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ABSTRACT

ASYMMETRIC ORGANOCATALYTIC SULFA-MICHAEL REACTIONS OF
THIOGLYCOLATE WITH ISATIN DERIVED NITROALKENES

Sagesen, Selin
MSc, Department of Chemistry
Supervisor : Prof. Dr. Cihangir Tanyeli

September 2018, 119 pages

Organosulfur compounds are present in many natural products and drugs. Sulfa-Michael
reaction is the prominent method to synthesize these molecules. The novel bifuctional
organocatalysts developed in our research group enable sulfa-Michael reaction to ocur
asymmetrically. In this thesis, biologically active isatin derived nitroalkenes were chosen
as Sulfa-Michael acceptors. Addition of methyl thioglycolate to isatin derived
nitroalkenes in the presence of the bifunctional organocatalysts was studied under
different conditions. Solvent, temperature, catalyst loading and concentration screenings
were done. Isatin derived nitroalkenes substituted from different positions were also
tested in sulfa-Michael reactions under optimized conditions. Sulfa-Michael product was
synthesized with 75% yield and 70% ee when 10 mol % 1-adamantyl squaramide/quinine
catalyst was used. The nitro group in the structure was reduced catalytically in order to

reveal the product to be utilized in further reactions.

Keywords: Sulfa-Michael, Isatin derived Nitroalkenes, Asymmetric Synthesis,
Organocatalysis, Bifunctional Organocatalyst
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TIYOGLIKOLATLARIN ISATIN TUREVI NITROALKENLERLE
ASIMETRIK ORGANKATALITIK SULFA-MICHAEL TEPKIMELERI

Sagesen, Selin
Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi : Prof. Dr. Cihangir Tanyeli

Eyliil 2018, 119 sayfa

Organosiilfiir bilesikleri bir¢gok dogal bilesigin ve ilacin yapisinda bulunmaktadir.
Bu bilesikleri sentezleme yontemlerinin basinda sulfa-Michael tepkimeleri gelir.
Arastirma grubumuzda gelistirilen 6zgiin bifonksiyonel organoktalizorler, sulfa-
Michael reaksiyonlarinin asimetrik olarak gerceklesmesini miimkiin kilmaktadir.
Bu tez caligsmasinda, Sulfa-Michael akseptorii olarak biyolojik olarak aktif isatin
tiirevi nitroalkenler secilmistir. Metil tiyoglikolatin, isatin tlirevi nitroalkenlere
bifonksiyonel orgakatalizorler esliginde ve farkli kosullarda asimetrik olarak
katilmas1 calisilmistir. Solvent, sicaklik, katalizor miktar1 ve derisim gibi
taramalart yapilmistir. En 1yi hale getirilmis kosullarda, isatin tiirevi
nitroalkenlerin farkli pozisyonlarindan tiirevlendirilmis bilesikleri de sulfa-
Michael reaksiyonlarinda test edilmistir. % 10 mol 1-Adamantil skuramit/kinin
organokatalizor ilavesinde %75 verim ve %70 enantiosecicilik ile sulfa-Michael
iriinii  sentezlenmistir. Tepkime irlinlin ileri tepkimelerde kullanilabilecegi,

yapida bulunan nitro grubunun katalitik indirgenmesiyle gosterilmistir.

Anahtar Kelimeler: Siilfa-Michael, Isatin tiirevi Nitroalkene, Asimetrik Sentez,
Organokataliz, Bifonksiyonel Organokatalizor
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CHAPTER 1

INTRODUCTION

1.1 Importance of Asymmetric Synthesis

The majority of the compounds related to living organisms are chiral. The chiral
molecules are asymmetric in other words, they do not possess mirror plane
symmetry. The asymmetric molecule has at least one carbon that substituted four
different groups. In the case of having one chiral carbon, the molecule has two
nonsuperimposable enantiomers.! Although, enantiomers have the same physical
properties, they are different on physiologic aspects. The chiral molecules in
living systems, for instance enzymes are binding to substrates with a specific
orientation, otherwise noxious formations may show up. It is also valid for
pharmaceuticals. Each enantiomer of many chiral drugs, has different activity on
human body. Penicillamine, propranolol,® and thalidomide * are known instances

(Figure 1).

Propanolol Penicillamine
o NJ\ o >N J\ e} e}
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Figure 1. Different effects of two enantiomers of the chiral drugs



Since the asymmetry of the molecules are that much vital for human life,
scientists work on asymmetric synthesis for a long time. Synthesis of one
enatiomer selectively is reasonable in many respect. Biologically active
compounds are almost enantiopure. When the racemate of the target molecule is
synthesized, half of the material will be the waste after the isolation of desired
enantiomer. This method also doubles the work required in the process, hence it is

time and energy consuming.

1.2 The Methods Applied in Asymmetric Synthesis
1.2.1 Chiral Pool

Chiral pool method aims to convert enantiopure natural products to chiral target
molecules. The method is efficient but the number of enantiopure natural products
is finite. Therefore, the applicability of the method is restricted.” As a
representative example, the transformation of L-valine (1) is used as a chiral pool

in the synthesis of (S)-(-)-4-Isopropyl-2-oxazolidinone (3) (Scheme 1).6

O
BF3.0Ety, BH3.Me,S, (Et0),CO, K,COs3, /g/\
OH THF, reflux COH reflux HNK<O
NH; NH 62% overall 5
1 2 3

Scheme 1. Synthesis of (S)-(-)-4-Isopropyl-2-oxazolidinone (3) by chiral pool method

1.2.2 Chiral Auxiliary

Chiral auxiliaries are enantiopure molecules and have well-determined
configurations. They are generally derived from natural products such as
carbohydrates and amino acids. Chiral auxiliary is bonded to substrate to

introduce chiral information to the product. Generally, chiral auxiliary is removed



easily in the final step under mild conditions. Oxazolidinone derivatives 4 are
popular chiral auxiliaries which are highly studied bu Evans and coworkers. In the
synthesis of quassine and bruceatine, the degraded tripertene lactones, the key
step is Evans aldol reaction of an aldehyde with oxazolidinone derivative (Scheme

2).7

: o 73

o nBu,BOTY, CH,Cly, MeNHOMe, HCI, O OH 0.,
P 0°Ct0-78°C O MegAl, MeO. _
o) NJ{/ CH,Cl, 0°C N
B —— e
\_/_; ; o Me
Bn 0
4 5 6
Z
CHO

Scheme 2. Evan’s aldol reaction with oxazolidinone derivative used used as chiral
auxiliary

1.2.3 Catalytic Asymmetric Synthesis

Asymmetric synthesis is performed in the presence of the chiral reagents in either
stoichiometric or catalytic amount. The stoichiometric process converts one mol
of starting material into one mol of product by using one mole of chiral reagent.
As there is no catalytic turnover, the reaction becomes costly by means of atom
economy. It is obvious that transformation of larger amounts of substrates with
catalytic amount of chiral reagent is much more valuable synthetically.® The
asymmetric catalysts are divided into three groups namely, biocatalysts, transition

metal catalysts and organocatalysts.

1.2.3.1 Biocatalysts

Enzymes or peptides catalyze the reactions in living organisms. They perform in
biological transformations besides, biocatalysts also have synthetic applications.
These catalysts can form the enantiopure compounds via either kinetic resolution
or direct introduction of chiral information. They lower the activation barrier of

the reaction and provide high stereoselectivity. Biocatalysts are biodegredable and



nontoxic. 2-(11H-benzofluoren-11-yl)acetic acid in Bakers yeast, the leavening
agent of baking bread is used as biocatalysts in the selective reduction of

butanenitrile derivative 7 (Scheme 3).’

N Baker's (?:N O
©)\H/ Yeast . O
—_— B
(0] OH OH

7 8 2-(11-H-benzofluoren-11-yl)
98% ee acetic acid in Bakers yeast

Scheme 3. The selective reduction biocatalyzed by Baker’s yeast

Novozyme 435, a commercially avaliable biocatalyst is utilized as biocatalyst in
the kinetic resolution of rac-1-phenyl ethanol (10) to phenylacetate (11) at high
yield and ee (Scheme 4). 1°

X

OH O _CH; HsC" O
~ JT ~
S 9 Y

Novozyme 435

10 11

99% vyield

99% ee

Scheme 4. Kinetic resolution done wtih Novozyme 435

1.2.3.2 Transition Metal Catalyst

Metals, generally transition metals, and chiral ligands coordinated to the metal,
consitutes transition metal catalyst. Highly enantioselective adducts can be
synthesized with transition metal catalysts however, heavy metal pollution
continues to be a critical concern. The pioneering works in this area were done by
Knowless, Noyori and Sharpless who were awarded the Nobel Prize in Chemistry

in 2001.



In 1968, Knowles discovered Rhodium metal with chiral ligand, can catalyze the
hyrogenation of carbon-carbon double bond in the reduction of a-phenylacrylic
acid (13) to (+)-hydratopic acid (14) (Scheme 5).!! Afterwards, he applied this
method in the synthesis of L-DOPA, a biologically active amino acid.

CH, H, CHs
OH ~_OH
Ph)l\[( RACIy(PPAMePr); PN Y
o) o
12
13 14

Scheme 5. Knowles’s asymmetirc hydrogenation of carbon-carbon double bond

Sharpless developed a number of catalysts which catalyze oxidation, especially
epoxidation reactions. But his seminal work was the asymmetric epoxidation of
allylic alcohols 15 with titanium tetraisopropoxide catalyst 17 which led to high

enantioselectivities (up to 95% ee) (Scheme 6).!2

O OH
OEt
Eto)%]/ si face
OH O

(S,5)-16

(-)-DET
(+)-DET

O OH

EtoM

) OH O
Ti(OCH(CHa)z)s re face

17 (RR)-16

%OOH

18

OEt

19
70-87%
90-95% ee

Scheme 6. Sharpless epoxidation of allylic alcohol

Noyori designed BINAP-Ruthenium complex 20 as a catalyst to be used in the
hydrogenation of olefines 21. BINAP-Ruthenium complex catalyst promotes the



synthesis of (R)-1,2-propandiol (22) which is included some antibiotic (Scheme
7) 13

1 mol%
SO
o o P\| /NiRZ OH ©
Ru
[ ocHs | NTR OCH;
SR
NHCOCgHs cl NHCOCgHs
21 20 22

99% ee
anti/syn: 96:4

Scheme 7. BINAP-Ruthenium complex catalyzed hydrogenation

1.2.3.3 Organocatalyst

Organocatalysts accelerate the transformations by directing the reaction to a
different pathway with lower activation barrier. They promote the reactions via
binding substrates. They can act as acids and bases while activating electrophile

and/or nucleophile.

Organocatalysts have superior properties over metal and biocatalysts. In the
nature, the reactions are mostly metal-free because of the ingenious balance
between metal-free and metal-mediated transformations. Metal sources product
contamination undoubtedly, besides they are high priced. Organocatalysts can be
used under oxygen atmosphere with wet solvents. They are more stable than

enzymes and can be anchored to solid support in consideration of reusability.

Organocatalysts drew attention about 20 years ago by spearheading studies of

List, Barbas, MacMillan, Jergensen and Jacobsen. Figure 2 demonstrates some of

the organocalatysts developed in these studies.!#*4
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MacMillan's organocatalyst Jorgensen's organocatalyst Jacobsen's organocatalyst

Figure 2. The most common organocatalysts

Classification of Organocatalysts:

Covalent: covalent intermediate between substrate and catalyst. Enamine and
iminium catalysis can be classified in this group. In enamine catalysis, the
nucleophile, in the case of being enolate anion, can be transformed into enamine
with chiral secondary amine, reversibly.!> The most common example of enamine
catalysts is the natural, cheap, and very successful L-proline (57).!¢ Another
instance is iminium catalysis where a chiral secondary amine activates the

acceptor, reversibly.

Noncovalent: bases on noncovalent interactions such as hydrogen bonding or
formation of ion pairs. Typical hydrogen bond donors, namely (thio)ureas, act as

pseudo Lewis acids.
Catalytic functions of hydrogen bonds:

1. Arrangement the reactants. Hydrogen bond donor attached to a chiral pool,

determines the selectivity.
2. Activation of the reactants by changing the electron density.

3. Stabilization of the developing negative charge of transition state or
intermediate. Due to being noncovalent interaction, hydrogen bond is flexible and

the length of the bond can expand or shorten.!”

Organocatalytic aldol reactions proceed basically through three activation modes.



The first one is acid catalyzed activation mode. The Lewis or Brensted acid
catalysts activates the electrophile toward nucleophilic attack, mimicking

€Nnzymes. 18

Metal-mediated Lewis acid, iminium ion formation and hydrogen bonding are

utilized for electrophilic activation (Figure 3).!

Np
H H
M + N
o' N7 o
Metal-mediated Iminium ion Hydrogen bonding
Lewis acid activation formation

Figure 3. Electrophilic activation modes

The hydrogen bonding catalysts such as (thio)ureas which were designed as the
potential ligands to Lewis acidic metals, decreases the electron density around the

acceptor.

In 1994, Curran and coworkers first used urea derivative 21 as catalyst in Claisen

rearrangement of allyl vinyl ether 22 (Scheme 8).%°

OCH;
27 28

CF; CF;
0 Organocatalyst 26 0
- A
CgDs, 80 °C CgH470,C NTON CO,CeH17
26

Scheme 8. The first use of urea derivatives as organocatalyst

Afterwards, Jacobsen and coworkers discovered that urea and thiourea derivatives

24 catalyzed the Strecker reaction and enhanced enantioselectivity (Scheme 9).2!



1. TMSCN/MEOH
N~ >ph  Organocatalyst 29 (2 mol%)

)l\ Toluene, -70 to -75°C  F3C~ "N "Ph
Ph” "H A~
2. TFAA Ph™ "CN
30 31
CH; 'Bu JSL
N A -
(@] N
HO
29 Bu OC(0)Bu

Scheme 9. (Thio)urea organocatalyzed Strecker reaction

Chiral acidic organocatalysts with different hydrogen bond donor functionalities
such as guanidines 32 or BINAP derivatives 35 were developed after that
breakthrough study of Jacobsen (Scheme 10).%?

Organocatalyst 32
N (10 mol%) @.(\NW
PR HCN, -40°C A N7I\ N
Ar” H Ar H
33 34 32
99% vyield
99 % ee
TBSO TBSO R
\ﬁ . H T R Organocatalyst 35 \QO’ CHscocl  © R
\1 0 (20 mol%) CH,Cl,/Toluene @O/
N(CHz), Toluene N(CHj3), -78°C
-80 to -40°C
36 37 38 39

52-94% yield

CO Ar A 98-98% ee
OH
OH

e9r”

35

Scheme 10. Application of acid functionalities as organocatalysts

In 2008, Rawal and coworkers introduced squaramide acidic moiety which
resembles (thio)urea derivatives but has superior features compared to them. They

tested the squaramide moiety attached to cinchona alkaloid 40 in Michael addition



of 1,3-dicarbonyl compounds 41 to nitrostyrenes 42 and they got excellent results

(Scheme 11).%3

o .0
o O 3 N N
R FsC H H N
RY Organocatalyst 40 1 2 3 /
R1MR2 + R no, (0.1-2 mol%) R R _N
R3 DCM, rt R NO,
4 CF3

41 42 43 40
65-98% yield
77-99% ee

Scheme 11. Rawal’s squaramide type organocatalyst at Michael addition

Squaramides reveal outstanding anion bonding ability like (thio)ureas. Besides
this functionality shows duality and recognizes also the cations via the carbonyl
groups which arose from its aromatic character (Figure 4).* Bidentate binding
nature of squaramides removes some conformational degrees of freedom and

prevents entropic loss upon coordination.?

R

/

o--H-N_ 0~

¢ 7 "H.O®H
H-( B jz( N
O—-H\N N\ _H H

o--
R

Figure 4. Dual activation of squaramides

Moreover, squaramides are considered as vinylogous amides, thus delocalizes the
nitrogen lone pair and restrict the rotation of carbon-nitrogen bond. Partial
aromaticity also provides further delocalization for more conformational

restriction (Figure 5).%°

_ (0] o]
X
R+/)\ .R QL
oW RN”ONR
H H

Figure 5. The delocalization of electron density upon (thio)ureas and squaramides
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The distance between two N-H groups in squaramide is greater than that in
(thio)ureas, which give rise to a higher spacer. The square geometry of the
squaramide makes the formed hydrogen bond more linear and supplies different

binding properties in transition states (Figure 6).2°

S (0] O
.
”0” N N—
H<—H
2.1A 27A

Figure 6. The distances between two acidic hydrogens at thiourea and squaramide

The base catalyzed mode is the second activation mode of catalytic asymmetric
aldol reactions.

Bronsted base catalysts are widely used, longstanding catalysts. They activate the
nucleophile via abstracting its hydrogen and let it attack. The first emerged
Bronsted base catalysts are cinchona alkaloids which are natural products and
isolated from the bark cinchona trees. Cinchona alkaloids are versatile molecules,
they possess many fuctional groups such as alcohol and vinyl units, quinuclidine
ring and quoniline moiety with many stereogenic centers which enable to catalyze
the reactions asymmetrically. Cinchona alkaloid family consists of quinine,
quinidine, cinchonidine and cinchonine which are pseudoenantiomers of each

other (Figure 7).”’

/
z

OMe

Quinidine

/
z

Cinchonidine Cinchonine

Figure 7. Cinchona alkaloids
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Wynberg states that, the natural organocatalysts, enzymes can produce only one
enantiomer of the chiral compounds, though, each enantiomers of chiral
compounds may compose versatile end product. Thus, it is clear that scientists
need to synthesize enzyme alternatives.?®

In 1977, Wynberg utilized Brensted base catalyst Cinchonine (44) in conjugate
addition of 4-(tert-butyl)benzene thiol (45) to 5,5-dimethylcyclohex-2-en-1-one
(46) (Scheme 12). The study was a milestone in asymmetric organocatalysis,
since the cinchona alkaloids are still utilized to catalyze numerous carbon-carbon

and carbon-heteroatom bond forming reaction.?’

SH (0] o) N
t ©< Catalyst 44 (1 mol%) /©< | X" "OH
Benzene, 22°C  Ars NI
45 46 47 44
75% ee

Scheme 12. The first asymmetric sulfa-Michael addition

Cinchona alkaloid organocatalyst have three roles in terms of activation.
Quinuclidine part can act as Bronsted base and deprotonate the pronucleophile. In
another case, quinuclidine ring can behave as nucleophile activator and react with
pronucleophile. The third mission is the formation of quaternary ammonium salt
of the N-substituted quinuclidine ring which acts as phase-transfer catalyst and

stabilizes nucleophile (Figure 8).%

12
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Figure 8. The activation modes of quinuclidine ring of cinchona alkaloids

Dialkylaminopyridines are widely used Lewis base catalysts. They act as
nucleophilic catalysts in acetylation, alkylation reactions and several
rearrangements (Scheme 13).*! The mechanistic studies show that the reaction
starts with the nucleophilic attack of DMAP (48), resulted in the formation of ion
pair by the elimination of acetyl group. The interaction between the nucleophile
49 and electrophile 50, DMAP (48) is ecliminated, and catalytic cycle is

completed.?

O
~.
OH O)J\ o 1
O O 48 )J\OH | X
. AN e . -

Scheme 13. DMAP catalyzed nucleophilic addition

DMAP (48) is an alternative to enzymes in kinetic resolutions. The different
reaction rates of two enantiomers provides kinetic resolution while reacting to

intermediates, comprise of chiral DMAP (48) and the substrate (Scheme 14).3

13



(R)-49 (R)-51

Scheme 14. DMAP as an alternative to enzymes in kinetic resolutions

Fu and coworkers developed planar chiral DMAP derivatives which acts as
Brensted base catalyst. In their study, 2-cyanopyrrole (54) was added to prochiral
ketene 55 enantioselectively with 4-(pyrrolidino)pyridine derivative 53. Their

study was seminal with regard to utilizing DMAP for many purposes (Scheme

15).3¢

L
(e
o F
NC N NG Me_ _Me
Co_Et Et
JNH + TN catalyst 53 (2 mol%) N /§\M
= Ph Toluene, rt // Ph Me €
Me
54 55 56 53
93% yield
90% ee

Scheme 15. Application of Fu’s planar chiral DMAP dervative catalyst

The last but most precious activation mode for asymmetric reactions is
bifunctional activation. The bifunctional organocatalysts involves both acidic and
basic moiety. These moieties cause dual activation of nucleophile and electrophile
simultaneously. The basic part is responsible for raising the HOMO of the
nucleophile, while the acidic part decreases the LUMO of the electrophile, thereby

the activation energy of the reaction is reduced (Figure 9).

14
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Figure 9. Activation of bifunctional organocatalyst

The organocatalysts are defined as artificial enzymes.*> Enzymes are proteins that
catalyze the reactions in living organisms. But a much smaller of its substitute,
amino acids also have bifunctional character. The most common, simple,
successful, cheap and readily available amino acid is L-proline (57). !¢ In 2000,
List and Barbas investigated asymmetric aldol reaction of acetone (58) with
isobutyraldehyde 59 by the catalysis of L-proline (57) with excellent

enantioselectivity and yield (Scheme 16).

O—COOH
OH

0
)J\ catalsyt L- Prolme (57) (30 mol %),
DMSO, rt

60
97% yield
96% ee

Scheme 16. L-proline (57) catalyzed aldol reaction

O—COOH —> Acidic part
N
H O
' l”

Basic part

Figure 10. Bifunctionality of L-proline (57)

The transition state of the aldol reaction points out the bifunctionality of (L)-

proline (57). A six-membered cyclic structure is formed at the transition state.

15



While acid hydrogen activates isobutyraldehyde (59) through hydrogen bonding,
nitrogen of secondary amine forms enamine with acetone (58), thereby restricted

substrates react with a defined orientation (Figure 10).

A ground-breaking study came out in 2003 by Takemoto and coworkers. Their
organocatalysts bearing thiourea and amino groups were inspired by Schreiner’s
thioureacatalyst. The catalytic activity of the organocatalysts 61-63 was
investigated in the conjugate addition of diethyl malonate (65) to trans-(f)-
nitrostyrene (65), and accomplished encouraging results (35-93% ee) (Scheme

17).3¢

N02 COZEt
— O o EtO,C NO,
+ ‘ Organocatalyst 61-63 (10 mol%)
d_/ Eto)\)LOEt Toluene, rt
64 65 66
CF3 CF;
(0]
S S Ph i
/@\ U JU L pn Me)LN“
FsC H ” F3C H ” H NMe,
NMe, NMe,
61 62 63

Scheme 17. Takemoto’s organocatalysts used in aldol reactions

In 2014, Tanyeli and coworkers reported unique 2-aminoDMAP/Squaramides
which are efficient as bifunctional organocatalysts. They investigated the catalytic
activity of 2-aminoDMAP/Squaramides V in conjugate addition of
dibenzoylmethane (67) to trans-(f)-nitrostyrene derivatives 64. The addition
occurred with very high enantioselectivity at 1 mol% catalyst loading (Scheme
18).37

16
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Scheme 18. The application of 2-AminoDMAP/squaramide type organocatalysts

64

\%

Two years later, they published an article about quinine- based squaramides,
merging two well-known catalyst parts. In their study, Michael additions of
nitroethane (69) to various trans-(f)-nitrostyrenes (64) were carried out in the
presence of a number of quinine-based t-butyl squaramide V with advanced

diastereomeric ratios and enantiomeric excesses (Scheme 19).38

o N
R\
HN (e}
Organocatalyst I1I (2 mol%) /\kN/OZ HO/ N
. HN.,.
Ph"
(0]

X NO
ph” X102 v~ _NO; DCM, 0°C NO,

64 69 70 == ~
73% yield
95% ee N
96:4 dr 1

Scheme 19. The application of quinine/squaramide type organocatalysts

1.2 Asymmetric Sulfa-Michael Reactions

Sulfa-Michael reaction is the conjugate addition of thiol to an unsaturated
compound. Asymmetric sulfa-Michael reactions enable enantiomerically enriched
thioethers that can be used as chiral building blocks. Organosulfur compounds,
such as amino acids (cysteine, methiorine), peptides have vital functions in

metabolism of living things (Figure 11).%

17
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Figure 11. Organosulfur compounds in living organisms

The metabolism of acrylamide (71) that is a toxic constituent of heated food, is
led off by sulfa-Michael addition of glutathione 72 to the double bond of acryl
amide (71) (Scheme 20).

0] H NHZ
PN N -
HO,C HJ\E zl/\/\cozH
S (0]

NH,

SH

+ HO,C N.__CO,H

NH, T N ~
NH, o)

71 72 73

Scheme 20. The metabolism of acrylamide

The sulfa-Michael addition of cysteine to oxytoxin 2 takes part in the defense
mechanism of unicellular caulerpa taxifola against mechanic injury via wound

closure in the presence of lysine (Scheme 21).

SH
g,cozH
CHO _N
NN = _w YV
= —_— >
~ F Sio —_ M

s
Hozc\_)

NH,

Oxytoxin 2
Scheme 21. Sulfa-Michael addition in the defense mechanism of unicellular caulerpa

taxifola

In 2016, Houk and coworkers studied the mechanism of catalytic sulfa-Michael
reaction, as the addition of thiophenol (75) to cyclohexenone (76) using

cinchonidine/urea organocatalyst 74 (Scheme 22).%

18
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Scheme 22. The first catalytic sulfa-Michael reaction

The cinchonidine/urea catalyst 74 produced greater ee than cinchonidine (44)
produced. Hence, Houk and coworkers proposed that changing catalyst may alter
the mechanism. Dual activation of cinchonidine/urea catalyst 74 may stabilizes
transition state, further. Wynberg’s model represents thiolate-quinuclidinium tight
ion pair and quinine hydroxy group-cyclohexanone oxygen hydrogen bond.
Houk’s computational investigation confutes Wynberg’s model, herein, thiolate is
bonded to hydroxy group of cinchonidine (44) and cyclohexanone (76) is
activated by ammonium ion of quinuclidinium ring. The Houk’s model is
preferred because of the stabilization of developing alkoxide by proton transfer

from quinuclidinium ring (Figure 12).

7 =
NN \
. H_ - -S\ .
’/o \\\ ‘s,
b
o=

Wynberg's model Houk's model

Figure 12. Wynberg’s and Houk’s transition state models

Their study also reveals that the urea acidic part prevents self-aggregation of the
catalyst via the interaction with methoxy group of quinoline ring due to the
increasing steric demands. The increasing steric demands can conduce to catalyst

concentration independent enantioselectivity.
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After one year, Wong and coworkers postulated the modes of bifunctional
activation of carbon-sulfur bond forming step. Mode A resembles Wynberg’s
model whereas Mode B represents Houk’s model. Two alternative modes, C and
D were suggested, but they were not found to be energetically favored. Moreover,
the steric repulsion between chalcone and catalyst disabled the interaction. The
investigations indicate that mode B is more favored in terms of further

stabilization of the developing alkoxide (Figure 13).

N N N
Ho H | Ho H |
E H Nu H
N e
Nu E
A B

Figure 13. Bifunctional activation modes

Wong and coworkers tested the possible modes of activation in the sulfa-Michael
addition of phenylmethanethiol (80) to chalcone (79), using squaramide type
quinine catalyst 78. Mode B is favored also for squaramide type catalyst 78. More
acidic squaramide stabilized thiolate ion better and trifuoromethyl groups also
increased acidity and stabilize the transition state more. Consequently, excellent

yield and ee were obtained (Scheme 23).%!

9 Ph org talyst 78 I
rganocatalys!
Ph)Ky\Ph + Hs—/ (1 mol%) Ph Ph
MeO
Toluene, rt
79 80 81
96% yield

97%ee

Scheme 23. Squaramide type quinine catalyzed sulfa-Michael addition
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In 2009, Ellmann and coworkers performed sulfa-Michael addition of thioacetic
acid (83) to the most common Michael acceptor, trans-(f)-nitrostyrenes (64) by
the catalysis of tert-amine/sulfinyl urea 82 with excellent yield and ee. The

formed aminothiol 84 involves in compounds of pharmaceutical interest (Scheme
24).

NO e
2
/N0 i Organocatalyst 82 W o \\-S\NJ\N\\.
’ SH (5 mol%) S% ipr ipr H H NMe,
64 83 CPME, -78°C 84 82
95% yield
84% ee

Scheme 24. Organocatalytic sulfa-Michael addition to nitrostyrene

The investigation of the diastereoselectivity in sulfa-Michael reactions are limited,
compared to the ones about enantioselectivity. One of these studies, belongs to
Wang and coworkers, examines kinetic and thermodynamic control in sulfa-

Michael addition of thiols to nitroalkenes (Scheme 25).4?

SH NO, NO,
R? 1= 1
R o, + 10 mol% NEtg, "R R\‘)\RZ
2 DCM, rt SPh SPh
85 75 anti-86 syn-86

Scheme 25. Michael addition to nitroolefins

The reaction yields both anti- and syn- products. Full conversion occurs after 1
hour. But, after addition of triethylamine and stirring only for 10 seconds, 70%
yield is obtained and anti/syn selectivity is 93:7. Interestingly, after 1 hour,
anti/syn selectivity drops to 40:60. The decrease in selectivity is attributed to the
kinetic and thermodynamic control of the reaction. Sulfa-Michael addition is
kinetically controlled at first, but thermodynamically controlled at the end. Hence,

the reaction time is key factor for diastereoselectivity. Epimerization occurs in the
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presence of triethylamine. The steric bulkiness on vicinal carbon to nitro group
causes a depression in diastereoselectivity. On the other hand, increased steric
hindrance on germinal carbon declines the epimerization and improves the

diastereoselectivity (Figure 14).

5 H  CR
o H H R PhS cl,
N A P
_N R R N HH
& OyN c
SPh S, H R
Ph syn-86

Figure 14. Transition state of sulfa-Michael addition to nitroolefins

The B-lactam systems are well-known because of their antibiotic properties and
various biological activities. Although the intramolecular addition of B-lactams is
highly studied, there are not much articles about intermolecular addition of B-
lactams for desymmetrization. Chauhan and coworkers planned an asymmetric
sulfa-Michael addition/ protocol for 2,5-cyclohexadienone B-lactam (87) which
led to dynamic kinetic resolution. A quinine based squaramide type
organocatalyst 78 was employed in the addition of thiophenol (75) to 2,5-
cyclohexadienone B-lactam (87) to form spirocyclohexene B-lactam 88 with

excellent ee and good yield (Scheme 26).+

N
o) 0 H
SH E
| HN
+ Organocatalyst 78 SPh | Fsc
(2 mol%) EtO,C'+ NBn
1,4-dioxane, 13°C MeO
o CF3
75 88
76% vyield

90% ee

Scheme 26. Desymmetrization of B-lactam derivative

Biologically active and synthetically useful isatin derived ketimines are used in
many transformations. One of them is the addition of thiophenol (75) to N-Boc
protected isatin derived ketimine 90 in the presence of chiral phosphoric acid

organocatalyst 89. 1,2-Addition of thiols is not a common protocol, besides this
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work is the first example of asymmetric 1,2-addition of thiols to isatin derived
ketimines. The highly selective adduct, oxindole based (S, N)-acetal 91 may be

precursor for bioactive compounds (Scheme 27).*

@ﬁg:o + Organocatalyst 89 @Eﬁ:o
N (1 mol%) N
n

Toluene, 0°C

90 75 91

92% yield
93% ee

Scheme 27. Phosphoric acid catalyzed sulfa-Michael addition to isatin derived ketimines

In the same year, Nakamura and coworkers also developed a protocol for 1,2-
addition of thiols to isatin derived ketimines 93. The addition reaction was
performed in the presence of quinine derived sulfonamide catalyst 92 with various
thiols. They also obtained oxindole based (S, N)-acetal 94 with excellent ee
(Scheme 28).%°

o
@)

®)

<

o
®\>
P4

N/[< XNH SR!
R'SH Organocatalyst 92 o \
N o - (10 mol%) N | o7 NS
Me Toluene, -80°C Me N % | P>
93 94 92
90-99% vyield
82-99% ee

Scheme 28. Quinine derived sulfonamide catalyzed sulfa-Michael addition to isatin
derived ketimines

The cascade Michael/Michael reactions lead to many bicyclic and spiro
compounds. Moreover, starting from simple and readily available starting
materials transforms into complex molecules in reduced steps, with reduced
waste. One of the pronounced method is the synthesis of chromans. Chroman
skeleton is present in many biologically active compounds such as (-)-siccanin,

exhibiting anti-fungal activity, and Gamma secretase inhibitor, a potent in the

23



treatment of Alzheimer’s diasease. In 2010, Chen and coworkers investigated the
sulfa-Michael/Michael cascade reaction of p-thiocresol (96) and nitroolefin enoate
97 by the catalysis of tert-amine attached thiourea 95. At low catalyst loading, the
diastereo- and enantioselectivity of the chroman 98 reached to 90% (Scheme

29).4

SH
NO- SAr
‘ :NOZ 3 s
' Organocatalyst 95 coE *N\ HN%HN Ph
t
A COsEt (3 mol%) ) &
CHs © DCM, rt 0 Ph
ArO,SHN
96 97 98
95% yield 95

95:5 dr 90% ee

Scheme 29. A sulfa-Michael/Michael cascade reaction

A withstanding instance of Domino sulfa-Michael/Michael reactions is the
synthesis of trisubstituted tetrahydrothiophenes 100 from mercapto-2-butenoate
99 and nitrostyrenes 42 with tert-amine/thiourea catalyst 61 with good selectivity.
The authors stated that dynamic kinetic resolution occurs in addition to

stereocontrol through hydrogen bonding (Scheme 30).4¢

OEt . N
99 42 CHCI3, -40°C 100 N

CF3
EtO,C NO2 s
o Organocatalyst 61 )L
o NO, 9 b —
HSM + RTY (10 mol%) g~ 'R NN CF3
61

51-93% yield
6:1-30:1dr,
92-97% ee

Scheme 30. A domino sulfa-Michael/Michael reaction

In 2012, Xiao and coworkers published an inspiring study about organocatalytic
sulfa-Michael/aldol cascade reaction of 3-ylideoxindoles 101 and 1,4-dithiane-
2,5-diol (102). The quinine derived squaramide 78 mediated reaction proceeded
through formal [3+2] annulation to yield spirocyclic oxindole 104. Excellent

enantioselectivities were obtained in mild conditions (Scheme 31).*
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Scheme 31. A sulfa-Michael/aldol cascade reaction

1.4 Isatin

Isatin was independently discovered by Erdmann and Laurent in 1841, as an
oxidation product of indigo. Hofmman and Baeyer conducted several experiments
in order to find out the structure of isatin. But its current structure was suggested
by Kekulé. As Baeyer found out isatic acid salt with the treatment of isatin (105)
with a base, Kekulé discovered that isatin (105) is the lactam of the isatic acid

salt.*8

Isatin is found in plants of genus Isatis and a metabolic derivative of adrenaline in
human body.* Furthermore, it is found in many natural and synthetic
pharmaceuticals. (R)-(+)-Dioxibrassinin (106) is located in the cytoplasm of cell
and also in brassicas and cauliflower, which makes it a potential biomarker. 1,4-
benzothiazine linked isatin derivatives 107 have antifungal activity.>
Phthalimidoxy substituted spiro-thiazolidinone 108 has good antibacterial activity

(Figure 15).°!

“ o)
S
HO L | D s/\ﬁ
< N SCH3 N
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N N
N R O F Ph
107 108
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Figure 15. The natural products bearing isatin skeleton
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Its precious structure permits isatin (105) to take part into many transformations.
The carbonyl carbon at third position has highly electrophilic character whereas,
nitrogen of the amino group acts as nucleophile. As demonstrated in Figure 16,
the reaction of C3 of isatin (105) with hydrazinecarbothioamide forms thio-
semicarbazone (109). In the presence of a nitroalkane and a base, the C3 gives
Henry adduct 110. Indolylation of isatin (105) in acidic media yields 111. N-alkyl
substituted isatins 112 are synthesized from isatin (105) with an alkyl halide in the
presence of potassium carbonate. N-halosacchrains are monohalogenation
reagents for mono-halogenation of isatin (105). Schiff base of isatin 113 can be
easily produced by using a primary amine and acetic acid. A secondary amine
addition to the Schiff base 113 in formaldehyde transforms it into Mannich base
115 (Figure 16).°

NH,
s=<(
NH 0
N
L~ I Cry-
o N
N ‘NXNHZ RX, KoCO3 R
H DME 12
109
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" @ﬁ
NO, 3C NO,
o —>
0,
H 5 mol /o DABCO SiO,, DCM
110

H

N
Y
Fe (Il), RNH,, CH;COOH
H,O:EtOH (3:2) EtOH, reflux
HO NH
- NR
1R2
CrSe C#
N N OHcho™
H H
111 114

115 ‘Rz

Figure 16. Selected reactions of isatin

The Henry adduct 110 can undergo the elimination reaction of the hydroxyl
group. The product, isatin derived nitroalkene 116 is found in the structure of the
natural products such as Wasalexin A (117) which is antimicrobial and
antioxidative substance, and found in Japanese horseradish.’> N-alkyl substituted
isatin derived nitroalkenes 118 also shows cytotoxic activity against lung cancer

cells (Figure 17).%
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Figure 17. The isatin derived nitroalkene part in natural products

The diversed reactivity of isatin enables to form spirooxindoles that are potent
drug molecules. For instance, decarboxylative cyclization of N-subsituted isatin
112 with carboxylate 117 gives spirooxindole 118 in the presence of Pd metal and
BINAP catalysts 116 selectively. Further transformations are possible after

cyclization such as reduction of amine carbonyl of the product 118 (Scheme 32).
50

[ R20,0
Cf/g: o * A & _PdCR(CsHs) (5 mol%) = LiAIH,, THF,
wt 0,
N R20,C Catalyst 116 (10 mol%) ©\ o 0Ctort
R lo) N
R
112 117 118 119
85-94% vyield
OCHs 73-87 %ee
88:12 - 95:5 dr
“1CHg
o

~P—N

>
oy
OCHg3;
116

Scheme 32. An instance for the synthesis of spirooxindoles

1.5 Aim of The Work

The nitroolefines are the most common Michael acceptors due to their high

reactivity. The electronwithdrawing effect of the nitro group eases any
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% Moreover, the nitro group is a

nucleophilic attack through nitroolefin.
multifunctional group, it can transform into several functional groups such as
oxime, nitrile oxide, amine, azide, and even carbonyl compounds by Nef reaction

(Figure 18).%

P
—=N-0
nitrile oxide

|

NH, NO, N
K= L= L
amine / \ oxime
N3 (0]
N
azide carbonyl

Figure 18. Transformation of nitro group into some functional groups

On the other hand, the pharmaceutical properties of isatin (105) such as
antifungal, anxiogenic and antibacterial activities, aforementioned above, make
isatin an attractive precursor for many transformations. The highly reactive C-3
carbonyl group of isatin (105) is a prochiral center as well.

In the light of this information, isatin derived nitroalkene 117 can be a beneficial
acceptor for Michael additions. The asymmetric sulfa-Michael addition, the
valuable one among other Michael additions, gives rise to enantio enriched
organosulfur compounds that can be utilized for pharmaceutical purposes or
further transformations.’® Thioglycolates are less toxic and relatively inexpensive
sulfa-Michael donor. What is more, the study of Northrop and coworkers reveals
that o f-unsaturated ketones reacts selectively methyl thioglycolate (120) in the
presence of thiophenol (75).°” Considering all of these, enantioselective sulfa-
Michael addition of methyl thioglycolate (120) to isatin derived nitroalkenes 117

would be a convenient work (Scheme 33).
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Scheme 33. Sulfa-Michael addition of methyl thioglycolate (120) to isatin derived
nitroalkenes 117

The asymmetric sulfa-Michael reaction was planned to achieve by the catalysis of
our bifunctional organocatalysts. Solvent, temperature, catalyst loading and
concentration screenings and derivatization studies were done in order to enhance
enantioselectivity. The second part of our synthetic plan was the reduction of nitro

group of 121 in order to cyclize the resultant molecule. (Scheme 34)

OCHs OCHj
e 0O —/——— R? CES: —— R2 QPS:
N

R
123 122 121

Scheme 34. The second part of the synthetic plan
The cyclization product involves thiomorpholine-3-one moiety which is present in
natural products and drugs. For instance, thiazine derivatives have potassium
channel opening activity.>® One of the natural products, Conicaquione A is used in
the treatment of brain tumor.> Thienothiazine based compounds are vasopressin

receptors and have antagonistic activity (Figure 19). ¢
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Figure 19. Natural product and drugs bearing thiomorpholine-3-one
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CHAPTER 2

RESULTS AND DISCUSSION

2.1  Synthesis of 1-Adamantyl Squaramide/Quinine Type Organocatalyst
0

All the studies done in this thesis aimed to get enantiomerically enriched methyl
thioglycolate attached isatin derived nitroalkene derivatives. Chiral induction has
been tried by asymmetric bifunctional acid/base type organocatalysts developed in
our research group which are quinine and 2-aminoDMAP based bifunctional
organocatalysts. Their acidic parts consist of I-adamantyl squaramide, 2-
adamantyl squaramide, tert-butyl squaramide, urea and thiourea units.®' As a
representative example, herein, the synthesis of 1-adamantyl squaramide quinine |

is given (Scheme 35).38

N N
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OH  DIAD /N N, 1. PPhg, 50°C A N,

DPPA 2.H,0, 1t

0 THF _0 N _O X
0°Ctort _ _

N N N
124 125 126

N
O, (o] o fo) @ O, o
= . - .
reflux DCM EtO H
129

HO' OH 0 EtO OEt
90°C, 4.5h
127 128 . 24h

DCM:MeOH
(1:1)
t, 48h

N
o} 0

Ay HA
NH N

0 A

P

N
1

Scheme 35. Synthetic route applied for 1-adamantyl squaramide/quinine (I)
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The basic part of organocatalyst was prepared by applying Mitsunobu reaction,
followed by Staudinger reduction. ®> The acidic part synthesis of target
organocatalysts begins with squaric acid (127) which was refluxed in ethanol for
4.5 h to afford diethyl squarate (128) with quantitative yield. >* Subsequent
addition of l-adamantyl amine to diethyl squarate (128) in DCM resulted in
monosquaramide 129 at room temperature for 24 h. The already prepared acidic
and basic parts combined by stirring in 1:1 ratio of DCM:MeOH solvent system to

yield desired organocatalyst 1.3

2.2  Synthesis of N-Methyl Isatin Derived Nitroalkene 117a

As the first step, N-alkylation reaction was carried out. Methyl group was chosen
as model alkyl group due to its simplicity. The procedure in the literature was
applied. *° Potassium carbonate and iodomethane were added to the solution of isatin
(105) in acetonitrile. After acidic workup, the product 130a was purified by
recrystallization with ethyl acetate. In the second step, Henry reaction was performed
via the addition of diethyl amine and nitromethane to the N-methyl substituted isatin
131a in DCM. The resultant hydroxyl unit was transformed into a good leaving group
by thionyl chloride and subsequent elimination triggered by pyridine afforded the
target isatin derived nitroalkene 117a as (E)- and (Z)- isomers ((E):(Z) ratio 3:1)
with moderate yield (74%) (Scheme 36).®

CH3CN, r.t. e DCM, 0°C e DCM, 0°C
130a 131a 117a
(E)-isomer
(major)

o] O,N
1. K,CO3 1. CH3NO, 1. SOCl, y/
o 2 CH3I o 2 NHEt2 o 2. Pyrldlne o
N N
H Me
105

Scheme 36. Synthetic route applied for N-methyl substituted isatin derived nitroalkene
117a
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The structure of diastereomers was identified by means of 'H NMR. The
nitroalkene hydrogen of (E)-117a resonated at 7.91 ppm because of the effect of
the deshielding zone of the amide carbonyl group whereas (Z)- 117a olefinic
hydrogen was observed at relatively higher field as 7.50 ppm. 'H NMR spectra of
(E)- and (Z)- isomers are given in Figure A.2.

2.3 Organocatalytic Sulfa-Michael Reaction

The background sulfa-Michael reaction of methyl thioglycolate (120) with N-
methyl substituted N-methyl substituted isatin derived nitroalkene 117a was carried
out at room temperature with DABCO used as base catalyst in DCM. The major
isomer 121a as a result of sulfa-Michael reaction with respect to nitro unit was
formed in 67% yield, whereas minor isomer 132a as a result of sulfa-Michael

addition with respect to amide carbonyl moiety was also isolated in 21% yield

(Scheme 35).

(0]

O,N H( OCH;4

/ ON~ s MocH, s
o 20 mol%
DABCO [ I ;= o
o + o)
HS — .
N \)J\OCHa N "

N
Me Dcim rt Me Me
117a 120 rac-121a rac-132a
67% yield 21% yield

Scheme 37.The background sulfa-Michael reaction

The structure elucidation of rac-121a has been done by 'H and *C NMR. In 'H
NMR, diastereotopic methylene protons aligned between sulfur and carbonyl
moiety resonated at 3.60 ppm as doublet of doublet (J = 16.4 Hz) whereas the
other methylene diastereotopic protons resonated at 5.16 ppm as doublet of
doublet (J = 14.3 Hz). Tiol-ene reaction was also considered as the reaction that
formed 121a. Therefore, the reaction was carried out at dark atmosphere and TLC
check has also be done at dark medium, yet the results do not change under these

conditions.
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Asymmetric version of sulfa-Michael reaction has been screened with a series of
chiral bifunctional organocatalysts in DCM with 10 mol% catalyst loading at

room temperature. The results are summarized in Table 1.

Table 1. Catalyst Screening

O,N o
/ ON s\)\\OCH3
(0] . .
10 mol% bifunctional *
o (0]
N HS\)kOCH3 organocatalyst (I-X) N
Me DCM, rt Me
117a 120 121a

@ VIIX: O /@
I R= : - . |
VIII S
IX X: 0
X S
CHs CHj
0| - | ¥CH3
H3C H3C
Entry Organocatalyst  Time Yield %2 ee %P
1 I 48 h 62 43
2 1 48 h 26 39
3 i 48 h 13 9
4 v 48 h 18 7
5 Vv 1h 67 28
6 VI 4h 22 3
7 VI 8h 59 1
8 Vi 48 h 27 41
9 XI 24 h 17 10
10 X 10 h 10 31

All of the experiments are conducted with 0.2 M. a: isolated yield b:
Determined by HPLC using ASH chiral column with 80:20 n-hexane: i-
propanol eluent at ImL/min flow rate and 254 nm
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The yields were low because of the side reactions. 1-Adamantyl squaramide
quinine was detected as the best working catalyst. 2-Adamantyl
squaramide/quinine (1) and thiourea/quinine (V111) catalysts were the promising

one among the others in terms of enantioselectivity.

After choosing the best working catalyst, solvent screening was done with 1-
adamantyl squaramide/quinine (I) with 10 mol % percent catalyst loading. Again,

temperature was kept constant and the electrophile:nucleophile ratio was 1:1.2.

Table 2. Solvent screening

O,N Q
/é O2N 3\)LOCH3
(0]
o + 10 mol% (I) * o)
HS _
N \)J\OCH3 solvent, rt N

Me Me
117a 120 121a
1.0 eq 1.2 eq.
1-adamantyl
squaramide/quinine (I)
Entry Solvent Time Yield %?* ee %P

1 Toluene 24 h 27 12
2 THF 10 min 53 59
3 Chloroform 48 h 20 11
4 Xylene 4 h 21 57
5 1,4-dioxane 30 min 19 45
6 Diethyl ether 2h 31 31
7 n-Hexane no rxn
8 Acetonitrile 48 h 45 46
9 1,2-Dichloroethane 72 h 8 46

All of the experiments are conducted with 0.2 M. a: isolated yield b:
Determined by HPLC using ASH chiral column with 80:20 n-hexane: i-
propanol eluent at ImL/min flow rate and 254 nm
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The model reaction was tried by using nine solvents. Using THF increased
enantioselectivity considerably and the reaction duration decreased drastically to

10 min. The other solvents did not have a good impact upon enantioselectivity.

The promising 2-adamantyl squaramide/quinine (I1) and thiourea/quinine (V1I1)
catalysts were also tried with various solvents. The chosen solvents were the ones

gave relatively better results. But we did not observe a cut above result (Table 3).

Table 3. Solvent screening with 2-adamantyl and thiourea squaramide/quinine
(H-V111)

O,N (0]
y/ O:N S\)\\OCHa
0}
o -+ 10 mol% 2-adamantyl squaramide * o)
N HS\)J\QCH3 and thiourea/quinine (II/VIII) N

Me Me
117a 120 colvent, § rac-121a
67% vield
I R= @ Q N
HN<>:O
HN-.,,
.
vim ¢ H\n/
S
CFs II/VIIT
Entry Organocatalyst Solvent Time Yield %2 ee %"
1 1 Toluene 48 h 22 46
2 I THF 4h 23 4
3 1 Chloroform 40 h 32 13
4 I Xylene 16 h 26 40
5 1 1,4-dioxane 30h 9 42
6 i Toluene 48 h 10 20
7 1] THF 6 h 40 32

All of the experiments are conducted with 0.2 M. a: isolated yield b: Determined by HPLC using ASH
chiral column with 80:20 n-hexane: i-propanol eluent at 1mL/min flow rate and 254 nm
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The next optimization step was changing temperature. Lowering the temperature
was known to increase enantioselectivity. The catalyst, its loading, solvent and
electrophile:nucleophile ratio kept constant. However, both yield and ee decreased
drastically. The result was attributed to low solubility of 1-adamantyl

squaramide/quinine at low temperatures (Table 4).

Table 4. Temperature screening

O,N Q
) ON— o Moch,
P 10 1% (I) *
o + mol% 1)
HS -
N \)J\OCH:; THF, T°C N

Me Me
117a 120 121a
1.0 eq 1.2 eq.
1-adamantyl
squaramide/quinine (I)
Entry Temperature Time Yield %  ee %P

1 0 30 min 41 57

2 -20 lh 21 3

3 -40 6 h 22 3

All of the experiments are conducted with 0.2 M. a: isolated yield b: Determined
by HPLC using ASH chiral column with 80:20 n-hexane: i-propanol eluent at
ImL/min flow rate and 254 nm

10 mol % catalyst loading could cause the self-aggregation of 1-adamantyl
squaramide (I). It has tendency to make H-bonding itself consequently, the
coordination ability of the organocatalyst with isatin derived nitroalkene 123
might have been decreased which affects the enantioselectivity adversely. Thus, 2
and 5 mol % catalyst loadings were screened at formerly optimized conditions.
Catalyst loading was not scaled up further than 10 mol % because low catalyst
loading is prized in concern with atom-economy. The screening study indicated

that self-aggregation is not the reason for the moderate selectivity. Decreasing the
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catalyst loading to 5 mol % declined enantioselectivity. We did not even observe

product at 2 mol % catalyst loading (Table 5).

Table 5. Catalyst loading screening

o] N
O,N Q
/ O,N S\)X\OCH;; HN o)

O
* N
o+ x mol% (T) @83:0
HS - 5 -
\)J\OCH:; THE N 5

Me Me

117a 120 121a
1.0 eq 1.2 eq.

~

1-adamantyl
squaramide/quinine (I)

Entry Catalyst loading % Time Yield % ee %o°
1 5 48 h 54 30
2 2 not isolat

All of the experiments are conducted with 0.2 M. a: isolated yield b: Determined
by HPLC using ASH chiral column with 80:20 n-hexane: i-propanol eluent at

Last parameter was the concentration of the reaction mixture. The reaction
duration were not prolonged, nevertheless the side reactions overcame the sulfa-
Michael reaction when concentration of isatin derived nitroalkene was raised due
to the sensitive nature of isatin (120). We observed slight increase in terms of ee
from 59% to 61% by increasing the nucleophile concentration twofold (Table 6,

entry 4).
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Table 6. Concentration screening

Entry [EI] [Nu] Time Yield %%  ee %"
1 0.24 0.2 10 min 22 28
2 0.2 0.2 10 min 54 33
3 0.2 0.3 20 min 54 51
4 0.2 0.4 14 min 56 61

All of the experiments are conducted with 0.2 M. a: isolated yield b: Determined
by HPLC using ASH chiral column with 80:20 n-hexane: i-propanol eluent at

ImL/min flow rate and 254 nm

O,N Q
/i Sy s\)\\OCH3
o
o + 10 mol% (I) 3 0)
HS - mol~ e
N \)J\OCH3 THE. 1t N

Me Me
117a 120 121a

1-adamantyl
squaramide/quinine (I)

2.3.1 Effect of N-Substitution on Isatin Derived Nitroalkene

Any substitution on N-position of isatin (120) can change both the reactivity and

spatial orientation of the molecule. Derivatization studies began with N-alkylation

reaction of isatin (105). Therefore, we have synthesized N-ethyl, allyl, and benzyl

substituted derivatives by using corresponding alkyl, allyl and benzyl halides. N-

ethyl substitution reaction was carried out by using ethyl iodide under reflux. In
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N-allylation and benzylation reactions, allyl bromide and benzyl bromide were
used as alkyl halides and potassium iodide was added for Finkelstein reaction.
Afterward, Henry reaction procedure was applied to N-ethyl and allyl substituted
isatins 130b-c. N-benzyl substituted isatin 130d did not afford Henry adduct with
the same procedure. More harsh conditions was required in the synthesis of it.
(Scheme 38). Unsubstituted isatin (105) was also tried (Scheme 39). At the end,
isatin (105) and three types of N-alkyl substituted isatins 130b-d yielded isatin

derived nitroalkenes 116 and 117b-d via addition-elimination mechanism.

O,N
o 1. S0Cl, )/
CE& 1. KoCOy @ 1. CH3NO, 2. Pyridine
N _2.RX R'X _2.Base DCM, 0°C N
H CH4CN R “Dem, 0°C R
130bd 131bd 117b-d

117b R?X= Etl Base= NHEt,
117¢ R?X= AllylIBr Base= NHEt,
117d R2X= BnBr Base= NaOH

Scheme 38. Synthetic route for N-substituted isatin derived nitroalkene 128b-d

on O,N
O IS PH 1. 80Cl, /
CE%:O 1. CHsNO, o 2 Pyrdine o
N 2. NHEtz N DCM, 0°C N
H DCM, 0°C H H
105 110 116

Scheme 39. Synthetic route for isatin derived nitroalkene 128a

Optimized conditions were applied with derivatized substrates 117b-d.
Interestingly, yields of all derivatives were greater than that of N-methyl
substituted adduct 121a. Unsubstituted substrate 116 also gave good yield. The
side reactions were diminished by the aid of N-substitution derivatization.

Although a considerable increase was not detected with other derivatives, N-
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benzyl substitution led to a significant increase in enantioselectivity (upto 70% ee)

(Table 7).

Table 7. Effect of N-substitution on isatin derived nitroalkene 129a-d

O,N Q
\)(j)\ 10 mol% (I) *
o + mol% (o)
HS — 75
N OCHs THF, rt N
R' R!
116 120 133
117b-d 2.0eq 121b-d
1.0 eq

1-adamantyl
squaramide/quinine (I)

Entry R?! Time Yield %*  ee %°
1 H 10 h 80 25
2 Ethyl 24 h 80 57
3 Allyl 1h 84 59
4 Benzyl 2h 75 70

All of the experiments are conducted with 0.2 M. a: isolated yield b:

Determined by HPLC using ASH chiral column with 80:20 n-hexane:

i-propanol eluent at ImL/min flow rate and 254 nm
As we observed the significant increase in enantioselectivity with N-benzyl
substitution, we decided to do further optimization studies. DCM and toluene
were tried as solvent, methyl thioglycolate (120) concentration was increased,

catalyst loading and temperature were decreased. Though, we could not improve

the enantioselectivity (Table 8).
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Table 8. Further optimization studies for N-benzyl substituted isatin derived
nitroalkene 128d

O,N Q
) ON-— ¢ OCH;
o "
+ HS\)]\ x mol% (l) o)
B OCH3  sovent, T°C N
n Bn
117d 120 121d
1.0eq 2.0 eq

1-adamantyl
squaramide/quinine (I)

Entry [Nu] Cat (mol %) Solvent T (°C) Time Yield %2 ee %"

1 0.4 10 DCM rt 20 h 63 51
2 0.4 10 Toluene rt 24 h 39 47
3 0.6 10 DCM rt 4h 41 35
4 0.6 10 THF rt 8h 69 13
5 0.4 5 DCM rt 24 h 92 27
6 0.4 2 DCM rt -

7 0.4 10 DCM 0°C 48 h 70 37
8 0.4 10 DCM  -20°C 40h 43 41

All of the experiments are conducted with 0.2 M. a: isolated yield b: Determined by HPLC using
ASH chiral column with 80:20 n-hexane: i-propanol eluent at ImL/min flow rate and 254 nm

2.3.2 Derivatization Studies

Various isatin derived nitroalkenes 117e-n were synthesized starting from
commercially available substituted isatins. The formation of both (E)- and (Z2)-
117e-n were also observed while synthesizing these derivatives. All the reactions
were carried out by using 20 mol% DABCO as base in THF at room temperature.

The yields are summarized in Scheme 40.
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1.CHNO,  O2N— OH

O
@E&o ; < oo CE‘; 2NaOH T N
nBr .
A 3. Acidic S
R2/ N 3. Acdic LN

CH3CN RZ Workup R2 Bn
reflux 0
105e-n 130e-n DCM, 0°C 131e-n
1. SOCl,
2. Pyridine
DCM, 0°C
O,N O,N O,N O,N O,N
/ / / / /
O (0] (0] (0] O
N N N N N
F Bn Br Bn Me Bn MeO Bn O5N Bn
117e 117f 117g 117h 117i
28% yield 10% yield 23% yield 18% yield 6% yield
O,N O,N O,N O,N O,N
. ) o / / / /
O (0] O O O
N N N N N
Bn Bn Bn Bn Bn
Me Cl F Br Cl
117j 117k 1171 117m 117n
39% vyield 16% yield 18% yield 8% yield 22% yield

Scheme 40. Various N-benzyl substituted isatin derived nitroalkenes 117e-n and their
isolated yields

Subsequently, all further derivatives underwent to sulfa-Michael reactions under
optimized conditions. While the yields are moderate, ee values could not reach
that of N-benzyl substituted nitroalkene 121d. Unexpectedly, the electron-
withdrawing groups had a detractive effect on ee (Table 9, entry 1, 5, 7). While

electron-donating groups affected enantioselectivitiy mildly (Table 9, entry 3-4).
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Table 9. Derivatization Studies

O,N Q
/ O2N 3\)\\OCH3
X O X
R o+ HS\)J\ 10 mol% (1) R1—: * o
Z N OCH3 ™ THF, 1t Z N

Bn Bn

117e-n 120 121e-n
1.0 eq 2.0 eq.

1-adamantyl
squaramide/quinine (I)

Entry 121e-n Time  Yield %? ee %"
1 : )\S ek 48 h 50 25
2 o 0:2”?35 o 36 h 58 47
3 . 3JL 2h 78 47
4 et 24h 44 59

5 om&i o, 3() min 67 9
6 ve °2N\3§J*owa 2h 70 59
7 . T) 22h 80 39
8 OzN?Ss 1h 75 29

Q

F
9 s~ ook 3h 66 47
N © 121m
Br Bn
ON- ¢
N
A Bn

o

ocHs 6 h 71 13

121n

10

All of the experiments are conducted with 0.2 M. a: isolated yield
b: Determined by HPLC using ASH chiral column with 80:20 n-
hexane: i-propanol eluent at ImL/min flow rate and 254 nm.
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2.3.3 Utilization of Sulfa-Michael Adduct

It is known that isatin (105) take part in lots of spiro annulation reactions which
yield numerous biologically active compounds. In our research, we attend to
synthesize spirooxindole thimorpholin-3-one 123d through the reduction of nitro
group following nucleophilic attack of amine group to the glycolate carbonyl
carbon. In the first step, the reduction was achieved by ammonium formate and
Pd/C catalyst. The procedure in the literature was adapted. The reaction was set
up at room temperature and heated to 50 °C, and stirred overnight. Having been
filtered through a bed of Celite, the product was purified by column

chromatography and obtained with an acceptable yield (60%).%

(0] 0]
O2N \)\\OCH i HoN
S 3 Ammonium formate 2 S OCH3;
o 20% Pd/C
. MeOH, rt to 50 °C R
N

Bn Bn
121d 122d

Scheme 41. Reduction of nitro group

In the second step, the cyclization reaction was tried to achieve. The applied
procedures were prepared by getting inspired from some works in the
literature.®4*° The reaction was carried out under both acidic and basic conditions.

The temperature was increased. But the attempts did not lead to success.

0O

HoN ) HN
2 S\)\OCH::,
" S
@) =0
N — X
Bn En
122d 123d

20% NEtz, DCM, rt/
20% NEtz, DCM, 50 °C /
30% DBU, DCM, rt/

5 % HCI, EtOH, rt/

10% HCI, EtOH, 60 °C

Scheme 42. Trials for the cyclization reaction
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CHAPTER 3

EXPERIMENTAL

3.1 Materials and Methods

The instruments used for the characterization of the compounds are listed below.

Nuclear magnetic ('"H NMR and *C NMR) spectra were recorded on Bruker
Spectrospin Avance DPX 400 spectrometer, using CDCI3 as solvent. Chemical
shifts are reported in parts per million (ppm) from tetramethylsilane as internal
reference. Spin multiplicities were specified as s (singlet), bs (broad singlet), d
(doublet), dd (doublet of doublet), ddd (doublet of doublet of doublet), dq
(doublet of quartet), t (triplet), q (quartet), m (multiplet), sep (septet). The
coupling constants (J) were reported in Hertz (Hz). 'H NMR and '3C NMR

spectra of the materials are given in appendix A.

HPLC chromatograms were recorded on Thermo-Finnigan HPLC system. Daicel
ASH and ODH chiral columns were used with n-hexane/2-propanol as eluent.
HPLC chromatograms are given in appendix A. Optical rotations were measured
with Rudolph Scientific Autopol III polarimeter and reported as follows [a] b (c
in g per 100 mL solvent).

Infrared spectra were obtained on Bruker Alpha Platinum ATR and band positions
were reported in cm™! in spectra. HRMS data were detected on Agilent 6224 TOF
LC/MS at UNAM, Bilkent University.

All the reactions were monitored by TLC using precoated silica gel plates (Merck
Silica Gel 60 Fs4). Visualized by UV-light. Flash column chromatography was
performed on silica gel 60 with particle size of 0.063-0.200 mm by using thick-

walled glass columns.

Compounds were named by using ChemBio Draw Ultra.
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3.2 Synthesis of 9-Amino(9-deoxy)quinine (126)

The literature procedure was applied. Quinine (124) (3.24 g, 10.0 mmol) and 1.2
eq triphenyl phosphine (3.15 g, 12.0 mmol) were dissolved in 50 mL of dry THF.
After the solution was cooled to 0°C, 1.2 eq diisopropyl azodicarboxylate (2.43 g,
12.0 mmol) was added to the solution. The solution of diphenyl
phosphoryl azide (3.30 g, 12 mmol) in 20 mL of dry THF was

cooled to 0°C and added dropwise to the initial solution. After
the reaction mixture reached to room temperature, 1 mL of

water was added. The reaction was stirred for 3 h. The solvent

was evaporated in vacuo, The residue was dissolved in 1:1
ratio of 100 mL of 10% hydrochloric acid:DCM. The aqueous phase was washed
with DCM for four times. The combined organic phases were dried over MgSOs,
and filtered. The solvent was removed in vacuo. The residue was purified by
column chromatography on silica gel (EtOAc/ MeOH/ NEt; = 50/ 50/ 1 as eluent).
9-amino(9-deoxy)quinine (126) was obtained as yellowish viscous oil with 70%

yield.

Spectroscopic data were consistent with the literature.

3.3 Synthesis of 1-Adamantyl Mono-Squaramide 129

Squaric acid 127 (500 mg, 4.3 mmol) was refluxed for 3 h with 7 mL of dry
ethanol under argon atmosphere. Having evaporated the solvent in vacuo, the
method was repeated for three times for 30 minutes reflux. The removal of
ethanol yields pale yellow oil diethyl squarate 128 with

0 o quantitative yield. After dissolving diethyl squarate 128 in 4 mL
Etjo:(u@ DCM, 1 eq 1-adamantyl adamine (650 mg, 4.3 mmol) was added
129 to the solution. The reaction was stirred for 24 h at room

temperature and 1-adamantyl Mono-Squaramide 129 was purified
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with silica gel and 1:3 ratio of EtOAc:n-Hexane as eluent, and obtained as white

solid with 90% yield.

Spectroscopic data were consistent with the literature.®

3.4 Synthesis of 1-Adamantyl Squaramide/ Quinine catalyst I

I-adamantyl Mono-Squaramide 129 (3.55 mmol, 1000mg) was added to a
solution of 9-amino(9-deoxy)quinine (126) (3.55 mmol, 1146 mg) in the mixture
of DCM:MeOH (1:1). The reaction was stirred for 48

h at room tempature and loaded into silica gel column
(EtOAc/ MeOH = 90/ 10). The organocatalyst | was
obtained as white solid with 92% yield.

Spectroscopic data were consistent with the

literature.3®

3.5 Synthesis of N-Methyl substituted Isatin derived Nitroalkene 117a

According to literature procedure, isatin (105) (400 mg, 2.72 mmol) was dissolved

in 15 mL of dry acetonitrile. 1.2 eq K2COs3; (450 mg, 3.26 mmol) and 3 eq

iodomethane (1158 mg, 8.16 mmol) were added to the solution

: /Z at once. After stirring the reaction overnight, the solvent was
O

Me removed in vacuo and the residue was diluted with EtOAc.

After the aqueous phase was washed with EtOAc for four

times, the combined organic layers were extracted with 5% Na>COs solution and
washed with water. The organic phase washed with water one more time and
dried over MgSO4. N-methyl substituted isatin 130a was afforded by
recrystallization with EtOAc with quantitative yield.>> N-methyl substituted isatin
130a (400 mg, 2.48 mmol) was dissolved in 6 mL of DCM and cooled to 0 °C. 4
eq NHEt; and CH3NO; was added to the solution respectively. After observing
the consumption of N-methyl substituted isatin 130a, 1.5 eq thionyl chloride (442
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mg, 3.72 mmol) and 2 eq pyridine (446 mg, 5.64 mmol) were added dropwise to
the reaction mixture at 0°C. N-methyl substituted isatin derived nitroalkene was

obtained with 56 % yield.>¢

Spectroscopic data were consistent with the literature.>®

3.6 General Procedure for the synthesis of Isatin derived nitroalkenes 117b-n

According to literature procedure, 5- or 7-substituted isatin (117b-n) (2.72 mmol)
was dissolved in 15 mL of dry acetonitrile. 1.2 eq K2COs3 (3.26 mmol), 0.1 eq KI
(0.33 mmol) and 3 eq alkyl bromide (8.16 mmol) were added

O,N

A " to the solution at once. After stirring the reaction overnight, the
R'—i—

F o 5 . .
e solvent was removed in vacuo and the residue was diluted with

117b-n

EtOAc. After the aqueous phase was washed with EtOAc for

four times, the combined organic layers were extracted with 5% Na>COs solution
and washed with water. The organic phase washed with water one more time and
dried over MgSOs. N-alkyl substituted isatin 130b-n was afforded by
recrystallization with EtOAc with quantitative yield.”> N-alkyl substituted isatin
(105) and 130b-c were dissolved in 6 mL of DCM and cooled to 0°C. 4 eq NHEt»
and CH3NO; were added to the solution respectively. After observing the
consumption of isatin (105) and N-alkyl substituted isatin 130b-c, 1.5 eq thionyl
chloride (442 mg, 3.72 mmol) and 2 eq pyridine (446 mg, 5.64 mmol) were added
dropwise to the reaction mixture at 0 °C. N-ethyl and alkyl substituted isatin
derived nitroalkenes 117b-c were obtained by column chromatography with
EtOAc:n-hexane as eluent.® N-aryl substituted isatin 117d-n was dissolved in
EtOH and cooled to 0 °C. 1.1 eq NaOH and CH3NO> was added to the solution
respectively. After the reaction finished, the reaction mixture was quenched into
acidic crushed ice and extracted with EtOAc. After drying organic phase over
MgSO4, The same procedure and purification method were applied for the

synthesis of N-aryl substituted isatin derived nitroalkenes 117d-n.

Spectroscopic data were consistent with the literature.
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3.7 Asymmetric Sulfa-Michael Reaction: Addition of Methyl Thioglycolate
120 to N-Methyl Substituted Isatin derived Nitroalkene 117a

Racemic Synthesis:

5 1 eq N-methyl substituted isatin derived nitroalkene 125

°:2“\)</SJL°°“3 (40 mg, 0.19 mmol) and 0.2 eq DABCO (4.48 mg, 0.04
(¢}

Me mmol) were dissolved in 0.25 mL of THF. In another

flask 2 eq methyl thioglycolate (124) (252.6 mg, 0.38

mmol) was dissolved in 0.25 mL of THF and added dropwise to the former

solution.
Asymmetric Synthesis:

1 eq N-methyl substituted isatin derived nitroalkene 117a (25 mg, 0.12 mmol) and
0.1 eq 1-adamantyl squaramide/quinine | (6.57 mg, 0.01 mmol) were dissolved in
0.25 mL of THF. In another flask 2 eq methyl thioglycolate (120) (252.6 mg, 0.24
mmol) was dissolved in 0.25 mL of THF and added dropwise to the former

solution.

Optical rotation was detected as [a] 2 = +10.7° (c= 0.01g/mL, CH2CL).

mp: 112 °C

'H NMR (400 MHz, CDCls): 8 7.34-7.30 (dt, J = 7.8, 1.2 Hz, 1H), 7.23-7.21 (dd,
J =174, 0.6 Hz, 1H), 7.05-7.01 (dt, J = 7.6, 0.9 Hz, 1H), 6.87-6.85 (d, J = 7.9
Hz,1H), 5.23-5.19 (d, J = 14.6, 1H), 5.15-5.11 (d, J = 14.6, 1H), 3.95-3.91 (d, J =
16.4, 1H), 3.69 (s, 3H), 3.26 (s, 3H).

13C NMR (100 MHz, CDCls): ) 8 211.6, 169.7, 142.5, 132.3, 127.7, 127.6, 126.7,
124.5,74.3, 58.9, 56.6, 38.4.

HPLC: Daicel ASH column, 80:20 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25°C, tmajor=17.0 min tminor=22.0 min

IR(neat): 3309, 2924, 2650, 1750, 1699, 1611, 1556, 1458, 1374, 741 cm’!

HRMS: Calculated for C13H14N20sS [M + H]" 310.0623, found 310.0707.
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3.8 General Procedure for the Addition of Methyl Thioglycolate 120 to Isatin
derived Nitroalkene 116 and N-Alkyl Substituted Isatin derived Nitroalkene
117b-n

Racemic Synthesis:

1 eq isatin derived nitroalkene 116 or N-alkyl substituted isatin derived
nitroalkene 117b-n (0.20 mmol) and 0.2 eq DABCO (0.04 mmol) were dissolved
in 0.25 mL of THF. In another flask 2 eq methyl thioglycolate (120) (0.40 mmol)

was dissolved in 0.25 mL of THF and added dropwise to the former solution.
Asymmetric Synthesis:

1 eq isatin derived nitroalkene 116 or N-alkyl substituted isatin derived
nitroalkene 117b-n (0.20 mmol) and 0.1 eq 1-adamantyl squaramide/quinine |
(0.02 mmol) were dissolved in 0.25 mL of THF. In another flask 2 eq methyl
thioglycolate (120) (0.40 mmol) was dissolved in 0.25 mL of THF and added

dropwise to the former solution.

3.8.1 Addition of Methyl Thioglycolate 120 to Isatin derived Nitroalkene 116

General procedure starting from isatin derived nitroalkene 116 and methyl
thioglycolate (120) was applied. After 10 h, the desired product 133 was afforded
with 80% yield and 25% ee.

Optical rotation was detected as [a] = -3.7° (c= 0.01g/mL, CH2Cl).

mp: 108 °C

@B}o IH NMR (400 MHz, CDCL): § 8.29-8.27 (d, J = 7.8 Hz,

) 1H), 7.68 (s, 1H), 7.42-7.38 (t, J = 7.8 Hz, 1H), 7.19 (s,
1H), 7.05-7.01 (dt, J = 8.2, 7.4 Hz, 1H), 6.79- 6.77 (d, J
= 14.2 Hz, 1H), 3.76-3.72 (d, J = 7.2 Hz, 1H), 3.68-3.64 (d, J = 7.2 Hz, 1H), 1.57
- 1.18 (m, SH).

133
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13C NMR (100 MHz, CDCls): 8 211.6, 169.7, 142.5, 132.3, 127.7, 127.6, 126.7,
124.5, 74.3, 58.9, 56.6, 38.4.

HPLC: Daicel ASH column, 80:20 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=19.9 min tminor=25.2 min

IR(neat): 3300, 2600 1750, 1700, 1460 cm™

HRMS: Calculated for C12H12N20sS [M + H]" 296.0466, found 296.0543.

3.8.2 Addition of Methyl Thioglycolate (120) to N-Ethyl Isatin derived
Nitroalkene 117b

General procedure starting from N-ethyl isatin derived nitroalkene 117b and
methyl thioglycolate (120) was applied. After 1 h, the desired product 121b was
afforded with 84% yield and 57% ee.

Optical rotation was detected as [a] 2 = +22.0° (c= 0.01g/mL, CH2CL).

mp: 112 °C

(0]

O,N
@B& MR (400 MHz, CDCLy): § 7.35 — 7.26 (m, 2H), 7.12
Et
~ 6.92 (m, 2H), 5.35 — 5.24 (m, 3H), 5.22- 5.19 (d, J =
14.6 Hz, 1H), 5.17-5.13 (d, J = 14.6 Hz, 1H), 4.50 — 4.37
(m, 3H), 4.02 — 3.98 (t, J = 0.9 Hz, 3H), 3.80- 3.59 (m, 5H).

121b

13C NMR (100 MHz, CDCls): & 172.2, 169.8, 169.2, 142.5, 129.5, 123.2, 122.0,
121.9, 108.0, 52.4, 51.7, 41.3, 28.9.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=16.1 min tminor=21.0 min

IR(neat): 3310, 2925, 2650, 1750, 1700, 1610, 1566, 1457, 1374, 753 cm’!

HRMS: Calculated for C14H16N2OsS [M + H]" 324.0779, found 325.0867.
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3.8.3 Addition of Methyl Thioglycolate (120) to N-Allyl Isatin derived
Nitroalkene 117c

General procedure starting from N-allyl isatin derived nitroalkene 117c and
methyl thioglycolate (120) was applied. After 24 h, the desired product 121c was
afforded with 80% yield and 59% ee.

Optical rotation was detected as [a] 2 = -4.0° (c= 0.01g/mL, CH2Cl).

mp: 122 °C

on— s oo,
CBN;O 1IH NMR (400 MHz, CDCl3): § 7.65 — 7.63 (dd, J = 12.3,
e 4.4 Hz, 1H), 7.47 — 7.45 (m, 1H), 7.30 — 7.21 (m, 1H),
7.03 - 6.86 (dd, J = 7.7 Hz, 1H), 5.24 — 5.20 (d, J = 14.8,
1H), 5.18-5.14 (d, J = 14.8 Hz, 1H), 4.16 - 3.94 (m, 2H), 3.90 — 3.87 (m, 3H),
3.72 — 3.68 (m, 5H), 3.30 — 3.26 (d, J = 4.4 Hz, 1H).

13C NMR (100 MHz, CDCl3): 8 172.2, 169.2, 142.4, 129.4, 123.2, 122.1, 122.0,
108.1, 51.7, 47.7, 28.9, 28.5, 25.7.

HPLC: Daicel ASH column, 80:20 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=17.0 min tminor=22.0 min

IR(neat): 2650, 1700, 1698, 1550, 1458, 1374, 885, 752, 669, 624 cm’!
HRMS: Calculated for C1sHisN2OsS [M + H]" 336.0779, found 337.0838.

3.8.4 Addition of Methyl Thioglycolate (120) to N-Benzyl Isatin derived
Nitroalkene 117d

General procedure starting from N-benzyl isatin derived nitroalkene 117d and
methyl thioglycolate (120) was applied. After 2 h, the desired product 121d was
afforded with 75% yield and 70% ee.

Optical rotation was detected as [a] 22 = +90.0° (c= 0.01g/mL, CHzCL).
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mp: 137 °C

o]
O~ 5 Moon,
@E}o IH NMR (400 MHz, CDCl3): § 7.84 (s, 1H), 7.53 — 7.52
Bn
21 (d, J = 6.0 Hz, 1H), 7.27 — 7.21 (m, 3H), 7.12 — 7.01 (m,
3H), 4.94 — 4.92 (d, J = 17.8 Hz, 1H), 3.92-3.74 (d, J =

17.8 Hz, 1H), 3.79 — 3.29 (m, 6H).

13C NMR (100 MHz, CDCls): 8 166.9, 146.2, 138.3, 134.8, 134.7, 129.9, 129.0,
128.1,127.3,123.5, 117.3, 109.9, 44.1.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=38.2 min tminor=45.8 min

IR(neat): 2750, 1720, 1699, 1557, 1457, 1374, 1173, 906, 727, 696 cm’!
HRMS: Calculated for C19H1sN2OsS [M + H]" 386.0936, found 386.2069.
3.8.5 Addition of Methyl Thioglycolate (120) to N-Benzyl 5-Fluoro Isatin

derived Nitroalkene 117e

General procedure starting from N-benzyl 5-fluoro isatin derived nitroalkene 117e
and methyl thioglycolate (120) was applied. After 48 h, the desired product 121e
was afforded with 50% yield and 25% ee.

Optical rotation was detected as [a] 2 = +2.6° (c= 0.01g/mL, CH2Cl).

mp: 140 °C

N .

\@E}o IH NMR (400 MHz, CDCls): & 7.46- 7.39 (m, 3H), 7.37
i —7.26 (m, 2H), 7.24 - 7.20 (m, 1H), 7.18 — 7.15 (m, 1H),

7.07 - 7.01 (m, 1H), 5.62 — 5.58 (d, J = 15.3 Hz, 1H),

5.36-5.32 (d, J = 15.3 Hz, 1H), 4.77 — 4.59 (dd, J = 9.3, 0.6 Hz, 2H), 3.77 (s, 3H),

1.98 - 1.80 (d, J = 7.6 Hz, 2H).

121e

13C NMR (100 MHz, CDCl3): § 166.6, 164.3, 135.0, 129.8, 129.3, 128.9, 127.9,
127.5,127.4,126.8, 126.5, 120.2, 117.8, 115.9, 114.8, 110.3, 56.7, 43.8.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=43.1 min tminor=62.6 min
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IR(neat): 2760, 1720, 1698, 1557, 1457, 1362, 1178, 908, 796, 669 cm"

3.8.6 Addition of Methyl Thioglycolate (120) to N-Benzyl 5-Bromo Isatin
derived Nitroalkene 117f

General procedure starting from N-benzyl 5-bromo isatin derived nitroalkene 117f
and methyl thioglycolate (120) was applied. After .. h, the desired product 121f
was afforded with 58% yield and 47% ee.

Optical rotation was detected as [a] 22 = +0.7° (c= 0.01 g/mL, CH2CL).

mp: 137 °C

.

\o@e%} IH NMR (400 MHz, CDCls): § 7.98 (s, 1H), 7.53 — 7.49

2 (m, 1H), 7.43- 7.28 (m, 2H), 7.25 — 7.21 (m, 2H), 7.19 —

- 7.15 (m, 1H), 6.98 — 6.92 (d, J = 6.5 Hz, 1H), 5.74-5.66

(d, J = 18.2 Hz, 1H), 5.56 — 5.48 (d, J = 18.2, 1H), 4.91 — 4.63 (m, 3H), 3.86 (s,
3H), 2.53 — 2.49 (d, J = 8.7 Hz, 2H).

13C NMR (100 MHz, CDCls): § 167.6, 167.0, 140.5, 138.3, 134.9, 134.8, 129.1,
128.1,127.4,127.3,123.5,117.3, 112.8, 111.7, 110.0, 108.9, 53.6, 44.2, 29.7.

HPLC: Daicel ODH column, 80:20 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=15.0 min tminor=20.0 min.

IR(neat): 2750, 1750, 1705, 1556, 1412, 1158, 900, 790 cm-1

3.8.7 Addition of Methyl Thioglycolate (120) to N-Benzyl 5-Methyl Isatin
derived Nitroalkene 1179

General procedure starting from N-benzyl 5-methyl isatin derived nitroalkene
117g and methyl thioglycolate (120) was applied. After 2 h, the desired product
1219 was afforded with 78% yield and 47% ee.

Optical rotation was detected as [a] 2 = -4.46° (c= 0.01g/mL, CH:Cly).
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mp: 135 °C

(o}
e O:N S\)\\OCHS
CB}O IH NMR (400 MHz, CDCLy): & 8.76 — 8.62 (d, J = 36.6
Bn
Hz, 1H), 7.26 — 7.08 (m, 5H), 6.91- 6.79 (m, 1H), 6.50 —
6.44 (m, 1H), 4.84 — 4.80 (d, J = 4.5 Hz, 1H), 3.86 — 3.48

(m, 6H), 2.28 — 2.20 (m, 3H).

13C NMR (100 MHz, CDCl3): & 168.8, 165.9, 136.2, 131.7, 128.9, 128.7, 127.5,
124.7,122.0, 108.8, 108.6, 53.1, 43.7,45.5,37.0, 36.5, 21.2, 21.1.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,

254 nm, temp=25 °C, tmajor=19 min tminor=25 min

IR(neat): 2765, 1750, 1699, 1553, 1456, 1362, 1178, 908, 796, 669 cm

3.8.8 Addition of Methyl Thioglycolate (120) to N-Benzyl 5-Methoxy Isatin
derived Nitroalkene 117h

General procedure starting from N-benzyl 5-methoxy isatin derived nitroalkene
117h and methyl thioglycolate (120) was applied. After 24 h, the desired product
121h was afforded with 44% yield and 59% ee.

Optical rotation was detected as [a] 2 = +46.6° (c= 0.01g/mL, CH2CL).

mp: 141 °C

\@BN;O IH NMR (400 MHz, CDCl3): & 7.78 (s, 1H), 7.22 - 7.16

" (m, 2H), 7.10 - 7.09 (m, 3H), 6.62 — 6.59 (m, 1H), 6.53 —

6.49 (m, 1H), 4.85 — 4.84 (d, J = 2.4 Hz, 1H), 3.73 - 3.53
(m, 8H), 1.27 — 1.13 (m, 2H).

121h

13C NMR (100 MHz, CDCl3): § 165.8, 155.6, 138.8, 136.2, 135.9, 135.8, 128.8,
128.7,127.5,127.4,127.2,113.2, 110.0, 109.2, 95.9, 93.4, 55.9, 43.7, 36.9.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 OC, tmajor:48.5 1’1’111’1 tminor:89.5 mln
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IR(neat): 2755, 1745, 1699, 1552, 1497, 1375, 1288, 1035, 734 cm™'

3.8.9 Addition of Methyl Thioglycolate (120) to N-Benzyl 5-Nitro Isatin
derived Nitroalkene 117i

General procedure starting from N-benzyl 5-nitro isatin derived nitroalkene 117i
and methyl thioglycolate (120) was applied. After 30 min, the desired product
121i was afforded with 67% yield and 9% ee.

Optical rotation was detected as [o] 2 = -0.2° (c= 0.01g/mL, CH2CL).

mp: 138 °C

on O:N s\)OLOCH3
: \@ESFO IH NMR (400 MHz, CDCL): § 8.42 - 8.38 (m, 1H), 8.12
Bn
— 8.08 (m, 1H), 7.62 - 7.48 (m, 1H), 7.31 — 7.27 (m, 4H),
6.73 — 6.67 (m, 1H), 5.02 — 4.98 (dd, J = 5.3, 0.9 Hz,
2H), 4.02 — 3.98 (dd, J = 4.3 Hz, 2H), 3.73 (s, 1H), 2.28 — 2.12 (m, 2H).

121i

13C NMR (100 MHz, CDCls): § 173.5, 169.7, 148.5, 140.8, 137.0, 128.8, 128.8,
128.5,128.5,128.0, 118.6, 112.4, 62.3, 58.9, 47.4, 44.9.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=17.7 min tminor=23.4 min

IR(neat): 3292, 2750, 1760, 1708, 1550, 1490, 1457, 1374, 1267, 1097, 813, 783,
676 cm™!

3.8.10 Addition of Methyl Thioglycolate (120) to N-Benzyl 5,7-diMethyl Isatin
derived Nitroalkene 117j

General procedure starting from N-benzyl 5,7-dimethyl isatin derived nitroalkene
117j and methyl thioglycolate (120) was applied. After 2 h, the desired product
121j was afforded with 70% yield and 59% ee.

Optical rotation was detected as [a] 22 = +33.1° (c= 0.01g/mL, CH2CL).
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mp: 134 °C

(o}
Me ON S\)\\OCHs
\@B}o IH NMR (400 MHz, CDCl3): § 7.31 — 7.27 (m, 1H), 7.21
Bn
" -7.11 (m, 5H), 6.82 (s, 2H), 5.26 — 5.18 (dd, J = 5.3, 1.2
Hz, 2H), 5.13 - 4.99 (dd, J = 12.1, 2.6 Hz, 3H), 2.24 -
2.16 (dd, J = 9.6 Hz, 2H), 1.98 (s, 6H).

13C NMR (100 MHz, CDCls): & 189.7, 188.3, 137.1, 137.0, 136.7, 136.3, 133.6,
132.8,128.7,126.9, 125.4, 123.2, 123.2, 61.5, 58.9,47.8, 45.3, 28.5, 18 .4.

HPLC: Daicel IA column, 70:30 (n-hexane:i-PrOH), flow rate 1.0 mL/min, 254

Ill’l’l, tel’l’lpzzs OC, tmajor:8.2 mlIl tminor:14.5 mln

IR(neat): 3270, 2750, 1760, 1685, 1546, 1456, 1373, 1075, 779, 746, 670 cm!

3.8.11 Addition of Methyl Thioglycolate (120) to N-Benzyl 5,7-diChloro Isatin
derived Nitroalkene 117k

General procedure starting from N-benzyl 5,7-dichloro isatin derived nitroalkene
117k and methyl thioglycolate (120) was applied. After 22 h, the desired product
121k was afforded with 80% yield and 39% ee.

Optical rotation was detected as [a] 22 = +5.04° (c= 0.01g/mL, CHxCL).

mp: 142 °C

(o}
O.N

N g OCH,

C'@i%o IH NMR (400 MHz, CDCl3): & 7.51 (s, 1H), 7.31 (s,
o 1H), 7.31 — 7.27 (m, 3H), 7.25 — 7.19 (m, 1H), 5.74 —

5.08 (dd, J = 18.9, 3.0 Hz, 2H), 4.82 — 4.78 (d, J = 6.7

121k

Hz, 2H), 3.79 (s, 3H).

13C NMR (100 MHz, CDCls): 8 166.2, 137.5, 136.9, 132.7, 131.9, 128.7, 128.3,
127.4,127.2,126.5,124.1, 123.4, 116.1, 66.0, 50.2, 44.9, 29.7.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=17.8 min tminor=23.5 min

IR(neat): 2750, 1760, 1707, 1550, 1374, 1103, 807, 781 cm™".
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3.8.12 Addition of Methyl Thioglycolate (120) to N-Benzyl 7-Floro Isatin
derived Nitroalkene 1171

General procedure starting from N-benzyl 7-fluoro isatin derived nitroalkene 1171
and methyl thioglycolate (120) was applied. After 1 h, the desired product 121l
was afforded with 75% yield and 29% ee.

Optical rotation was detected as [a] %= +1.3° (c= 0.01g/mL, CH2Cl).

mp: 140 °C

@Sﬁﬁio IH NMR (400 MHz, CDCL3): § 7.38 — 7.30 (m, 2H), 7.28
—7.26 (m, 2H), 7.21 — 7.19 (m, 2H), 7.13 — 7.09 (m, 1H),
5.75 —4.96 (dd, J = 18.6, 9.7 Hz, 2H), 4.84 — 4.82 (d, J =
7.4 Hz, 2H), 3.77 (s, 3H), 2.52 — 2.48), (d, J = 21.0 Hz, 2H).

1211

13C NMR (100 MHz, CDCls): § 192.4, 187.8, 166.6, 146.3, 141.7, 134.9, 132.4,
129.0, 127.9, 127.3, 1229, 117.9, 115.7, 114.5, 110.4, 61.2, 43.9.

HPLC: Daicel ASH column, 80:20 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=17.9 min tminor=23.5 min

IR(neat): 3292, 2740, 1750, 1708, 1550, 1490, 1457, 1374, 1267, 1097, 813, 783,
676 cm™!

3.8.13 Addition of Methyl Thioglycolate (120) to N-Benzyl 7-Bromo Isatin
derived Nitroalkene 117m

General procedure starting from N-benzyl 7-bromo isatin derived nitroalkene
117m and methyl thioglycolate (120) was applied. After 3 h, the desired product
121m was afforded with 66% yield and 47% ee.

Optical rotation was detected as [a] 22 = +9.25° (c= 0.01g/mL, CH2CL).
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mp: 144°C

(;PNS:o IH NMR (400 MHz, CDCl3): 8 7.54 — 7.48 (dd, J = 8.5
Bn

S Hz, 2H), 7.38 — 7.32 (m, 2H), 7.31 — 7.27 (m, 2H), 7.25
—7.19 (m, 2H), 5.37 — 5.11 (dd, J = 12.4, 6.2 Hz, 2H),
4.88-4.72 (d, J=10.0 Hz, 2H), 3.77 (s, 1H), 2.40 —2.32 (d, J= 38.2,2H).

13C NMR (100 MHz, CDCls): § 177.9, 166.8, 137.2, 136.2, 130.9, 130.8, 129.0,
128.6, 127.7,127.2, 126.5, 126.4, 126.1, 123.8, 123.7, 102.8, 44.6.

HPLC: Daicel ASH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=18.0 min tminor=25.0 min

IR(neat): 2750, 1760, 1715, 1556, 1489, 1374, 1096, 741 cm’!

3.8.14 Addition of Methyl Thioglycolate (120) to N-Benzyl 7-Chloro Isatin
derived Nitroalkene 117n

General procedure starting from N-benzyl 7-chloro isatin derived nitroalkene
117n and methyl thioglycolate (120) was applied. After 6 h, the desired product
121n was afforded with 71% yield and 25% ee.

Optical rotation was detected as [a] %) = +6.7° (c= 0.01g/mL, CH2CL).

mp: 144 °C

o]
ON~ 5 H~oom,
@aﬁio IH NMR (400 MHz, CDCl3): § 7.39 — 7.31 (m, 1H), 7.29
Bn
—7.27 (m, 2H), 7.23 — 7.17 (m, 3H), 7.16 — 7.08 (m, 1H),
5.12-4.98 (dd, J=13.2, 6.0 Hz, 2H), 4.82 —4.80 (d, J =
1.2 Hz, 2H), 3.76 (s, 3H) 1.69 — 1.67 (d, J = 81. Hz, 2H).

13C NMR (100 MHz, CDCls): § 176.0, 166.2, 137.5, 136.9, 132.7, 131.9, 128.7,
128.3,127.4,127.2,126.5, 124.1, 123.4, 116.1, 57.5, 44.9.

HPLC: Daicel ODH column, 90:10 (n-hexane:i-PrOH), flow rate 1.0 mL/min,
254 nm, temp=25 °C, tmajor=16.4 min tminor=21.4 min

IR(neat): 2750, 1760, 1707, 1550, 1374, 1103, 807, 781 cm™!
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3.8.15 Reduction of Nitro Group of Sulfa-Michael Adduct 121d

1 eq sulfa-Michael adduct 121d (0.225 mmol, 86 mg) was dissolved in MeOH.
1.5 eq ammonium formate (0.337 mmol, 21.28 mg) and 50 mg 10% Pd on
activated charcoal puriss were added to the solution. The reaction was heated to
50 °C. After 14 h, the reaction mixture was filtered through Celite, the filtrate was
concentrated and loaded to column chromatography (n-Hex:EtOAc). The product
was obtained with 60 % yield.

mp: 132 °C

@E}o IH NMR (400 MHz, CDCL3): & 7.57 — 7.53 (m, 1H), 7.38

~ 7.32 (m, 1H), 7.30 — 7.27 (m, 4H), 7.24 — 722 (d, J =
7.09 Hz, 1H), 7.21 - 7.19 (m, 1H), 7.12 — 7.10 (dd, J = 8.7,
1.3 Hz, 1H), 4.88 — 4.70 (dd, J = 88.7, 1.3 Hz, 2H), 3.78 — 3.70 (m, 6H), 3.48 —

3.46 (d, J= 1.8 Hz, 1H).

13C NMR (100 MHz, CDCl3): 8 166.7, 160.2, 142.5, 139.2, 134.4, 129.7, 129.1,
128.2,127.2,121.4,121.2,118.2, 118.0, 117.6, 110.5, 110.4, 53.4, 51.8, 48.0,
47.4,34.9.

IR(neat): 3282, 2928, 2750, 1760, 1692, 1609, 1561, 1372, 1089, 884, 795, 749,
695 cm™!
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CHAPTER 4

CONCLUSION

Throughout this work, a new synthetic methodology was studied for the
asymmetric synthesis of methyl 2-((1-methyl-3-(nitromethyl)-2-oxoindolin-3-
yl)thio)acetate (121a) by the bifunctional acid/base organocatalysts developed by

our research group.

In the first part, sulfa-Michael addition of methyl thioglycolate (120) to N-methyl
substituted isatin derived nitroalkene 117a was tested with bifunctional
organocatalysts. Since 1-adamantyl squaramide-quinine (1) was the best working
organocatalyst, the solvent, temperature, catalyst loading and concentration
screenings were done with this organocatalyst. The solvent screening revealed
that THF is the proper solvent for the reaction because of elevating the yield and
enantioselectivity to 53% and 59% respectively in drastically reduced reaction
duration (10 min). Although we could not improve enantioselectivity via changing
temperature or catalyst loading changing, we cought a slight increase in
enantioselectivity when methyl thioglycolate (120) concentration was doubled.
Different groups were substituted to 3-position substituted isatin derived
nitroalkene 117 in the second part. The optimized conditions were tested on N-
ethyl, allyl, benzyl substituted 117b-c and unsubstituted 116 isatin derived
nitroalkenes. N-benzyl substituted isatin derived nitroalkene 117d led to the
highest enantioselectivity (70 % ee). The side reactions were also observed to be
diminished and the yield was increased to 75 %. Derivatization studies continued
with ten different N-benzyl substituted isatin derived nitroalkenes 117e-n. Sulfa-
Michael reaction of these derivatives were carried out, but we could not obtain a
more advanced result. Lastly, the sulfa-Michael adduct 121d underwent catalytic
reduction and the nitro group was reduced into amine group. As aforementioned
in Aim of The Work (Section 1.5), the reduced product 122d was planned to
attack on ester carbonyl group in order to yield thiomorpholine-3-one based

compound 123d which can be biologically active and unique skeleton.
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Unfortunately, the protocols we applied for the cyclization reaction did not yield

the target molecule 123d.
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Figure B. 8 HPLC chromatogram of enantiomerically enriched 121d
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Figure B. 10 HPLC chromatogram of enantiomerically enriched 121e

109

UV2000-254nm
—— §TSQ-3-0-21-0D-H-80-10-1-254
700 5T5Q-3-3-31-0D-H-50-10-1-254 dat 00
Retention Time
Area Percent
600 00
] o
AR elel
] O
490 Bn 40
rac-121e
300 300
3
g
c
200 o ™ 200
3 g
o o
3 2
= o
g
00 /\ =3 00
8
a 0
n 2 u 3 k] 40 42 44 4 48 50 82 54 58 58 L] 82 B4 a5 L] k(' 2 T4 L] 78 ]
Minutes
Figure B. 9 HPLC chromatogram of rac-121e
0 =
UV2000-254nm
—— T5Q-3-0D-H-80-10-1-234
T5G-3-00-H-90-10-1-254 dat
Retention Time
Area Percent
400 400
(e}
E O.N- s _~ocH,
*
300 O 200
Bn
enantiomerically
m enriched 121e .
8
00 a E 100
o 5
5 5
g g
8
0 — 1 i,___.’_é_“‘\i s
-100 T . -100
kg 2 k23 ] k] @0 42 44 % 48 0 52 4 56 .3 60 a2 4 L] 2 0 72 74 78 8

mAL

mAl



mAl

mau

40

00

400

00

UVZ000-254nm

Minutes

Figure B. 12 HPLC chromatogram of enantiomerically enriched 121f

110

—— R-NO2-410D-H-80-20-1-254 400
R-NO2-41-0D-HB80-20-1-234.dat.
Retention Time
Area Percent -
(0]
O,N stOCH3 0
Br:
o 250
Bn
rac-121f =
50
B @ ®
- 50
1
T 0
=
12 13 14 15 16 7 18 13 20 Fil 22 23 4 25 Pl 2 28 25 30 e
Minutes.
Figure B. 11 HPLC chromatogram of rac-121f
UV2000-254nm
—— R-NO2-40-0D-H80-20-1-254 50
R-NO2-40-0D-H80-20-1-254.dat.
Retention Time
1 Area Percent
O 40
. OzNi S_~OCH,
=0
Bn 00
enantiomerically
enriched 121f
. 200
~ L;S; 100
1 0
12 3 4 L] T ] 9 20 2 2 23 24 2 26 27 25 2% n 3 2 a u =

mAl

mau



mau

mAl

UVZ000-254nm
—— R-NOZEEOD-HH0-10-1-254
R-NO2-EEOD-HS0-10-1-254.dat

azp | Retention Time
Area Percent
on s 3
Me 02N s -0CH;,
280 O
Bn
0 rac-121g
50 %,
o - g
0
. —
»
-100
3 = i3 3 ) ) p ) 7 = =
Minutes
Figure B. 13 HPLC chromatogram of rac-121g
200 UV2000-254nm
— RHOSTODHS-101:254
R-NOSTOD-H-80-10-1-254.dat
Retention Time
Area Percent
250
O,N 3
200 Me. 2 SJKOCH:&
* =0
Bn
= o enantiomerically
. g enriched 121g
100 g E
Eo M&\
o
)
e 2 13 0 22 23 4 o p2d 28 pl 3 3 2 a3 34

Figure B. 14 HPLC chromatogram of enantiomerically enriched 121g

111

00

-1

100

may

mall



mAl

Minutes.

Figure B. 16 HPLC chromatogram of enantiomerically enriched 121h
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Figure B. 20 HPLC chromatogram of enantiomerically enriched 121j
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Figure B. 22 HPLC chromatogram of enantiomerically enriched 121k
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Figure B. 21 HPLC chromatogram of rac-121k
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Figure B. 24 HPLC chromatogram of enantiomerically enriched 121l
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Figure B. 23 HPLC chromatogram of rac-121l
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Figure B. 26 HPLC chromatogram of enantiomerically enriched 121m
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Figure B. 25 HPLC chromatogram of rac-121m
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Figure B. 27 HPLC chromatogram of rac-121n
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Figure B. 28 HPLC chromatogram of enantiomerically enriched 121n
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Figure B. 30 HPLC chromatogram of enantiomerically enriched 133
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