.9,
135.8, 130.7 (d, J = 12), 129.5, 128.9, 124.9, 123.5, 123.5, 118.3, 116.6, 116.3, 115.0 (d,
J = 33), 81.1, 54.5, 50.7, 33.8, 28.4; FT-IR (thin film): 1692, 1595, 1491, 1452, 1369,
1246, 1163, 1015, 757 cm™®; HRMS (+ESI): Calc for C2H2sFN3sOs[M+H]" 396.1718;

found 396.1718; The enantiomeric ratio was determined by HPLC analysis using Daicel
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Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 11.3
min, Tminor = 13.7 min); Enantiomeric excess: 89%.

Tert-butyl ((R)-(3-chlorophenyl)((R)-3-cyano-2-0xo-1,2,3,4-tetrahydroquinolin-3-
yl)methyl)carbamate (3m)

Cl This compound was prepared according to the general procedure
D. White sticky solid (45.7 mg, yield: 74%); Diastereomeric ratio:
5:1; 1H NMR (400 MHz, CDCls): & 8.54 (s, 1H), 7.39 — 7.30 (m,
3H), 7.22 (d, J=7.2 Hz, 2H), 7.15 (t, J = 7.5 Hz, 1H), 7.06 (d, J =
7.4 Hz, 1H),6.97 (d, J=7.9 Hz, 1H), 5.70 (d, J = 7.7 Hz, 1H), 4.90
(d, J = 8.2 Hz, 1H), 3.38 (d, J = 16.2 Hz, 1H), 2.75 (d, J = 16.3 Hz, 1H), 1.36 (s, 9H); 13C
NMR (100 MHz, CDCl3): 8 164.1, 154.8, 137.9, 135.8, 134.9, 130.4, 129.6, 129.5, 128.9,
128.2, 125.8, 124.9, 118.2, 117.0, 116.5, 81.1, 54.6, 50.6, 33.9, 28.4; FT-IR (thin film):
1694, 1598, 1493, 1433, 1369, 1247, 1165, 1016, 757 cm™*; HRMS (+ESI): Calc for
C22H23CIN303 [M+H]"412.1422; found 412.1428; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, zminor = 8.0 MIN, Zmajor = 15.2 min); Enantiomeric excess: 87%.
Tert-butyl ((R)-(3-bromophenyl)((R)-3-cyano-2-0xo-1,2,3,4-tetrahydroquinolin-3-
yl)methyl)carbamate (3n)

Br  This compound was prepared according to the general procedure
D. White sticky solid (49.2 mg, yield: 72%); Diastereomeric ratio:
5:1; 'H NMR (400 MHz, CDCls): & 8.21 (s, 1H), 7.53 (d,J=7.0
Hz, 1H), 7.33 (d, J = 11.5 Hz, 2H), 7.28 (d, J = 7.3 Hz, 2H), 7.16
(t, J=7.4 Hz, 1H), 7.06 (d, J = 7.4 Hz, 1H), 6.95 (d, J = 7.8 Hz,
1H), 5.65 (d, J = 8.5 Hz, 1H), 4.88 (d, J = 8.2 Hz, 1H), 3.38 (d, J = 16.2 Hz, 1H), 2.74 (d,
J=16.3 Hz, 1H), 1.37 (s, 9H); **C NMR(100 MHz, CDCIls3): 5 163.9, 154.8, 138.1, 135.8,
132.5, 131.2, 130.7, 129.5, 128.9, 126.1, 124.9, 123.0, 118.2, 117.0, 116.4, 81.1, 54.5,
50.7, 33.9, 28.4; FT-IR (thin film): 1692, 1643, 1492, 1369, 1246, 1164, 1015, 756 cm™;
HRMS (+ESI): Calc for C2H23BrN3Os [M+H]"456.0917; found 456.0916; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IA column
(85:15n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 8.1 MiN, tmajor = 15.8 min);

Enantiomeric excess: 87%.
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Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(3-
cyanophenyl)methyl)carbamate (30)

This compound was prepared according to the general procedure D.
White sticky solid (39.2 mg, yield: 65%); Diastereomeric ratio:
4:1; 'H NMR (600 MHz, CDCls): & 8.42 (s, 1H), 7.70 (dd, J = 7.6,
1.2 Hz, 1H), 7.62 (d, J = 6.9 Hz, 1H), 7.59 — 7.47 (m, 2H), 7.36 (t,
J=7.7Hz, 1H), 7.19 (t, J = 7.5 Hz, 1H), 7.09 (d, J = 7.3 Hz, 1H),
6.96 (d, J =7.8 Hz, 1H), 5.79 (d, J = 6.4 Hz, 1H), 4.95 (d, J = 7.5 Hz, 1H), 3.42 (d, J =
16.3 Hz, 1H), 2.74 (d, J = 16.3 Hz, 1H), 1.36 (s, 9H); **C NMR (150 MHz, CDCl3):5
163.7, 154.8, 137.8, 135.6, 133.0, 132.1, 131.6, 130.0, 129.7, 128.7, 125.3, 118.3, 118.1,
116.7, 116.5, 113.2, 81.4, 54.5, 50.2, 33.9, 28.3; FT-IR (thin film): 1739, 1693, 1600,
1490, 1390, 1243, 1160, 1045, 758 cm™*; HRMS (+ESI): Calc for C23H22NsNaO4 [M+H]*
403.1765; found 403.1781; The enantiomeric ratio was determined by HPLC analysis
using Daicel Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tmajor = 12.4 mMin, minor = 19.0 min); Enantiomeric excess: 93%.

Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(3-
nitrophenyl)methyl)carbamate (3p)

NO, This compound was prepared according to the general procedure
D. White sticky solid (41.8 mg, yield: 66%); Diastereomeric
ratio: 4:1; 'H NMR (600 MHz, CDCls): & 8.43 (s, 1H), 8.27 (d,
J=8.1Hz, 1H), 8.12 (s, 1H), 7.76 (d, J = 6.2 Hz, 1H), 7.64 (t, J
= 8.0 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H),
7.13 (d, J=7.1 Hz, 1H), 6.97 (d, J = 7.8 Hz, 1H), 5.89 (s, 1H), 5.04 (d, J = 7.9 Hz, 1H),
3.43 (d, J =16.3 Hz, 1H), 2.79 (d, J = 16.2 Hz, 1H), 1.37 (s, 9H); 3C NMR (150 MHz,
CDCls):6 163.7, 154.9, 148.3, 138.2, 135.5, 133.5, 130.3, 129.7, 128.9, 125.3, 124.3,
123.3, 118.1, 116.6, 81.4, 54.6, 50.2, 33.9, 28.3; FT-IR (thin film): 1757, 1715, 1532,
1351, 1250, 1166, 1053, 875 cm?; HRMS (+ESI): Calc for CzH2N4Os
[M+H]"423.1662; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,zminor = 13.1

MInN, Tmajor = 20.6 Min); Enantiomeric excess: 90%.
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Tert-butyl ((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(3-
(trifluoromethyl)phenyl)methyl)carbamate (3q)

CF3; This compound was prepared according to the general procedure
D. White sticky solid (52.7 mg, yield: 79%); Diastereomeric
ratio: 5:1; 'H NMR (400 MHz, CDCls): & 8.24 (s, 1H), 7.64 (dd,
J=36.2,6.0 Hz, 3H), 7.38 (dd, J=17.1,9.5 Hz, 2H), 7.24 - 7.12
(m, 1H), 7.06 (s, 1H), 7.02 — 6.90 (m, 1H), 5.75 (d, J = 7.5 Hz,
1H), 5.00 (d, J = 2.8 Hz, 1H), 3.41 (d, J = 16.2 Hz, 1H), 2.69 (d, J = 16.5 Hz, 1H), 1.38 (s,
9H); 13C NMR (150 MHz, CDClz): & 163.8, 154.9, 136.9, 135.8, 131.3, 131.1, 130.7,
129.8, 129.6, 128.9, 126.2 (q, Jc-Fr= 6 Hz), 125.7 (q, Jc-Fr = 262.5 Hz), 125.3 (¢, JcFr= 3
Hz), 118.1, 116.9, 116.4, 81.2, 54.7, 50.7, 33.9, 28.3; FT-IR (thin film): 1701, 1599,
1493, 1458, 1374, 1329, 1167, 1128, 1076, 757 cm?; HRMS (+ESI): Calc for
Ca3H23F3N3Os [M+H]*446.1686; found 446.1687; The enantiomeric ratio was determined
by HPLC analysis using Daicel Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0

mL/min, 25 °C, 254 nm, tminor = 6.4 MIN, zmajor = 10.4 min); Enantiomeric excess: 90%.
Tert-butyl((R)-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)(naphthalen-2-
yl)methyl)carbamate (3r)

This compound was prepared according to the general procedure
D. White sticky solid (49.9 mg, yield: 78%); Diastereomeric
ratio: 5:1; 'H NMR (400 MHz, CDCls): 6 8.22 (s, 1H), 7.88
(dd, J = 12.2, 7.0 Hz, 2H), 7.84 — 7.78 (m, 1H), 7.65 (s, 1H),
7.57 —7.47 (m, 2H), 7.45 (dd, J = 8.5, 1.6 Hz, 1H), 7.35 (t, J =
7.7 Hz, 1H), 7.15 (t, J = 7.4 Hz, 1H), 7.06 — 6.93 (m, 2H), 5.76 (d, J = 8.9 Hz, 1H), 5.11
(d, J = 8.8 Hz, 1H), 3.36 (d, J = 16.2 Hz, 1H), 2.73 (d, J = 16.2 Hz, 1H), 1.37 (s, 9H); 13C
NMR (100 MHz, CDCls):6 164.2, 155.0, 136.0, 133.7, 133.1, 129.4, 129.1, 129.0, 128.4,
128.0, 127.6, 127.0, 126.9, 124.6, 118.5, 117.5, 116.3, 80.9, 55.2, 53.6, 33.9, 28.4; FT-IR
(thin film): 1692, 1598, 1493, 1369, 1321, 1246, 1165, 1017, 756 cm*; HRMS (+ESI):
Calc for CosH26N303 [M+H]"428.1969; found 412.19.70; The enantiomeric ratio was
determined by HPLC analysis using Daicel Chiralpak 1A column (85:15 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 10.3 Min, tmajor = 16.8 min); Enantiomeric

excess: 98%.
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Tert-butyl((R)-1-((R)-3-cyano-2-oxo0-1,2,3,4-tetrahydroquinolin-3-yl)-3-
phenylpropyl)carbamate (3s)

This compound was prepared according to the general procedure
D. White sticky solid (33.4 mg, yield: 55%); Diastereomeric
ratio: 3:1; 1H NMR (400 MHz, CDCls): 8 7.79 (s, 1H), 7.24 (d,
J=75Hz,3H),7.17 (t, J=7.3Hz,1H), 7.11 (dd, J=13.9, 7.4
Hz, 3H), 7.02 (t, J = 7.5 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 4.90
(d,J=10.4 Hz, 1H), 4.11 - 3.99 (m, 1H), 3.35-3.21 (m, 2H), 2.78 (dd, J = 21.0, 7.1 Hz,
1H), 2.60 — 2.48 (m, 1H), 2.20 (dd, J = 14.6, 7.3 Hz, 2H), 1.42 (s, 9H); 3C NMR (100
MHz, CDCls): 6 163.9, 155.8, 140.7, 135.5, 129.0, 128.7, 128.6, 128.5, 126.4, 124.6,
119.7, 117.5, 115.8, 80.5, 52.2, 49.4, 34.5, 33.8, 32.5, 28.5; FT-IR (thin film): 1699,
1598, 1541, 1494, 1367, 1249, 1168, 753 cm*; HRMS (+ESI): Calc for
C24H2sN303[M+H]*406.2125; found 406.2127; The enantiomeric ratio was determined by
HPLC analysis using Daicel Chiralpak ID column (85:15 n-Hexane/2-PrOH, 1.0 mL/min,

25 °C, 254 nm, Tmajor = 22.3 MiN, zminor = 30.0 mMin); Enantiomeric excess: 71%.

Tert-butyl ((R)-1-((R)-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl)pentyl)carbamate

(3
This compound was prepared according to the genera procedure D.
BocHN,, Brown sticky solid (28.9 mg, yield: 54%); Diastereomeric ratio:
oy 3L *H NMR (400 MHz, CDCl3):5 8.02 (s, 1H), 7.28 — 7.24 (m,
NSO 2H), 7.20 (d, J = 7.3 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.85 (d, J =

7.8 Hz, 1H), 4.81 (d, J=10.4 Hz, 1H), 4.07 — 3.94 (m, 1H), 3.33 (q,
J=16.0 Hz, 2H), 1.91 - 1.78 (m, 2H), 1.43 (dd, J = 7.9, 6.3 Hz, 2H), 1.40 (s, 9H), 1.29 (d,
J=4.7 Hz, 2H), 0.87 (d, J = 4.4 Hz, 3H); 3C NMR (100 MHz, CDCls): 5 164.2, 156.0,
135.7, 129.1, 128.5, 124.5, 119.8, 117.7, 115.9, 80.3, 52.6, 49.5, 34.6, 31.5, 28.4, 28.3,
22.3, 14.1; FT-IR (thin film): 1696, 1597, 1495, 1374, 1248, 1168, 757 cm™*; HRMS
(+ESI): Calc for C2oH2sN303z [M+H]" 358.2125; found 358.2129; The enantiomeric ratio
was determined by HPLC analysis using Daicel Chiralpak IE column (85:15 n-Hexane/2-
PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 20.9 mMin, zminor = 24.4 min); Enantiomeric
excess: 67%.
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Tert-butyl ((R)-((R)-3-cyano-6-fluoro-2-oxo-1,2,3,4-tetrahydroquinolin-3-
yD(phenyl)methyl)carbamate (3u)

This compound was prepared according to the general
procedure D. White sticky solid (44.4 mg, yield: 75%);
Diastereomeric ratio: 5:1; 'H NMR (600 MHz, CDCls): §
8.35 (s, 1H), 7.51 — 7.33 (m, 3H), 7.29 — 7.26 (m, 2H), 7.04 (t,
J = 8.4 Hz, 1H), 6.94 (dt, J = 8.7, 4.4 Hz, 1H), 6.76 (d, J = 7.2 Hz, 1H), 5.60 (d, J = 8.9
Hz, 1H), 4.94 (d, J = 7.3 Hz, 1H), 3.34 (d, J = 16.3 Hz, 1H), 2.70 (d, J = 16.3 Hz, 1H),
1.36 (s, 9H); 13C NMR (150 MHz, CDCls): 6 163.9 (d, J = 9 Hz), 160.2, 158.6, 155.0,
135.5,132.3,129.6, 129.2,127.7,120.2 (d, J = 7.5 Hz), 117.6 (d, J = 7.5 Hz), 116.2, 116.0,
115.9, 115.8, 80.9, 54.9, 50.8, 33.8, 28.4; FT-IR (thin film): 1715, 1692, 1592, 1492,
1368, 1245, 1167, 1046, 838 cm™; HRMS (+ESI): Calc for CzoH23FN3O3 [M+H]*
396.1718; found 396.1724; The enantiomeric ratio was determined by HPLC analysis
using Phenomenex Lux C1 column (90:10 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,

Tmajor = 10.6 mMin, minor = 13.3 min); Enantiomeric excess: 92%.

Tert-butyl ((R)-((R)-6-chloro-3-cyano-2-0xo-1,2,3,4-tetrahydroquinolin-3-
yD(phenyl)methyl)carbamate (3v)

This compound was prepared according to the general
procedure D. White sticky solid (43.7 mg, yield: 71%);
Diastereomeric ratio: 5:1; 'H NMR (600 MHz, CDCls) §
8.08 (s, 1H), 7.42 (dd, J = 5.0, 1.7 Hz, 3H), 7.30 (dd, J = 8.4,
1.7 Hz, 1H), 7.27 (s, 2H), 7.02 (s, 1H), 6.89 (d, J = 8.4 Hz, 1H), 5.56 (d, J = 9.2 Hz, 1H),
4.94 (d,J = 7.9 Hz, 1H), 3.33 (d, J = 16.3 Hz, 1H), 2.70 (d, J = 16.3 Hz, 1H), 1.36 (s, 9H);
13C NMR (150 MHz, CDCls3):5 163.8, 155.0, 135.4, 134.7, 129.6, 129.3, 129.3, 128.8,
127.7,120.1, 117.4, 117.2, 80.9, 55.0, 50.9, 33.7, 28.4; FT-IR (thin film): 1715, 1692,
1593, 1492, 1368, 1244, 1167, 1046, 887 cm™*; HRMS (+ESI): Calc for C2H23CIN3O3
[M+H]" 412.1422; found 412.1426; The enantiomeric ratio was determined by HPLC
analysis using Daicel Chiralpak IA column (88:12 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C,

254 nm, Tminor = 10.8 min, tmajor = 23.5 min); Enantiomeric excess: 93%.

276

TH-2028_136122009



CHAPTER 6

Tert-butyl ((R)-((R)-3-cyano-6-methoxy-2-oxo-1,2,3,4-tetrahydroquinolin-3-
yD)(phenyl)methyl)carbamate (3w)
This compound was prepared according to the general
procedure D. White sticky solid (47.6 mg, yield: 78%);
Diastereomeric ratio: 6:1; 'H NMR (400 MHz, CDCl5):
H 5 8.65 (s, 1H), 7.48 — 7.35 (m, 3H), 7.29 (dd, J = 6.6, 2.8
Hz, 2H), 6.93 (dd, J = 13.1, 8.7 Hz, 1H), 6.85 (dd, J = 8.6, 2.6 Hz, 1H), 6.58 (s, 1H), 5.70
(d, J=8.6 Hz, 1H), 4.94 (d, J = 8.0 Hz, 1H), 3.81 (s, 3H), 3.32 (d, J = 16.2 Hz, 1H), 2.69
(d, J = 16.3 Hz, 1H), 1.35 (s, 9H); 3C NMR (100 MHz, CDCls): & 164.1, 156.7, 154.9,
135.9, 129.4, 129.0, 127.8, 119.8, 117.5, 117.4, 114.8, 114.0, 80.7, 55.9, 54.9, 50.9, 34.1,
28.4; FT-IR (thin film): 1690, 1595, 1506, 1457, 1368, 1246, 1164, 1036, 880, 815 cm"
L HRMS (+ESI): Calc for CaoH2sNO4S; [M+H]* 408.1298; found 408.1296; The
enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak 1B column
(85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 14.8 Min, zmajor = 20.1 min);

Enantiomeric excess: 97%.

Tert-butyl((R)-((R)-5-chloro-3-cyano-2-oxo-1,2,3,4-tetrahydroquinolin-3-
yh)(phenyl)methyl)carbamate (3x)

C1BocHN O This compound was prepared according to the general procedure
E. White sticky solid (43.1 mg, yield: 70%); Diastereomeric ratio:
O N SN 5:1; IH NMR (600 MHz, CDCl3): 8 8.26 (d, J = 22.6 Hz, 1H), 7.41
H (dd, J=5.0, 1.7 Hz, 2H), 7.29 — 7.24 (m, 2H), 7.22 (dd, J = 6.6, 2.8
Hz, 2H), 7.18 (d, J = 8.0 Hz, 1H), 6.91 — 6.85 (m, 1H), 5.59 (d, J = 9.2 Hz, 1H), 4.95 (d, J
= 8.6 Hz, 1H), 3.16 (s, 2H), 1.37 (s, 9H); *C NMR (150 MHz, CDClz): § 164.0, 155.0,
137.4, 135.1, 134.1, 130.0, 129.5, 129.4, 127.7, 125.4, 117.1, 116.9, 114.8, 80.9, 55.2,
51.4, 31.1, 28.4; FT-IR (thin film): 1700, 1690, 1586, 1472, 1386, 1312, 1255, 1162,
1101, 785 cm; HRMS (+ESI): Calc for C22H23CIN3Os [M+H]* 412.1422; found
412.1418; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak IA column (85:15 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm,zminor = 7.2

MInN, Tmajor = 10.7 min); Enantiomeric excess: 84%.
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Tert-butyl((R)-((S)-3-((4-methylphenylsulfonamido)methyl)-2-
BocHN
e O 0xo0-1,2,3,4-tetrahydroquinolin-3-

O CHoNHTs  yl)(phenyl)methyl)carbamate(5)
N

H 0 This compound was prepared according to the general procedure

E. White sticky solid (36.1 mg, yield: 45%);Diastereomeric ratio: 5:1; 'H NMR (600
MHz, CDCls): 6 9.03 (s, 1H), 7.69 (d, J = 8.1 Hz, 2H), 7.32 (dd, J = 15.2, 7.2 Hz, 5H),
7.18 (t, J = 6.9 Hz, 2H), 7.07 (t, J = 6.7 Hz, 3H), 6.79 (d, J = 8.0 Hz, 1H), 5.73 (s, 1H),
4.77 (s, 1H), 3.43 (d, J = 17.3 Hz, 2H), 2.67 (dd, J =12.8, 9.2 Hz, 1H), 2.58 (d, J = 16.9
Hz, 1H), 2.45 (s, 3H), 1.34 (s, 9H); 13C NMR (150 MHz, CDCls): § 172.8, 155.1, 149.2,
143.7, 136.8, 135.7, 130.1, 129.3, 129.0, 128.9, 128.5, 128.3, 128.0, 127.9, 127.2, 124.5,
116.1, 79.9, 60.6, 55.2, 49.0, 44.9, 28.5, 21.8; FT-IR (thin film): 1676, 1599, 1494, 1376,
1324, 1160, 1058, 756 cm™’; HRMS (+ESI): Calc for C20HasN20sS [M+H]* 536.2214;
found 536.2222; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak 1A column (70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor =

18.3min, tmajor = 28.5 min); Enantiomeric excess: 98%.

Tert-butyl((R)-((S)-2-0x0-3-(2-ox0-2-phenylethyl)-1,2,3,4-

BocHN O tetrahydroquinolin-3-yl)(phenyl)methyl)carbamate(6)
O CH,NHCOPh This compound was prepared according to the general
N "9 procedure F. White sticky solid (30.5 mg, yield: 42%);

Diastereomeric ratio: 5:1; *H NMR (600 MHz, CDClz3): 6 8.17 (s, 1H), 8.11 (d, J=7.5
Hz, 1H), 7.73 (d, J = 7.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.5 Hz, 2H), 7.33
(t, J = 7.3 Hz, 2H), 7.29 (d, J = 7.1 Hz, 1H), 7.20 (dd, J = 17.1, 8.7 Hz, 3H), 7.15 (d, J =
7.2 Hz, 1H), 7.05 (t, J = 7.3 Hz, 1H), 6.80 (d, J = 7.8 Hz, 1H), 5.59 (s, 1H), 5.11 (s, 1H),
3.99 - 3.86 (m, 1H), 3.65 (d, J = 6.4 Hz, 1H), 2.95 (d, J = 15.6 Hz, 1H), 2.81 (d, J = 16.6
Hz, 1H), 1.37 (s, 9H); *C NMR (150 MHz, CDCls): § 172.6, 167.9, 155.6, 135.9, 134.2,
133.5, 131.8, 130.3, 129.0, 128.7, 128.7, 128.6, 128.3, 128.2, 127.2, 124.2, 115.4, 80.4,
55.3, 50.1, 40.9, 31.8, 28.5; FT-IR (thin film): 1705, 1653, 1540, 1489, 1384, 1317,
1171, 1014, 757 cmt; HRMS (+ESI): Calc for Cz9H32N304 [M+H]* 486.2387; found
486.2388; The enantiomeric ratio was determined by HPLC analysis using Daicel
Chiralpak 1A column (70:30 n-Hexane/2-PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 10.8

MIN, Tmajor = 27.3 Min); Enantiomeric excess: 98%.
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6.10. Selected NMR spectra and HPLC chromatogram:
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170 SNM-CMH-NHBOC #210 [modified by user, 2 peaks manually assigned] UV VIS 1
maAL WWL:254 nm
] 2
7] i
I <
1 g
= :
g 100 3
‘o 1 o
= :
o
E -
£ |
=]
< 50
] mir
-10 T T T T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 38.0
Retention Time [min)
No. Peak Name Ret.Time (detected) Area Rel.Arealident.) Height Amount
min mAU*min % mAL
1A 13.30 64.46922 49.67792177 118.3821 n.a.
2B 23.62 65.305 50.32207823 73.072 n.a.
450 SHA-CH-MHEOC 8197 Imod fled by usar, 2 maaks manually sasigned| U WIS 1
) _'nP.'_. WL 254 nm
) A
= 3004 a
= ] ™
E 4
g 1 3a chiral
3 200+
= |
¥
=2 4
1 0= g
1 d
T—t——Tf——7 7
0.0 5.0 10.0 18.0 20.0 250 30.0 330
Retention Time [min]
Mo. Peak Mame RetTime (detectad) Arss Fel.Arsalident.] Height Amaount
min mAU min % mAL
1A 13.54 185887 07249404458 3 48584 na
2B 2407 ZEB.25T 98.275058558 2B7.182 n.a.

280

TH-2028_136122009



CHAPTER 6

9CE'T

€9€°T

0527~
LT

TECE~_
65€°€~"

0v6't
¥S6'Y v

919G
0€9°S >

7969
SL6'9
250°L
¥90°L
SOT'L
L1T°L
6C1°L
8L1°L
T6T°L w
09C°L
€60°L
90€°L
6TEL
€6€°L
LOV'L

5
]

@
I

SNM-P2-CN--4TBU-1H

1H

8’8

9.5

10.0

8E'8C —
8HTE~_
98'EE ~_
06'vE —

18—
LS —

82911~
89°LTT ~—~
ov'81T
05b21
L6'STT ~
6221 —
€6'8CT

o621 W
LS'TET

90°9eT

Zv'TST —
96'+ST —

6€ 9T —

SNM-P2-CN-4TBU-13C

190 180 170 160 150 140 130 120 110

200

281

TH-2028_136122009



Organocatalytic Asymmetric Mannich Reaction for the Synthesis of Dihydroquinolones

W__BNW-CN-'\ HECC #71 [modified by user, 2 neass manually 2asigned] LV VIg 1
- mAld o WWLIZ54 nm
R
] %
B0 T
L - w
. 3
i~
= 1 T
= Bl =
£ 1 e
g
] 4
&
% 4l
& ]
=
2=
e min|
oD E.IE- 1I::.C- ‘Elu ] 20.0 25.0
Retention Time [min]
Mo. Peak Mams RetTime (detectad) Arsa Fel.Arealident.] Height Amaount
min mAU"min % mAl
1A B.72 21.04102 47 87106847 7T2.11329 na.
2B 12.55 22913 5212883353 51.419 na.
200 SMM-CN-NHBOC #72 [modified by user, 2 peaks manually assigned] Uy VIS 1
imau WWVL:254 nm
1 B
] =
1 =
250 :
i o
2004
= ]
z ]
E. -
1 3c chiral
§ 150 c chiral
2
2]
0
< 100
] B
50+ @
] ' <
-5 T T T T T T T T ne
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 22.0
Retention Time [min]
MNo. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAL*min % mAU
1A 6.75 1.62B575 1.669745436 ©6.82761 n.a.
2B 12.43 95.806 898.33025456 216.476 n.a.
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SNM-P2-APPLICATION #8683 [medified by user, 2 peaks manually assigned] UV_VIS_2

200 1mAU WVL 254 nm

150+

1-A-9.307

100 I

2-B-15.137

—

50 [ |

L4}

i
0.0 5.0 10.0 15.0 20.0 25.0

No. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAU*min % mAU

1A 9.31 50.16329 5094421387 120.9652 n.a.

2B 15.14 48.304 49.05578613 78.630 n.a.

AMS-2-11C

250 SNM-P2-APPLICATION #40 [madified by user, 2 peaks manually assigned] UVv_VIS_2
1mAU WVL:254 nm

2004

2-B-14.523

150

100-]

501

1 min
20— T T T T

No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAUmin % mAU

A 9.32 2974208 3.659658508 9.14231 na.

B

1
2 14.52 78.296 96.34034149  161.373 n.a.
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50— SNM-CN-NHBOC #135 [modified by user, 4 peaks manually assigned] uv VIS 1
JmAU WWVL:254 nm
200 .
] 2
] 2
S 1504 : =
£ g
o ] I| =
& ( .
fs; 100+ \ " 2
£ ] g3
] | [ o 8
504 \ | |'.I » a
4 | | -
: A A /
1 g J_K J
1 min|
2777 [ T
6.2 10.0 15.0 200 250 30.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mALU
1A 10.67 5248322 3041939122 1357668 n.a.
2B 17.67 5232263 30.32631509 88.02782 n.a.
3cC 2371 3459746 2005276238 441098 na.
4D 2545 33129 19.20153131 29425 na.
400 SNM-CN-NHBOC #137 [modified by user, 2 peaks manually assigned] Uv_VIS_1
mAL WVL:254 nm
300 @
— @
5 J .
( o~
E 3x chiral
8 200 |
& | i
'E | |
8 ] 1
o |
( 4
100+ 2 I‘
] < [
J < [
B /A J Li T T -
min
W77 T T T [ T T
62 100 125 15.0 175 200 225 250 280
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 10.69 542617 3.677921219 14.63836 n.a.
2B 17.54  142.107 96.32207878 228.993 n.a.
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200 SMM-CN-NHBOC #211 [modified by user, 2 peaks manually assigned] Uv WIS 1
|mal WWL:254 nm
150+ E;:
i =
s 3
E 4 BocHN
& 100+ O 5
£ ) O CH,NHTs 2
2 i No B
§ K Srac [+
= | ~
50
] min
-10 I ] I | 1 ]
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Retention Time [min]
MNo. Peak Mame Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 17.84 91.62296 50.32049977 113.5988 n.a.
2B 28.44 90.456 49.67950023 54.086 n.a.
50.0 SHM-CN-NHBOC #203 [modified by user, 2 peaks manually assigned] UV WIS 1
T mAU WWVL:254 nm
40.0
3 2
| &
S a0.04 @
é . CH,NHTs oy
g Ho°
g 0.0 5 chiral
8 -
fa] 3
<
1 3
'IU.U-_ g
- $
1 min
B T T T T T T e R R '
0.0 5.0 10.0 15.0 200 25.0 30.0 35.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.} Height Amount
min mAU*min % mAlL
1A 18.34 0.305887 0.7407735219 0.38036 n.a.
2B 28.85 41.000 §9.258922648 25.308 n.a.
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CHAPTER 6
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Organocatalytic Asymmetric Mannich Reaction for the Synthesis of Dihydroquinolones

200 SMNM-CN-NHBOC #212 [modified by user, 2 peaks manually assigned] UW WIS 1
maAl WWL-254 nm
T L=
=
2
] <
1504 -
=)
=<
E. p
100+ =
£ g
s g
=] )
z o
< ] ~
50
N min
-10 T T T T T T
0.0 50 10.0 15.0 200 250 aza
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAl
1A 10.81 B8.64028 50.26092549 141.4346 n.a.
2B 26.99 67.928 49.73807451 53.610 n.a.
100 SNM-CN-NHBOC #199 [modified by user, 2 peaks manually assigned] UW WIS 1
maL WWL:254 nm
1 2
- =
B0 l'-‘li
J )
B ™
= J
< 60 BocHN O
E J
& ] O CH,NHCOPh
5 ] N So
£ a0 H
§ J 6 chiral
{ -
. =
204 =
| ::=
o1 min
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Retention Time [min]

No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mALU
1A 10.88 0.948717 1.094703394  1.94084 n.a.
2B 27.38 85.716 §8.90529661 66.913 n.a.
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